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Abstract. In this paper, we introduce the concept of linear Čech closure spaces and establish
the properties of open sets in linear Čech closure spaces (LČCS). Here, we observe that the
concept of linearity is preserved by semi-open sets, g-semi open sets, γ-open sets, sgc-dense
sets and compact sets in LČCS. We also discuss the concept of relative Čech closure operator,
meet and product linear Čech closure operators. Lastly, we describe the Moore class on the
LČCS and prove that it is a vector lattice with sufficient properties.
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1. Introduction

Closure spaces were introduced by Čech [3] and then studied by many authors like
Khampakdee [6], Boonpok [2], Roth [8] and etc. Čech closure spaces is a generaliza-
tion of the concept of topological spaces. Čech described continuity in closure spaces by
means of neighborhoods, nets and etc. Roth and Carlson [8] studied a number of sepa-
ration properties in closure spaces. Thron studied some separation properties in closure
spaces. Sunitha [9] studied higher separation properties in closure spaces. Chattopadhyay
[4] developed an extension theory of arbitrary closure spaces. The concepts of general-
ized closed sets and generalized continuous maps of topological spaces were extended to
closure spaces by Boonpok and Khampakdee [2].
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In this paper, we introduce and study the notion of linear Čech closure spaces. In
section 2, we quote the necessary preliminaries about Čech closure spaces, semi-open
sets, g-semi open sets, γ-open sets, sgc-dense sets, relative Čech closure operator, Moore
class and etc. Section 3 deals with linear Čech closure spaces (LČCS) together with its
characterization. In Section 4, we discuss the linearity of semi-open sets, g-semi open
sets, γ-open sets, sgc-dense sets and compact sets in a LČCS . Section 5 describes some
operations on LČCS like relative Čech closure operator, meet and product of closure
operators. In the last section, we proved the main result that the Moore class in an
idempotent T1 LČCS is a vector lattice.

2. Preliminaries

Definition 2.1 [3] LetX be a set and ℘(X) be its powerset. A function c : ℘(X) → ℘(X)
is called a Čech closure operator for X, if

(1) c(ϕ) = ϕ,
(2) A ⊆ c(A) for all A ⊆ X,
(3) c(A ∪B) = c(A) ∪ c(B) for all A,B ⊆ X.

Then, (X, c) is called Čech closure space or simply closure space.

If in addition c(c(A)) = c(A) for all A ⊆ X, then the space (X, c) is called a Kura-
towski (topological) space. Further, if for any family of subsets of X such as {Ai}(i∈I),
c(∪i∈IAi) = ∪i∈Ic(Ai), then the space is called a total closure space.

Definition 2.2 [3] A function c : ℘(X) → ℘(X) is called a monotone operator for X if

(1) c(ϕ) = ϕ,
(2) A ⊆ c(A) for all A ⊆ X,
(3) A ⊆ B ⇒ c(A) ⊆ c(B) for all A,B ⊆ X.

Then (X, c) is called monotone space.

Note that a subset A of a closure space (X, c) will be closed, if c(A) = A and open, if
its complement is closed, i.e. if c(X −A) = X −A. If (X, c) is a closure space, we denote
the associated topology on X by t, i.e. t = {Ac : c(A) = A}.

Definition 2.3 [9] A map f : (X, c) → (Y, c′) is said to be a c − c′ morphism or just a
morphism, if f(c(A)) ⊆ c′f(A).

Remark 1 [3]

(1) A mapping f of a closure space (X, c) onto another one (Y, c′) is a c−c′ morphism
at a point x ∈ X if and only if the inverse image f−1(V ) of each neighborhood V
of f(x) is a neighborhood of x.

(2) If f is a c − c′ morphism of a space (X, c) into a space (Y, c′), then the inverse
image of each open subset of Y is an open subset of X.

(3) If f : (X, c) → (Y, c′) is a morphism, then f : (X, t) → (X, t′) is continuous.

Definition 2.4 [9] A homeomorphism is a bijective mapping f such that both f and
f−1 are morphisms.

Definition 2.5 Let {(Xi, ci) : i ∈ I} be a family of closure spaces, X be the product of
the family {Xi} of underlying sets and πi be the projection of X onto Xi for each i ∈ I.
Then the product closure c is the coarsest closure on the product of underlying sets such
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that all the projections are morphisms.

Lemma 2.6 [3] A Čech closure space is a monotone space.

Definition 2.7 [8] Let (X, c) be a Čech closure space. If c(A) = A for all A ⊆ X, then
c is called the discrete closure operator on X. If c(A) = X for all A ⊆ X, then c is called
the trivial operator or indiscrete operator on X.

In a Čech closure space (X, c), c is finitely generated, if c(A) = ∪{c(a) : a ∈ A} for
any subset A of X.

Definition 2.8 Let (X, c) be a closure space and A be an arbitrary subset of X. Then
the Čech closure operator cA defined by cA(B) = A ∩ c(B) is called the relative Čech
closure operator on A induced by c.

The pair (A, cA) is said to be a closure subspace of (X, c). It is a closed (open) subspace
if A is closed (open) in (X, c).

Definition 2.9 [9] A closure space (X, c) is said to be compact, if every interior cover
of X has a finite subcover.

Remark 2 [9]

(1) Any image under a c-morphism of a compact space (X, c) is compact.
(2) If (Y, c) is a compact subspace of a Hausdorff closure space (X, c), then Y is

closed in (X, c).
(3) Every closed subspace of a compact closure space is compact.
(4) If (X, c) is compact and Y ⊆ X, then c(Y ) is compact.

3. Linear Čech closure spaces

Definition 3.1 Let V be a vector space and c be a closure operator on V such that

(1) c(A) + c(B) ⊆ c(A+B), ∀A,B ⊂ V ,
(2) λc(A) ⊆ c(λA), ∀A ⊂ V and for all scalars λ,

Then, c is called a Linear Čech Closure Operator(LČCO) and (V, c) is called a linear
Čech closure space (LČCS).

Example 3.2 The discrete Čech closure space defined on a vector space is a linear Čech
closure space. The indiscrete Čech closure space defined on a vector space is a linear
Čech closure space.

Proposition 3.3 Let V be a vector space and c be a closure operator on V . Then (V, c) is
a linear Čech closure space if and only if + : (V ×V, c×c) → (V, c) and λ· : (V, c) → (V, c)
for all λ ∈ K are morphisms, where (V × V, c× c) is the product closure space.

Proof. If (V, c) is a linear Čech closure space, it is clear from the axioms of LČCS
that the mappings + : (V × V, c × c) → (V, c) and λ· : (V, c) → (V, c) for all λ ∈ K
are morphisms. Conversely, assume that the mappings + : (V × V, c × c) → (V, c) and
λ· : (V, c) → (V, c) for all λ ∈ K are morphisms, where V is a vector space and (V, c) is
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a closure space. Let A,B ⊆ V . Then A×B ⊆ V × V . Also,

c(A) + c(B) = +[c(A)× c(B)], by the definition of +

= +[c× c(A×B)], by the definition of closure product space

⊆ c(A+B). by the definition of morphism

Similarly, λc(A) ⊆ c(λA). ■

Proposition 3.4 Let (V, c) be a LČCS. Then, the map Ta : (V, c) → (V, c) given by
Ta(x) = a + x and Mλ : (V, c) → (V, c) given by Mλ(x) = λx are homeomorphisms for
all scalar λ ̸= 0.

Proof. Since + : (V ×V, c× c) → (V, c) is a morphism, Ta is a morphism and T−a is the
inverse morphism for Ta, hence Ta is a homeomorphism. Similarly Mλ is a morphism if
λ ̸= 0 and M1/λ is the inverse morphism for Mλ. ■

Proposition 3.5 Let (V, c) be a LČCS. If A ⊆ V , then a + A is open for all a ∈ V if
and only if A is open.

Proof. By the above proposition Ta is a homeomorphism for all a ∈ V . So if A is open,
the inverse image of A under T−a (i.e. a+A) is open. Again, if a+A is open, then A is
open (since Ta(A) = a+A). ■

Proposition 3.6 Let (V, c) be a LČCS. Then

(1) for every neighborhood W of 0 (the identity element of V ), there exists neigh-
borhoods V1 and V2 of 0 such that V1 + V2 ⊆ W ;

(2) for every neighborhood W of x, there exist a neighborhood V1 of 0 and V2 of x
such that V1 + V2 ⊆ W , which further imply that V1 + x ⊆ W .

Proof. 1. Since 0 + 0 = 0 and + is a morphism, there exists neighborhoods V1 and V2

of 0, such that V1 + V2 ⊆ W .
2. Proof follows directly from 1. ■

4. Linearity of certain subsets of LČCS

Proposition 4.1 If A is a subset of V and B is an open subset of V , then A + B is
open. Also, λA for all scalar λ ̸= 0 is open if and only if A is open.

Proof. Since B is open, a+B is open for all a ∈ A. A+B = ∪{a+B : a ∈ A} is open
being arbitrary union of open sets. By the homeomorphism Mλ, A is open if and only if
λA is open. ■

Proposition 4.2 Compact sets in a LČCS preserve linearity (i.e. if A and B are compact
sets in a LČCS, then A+B and λA are compact sets).

Proof. Since A and B are compact, A × B is compact in (V × V, c × c). Then A + B
is compact, being the image of a compact set under a morphism. Similarly, λA is also
compact. ■

Proposition 4.3 If H is a subspace of a vector space V and (V, c) is a LČCS, then c(H)
is a subspace of V .
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Proof. Since H is a subspace of V , H + H = H and λH = H. Now, c(H) + c(H) ⊆
c(H +H) = c(H) and λc(H) ⊆ c(λH) = c(H). Thus, c(H) is a subspace of V . ■

Definition 4.4 [6] Let (X, c) be a closure space. A subset A of X is called a semi open
set, if there exists an open set G in (X, c) such that G ⊆ A ⊆ c(G). A subset A ⊆ X is
called a semi-closed set if its complement is semi-open.

Definition 4.5 [6] A subset B of a closure space (V, c) is called generalized semi-open
or g-semiopen, if there exists a semi-open subset A of (V, c) such that A ⊆ B ⊆ c(A).

Proposition 4.6 Let (V, c) be a LČCS. If A is any subset of V and B is semi-open
(g-semiopen) in V , then A+B is semi-open (g-semiopen).

Proof. Since B is semi-open, there exists an open set G in V such that, G ⊆ B ⊆ c(G).
By Proposition 4.1, A+G is open and

A+G ⊆ A+B ⊆ A+ c(G) ( since B ⊆ c(G))

⊆ c(A) + c(G) ( since A ⊆ c(A))

⊆ c(A+G) ( since cis a LČCO ).

Hence, A+B is semi-open. The proof in the case of g-semiopen follows similarly. ■

Corollary 4.7 Linearity is preserved by semi-open sets and g-semiopen sets in a LČCS.

Proof. By the above theorem, sum of two semi-open (g-semiopen) sets in a LČCS is
again semi-open (g-semiopen). Also, if A is semi-open in a LČCS, then there exists an
open set G in V such that G ⊆ A ⊆ c(G), which implies λG ⊆ λA ⊆ λc(G). Since c is a
LČCO, λc(G) ⊆ c(λG). Thus, λG ⊆ λA ⊆ c(λG), where λG is open by Proposition 4.1.
Hence, λA is also semi-open. Proof in the case of g-semi-open sets is similar to that of
semi-open sets. ■

Definition 4.8 [6] A set B in a closure space (V, c) is said to be γ-open if there exists
an open subset G of V such that G ⊆ B and c(G) = c(B). A subset B of V is γ-closed
if its complement is γ-open.

Proposition 4.9 Let (L, c) be an idempotent LČCS. If A and B are γ-open subsets of
(L, c), then A+B and λA are also γ-open.

Proof. Since A and B are γ-open there exists two open sets G1 and G2 such that
G1 ⊆ A, c(A) = c(G1), G2 ⊆ B and c(B) = c(G2). We have A ⊆ c(A) and B ⊆ c(B).
Thus, G1 ⊆ A ⊆ c(A) = c(G1) and G2 ⊆ B ⊆ c(B) = c(G2). Then G1 + G2 ⊆
A + B ⊆ c(A) + c(B) = c(G1) + c(G2). Hence, A + B ⊆ c(G1) + c(G2) ⊆ c(G1 + G2)
and c(A+B) ⊆ c[c(G1 +G2)] = c(G1 +G2). Since c is an idempotent closure operator,
we have cc(A) = c(A), ∀A ⊆ G. Now, G1 ⊆ c(A) and G2 ⊆ c(B) implies G1 + G2 ⊆
c(A) + c(B) ⊆ c(A + B). Then, c(G1 + G2) ⊆ c(c(A + B)) = c(A + B), which implies
that c(G1 +G2) = c(A+B). Thus, G1 +G2 ⊆ A+B ⊆ c(A+B) = c(G1 +G2), where
(G1 + G2) is open, showing that A + B is γ-open. Also, since G1 ⊆ A ⊆ c(A) = c(G1),
λG1 ⊆ λA ⊆ λc(A) = λc(G1). But λc(G1) ⊆ c(λG1). Thus, λA ⊆ c(λG1) and so,
c(λA) ⊆ c(c(λG1)) = c(λG1). On the other hand, λG1 ⊆ λc(A) ⊆ c(λA). Since c
is an idempotent linear Čech closure operator, c(λG1) ⊆ c(c(λA)) = c(λA). Hence,
c(λG1) = c(λA). Thus, λA is γ-open. ■

Definition 4.10 [4] A non-empty subset D of V will be called sgc-dense in (V, c) if
c(D) = X.
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Proposition 4.11 Let (V, c) be a linear Čech closure space, A be a sgc-dense subset of
V , B an arbitrary subset of V . Then, A+B and λA(λ ̸= 0) are sgc-dense in V .

Proof. Since A is a sgc-dense subset of V , c(A) = V . Now, c(A)+ c(B) ⊆ c(A+B), i.e.
V + c(B) ⊆ c(A+B), i.e., V ⊆ c(A+B). Since A,B ⊆ V , A+B ⊆ V and c(A+B) ⊆ V .
Thus, c(A+B) = V ; that is, A+B is sgc-dense. Also, λc(A) ⊆ c(λA), i.e., λV ⊆ c(λA)
with λ ̸= 0. Since V ⊆ c(λA), V = c(λA). Hence, λA is sgc-dense. Thus sgc-dense sets
preserves linearity in a LČCS. ■

5. Operations on Linear Čech Closure Operators

Proposition 5.1 The composition of two linear Čech closure operators is again a linear
Čech closure operator.

Proof. Let c1 and c2 be two linear Čech closure operators on a vector space V . Then
(c1 ◦ c2)(ϕ) = c1(c2(ϕ)) = c1(ϕ) = ϕ. Also, A ⊆ c2(A) ⊆ c1(c2(A)) = (c1 ◦ c2)(A).
Moreover, (c1 ◦c2)(A∪B) = c1(c2(A∪B)) = c1(c2(A)∪c2(B)) = c1(c2(A))∪c1(c2(B)) =
(c1 ◦ c2)(A)∪ (c1 ◦ c2)(B). Also, since (c1 ◦ c2)(A)+(c1 ◦ c2)(B) = c1(c2(A))+ c1(c2(B)) ⊆
c1(c2(A) + c2(B)) and c2(A) + c2(B) ⊆ c2(A + B) implies that c1(c2(A) + c2(B)) ⊆
c1(c2(A+B)), we have (c1◦c2)(A)+(c1◦c2)(B) ⊆ (c1◦c2)(A+B). Further, λ(c1◦c2)(A) =
λ(c1(c2(A)) ⊆ c1(λc2(A)) ⊆ c1(c2(λA)) = (c1 ◦ c2)(λA). Thus, the composition of two
linear Čech closure operators is a linear Čech closure operator. ■

Proposition 5.2 Let (V, c) be a LČCS and A is a subspace of the vector space V , then
the closure operator cA is a linear closure operator on A.

Proof. Let H,K ⊂ A and x + y ∈ cA(H) + cA(K). Then x ∈ cA(H) and y ∈ cA(K),
and i.e., x ∈ A ∩ c(H) and y ∈ A ∩ c(K). Thus, x + y ∈ c(H) + c(K) and x + y ∈ A.
Since c(H) + c(K) ⊆ c(H + K), so x + y ∈ A ∩ c(H + K) = cA(H + K). Hence,
cA(H) + cA(K) ⊆ cA(H +K). Similarly, λcA(H) ⊆ cA(λH). Hence, cA is a LČCO on A.
■

Proposition 5.3 Let (X1, c1) and (X2, c2) be two disjoint closure spaces and X =
X1 × X2. Then the product closure operator c = c1 ⊗ c2 on X defined by c(A) =
c1(p1(A)) × c2(p2(A)) is a LČC operator, where p1(A) and p2(A) are the projections of
A onto X1 and X2, respectively.

Proof. We have

c(A) + c(B) =

2∏
i=1

ci(pi(A)) +

2∏
i=1

ci(pi(B))

=

2∏
i=1

[ci(pi(A)) + ci(pi(B))]

⊆
2∏

i=1

ci(pi(A) + pi(B))

=

2∏
i=1

ci(pi(A+B)) = c(A+B).
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Similarly, λc(A) ⊆ c(λA). ■

Proposition 5.4 Let V be a vector space and c1 and c2 be two linear Čech closure
operators on V . Then the meet closure operator c : ℘(X) → ℘(X) defined by c(A) =
c1(A) ∩ c2(A) is a linear Čech closure operator.

Proof. If A,B ⊆ V , then

c(A) + c(B) = c1(A) ∩ c2(A) + c1(B) ∩ c2(B)

⊆ (c1(A) + c1(B)) ∩ (c2(A) + c2(B))

⊆ c1(A+B) ∩ c2(A+B) = c(A+B).

Similarly, λc(A) ⊆ c(λA). ■

6. Moore class in a LČCS

Proposition 6.1 Let (V, c) be a T1 LČCS. The Moore class of closed sets in V , i.e.,
Mc = {A ⊆ V | A = c(A)} is a vector space.

Proof. Since addition and scalar multiplication are homeomorphisms, if A and B are
closed, then A+B and λA are closed for any scalar λ ̸= 0. Since all singletons are closed
in a T1 LČCS, then {0} is closed and it is the zero element in Mc. Now, Let A ∈ Mc. Then
A = c(A). Also, −c(−A) ⊆ c(A) = A implies that c(−A) ⊆ −A. Thus, −A = c(−A).
Hence, −A ∈ Mc. Thus Mc is a vector space. ■

Definition 6.2 An ordered vector space is a real vector space E which is also an ordered
space with the linear and order structures connected by the implications

(1) If x, y, z ∈ E and x ⩽ y then x+ z ⩽ y + z,
(2) If x, y ∈ E, x ⩽ y and 0 ⩽ α ∈ R then αx ⩽ αy.

The set E+ = {x ∈ E : x ⩾ 0} is termed the positive cone in E and its elements
are termed positive (rather than non-negative). An ordered vector space which is also a
lattice is a vector lattice or Riesz space.

Proposition 6.3 The Moore class Mc in an idempotent T1 LČCS is a vector lattice
with inclusion order.

Proof. Venkateswarlu et el. [11] has already proved that in any idempotent closure space
Mc is a complete lattice. Now to prove it is a vector lattice, let A,B ∈ Mc and A ⊆ B.
Then, clearly, A+ C ⊆ B + C for all C ∈ Mc. Also, if 0 ⩽ α and αA ⊆ αB, then Mc is
a vector lattice. ■

Remark 3

(1) The positive cone of Mc is Mc+ = {B ⊆ X | {0} ⊆ B}, i.e., the set of all closed
sets containing the element 0.

(2) The set of all closed subspaces belong to the positive cone.
(3) If B ∈ Mc, the positive part of B is

B+ =

{
B if 0 ∈ B

B ∪ {0} if 0 /∈ B
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and the negative part of B is

B− =

{
−B if 0 ∈ B

−B ∪ {0} if 0 /∈ B

Also, | B |= B ∪ −B.
(4) The set of all closed subspaces form a meet lattice as the intersection of two closed

subspaces is again a closed subspace.

7. Conclusion

The notions of closure system and closure operator are very useful tools in several
areas of mathematics. They play an important role in the study of topological spaces,
Boolean algebras and convex sets. Also, the theory of generalized closure spaces has been
found very important and useful in the study of image analysis. So, linear Čech closure
spaces is a relevant concept in Čech closure spaces which possess significant properties
that are used in several fields of applications.
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[2] C. Boonpok, Generalised closed sets in Čech closed spaces, Acta. Uni. Apulensis. 22 (2010), 133-140.
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[9] T. A. Sunitha, A study on Čech closure spaces, Ph.D. thesis, Cochin University, 1994.
[10] U. M. Swamy, R. S. Rao, Algebraic topological closure operators, Southeast. Asian. Bull. Math. 26 (4) (2003),

669-678.
[11] B. Venkateswarlu, Morphisms an closure spaces and Moore spaces, IJPAM. 91 (2) (2014), 197-207.



International Journal of Applied Engineering Research, ISSN 0973-4562 Volume 13, Number 18 (2018) pp. 13589–13595
© Research India Publications, http://www.ripublication.com
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Abstract: In this paper we introduce the concept of Binary
Čech Closure Operator(BČCO), its induced Čech closure
operators and establish the relation between them. Here we
study different types of closed and open sets having nice
properties with sufficient examples. Later we define the
operations of Binary Čech Closure Operators.
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INTRODUCTION

Closure spaces were introduced by E. Čech [1] and then
studied by many authors like Jeeranunt Khampaladee [4],
Chawalit Boonpok [2], David Niel Roth[7] etc.. Čech
closure spaces, is a generalisation of the concept of
topological spaces. T. A. Sunitha[8] studied on Čech clo-
sure spaces. The concepts of generalized closed sets and
generalized continuous maps of topological spaces were
extended to closure spaces by C. Boonpok and J. Kham-
paladee[2].Nithanantha Jothi and P. Thangavelu introduced
the concept of binary topology [10].

In this paper we extend the concept of Čech closure
spaces to Binary Čech Closure Spaces. Section 2 contains
the pre-requisites.

In Section 3 we introduce the concepts of Binary Closure
Operator, Binary Čech Closure Operator, induced closure
operators and establish the relation between them. We also

study the properties of b̌-closed sets and b̌-open sets. Sec-
tion 4 describes about b̌-semiopen sets, b̌-gamma opensets
and generalised b̌-semiopen sets.

Section 5 presents the operations union, composition
and intersection of Binary Čech closure operators.

PRELIMINARIES

Definition 1. [1] Let X be a set and ℘(X) be its powerset.
A function c : ℘(X) → ℘(X) is called a Čech closure
operator for X if

1. c(φ) = φ

2. A ⊆ c(A)
3. c(A ∪ B) = c(A) ∪ c(B), ∀A, B ⊆ X

Then (X, c) is called Čech closure space or simply
closure space.
If in addition

4. c(c(A)) = c(A), ∀A ⊆ X,
the space (X, c) is called a Kuratowski (topological)
space.
If further

5. for any family of subsets of X, {Ai}(i∈I ), c(∪i∈I Ai) =
∪i∈I c(Ai), the space is called a total closure space.

Definition 2. [1] A function c : ℘(X) → ℘(X)is called a
monotone(or simply closure) operator for X if

1. c(φ) = φ

2. A ⊆ c(A)
3. A ⊆ B ⇒ c(A) ⊆ c(B), ∀A, B ⊆ X
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Then (X, c) is called monotone(closure) space.
A subset A of a closure space (X, c) will be closed if
c(A) = A and open if its complement is closed, i.e. if
c(X − A) = X − A.
If (X, c) is a closure space, we denote the associated
topology on X by t . i.e. t = {Ac : c(A) = A}.

Lemma 3. [1] A Čech closure space is a monotone space.

Definition 4. [7] Let (X, c) be a Čech closure space,
c(A) = A, ∀A ⊆ X, then c is called the discrete closure
operator on X. If c(A) = X, ∀A ⊆ X, then c is called the
trivial operator or indiscrete operator on X.

Definition 5. [10] Let X and Y be any two non-empty
sets and ℘(X) and ℘(Y ) be their power sets respectively.
A binary topology from X to Y is a binary structure M ⊆
℘(X) × ℘(Y ) that satisfies the following axioms.

1. (φ, φ) and (X, Y ) ∈ M

2. If (A1, B1) and (A2, B2) ∈ M , then (A1 ∩ A2, B1 ∩
B2) ∈ M .

3. If {(Aα , Bα) : α ∈ �} is a family of members of M ,
then ( ∪α∈� Aα , ∪α∈�Bα) ∈ M.

If M is a binary topology from X to Y then the triplet
(X, Y , M) is called a binary topological space and the mem-
bers of M are called binary open sets. (C, D) is called
binary closed if (X \ C, Y \ D) is binary open.

The elements of X × Y are called the binary points of
the binary topological space (X, Y , M). Let (X, Y , M) be a
binary topological space and let (x, y) ∈ X×Y . The binary
open set (A, B) is called a binary neighbourhood of (x, y)
if x ∈ A and y ∈ B. If X = Y then M is called a binary
topology on X and we write (X, M) as a binary space.

Definition 6. [4] Let (X, c) be a closure space. A subset
A of X is called a semi open set if there exists an open set
G in (X, c) such that G ⊆ A ⊆ c(G). A subset A ⊆ X is
called a semi-closed set if its complement is semi-open.

Definition 7. [3] A non-empty subset D of V will be called
c-dense in (V , c) if c(D) = X.

Definition 8. [8] A map f : (X, c) → (Y , c′) is said to be
a c−c′ morphism or just a morphism if f (c(A)) ⊆ c′f (A).

Note: ℘(X) denotes the power set of a set X.

BINARY ČECH CLOSURE SPACE

Definition 9. Let X and Y be two sets. A function b̌ :
℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) is called a binary closure
(monotone) operator if
b̌(φ, φ) = (φ, φ)
(A, B) ⊆ b̌(A, B)
(A, B) ⊆ (C, D) ⇒ b̌(A, B) ⊆ b̌(C, D).
Then (X, Y , b̌) is called a binary closure (monotone) space.

Example 10. Let X = {0, 1, 2} and Y = {a, b}.
℘(X) = {φ, X, {0}, {1}, {2}, {0, 1}, {0, 2}, {1, 2}}
℘(Y ) = {φ, Y , {a}, {b}}
Let b̌ : ℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) be defined as
b̌(φ, φ) = (φ, φ)
b̌(A, φ) = (A, φ), ∀A ⊆ X

b̌(φ, B) = (φ, B) ∀B ⊆ Y

b̌(A, B) = (X, Y ), A 	= φ, B 	= φ Then b̌ is a binary
closure operator.

Definition 11. The binary closure operator is a Binary
Čech Closure Operator(BČCO) if it satisfies the property
b̌[(A, B) ∪ (C, D)] = b̌(A, B) ∪ b̌(C, D). Then (X, Y , b̌) is
called a Binary Čech Closure Space(BČCS).

Example 12. Let X = {0, 1, 2} and Y = {a, b}.
Let b̌ : ℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) be defined as
b̌(φ, φ) = (φ, φ)
b̌({0}, φ) = ({0, 1}, {a})
b̌({1}, φ) = ({1}, {a})
b̌({2}, φ) = ({2}, {a})
b̌({0, 1}, φ) = ({0, 1}, {a})
b̌({0, 2}, φ) = (X, {a})
b̌({1, 2}, φ) = ({1, 2}, {a})
b̌(X, φ) = (X, {a})
b̌(φ, {a}) = (φ, {a})
b̌(φ, {b}) = ({0}, Y )
b̌(φ, Y ) = ({0}, Y )
b̌(A, B) = b̌(A, φ) ∪ b̌(φ, B), ∀A ⊆ X and ∀B ⊆ Y. Then
(X, Y , b̌) is a BČCS.

Remark 13. Example 10 is not a binary Čech closure oper-
ator since
b̌({0, 1}, {a}) = (X, Y ) 	= b̌({0, 1}, φ) ∪ b̌(φ, {a})

Definition 14. A set (A, B) ∈ ℘(X) × ℘(Y ) is b̌-closed if
b̌(A, B) = (A, B) and a set (C, D) is b̌-open if b̌(X \C, Y \
D) = (X \ C, Y \ D).
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Proposition 15. Let (X, Y , b̌) be a binary Čech closure
space. Then (φ, φ) and (X, Y ) are both open and closed.

Proof. b̌(φ, φ) = (φ, φ) So (φ, φ) is b̌-closed. Hence
(X, Y ) = (X \ φ, Y \ φ) is b̌-open.
Since (A, B) ⊆ b̌(A, B), ∀ (A, B) ∈ ℘(X) ×
℘(Y ), (X, Y ) ⊆ b̌(X, Y ). Also b̌(A, B) ∈ ℘(X) ×
℘(Y ), ∀ (A, B) ∈ ℘(X) × ℘(Y ). So b̌(A, B) ⊆ (X, Y )
and b̌(X, Y ) ⊆ (X, Y ). Thus we get (X, Y ) = b̌(X, Y ) i.e.
(X, Y ) is b̌-closed and therefore (φ, φ) = (X \ X, Y \ Y ) is
b̌-open. �

Definition 16. A binary Čech closure operator b̌1 is said
to be coarser than a binary Čech closure operator b̌2 on
the same sets X and Y if b̌2(A, B) ⊆ b̌1(A, B), ∀(A, B) ∈
℘(X) × ℘(Y ). Then we write b̌1 < b̌2.

The discrete closure operator given by b̌(A, B) =
(A, B), ∀(A, B) ∈ ℘(X) × ℘(Y ) is the finest closure
between X and Y . The indiscrete closure operator given
by b̌(φ, φ) = (φ, φ) and b̌(A, B) = (X, Y ), ∀(A, B){	=
(φ, φ)} ⊆ (X, Y ) is the coarsest closure between X and Y .

Definition 17. Let (X, Y , b̌) be a binary Čech closure
space. Then the binary interior operator associated with
b̌, Intb̌ is a function from ℘(X) × ℘(Y ) to itself given by
Intb̌(A, B) = (X \C, Y \D) where (C, D) = b̌(X \A, Y \
B).
A binary set (A, B) is b̌-open if and only if Intb̌(A, B) =
(A, B).

Definition 18. Let (Z, c) be a closure space and (X, Y , b̌)
be a binary closure space. Then a mapping f : Z → X×Y

is called a c − b̌ morphism if f (c(A)) ⊆ b̌[f (A)], ∀A ⊆ Z

where f (A) = (C, D) and C = {x : (x, y) = f (a) for
some a ∈ A} and D = {y : (x, y) = f (a) for some
a ∈ A}. i.e. C is the projection of f (A) to X and D is the
projection of f (A) to Y .

Proposition 19. Given a binary Čech closure operator, b̌
from X to Y , the function b̌X : ℘(X) → ℘(X) given by
b̌X(A) = C where b̌(A, φ) = (C, D) is a Čech closure
operator on X. Similarly b̌Y : ℘(Y ) → ℘(Y ) given by
b̌Y (B) = D where b̌(φ, B) = (C, D) is a Čech closure
operator on Y .

Proof. Since b̌ is a BČCO, b̌(φ, φ) = (φ, φ).
∴ b̌X(φ) = φ and b̌Y (φ) = φ.
Let A ⊆ X and B ⊆ Y . Then (A, φ) ⊆ b̌(A, φ), by the

property of b̌.
b̌(A, φ) = (b̌X(A), D), for some D ⊆ Y .
i.e. (A, φ) ⊆ (b̌X(A), D), which gives A ⊆ b̌X(A), ∀A ⊆
X.

Similarly (φ, B) ⊆ b̌(φ, B) gives B ⊆ b̌Y (B), ∀B ⊆ Y.

Let A ⊆ C ⊆ X and B ⊆ D ⊆ Y . Then (A, φ) ⊆ (C, φ).
∴ b̌(A, φ) ⊆ b̌(C, φ) ⇒ b̌X(A) ⊆ b̌X(C).
Similarly (φ, B) ⊆ (φ, D) ⇒ b̌Y (B) ⊆ b̌Y (D).
Now let A, C ⊆ X and B, D ⊆ Y. b̌(A, φ) ∪ b̌(C, φ) =
b̌(A ∪ C, φ) ⇒ b̌X(A) ∪ b̌X(C) = b̌X(A ∪ C).
Also b̌(φ, B)∪b̌(φ, D) = b̌(φ, B∪D) ⇒ b̌Y (B)∪b̌Y (D) =
b̌Y (B ∪ D).
Hence b̌X and b̌Y are Čech closure operators. �

Proposition 20. If (X, c1) and (Y , c2) are two Čech closure
spaces, then (X, Y , č) where č : ℘(X) × ℘(Y ) → ℘(X) ×
℘(Y ) is given by č(A, B) = (c1(A), c2(B)), is a binary Čech
closure operator.

Proof. č(φ, φ) = (c1(φ), c2(φ)) = (φ, φ), since c1 and c2

are Čech closure operators.
Let A ⊆ X and B ⊆ Y . Then A ⊆ c1(A) and B ⊆ c2(B).
⇒ (A, B) ⊆ (c1(A), c2(B)) = č(A, B).
Let (A, B), (C, D) ∈ ℘(X) × ℘(Y ). Then A, C ⊆ X and
B, D ⊆ Y .
So c1(A)∪c1(C) = c1(A∪C) and c2(B)∪c2(D) = c2(B ∪
D).
Now

č(A, B) ∪ č(C, D) = (c1(A), c2(B)) ∪ (c1(C), c2(D))

= (c1(A) ∪ c1(C), c2(B) ∪ c2(D))

= (c1(A ∪ C), c2(B ∪ D))

= č(A ∪ C, B ∪ D)

= č[(A, B) ∪ (C, D)]

Thus č is a binary Čech closure operator. �

Proposition 21. Let (X, Y , b̌) be a binary Čech closure
space and b̌X and b̌Y be the associated Čech closure opera-
tors (as in Proposition 19)in X and Y respectively. Then the
binary Čech closure operator b̌XY obtained from b̌X and b̌Y

(as in Proposition 20) need not be same as b̌.

Proof. In Example 12, b̌X(φ) = φ, b̌X(X) = X, b̌X({0}) =
{0, 1}, b̌X({1}) = {1}, b̌X({2}) = {2}, b̌X({0, 1}) =
{0, 1}, b̌X({1, 2}) = {1, 2}, and b̌X({0, 2}) = X.
b̌Y (φ) = φ, b̌Y (Y ) = Y , b̌Y ({a}) = {a}, b̌Y ({b}) = Y

Then b̌XY ({1, 2}, b) = ({1, 2}, Y )
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But b̌({1, 2}, b) = (X, Y ).
Thus b̌ 	= b̌XY . �

Lemma 22. Let (X, Y , b̌) be a binary Čech closure oper-
ator. Then (b̌X(A), b̌Y (B)) ⊆ b̌(A, B)∀(A, B) ∈ ℘(X) ×
℘(Y ).

Proof.

(b̌X(A), b̌Y (B)) = (b̌X(A), φ) ∪ (φ, b̌Y (B))

⊆ b̌(A, φ) ∪ b̌(φ, B), by the definition of b̌X(A) and b̌Y

= b̌(A, B).

Remark 23. b̌ is coarser than b̌XY in any binary Čech
closure space (X, Y , b̌).

Proof. (b̌XY (A, B) = (b̌X(A), b̌Y (B)) ⊆ b̌(A, B), by above
lemma ∀(A, B) ∈ ℘(X) × ℘(Y )
Hence the result. �

Proposition 24. Let (X, Y , b̌) be a BČCS. If (A, B) is b̌-
closed then A is b̌X-closed and B is b̌Y -closed.

Proof. Let b̌(A, B) = (A, B).
b̌(A, B) = b̌(A, φ) ∪ b̌(φ, B).
Suppose that b̌(A, φ) = (b̌X(A), D) for some D ⊆ Y and
b̌(φ, B) = (C, b̌Y (B)) for some C ⊆ X.
Then (A, B) = b̌(A, B) = (b̌X(A) ∪ C, D ∪ b̌Y (B)).
By Proposition 19, A ⊆ b̌X(A). Also B ⊆ b̌Y (B).
Here A = b̌X(A) ∪ C.

⇒ b̌X(A) ⊆ A.

⇒ A = b̌X(A), since b̌X is a Čech closure operator by
Propsition 19.
i.e. A is b̌X-closed.
Similarly B = b̌Y (B). i.e. B is b̌Y -closed. �

Remark 25. The converse of the above prposition need
not be true as shown in the following examole.
In Example 12, {2} is b̌X-closed and Y is b̌Y -closed. But
b̌({2}, Y ) = ({0, 2}, Y ). So ({2}, Y ) is not b̌-closed.

Proposition 26. Let (X, c1) and (Y , c2) be two ČCS and
č = (c1, c2) as in Proposition 20. If A ⊆ X is c1-closed and
B ⊆ Y is c2-closed, then (A, B) is č-closed.

Proof. c1(A) = A and c2(B) = B.
č(A, B) = (c1(A), c2(B)) = (A, B).
Therefore (A, B) is č-closed. �

Definition 27. Let (X, Y , b̌) be a Binary Čech clo-
sure space. A set (A, B) ∈ ℘(X) × ℘(Y ) is said
to be b̌-dense if b̌(A, B) = (X, Y ). In Example 12,
(X, {b}), ({1, 2}, Y ), ({0, 2}, Y ) and ({0, 2}, b) are b̌-dense.

Proposition 28. Let (X, Y , b̌) be a binary Čech closure
space. A ⊆ X is b̌X-dense and B ⊆ Y is b̌Y -dense then
(A, B) is b̌-dense.

Proof. A is b̌X-dense ⇒ b̌X(A) = X and B is b̌Y -dense
⇒ b̌Y (B) = Y Now (X, Y ) = (b̌X(A), b̌Y (B)) ⊆ b̌(A, B)
∴ b̌(A, B) = (X, Y ), since b̌(A, B) ∈ ℘(X) ×
℘(Y ), ∀(A, B) ∈ ℘(X) × ℘(Y ).
Thus (A, B) is b̌-dense. �

Remark 29. Converse of the above Proposition is not true
in general.
In Example 12 ({1, 2}, Y ) is b̌-dense. But b̌X({1, 2}) =
{1, 2} 	= X. i.e. {1, 2} is not b̌X− dense.

Corollary 30. Let (X, c1) and (Y , c2) be two Čech closure
spaces. Then (A, B) is č-dense if and only if A is c1−dense
and B is c2−dense.

Proof. A is c1−dense and B is c2−dense
⇔ c1(A) = X and c2(B) = Y

⇔ (X, Y ) = (c1(A), c2(B)) = č(A, B)
(AB) is č-dense. �

Proposition 31. Let (X, Y , b̌) be a binary Čech closure
space. If (A, B) ∈ ℘(X) × ℘(Y ) is b̌-open, then A is
b̌X−open and B is b̌Y −open.

Proof. (A, B) is b̌ -open ⇒ (X \ A, Y \ B) is b̌-closed
⇒ X \ A is b̌X-closed and Y \ B is b̌Y -closed
⇒ A is b̌X−open and B is b̌Y −open. �

Proposition 32. Let (X, c1) and (Y , c2) be two ČCS and
č = (c1, c2) (as in Proposition 20). If A is c1−open and B

is c2−open, then (A, B) is č-open.

Remark 33. If A is b̌X−open and B is b̌Y −open, then
(A, B) need not be b̌-open.
In Example 12 {0, 1} is b̌X-open and Y is b̌Y -open, but
({0, 1}, Y ) is not b̌-open.

Proposition 34. Let (X, Y , b̌) be a binary Čech closure
space. Then the set of all b̌-open sets ,i.e. M(b̌) := {(A, B) |
b̌(X \ A, Y \ B) = (X \ A, Y \ B) is a binary topology.
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Proof. Since (φ, φ) and (X, Y ) are b̌-open (φ, φ) and
(X, Y ) ∈ M(b̌).
Let (A, B), (C, D) ∈ M(b̌). Then b̌(X \ A, Y \ B) =
(X \ A, Y \ B) and b̌(X \ C, Y \ D) = (X \ C, Y \ D).
b̌(X \ (A ∩ C), Y \ (B ∩ D)) = b̌[(X \ A) ∪ (X \ C), (Y \
B) ∪ (Y \ D)]
= b̌[(X \ A, Y \ B) ∪ (X \ C, Y \ D)]
= b̌(X \ A, Y \ B) ∪ b̌(X \ C, Y \ D)
= (X \ A, Y \ B) ∪ (X \ C, Y \ D)
= [(X \ A) ∪ (X \ C), (Y \ B) ∪ (Y \ D)]
= (X \ (A ∩ C), Y \ (B ∩ D)).
Thus (A ∩ C, B ∩ D) is b̌-open. Consider an arbitrary col-
lection of sets {(Oα , Uα) : α ∈ �}, each a member of
M(b̌). For each α ∈ �, (X \ Oα , Y \ Uα) is b̌-closed and
∩α∈�(X \ Oα , Y \ Uα) is contained in (X \ Oα , Y \ Uα).
So b̌[ ∩α∈� (X \ Oα , Y \ Uα)] ⊆ b̌(X \ Oα , Y \ Uα) =
(X \ Oα , Y \ Uα), ∀ α ∈ �.
Hence b̌[∩α∈� (X \Oα , Y \Uα)] ⊆ ∩α∈�(X \Oα , Y \Uα).
Thus ∩α∈�(X \ Oα , Y \ Uα) is b̌-closed.
i.e. {X \ ∪α∈�Oα , Y \ ∪α∈�Uα} is b̌-closed.
i.e. ∪α∈�(Oα , Uα) is b̌-open. �

VARIOUS OPEN SETS IN BINARY ČECH
CLOSURE SPACES

Definition 35. Let (X, Y , b̌) be a binary Čech closure
space. (A, B) ∈ ℘(X) × ℘(Y ) is said to be b̌-semiopen
if there exists a binary open set (U , V ) such that (U , V ) ⊆
(A, B) ⊆ b̌(U , V ).
(C, D) ∈ ℘(X) × ℘(Y ) is said to be b̌-semiclosed if
(X \ C, Y \ D) is b̌-semiopen.

Remark 36. Let (X, Y , b̌) be a binary Čech closure space.
If (A, B) ∈ ℘(X) ×℘(Y ) is b̌-semiopen, need not imply A

is b̌X−semiopen and B is b̌Y −semiopen.

Example 37. Let X = {0, 1, 2, 3, 4} and Y = {a, b}.
b̌ be defined as
b̌(φ, φ) = (φ, φ), b̌({0}, φ) = ({0}, φ), b̌({1}, φ) =
({0, 1}, φ), b̌({2}, φ) = ({1, 2}, φ),
b̌({3}, φ) = ({2, 3}, φ), b̌({4}, φ) = ({3, 4}, φ), b̌(φ, {a}) =
({1}, {a}), b̌(φ, {b}) = ({1, 2}, Y )
For all other (A, B) ∈ ℘(X) × ℘(Y ),
b̌(A, B) = [ ∪x∈A b̌({x}, φ)] ∪ [ ∪y∈B b̌(φ, {y})]
Here b̌({0, 1, 2}, {a}) = ({0, 1, 2}, {a})
So ({0, 1, 2}, {a}) is b̌-closed and ({3, 4}, {b}) is b̌-open.
({3, 4}, {b}) = ({1, 2, 3, 4}, Y )

Now (A, B) = ({1, 3, 4}, {b}) is semi open since
({3, 4}, {b}) ⊆ ({1, 3, 4}, {b}) ⊆ b̌({3, 4}, {b}).
But the set {1, 3, 4} is not b̌X-semi open since the open sets
contained in {1, 3, 4} are {3, 4} and {4}.
But the closure of {3, 4} and {4}, both, doesnot contain
{1, 3, 4}.

Remark 38. Let (X, Y , b̌) be a binary Čech closure space.
Let A ⊆ X be b̌X-semi open and B ⊆ Y be b̌Y -semiopen,
then (A, B) need not be b̌-semiopen.

Example 39. Let X = {1, 2}, Y = {a, b}
b̌(φ, φ) = (φ, φ), b̌({1}, φ) = ({1}, {a}), b̌({2}, φ) =
({2}, {b}), b̌(φ, {a}) = ({2}, {a}), b̌(φ, {b}) = ({1}, {b})
For all other (A, B) ∈ ℘(X) × ℘(Y ),
b̌(A, B) = [ ∪x∈A ({x}, φ)] ∪ [ ∪y∈B (φ, {y})]
Here {2} is b̌X- open and {b} is b̌Y - open. So {2} is b̌X-
semiopen and {b} is b̌Y - semiopen. But ({2}, {b}) is not b̌-
semiopen, since the only b̌-open set contained in ({2}, {b})
is (φ, φ) and b̌(φ, φ) = (φ, φ).

Definition 40. Let (X, Y , b̌) be a binary Čech closure
space. A set (A, B) is b̌-γ -open if there exists a b̌-open set,
(U , V ) such that (U , V ) ⊆ (A, B) and b̌(A, B) = b̌(U , V ).
(C, D) ∈ ℘(X) × ℘(Y ) is said to be b̌-γ closed if
(X \ C, Y \ D) is b̌-γ open.

Remark 41. (A, B) is b̌-γ -open need not imply A is b̌X −
γ open and B is b̌Y − γ open and vice versa.

Definition 42. Let (X, Y , b̌) be a binary Čech closure
space. A set (A, B) is generalised b̌-semiopen or g-b̌-
semiopen if there exists a b̌-semiopen set (U , V ) such that
(U , V ) ⊆ (A, B) ⊆ b̌(U , V ).
(C, D) ∈ ℘(X) × ℘(Y ) is said to be generalised b̌-
semiclosed if (X \ C, Y \ D) is generalised b̌-semiopen.

Proposition 43. Let (X, Y , b̌) be a binary Čech closure
space. (A, B) ∈ ℘(X) × ℘(Y ) is
b̌-open ⇒ b̌ − γ open ⇒ b̌ − semiopen ⇒ g − b̌ −
semiopen.

The reverse implications need not hold.

Example 44. We observe that in Example 37,
({2, 4}, b) is b̌-γ open, but not b̌-open
({1, 4}, b) is b̌-semiopen, but not b̌-γ open
({1, 2, 3, 4}, φ) is generalised b̌-semiopen, but not b̌-
semiopen.
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OPERATIONS ON BINARY ČECH
CLOSURE OPERATORS

Definition 45. Let b̌1 and b̌2 be two binary Čech closure
operators from X to Y . Then (b̌1 ∪ b̌2)(A, B) = b̌1(A, B) ∪
b̌2(A, B) and (b̌1 ◦ b̌2)(A, B) = b̌1[b̌2(A, B)].

Note: In the set of all binary Čech closure operators from a
set X to a set Y , the operation ∪ is associative, commutative
and has an identity. The operation ◦ is associative and has
an identity.

Hence it becomes a monoid with respect to these
operations.

Proposition 46. If b̌1 and b̌2 are two binary Čech closure
operators from X to Y and (A, B) ∈ ℘(X) × ℘(Y ). Then
(b̌1 ∪ b̌2)(A, B) ⊆ (b̌1 ◦ b̌2)(A, B).

Proof. Let (A, B) ∈ ℘(X) × ℘(Y ). (A, B) ⊆ b̌2(A, B)
b̌1(A, B) ⊆ b̌1[b̌2(A, B)]
Also b̌2(A, B) ⊆ b̌1[b̌2(A, B)]
Hence b̌1(A, B) ∪ b̌2(A, B) ⊆ b̌1[b̌2(A, B)]. i.e. (b̌1 ∪
b̌2)(A, B) ⊆ (b̌1 ◦ b̌2)(A, B). �

Proposition 47. Let (X, Y , b̌1) and (X, Y , b̌2) be two
binary Čech closure spaces. Then M(b̌1 ◦ b̌2) = M(b̌2 ◦
b̌1) = M(b̌1) ∩ M(b̌2) = M(b̌1 ∪ b̌2).

Proof. Let (A, B) ∈ M(b̌1 ◦ b̌2). Then (b̌1 ◦ b̌2)(X \ A, Y \
B) = (X \ A, Y \ B). i.e.b̌1[b̌2((X \ A, Y \ B))] = (X \
A, Y \ B) ⊆ b̌2((X \ A, Y \ B)) by the property of b̌2.
Now by the property of b̌1, b̌2((X\A, Y \B)) is b̌1−closed.
i.e.b̌1[b̌2((X\A, Y \B))] = b̌2(X\A, Y \B) = (X\A, Y \B)
Then (A, B) is b̌2-open.
b̌1(X \ A, Y \ B) = b̌1[b̌2((X \ A, Y \ B))] = (b̌1 ◦ b̌2)(X \
A, Y \ B) = (X \ A, Y \ B)
Then (A, B) is b̌1-open.
Thus we get (A, B) ∈ M(b̌1) ∩ M(b̌2).
i.e. M(b̌1◦b̌2) ⊆ M(b̌1)∩M(b̌2) and similarly M(b̌2◦b̌1) ⊆
M(b̌1) ∩ M(b̌2) Conversely let (A, B) ∈ M(b̌1) ∩ M(b̌2).
Then (A, B) ∈ M(b̌1) and (A, B) ∈ M(b̌2)
b̌1(X \ A, Y \ B) = (X \ A, Y \ B) and
b̌2(X \A, Y \B) = (X \A, Y \B) (b̌1 ◦ b̌2)(X \A, Y \B) =
b̌1[b̌2(X\A, Y \B)] = b̌1(X\A, Y \B) = (X\A, Y \B) =
b̌2(X \ A, Y \ B) = b̌2[b̌1(X \ A, Y \ B)] = (b̌2 ◦ b̌1)(X \
A, Y \ B). Thus M(b̌1) ∩ M(b̌2) ⊆ M(b̌1 ◦ b̌2) and
M(b̌1) ∩ M(b̌2) ⊆ M(b̌2 ◦ b̌1).
Now suppose that (A, B) ⊆ M(b̌1 ∪ b̌2).

(b̌1 ∪ b̌2)(X \ A, Y \ B) = (X \ A, Y \ B) = b̌1(X \ A, Y \
B) ∪ b̌2(X \ A, Y \ B)
if and only if b̌1(X \ A, Y \ B) = (X \ A, Y \ B) and
b̌2(X \ A, Y \ B) = (X \ A, Y \ B)
i.e. (A, B) is b̌1 − open and b̌2 − open.

Thus (A, B) ∈ M(b̌1) ∩ M(b̌2) i.e. M(b̌1 ∪ b̌2) ⊆ M(b̌1) ∩
M(b̌2). �

Remark 48. Let b̌1 and b̌2 be two BČCO. Then b̌1 ∩ b̌2 is
a binary closure operator and it need not be a BČCO.

Proof. Let b̌ = b̌1 ∩ b̌2.
i.e. b̌(A, B) = b̌1(A, B) ∩ b̌2(A, B), ∀ (A, B) ∈ ℘(X) ×
℘(Y )
b̌(φ, φ) = (φ, φ) since b̌1(φ, φ) = (φ, φ) and b̌2(φ, φ) =
(φ, φ)
(A, B) ⊆ b̌1(A, B) and (A, B) ⊆ b̌2(A, B). So (A, B) ⊆
b̌(A, B)
(A, B) ⊆ (C, D) ⇒ b̌1(A, B) ⊆ b̌1(C, D) and b̌2(A, B) ⊆
b̌2(C, D)
⇒ b̌1(A, B) ∩ b̌2(A, B) ⊆ b̌1(C, D) ∩ b̌2(C, D).
i.e. b̌(A, B) ⊆ b̌(C, D)
Thus b̌ is a Binary Closure Operator.
But

b̌[(A, B) ∪ (C, D)]

= b̌1[(A, B) ∪ (C, D)] ∩ b̌2[(A, B) ∪ (C, D)]

= [b̌1(A, B) ∪ b̌1(C, D)] ∩ [b̌2(A, B) ∪ b̌2(C, D)]

= [b̌1(A, B) ∩ b̌2(A, B)] ∪ [b̌1(C, D) ∩ b̌2(A, B)]

∪ [b̌1(A, B) ∩ b̌2(C, D)] ∪ [b̌1(C, D) ∩ b̌2(C, D)]

⊇ b̌(A, B) ∪ b̌(C, D).

Thus b̌[(A, B) ∪ (C, D)] need not be equal to b̌(A, B) ∪
b̌(C, D). �
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Abstract: Though different countries have different health care systems, primary health care is the first level of health 

services to the community that plays an important role in global health care scenario. Primary health care system is 

imperative for the wellbeing of the people and development in any country. Among the states in India, Kerala made 

significant achievements in the field of primary health care services and the health model of Kerala also got 

worldwide acclaim and acceptance. Therefore, this chapter makes an attempt to depict the progress of primary 

health care system in Kerala over the years. A comparison of the Primary health care system of India and Kerala is 

attempted on the basis of the growth of health centres, average rural population served by these centres, number of 

doctors, health assistants and health workers; and the primary health care services being rendered to the people. 

Keywords: Primary health care system, Community health centres, Primary health  centres,  Sub centres. 

1.   INTRODUCTION 

Primary health care is defined as “essential care based on practically and scientifically sound, socially acceptable methods 

and technologically made universally accessible to individuals and families in the community by means acceptable 

through full participation at a cost that the community and the country can afford to maintain at every stage of their 

development in a spirit of self-reliance and self-determination” (WHO, 1978)
.
 It forms an integral part of the country’s 

health system. Primary health care through Primary health care system has been recognized as the effective strategy for 

improved health services across the world. The Primary health care system consists of the Community Health Centres, 

Primary Health Centres and Sub Centres. Kerala, the State of India has achieved  a unique position in achieving better 

health indicators  because of better Primary health care system .Therefore the need to assess the progress of Primary 

health care system of the State is a need. 

Data and Sources of Data: 

National Health Profile data from Health Information of India and Rural Health Statistics data from the Ministry of Health 

and Family Welfare (MOHFW), Government of India (GOI) were used for assessing the growth of health centres, its 

manpower resources and percentage of funds used for the health system. National Family Health Survey (NFHS) and 

District Level Household and Facility Survey (DLHS) data were also used to compare the primary health care services of 

India and Kerala. 

Historical perspective of Primary health care system in Kerala: 

Kerala has a long history of an organized health care system even before the arrival of European medicine. Even before 

the formation of the State, accessible medical care system was already laid in Travancore and Cochin principalities. The 

efforts of princely rulers and Christian missionaries, historical background and the progressive public policies 

implemented by the government at different intervals of time played an important role in providing the health facilities 

.During the period from the State formation to the early part of the 1980s, a great deal of expansion and growth has taken 

place in the health care system in Kerala. The proposal for having a medical care system accessible to all its subjects was 

laid down on 1
st
 November 1956. 
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During the first five year plan, there were 40 primary and secondary health centres, two malaria control units and 138 

maternal and child welfare units in Kerala. The second plan focused on the improvements of public health institutions to 

control communicable diseases.  During the third plan, 92 PHC, 39 new dispensaries and 80 maternal and child health 

centres were started .In the fifth plan, a phased programme was organized in all schools for prevention of communicable 

diseases covering all primary school children in the state. Increased purchasing power among poorer sections along with 

high demand for modern health services, by the mid-1980, made a shift towards private health care institutions. 

Recognizing the eroding trust in the public system, Kerala launched a major overhaul by introducing People’s Campaign 

for Decentralized Planning movement in 1996. Through decentralized administration in 1990 and decentralized planning 

in 1996, power of decision making in the area of social welfare was transferred to the people at the level of the Grama 

panchayat. Since 1996, management of PHCs is entrusted with the Grama panchayats which are empowered to allocate 

funds for the development of the PHCs. The launching of NRHM in April 2005 also paved the way for overall changes 

with the aim to improve the health status through the health centres. This mission provides universal access for an 

equitable, affordable and quality health care service to all. In the 12
th

 plan, a new Programme for Pain and Palliative care 

was introduced.  It is proposed that, by the end of 12
th

 plan, all health institutions up to the level of the Community Health 

Centres are to be equipped with palliative care services. The study now move on to compare the Primary health care 

system of India and Kerala. 

2.   GROWTH OF THE PRIMARY HEALTH CARE SYSTEM –AN ANALYSIS OF INDIA AND 

KERALA 

Primary health care system has attained the present position through the contributions of a number of factors. The growth 

in the number of health centres, manpower resources which include the number of doctors, health assistants and health 

workers and achievements in the services such as maternal and child health, immunization and family planning and fall in 

average number of rural population covered by health centres over the years have contributed to the improvement of 

Primary health care system in the state. It is useful to have a comparison between the Primary health care system of 

Kerala and that at the national level for a better appreciation of the context in which the study is placed. 

Institutional Structure of Primary Health Care:  

Infrastructure is an indicator of facilities available for any institution. It is not an exception in the case of Primary health 

care system also. It is described as the basic support in delivering health care services to its people. It was referred 

elsewhere that the primary health care services are provided through a three tier Primary health care system - Community 

Health Centres, Primary Health Centres and Sub Centres. 

Community Health Centre serves as a referral centre for 4 PHCs which provide facilities for obstetric care and specialist 

consultations. Apart from this, there are TB centres, family planning clinic and maternal and child health clinics in those 

rural villages. Primary Health Centres is the first contact point between the rural community and the doctors who are 

called Medical Officer (MO).The Primary Health Centres are envisaged to provide integrated curative, preventive and 

promotive health care services to the rural population giving more emphasis on preventive and promotive aspects of 

health care. The Primary Health Centres and their Sub Centres are supposed to meet the health care needs of the 

community. Sub centre is the most peripheral institution and first point of contact between the community and health care 

delivery system. A sub centre provides interface with the community at the grass-root level, providing the primary health 

care services. 

Growth of the Health Centres: 

The Community Health Centres, Primary Health Centres and Sub Centres had achieved rapid growth in terms of number 

during the last 35 years. This is given in the table 1 

Table 1: Number of the Health Centres -India and Kerala (6th plan-12th Plan) 

Five Year Plans 

Number of Community 

Health Centres 

Number  of Primary 

Health Centres 
Number  of Sub Centres 

India Kerala India Kerala India Kerala 

6
th

 five year plan 80-85 761 4 9115 199 84376 2270 

7
th

 five year plan 85-90 
1910 

(150.98) 

54 

(125.0) 

18671 

(104.84) 

908 

(356.28) 

130165 

(54.27) 

5094 

124.41 
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8
th

 five year plan 92-97 
2633 

(37.85 

80 

(48.15) 

22149 

(18.63) 

938 

(3.30) 

136258 

(4.68) 

5094 

(0) 

9
th

 five year plan 97-2002 
3054 

(15.99) 

105 

(31.25) 

22875 

(3.28) 

944 

(0.64) 

137311 

(0.77) 

5094 

(0) 

10
th

five year plan 02-07 
4045 

(32.44) 

107 

(1.90) 

22370 

(-2.21) 

909 

(-3.70) 

145272 

(5.79) 

5094 

(0) 

11
th

five year plan 07-12 
4833 

(19.48) 

217 

(102.80) 

24049 

(7.51) 

809 

(-11.0) 

148366 

(2.13) 

4575 

(-10.19) 

12
th

 five year plan12-17 
5396 

(11.65) 

222 

(2.30) 

25308 

(5.24) 

852 

(5.32) 

1523655 

(926.96) 

4575 

(0) 

Source: Rural Health Statistics , 2015  

Note: Figures in bracket show growth rate of five year plan 

Table 1 shows the growth of health centres during the planning period. At the end of the sixth Plan (1981-85), there were 

84,376 and 2207 Sub Centres in India and Kerala respectively.  By the twelfth Plan, the number has increased to 1, 53,655 

in India and 4575 in Kerala. Similar progress is found in the number of PHCs also. At the end of sixth Plan (1S981-85) 

there were only 9115 PHCs in India and 199  PHCs in Kerala. By the end of twelfth Plan, it increased to 25,308 in India 

and to 852 in Kerala. The number of Community Health Centres has also increased from 761 at the end of the sixth plan 

(1981-85) to 5,396 by 12
th

 plan in India; and from just four at the end of the sixth plan to 222 by the 12
th

 Plan in Kerala. 

Due to standardization of health institutions in 2009 (in Eleventh plan), the number of Sub Centres and PHCs in Kerala 

declined, as a few PHCs were upgraded to Community Health Centres. The growth of all the health centres over the 

planning period from sixth to twelfth plan is shown in figure 1  

 

Figure 1:  Growth of Health Centres (6th plan –12th Plan) 

Source: Computed from Table 1 

The figure 1 depicts that the growth of Community Health Centres, Primary Health Centres, and Sub Centres are highest 

during the seventh plan. As health care programmes restructured and reoriented under the National Health Policies gave 

priority to extension and expansion of the rural health infrastructure through a network of Community Health Centres, 

Primary Health Centres and Sub Centres on a liberalized population norm, there was an increase in the number of health 

centres during the seventh plan. From seventh plan onwards, the growth rate of these centres decline in most of the plans. 

Average Rural Population covered by the Health Centres: 

For the effective functioning of the health centres and for provisioning of better services to the community, norms for the 

population to be covered by each centre were suggested by the government. As per IPHS norms, the Community Health 
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Centres should cover a population of 12,0000 in urban area and 80000 in the hilly, tribal and remote areas . Each PHC 

should serve a population of about 30000 in plain areas and 20000 in hilly / tribal and remote areas and Sub Centre should 

cover a population of 5000 in plain area and 3000 in tribal, hilly and remote area. These norms have been fixed to make 

the health centres more accessible and available to the people. 

Table 2:  Average Rural Population covered by the Health Centres- India and Kerala (2001-2015) 

Source: Rural health statistics 2005, 2011 & 2015 

The table 2 presents the average rural population in health centres of India and Kerala. There is a declining trend in 

average rural population coverage during the period 2010 to 2015 in the primary health care institutions in India and 

Kerala. However, during 2015 in India, Sub Centre covered of a population of 5426, PHC 32944 and Community 

Health Centres 154512 which was more than what was prescribed by the Government. In Kerala, it is within the 

government norms with Sub Centres having 3418, PHC 20506 and Community Health Centres78,699 population. 

More coverage of population by health centres are indicative of the fact that adequate number of health centres has not 

been established against the requirement. This not only affects the quality and delivery of health care services 

adversely, but also accentuates the problem of overcrowding in health centres. The trend line for average rural 

population coverage of health centres is shown in figure 2. 

 

Figure 2:  Average Rural Population Coverage of Community Health Centres-India and Kerala 

Source: Computed from Table 2. 

The figure 2 shows a polynomial trend in the average rural population coverage of Community Health Centres in India 

and Kerala. 

Year  

Average number of 

population covered by 

Community Health Centres 

Average number of 

population covered by 

Primary Health Centres 

Average number of 

population covered by 

Sub Centres 

 India Kerala India   Kerala India Kerala 

2001 1,63725 1,01178 31,364 28,997 5049 5153 

2005 183558 220322 33191 25934 5111 4628 

2010 1,72375 80440 34,641 21,577. 5624 3815 

2015 1,54,512 78,699 32,944 20506 5426 3418 
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Figure 3: Average Rural Population Coverage of Primary Health Centres-India and Kerala 

Source: Computed from Table 2.   The figure 3 shows a linear trend for both India and Kerala. In Kerala there is a 

decrease of 630.53 average rural population for Primary Health Centres in every five years and in India there is an 

increase of 124.6. 

 

Figure 4: Average Rural Population Coverage of Sub Centres-India and Kerala 

Source: Computed from Table 2 

The figure 4 shows a linear trend for both India and Kerala. In Kerala there is a decrease of 127.7 average rural population 

for Sub Centres in every five years and in India there is an increase of 34.82. 

The trend lines in the figure 2, 3 and 4 for average rural population coverage of the health centres over the years 

depicted  that, the population coverage for the health centres in Kerala have declined over the years. Establishment of 

more health centres in Kerala as per the IPHS norms is the reason behind this. But in India, the average coverage of 

population was high till 2010 for Sub Centres and PHC and it shows a declining trend after 2010. This shows that more 

health centres are to be established in India to fulfil the norms of IPHS. While comparing with India, a declining trend 

in the population coverage of Kerala shows that Kerala is comparatively functioning well. 
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3.   HUMAN RESOURCES 

Sufficient human resources are an essential pre-requisite for better performance of any institution including the health care 

centres. Doctors/Medical Officers, health assistants and health workers are the main human resources for promoting services 

in the Primary health care system. National Rural Health Mission launched on 12
th
 April 2005, helped to provide additional 

manpower to the Primary health care system. 

Medical Officers: 

The doctors designated as medical officers are responsible for implementing all activities that come under Health and Family 

Welfare delivery system in the health centres. They are solely responsible for the proper functioning of the health centres and 

are considered as the integral part of the health centres. Hence the availability of medical officers is an important factor for 

the better performance of the health centres. 

Table 3: Number of Doctors/Medical Officers in the PHCs-India and Kerala 

YEAR India Kerala 

2001 25724 1131 

2005 
21974 

(-14.58) 

1152 

(1.86) 

2006 (1.36) 
1151 

(-0.09) 

2007 
22608 

(1.50) 

1558 

(35.36) 

2008 
24375 

(7.81) 

1732 

(11.17) 

2009 
23982 

(-1.61) 

1063 

(-38.63) 

2010 
25870 

(  7.87) 

1122 

(5.55) 

2011 
26329 

(1.77) 

1122 

(0) 

2012 
28984 

(10.08) 

1152 

(2.67) 

2013 
29562 

(1.99) 

1168 

(1.39) 

2014 
27355 

(-7.46) 

1169 

(0) 

2015 
27421 

(0.24) 

2196 

(88.01) 

Source:  National Health Profile, Various issues from 2005 to 2016. 

Note: Figures in bracket shows growth rate of Doctors/Medical Officers in the various plans. 

The table 3 shows the number of Medical Officers in the PHCs in India and Kerala. During the period 2005-2015, in India 

the number of Medical Officers at the PHCs has increased from 21974 to 27421, whereas in Kerala it rose from 1152 to 

2196. If this increasing trend continues one can assume that, the shortage of doctors in the PHCs in Kerala could be 

rectified in the next few years within the existing system without increasing the number of medical colleges (Rural health 

statistics, 2011). Presently around 1,100 PHCs (5%) across the country function without doctors in rural areas; but in 

Kerala, no PHC is found without doctors. Primary health care services rely too heavily on the presence of doctors, despite 

having a shortage of doctors nationally. Since many doctors do not live in the rural areas, especially in remote areas, the 

primary health centres become dysfunctional. The growth rate in Kerala during 2015 is very high but it is very low in 

India. 

Health Assistants and Health Workers:  

Health assistants are also important functionaries of the Primary health care system. Their role is supervising of field -

based services. They are expected to understand the intricacies of service delivery at the field level and also capable of 

solving the common health problems of the people. They are supported by health workers  including Auxiliary Nurse 

Midwife (ANM). 
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The growth rate of India and Kerala for health Assistants and health workers is shown in Figure 6 and figure 7. 

 

Figure 6:  Trend in the Growth Rate of India and Kerala for Health Assistants 

Source: Computed from Table 4 

Figure 6 shows a linear trend for both India and Kerala. In India, there is a decrease of 1093 health assistants in every year 

and the growth rate is seen negative whereas in Kerala, there is an increase of 66.91 health assistants every year and the 

growth rate is positive. 

 

Figure 7: Trend in the Growth Rate of India and Kerala for HealthWorkers 

Source: Computed from Table 4 

Figure 7 shows linear trend for both India and Kerala. The growth rate of health workers in India and Kerala is positive 

but it is more in India compared to Kerala.  

The fig 6 and 7 gives a picture of the growth of health assistants and health workers from 2001 -2015. There is a decrease 

in the number of health assistants in India, whereas it increased in Kerala. The number of health workers increased both in 

India and Kerala. The number of health workers has increased in 2013 due to the increase in the number of health centres 

both in India and Kerala. 
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Now the study make an attempt to analyze the achievements of the primary health care services performed in the 

community. 

4.   PRIMARY HEALTH CARE SERVICES 

Primary health care system has been providing various services to the community in the form of medical care and 

preventive and promotive services to the community. Maternal and child health, immunization and family planning 

services are part of the primary health care services.  

Maternal and child health remained an integral part of family welfare programme from the beginning of the initial five 

year plans. It is integrated with the primary health care services in the light of the National Policy 1983.  The Child 

Survival and Safe Motherhood Programme launched in 1992-93 was a major landmark and it is incorporated with RCH 

by 1996. The main services of RCH is providing Antenatal care (ANC) to the households. It includes the provision of 

iron supplementation for pregnant mothers, two doses of tetanus toxoid vaccine and a drug to get rid of intestinal 

worms. 

Family planning is yet another family welfare programme of the health department. In Kerala, Family Planning Board 

was constituted in 1957, with the Minister of Health as Chairman and a full-time Family Planning Officer as one of the 

members. 

Immunization is the part and parcel of health programme meant for preventing and disinfecting those contagious and 

contemporary diseases that affect the masses at large. With a view to materialize some of the aspects, Kerala launched 

an Immunization Programme in 1970, which later was modified in 1980. After introduction of these programmes, there 

was a sharp decline in the infant mortality rate. TT Immunization for pregnant women against TT was introduced  in 

1975-76, Polio and typhoid vaccination in 1980-81 BCG vaccination in 1981-82, and measles vaccination in 1985-86 

and Pulse Polio Immunization in December 1995 as a part of major national effort to eliminate polio. The State of 

Kerala could achieve 100 percent result and it is going ahead of other states of India. Another achievement is the 

rolling out of Pentavalent vaccine as part of the Universal Immunization Programme (The Hindu, 2011) . It is estimated 

that more than 250 million children worldwide have deficiency disorders of vitamin A. As a part of the national 

programme on prevention of targets, every child under the age of 5 years is being administered an oral dose of vitamin 

A at an interval of every 6 months starting from the nine months of a child. The target achieved for maternal and child 

health, family planning and immunization for India and Kerala during the different periods is shown in the table 5. 

 

Figure 8: Performance Indicators of Maternal and Child Health, Family Planning and Immunization- India and Kerala (1998-

1999) 
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Figure 9: Performance Indicators of Maternal and Child Health, Family Planning and Immunization- India and Kerala (2012-

2013) 

Source:  

Note:  DPT has been replaced by Pentavalent vaccine in Kerala and Tamil Nadu from 2012-13.Children are 

considered fully immunized if they receive one dose of BCG, three doses of DPT and polio vaccine each, and one measles 

vaccine.The DPT is an immunization or vaccine to protect from Diphtheria (D), Pertussis (P), and Tetanus (T). 

Figure 8 and 9 is illustrated to depict the changes in the achievements of primary health care services indicators over the 

years. In 1998-99, the State of Kerala performs far better than Indian average and even after a period of thirteen years in 

2012-13, Kerala was still performing better than Indian average in all the primary health care service indicators mentioned 

above. 

The facts referred to above points out that the improvement in the growth of  health centres, average population coverage 

of health centres, achievements in maternal and child health, Family planning and Immunization over the years is better in 

Kerala than India. The growth of health centres over the years, with the support of the human resources has promoted the 

primary health care service programmes which have contributed the state with a better health status 

5.   CONCLUDING OBSERVATIONS 

The State Kerala has a long history in the Primary health care system since the 19
th

 century. Whereas the average rural 

population covered by the health centres in India is above the norms of the government, it is within the norms in Kerala. 

In Kerala, the number of doctors, health assistants and health workers have shown increasing trend in almost all the years.  

Comparing with India, Kerala’s indicators on maternal and child health, family planning and immunization also have 

shown better performance. This study shows that Primary health care system has a pivotal role in the growth of health 

care system of every nation. The need to strengthen Primary health care system is of utmost importance for sustaining our 

health care system. The three levels of Primary health care system should be effectively utilized to improve the health of 

the rural society. 
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 ABSTRACT 

The concept of Primary Health Centre (PHC) is not new to India.  It is the Bhore Committee in 1946 which  

gave the concept of a PHC as a basic health unit to provide as close to the people as possible, an integrated 

curative and preventive health care to the rural population . It is the cornerstone of rural healthcare. In the 

present scenario where there is rise in communicable diseases there is an  urgent need of the community to 

prevent  the rising diseases.  Preventing diseases in one way keep people healthy. Even the policymakers 

and employers has also viewed that prevention improves worker health and productivity. With respect to 

this, the article explains the role of health workers of PHCs in preventing diseases. The article in the first 

part focuses on the visit of the different categories of PHCs health workers to the households, and the 

second part  focuses on the outreach services the health workers provide in the prevention process.  

 

Key words: Primary Health Centres, outreach services, Source reduction, Immunisation 

 

                                         1. Introduction 

The Primary Health Centres (PHC) are the basic structural and functional unit of the public health services 

in countries like India . PHCs were established to provide accessible, affordable and available primary 

health care to people. Primary Health Centres are also the first contact point between the rural community 

and the doctors who are called Medical Officer (MO). Along with the medical care services PHCs provide 

to the patients, the Centres also provide preventive and promotive health care services to the rural 

population in the community. These preventive services and promotive services forms the outreach services 

of the PHCs .These services are delivered to the community through the visits of health workers. The PHCs 

sent out various categories of health workers to individual houses and the community in the remote and 

undeserved area to provide health services at the door steps of the people.   Here the research article focuses 

on the preventive services which the Primary Health Centres delivers to the community. 

Data and Sources of Data 

Here, the study area taken is Pathanamthitta district of Kerala as it consists of PHCs in the different areas  

Urban, Rural and Remote Rural. The study is based on household perspective and mainly primary data is 

used from the PHCs of these different areas. The primary data is collected from households through an 

interview schedule. The size of the household for sample survey was decided using the procedure of sample size 

estimation. The sample size is determined as n=N/(1+.0025 N), N is the population size. Therefore a total of 375 
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households where, 75 households from Urban area , 153 from Rural area  and 147 from  remote rural area were 

selected. 

                                         2. Visit of health workers  

The outreach health services of PHCs are mainly done through the visit of health workers. The foremost 

objective of any health system is to prevent diseases by reducing ill healthy situation, so that people could 

remain as healthy as possible. An important aspect of disease prevention is health promotion. Many health 

problems are usually exacerbate due to lack of timely immunisation, contaminated drinking water, improper 

disposal and dumping of waste materials, lack of toilet facility etc. These social determinants of health are 

the key factors to ensure sustainable development and improvement of health in the long term. Control over 

the determinants of basic health care is the strategy to achieve this goal. One of the key services of PHCs to 

the community is promoting basic health care and preventing diseases. It comprises promotion of safe water 

supply, sanitation, prevention of locally epidemics, diseases surveillance and control of epidemics. These 

services are provided through frequent visits and conducting of health classes by the health inspector and 

Lady Health Inspector who are in charge of these activities supported by Junior Health Inspector, Junior 

Public Health Nurse and ASHA workers. Each PHCs serves three to four wards and the total houses in these 

wards around the centre are divided into 40 blocks with 20 houses in each block. The Junior Health 

Inspector and Junior Public Health Nurse visits 20 houses every day.  Within 40 days they will have to 

cover about 800 household allotted to them. When Junior Health Inspector moves in clock wise direction to 

these households, Junior Public Health Nurse visits anticlockwise. The Junior Health Inspectors and Junior 

Public Health Nurses are supported by ASHA workers for the smooth functioning of the health care within 

their allotted area. For each ward, there is one ASHA worker. Usually Junior Health Inspectors concentrates 

on how to control diseases in their respective area and Junior Public Health Nurses focus on promoting 

awareness relates to maternal and child health, family planning and more particularly on immunisation. 

ASHA workers are supposed to report all their health related activities in their respective areas to their 

respective Junior Health Inspectors and Junior Public Health Nurses. PHCs have three to four Sub Centres 

and every Sub Centre is supposed to have a Junior Health Inspector and Junior Public Health Nurse. 

During the visits of these health workers, they make households aware of the importance of good health, 

sanitation, vaccination and provide bleaching powder for chlorinating of wells. They also do source reduction 

by finding out the source of any diseases. If they know about any patient suffering from water, vector or air 

borne diseases in their respective areas, they take steps to prevent spreading of the diseases. In some cases they 

are informed from the Integrated Disease Surveillance Project (IDSP) about the existence of these diseases in 

their respective areas. They tackle preventive measures by arranging fever survey and fogging within 24 hours 

for source reduction.  As a part of this work, they identify the source of household water and collect samples 

of blood, food and stool samples etc. The health workers chlorinate each house twice a year. If leptocases are 

found, chlorination is immediately done. Household visits are more frequent in January and February which 

are considered as the immunisation period and also during the rainy seasons.   

The following discussion presents the analysis of the opinion of households about the visit of health workers 

and staff which includes Junior Health Inspector, Junior Public Health Nurse, ASHA workers and doctors. 

In addition it also examines the preventive measures adopted by them in the community such as conducting 

health awareness classes and camps on immunisation, maternal care and family planning, usage of 

sanitation kit provided by health workers, chlorinating the wells and preventing development of mosquito 

larvae(source reduction). 

 Table  1:Opinion of Households about the visit of different Categories of Health Workers  



© 2018 JETIR July 2018, Volume 5, Issue 7                                            www.jetir.org  (ISSN-2349-5162) 

JETIR1807231 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 583 

 

Areas 

Category of health workers visited 
 

ASHA 

workers 

Junior 

Public 

Health 

Nurse 

Junior 

Health 

Inspector 

Doctors 
Don’t 

know 

Nobody 

visited 

Urban 
44 

(58.7) 

1 

(1.3) 

0 

(0) 

0 

(0) 

27 

(36) 

4 

(5.3) 

Rural 
120 

(78.4) 

54 

(35.3) 

1 

(.7) 

0 

(0) 

28 

(18.3) 

1 

(.7) 

Remote 

Rural 

88 

(59.9) 

24 

(16.3) 

9 

(6.1) 

2 

(1.4) 

36 

(24.5) 

23 

(15.6) 

Total 
252 

(67.2) 

79 

(21.1) 

10 

(2.7) 

2 

(.5) 

91 

(24.3) 

28 

(7.5) 

      Source: Primary Data (Sample Survey, 2015-16) 

Figures in Parenthesis indicate the percentages 

As per the information in table 1, 67.2 percent of households recognized the visit of ASHA workers and 

21.1 percent opine that there was visit of Junior Public Health Nurse. Around 7.5 percent of households 

reported that nobody till now visited their houses. Though this percentage is low, this portrays a poor 

situation and brings into focus the need for the visit of all health workers be made compulsory at least once 

in two months. As ASHA workers are found visiting the households, it is necessary to see as to how often 

they visit the households.  

 

Table 2:  Opinion of the Households about the Frequency of the Visit of ASHA Workers 

Areas 

Frequency of the visit 

Total 

Regularly Occasionally Once Never 
Cannot 

remember 

Urban 
8 

(10.7) 

26 

(34.7) 

9 

(12.0) 

18 

(24.0) 

14 

(18.7) 

75 

(100) 

Rural 
20 

(13.1) 

115 

(75.2) 

2 

(1.3) 

13 

(8.5) 

3 

(2.0) 

153 

(100) 

Remote 

Rural 

44 

(29.9) 

59 

(40.1) 

0 

(.0) 

9 

(6.1) 

35 

(23.8) 

147 

(100) 

Total 
72 

(19.2) 

200 

(53.3) 

11 

(2.9) 

40 

(10.7) 

52 

(13.9) 

375 

(100) 
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        Source: Primary Data (Sample Survey, 2015-16) 

   Figures in Parenthesis indicate the percentages, Chi square value = 108.1, df = 8, P-value<.01 

 

Table 2 displays the existing situation of the visit of ASHAs workers in the three areas. Even though ASHA 

workers are supposed to conduct regular visits, only 19.2 percent opined that they visit regularly. It is found 

that the ASHA workers conduct regular visits to the households which are nearby the PHC and as distance 

increases visit also declines due to transportation problems. Some ASHA workers reported that it is difficult 

for them to visit regularly these independent colonies which lie in the remote and hilly terrain. It is 

interesting to note that ASHA workers or other workers do not visit even the households within one 

kilometer of the PHCs in the urban area. Around 75.2 percent of the households in rural and 40.1 percent in 

the remote rural areas reported that an ASHA worker visits occasionally. The need to have more of visits by 

the ASHAs that is essential for households for getting information on the health related problems and 

diseases of the community. More visits to the remote rural areas are very much needed to control spreading 

out of communicable diseases too.  

The Chi square value 108.1at .01 level of significance with degree of freedom 8is greater than the table 

value. That is, the test showed that the existing situation of visits of ASHA workers in the households and 

the areas of PHC are significantly associated. Now, to find the effectiveness of the visits, the study 

examined the visit of Junior Health Inspector and Junior Public Health Nurse during the last six months 

from the time of survey. 

Table 3:  Opinion of the Households about the Visit of Junior Health Inspector and Junior Public 

Health Nurse within Last Six Months of the Survey Period  

Areas 

Visit of JHI and JPHN 

Total 

Visited Did not visit 

Urban 
23 

(30.7) 

52 

(69.3) 

75 

(100) 

Rural 
101 

(66.0) 

52 

(34.0) 

153 

(100) 

Remote Rural 
93 

(63.3) 

54 

(36.7) 

147 

(100) 

Total 
217 

(57.9) 

158 

(42.1) 

375 

(100) 

Source: Primary Data (Sample Survey, 2015-16) 

Figures in Parenthesis indicate the percentages, Chi square value = 26.68, df = 2, P-value<.01 

Table 3.brings a picture about the visit of Junior Health Inspector and Junior Public Health Nurse. Only 57.8 

percent of the households replied in the affirmative to the queries about the visit of any health workers 

during the last six months.  In the rural areas, this is 66 percent and is 63.3 percent in remote rural. In urban 

area, only 30.7 percent of households benefited the visit of health workers which is poor compare to the 



© 2018 JETIR July 2018, Volume 5, Issue 7                                            www.jetir.org  (ISSN-2349-5162) 

JETIR1807231 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 585 

 

rural and remote areas. Around 42.1 percent of households reported that there was no visit of health workers 

in their houses within the said six months. This depicts the actual number of visit of health workers in the 

community.  

The Chi square value 26.68 at .01 level of significance with degree of freedom 2 is greater than the table value 

.That is, the test shows that the existing situation of the visit of the health workers and the different areas of 

households are significantly associated. 

      3.  Services of Primary Health Centres in Preventing Diseases 

 Health Awareness Camps  

As a part of community outreach services, the PHCs organize health awareness camps and classes on the 

various health topics. The health workers during their visit to households make them aware of the need to 

attend these health awareness classes and camps. The table 4 shows the number of households who have 

attended, not attended and not aware about the classes. 

Table 4: Participation of Households in Health Awareness Classes 

Area 

Number of Households 

Total 

Attended Did not attend Not aware of 

Urban 
7 

(9.3) 

35 

(46.7) 

33 

(44.0) 

75 

(100) 

Rural 
37 

(24.2) 

107 

(69.9) 

9 

(5.9) 

153 

(100) 

Remote Rural 
39 

(26.5) 

55 

(37.4) 

53 

(36.1) 

147 

(100) 

Total 
83 

(22.1) 

197 

(52.5) 

95 

(25.3) 

375 

(100) 

 Source: Primary Data (Sample Survey, 2015-16) 

Figures in Parenthesis indicate the percentages,Chi square value = 62.7, df = 4, P-value<.01 

Table 4 describes the relationship between the participation of households in health awareness classes and 

the three geographical areas. The table shows that only 22.1 percent attended these health awareness classes 

and around 25.3 percent were not aware of the classes conducted by the PHC .This highlights the fact that 

health awareness classes are not effectively conducted especially in urban area.  The Chi -square value 

62.7at .01 level of significance with degree of freedom 4 is greater than the table value. That is, the test 

shows that the existing situation of households participation in the health awareness classes and the area of 

households are significantly associated. 
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 Distribution of Sanitation Kits 

PHC workers usually visit the households for providing health awareness about sanitation which is an 

important factor that help to prevent diseases. The households are made aware about the need of keeping 

their houses and surroundings clean. They also provide sanitation kits and scrutinize whether the sanitation 

kits are effectively used by the households. The table 5 depicts the households who have used, not used and 

those not yet received the sanitation kit by the health workers or from the PHCs directly. 

Table 5: Use of Sanitation Kit by the households 

Areas 

Number of households 

Total 

Used the kit Didn’t use Didn't Get 

Urban 
19 

(25.3) 

19 

(25.3) 

37 

(49.3) 

75 

(100) 

Rural 
100 

(65.4) 

25 

(16.3) 

28 

(18.3) 

153 

(100) 

Remote 

Rural 

67 

(45.6) 

27 

(18.4) 

53 

(36.1) 

147 

(100) 

Total 
186 

(49.6) 

71 

(18.9) 

118 

(31.5) 

375 

(100) 

 Source: Primary Data (Sample Survey, 2015-16) 

 Figures in Parenthesis indicate the percentages,Chi square value = 36.3, df = 4, P-value<.01 

Table 5 highlights the relationship with the situation of households using sanitation kits in the different 

areas. Though 49.6 percent used the kit received from PHC, 18.9 percent have not yet used it. This points 

out that, the health workers during their visits could not make sure that the sanitation kits received are 

utilised properly to prevent any water borne and vector borne diseases. It was found that 31.5 percent of 

households did not get the kit. The percentage is seen greater in the urban area. The Chi square value 36.3 at 

.01 level of significance with degree of freedom 4 is greater than the table value .The test showed that the 

existing situation of households regarding the usage of sanitation kit and the area of households are 

significantly associated.  

 

Chlorination and Source Reduction 

PHC workers make the households aware about the need of chlorinating their wells. They used to chlorinate 

the wells and find out the sources of any vector or water borne diseases if any that could spread in the 

community and try to reduce it which is called Source Reduction. The table 6 explains the number of 

households who received and not yet received these services. 
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Table 6:   Households who received Chlorination and Source Reduction within Six Months of the 

Survey 

Areas 
Number of households 

Total 
Received Didn’t received 

Urban 
17 

(22.7) 

58 

(77.3) 

75 

(100) 

Rural 
88 

(57.5) 

65 

(42.5) 

153 

(100) 

 Remote Rural 
69 

(46.9) 

78 

(53.1) 

147 

(100) 

Total 
174 

(46.4) 

201 

(53.6) 

375 

(100) 

Source: Primary Data (Sample Survey, 2015-16)  

Figures in Parenthesis indicate the percentages, Chi square value = 24.6, df = 2, P-value<.01 

Table 6 illustrates the relationship with the situation of households who have chlorinated their wells and 

benefited from source reduction during the last six months in the different geographical areas. It is reported 

that 46.4 percent of the households have chlorinated water sources and done source reduction within the last 

six months of the survey. The number is more in rural areas. The Chi square value 24.6at .01 level of 

significance with degree of freedom two is greater than the table value. That is, the test shows that the existing 

situation of households chlorinating wells and doing source reduction during the last six months and the area 

of households are significantly associated. Along with the above services, an important preventive service of 

PHC is promoting awareness about immunisation and providing immunisation services where needed. 

 

 Immunisation 

Immunisation is a highly cost effective method in improving survival of children in developing countries. 

Every year all over the world, a projected 27 million children and 40 million pregnant women do not obtain 

the basic package of immunisations (as defined by WHO and UNICEF) and two to three million people die 

of diseases that can be prevented with vaccines. Kerala has achieved 100 percent immunisation. It is very 

essential to maintain this rate and immunize the children regularly. 

Table 7: Households taken Immunisation 

Areas 

Number of Households 

Total Taken 

immunisation 

Not taken 

immunisation 

Urban 
72 

(96.0) 

3 

(4.0) 

75 

(100) 
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Rural 
115 

(75.2) 

38 

(24.8) 

153 

(100) 

Remote Rural 
136 

(93.2) 

11 

(6.8) 

147 

(100) 

Total 
323 

(86.4) 

52 

(13.6) 

375 

(100) 

Source: Primary Data (Sample Survey, 2015-16)  

Figures in Parenthesis indicate the percentages, Chi square value = 27.92, df = 2, P-value<.01 

The table 7 depicts that about 86.4 percent of the households have taken immunisation. In remote rural area 

93.2 percent and in rural area 75.2 percent are immunized. Altogether, 13.6 percent are left without 

immunisation. They are mostly those households living in rural colonies. PHC has also played a role in 

promoting immunisation services to the community. But on the other side despite, being Pathanamthitta the 

first polio eradicated district in Kerala which is fully immunized; there still exists immunisation gap in the 

areas covered by the sample PHCs. 

 

Table 8:  Households availed of Immunisation from Different Health Institutions 

Areas 

Health Institution 

Total 
PHC Private clinics 

Other Government  

hospital 
Others 

Urban 
37 

(51.4) 

30 

(41.7) 

5 

(6.9) 

0 

(.0) 

72 

(100) 

Rural 
96 

(83.5) 

7 

(6.1) 

8 

(7.0) 

4 

(3.5) 

115 

(100) 

Remote Rural 
62 

(45.6) 

28 

(20.6) 

32 

(23.5) 

14 

(10.3) 

136 

(100) 

Total 
195 

(60.4) 

65 

(20.1) 

45 

(13.9) 

18 

(5.6) 

323 

(100) 

Source: Primary Data (Sample Survey, 2015-16)  

Figures in Parenthesis indicate the percentages, Chi square value = 69.8, df = 6,P-value<.01 

Table 8 displays the existing situation of households availing immunisation from different health 

institutions. Around 60.4 percent of the households have utilised PHCs for immunisation. This is an 

achievement of the PHCs .The health workers are very keen in visiting the houses whenever it needs 

immunisation services. As per the response of the health workers are active in providing and promoting 

awareness on immunisation to the households who have children under the age of 10. Through our survey, it 

was heartening to observe that the staff visits the houses of children and also provide immunisation services 

to those who are not yet immunized from any health institutions. 
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The Chi square value 69.8 and the test is significant at .01 level of significance. That is, the test shows that 

the existing situation of users of PHCs for immunisation and the area of households have a significant 

association. As immunisation is a major preventive service in our community, all health institutions are 

playing their part very well.  

                                       4. Concluding observations 

The study points out that the PHCs an effective role in preventing diseases but still there are shortcomings 

and drawbacks. The analysis shows that the services of PHCs are better seen in rural and remote rural areas 

than in the urban areas. This is because of the fact that in urban areas, due to better facilities and even better 

health care the households are not ready to accept the services of PHCs. The analysis also reveals the fact 

that frequent visits of health workers coupled with effective health awareness classes to the community is 

the need of the community. This could be effectively organised if more doctors and health workers are in all 

those areas, wherever it is needed. Attendance of specialised doctors in the health awareness classes and 

camps should be made a mandatory duty; and the health workers while they visit households make sure that 

the households have properly chlorinated their wells, keep their surrounding hygienic and no garbage is 

piled up. If this is properly and systematically worked out, it would produce better results in preventing of 

diseases spreading in the areas.When diseases are prevented, there will be better health in the community, 

which leads to human resource development which in turn improves the productive capacity of the 

community .This can also reduce expenses of the people for health care.  
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Photoluminescence in Spray Pyrolysis Deposited b-In2S3 Thin
Films
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Chengannur 689122, India. 2.—e-mail: rjayakrishnan2002@yahoo.co.in

Spray pyrolysis deposited In2S3 thin films exhibit two prominent photolumi-
nescent emissions. One of the emissions is green in color and centered at
around � 540 nm and the other is centered at around � 690 nm and is red in
color. The intensity of the green emission decreases when the films are sub-
jected to annealing in air or vacuum. The intensity of red emission increases
when films are air annealed and decreases when vacuum annealed. Vacuum
annealing leads to an increase in work function whereas air annealing leads to
a decrease in work function for this thin film system relative to the as de-
posited films indicating changes in space charge regions. Surface photovoltage
analysis using a Kelvin probe leads to the conclusion that inversion of band
bending occurs as a result of annealing. Correlating surface contact potential
measurements using a Kelvin probe, x-ray photoelectron spectroscopy and
photoluminescence, we conclude that the surface passivation plays a critical
role in controlling the photoluminescence from the spray pyrolysis deposited
for In2S3 thin films.

Key words: Thin film, photoluminescence, work function, surface
passivation

INTRODUCTION

In2S3 is a wide band gap (� 2.6 eV) semiconductor
material, which belongs to the A2

IIIB3
VI compound.1–3

The wide band gap makes it an ideal candidate for
window layer material in thin film photo-voltaic
applications. A defect spinel structure of b-In2S3 has
been attributed to the diverse optoelectronic char-
acteristics exhibited by it.4–6 Thin films of b-In2S3

have been grown using different techniques like
atomic layer chemical vapor deposition, chemical
vapor deposition, co-evaporation, chemical bath
deposition, chemical spray pyrolysis and thermal
evaporation.7–11 Thin films of In2S3 have found
application in making sensors, solar cells and
television tubes.12,13 Out of the reported techniques,
chemical spray pyrolysis has been identified as a
game changer in ease of setting up of fabrication
facility, repeatability, scalability and process control

for device fabrication.14,15 Variation in the deposi-
tion process conditions of chemical spray pyrolysis
complimented with stoichiometric control was uti-
lized to fabricate thin film solar cells.13–15

Studies on the defect chemistry of the In2S3 thin
films using techniques like thermally stimulated
current measurements and photoluminescence have
been reported.16–18 b-In2S3 thin films have been
reported to have a green emission centered
at � 540 nm and a red emission at � 690 nm.18

The green emission was identified to be due to
transitions from the excited states of the VS level to
the VIn level. The mechanism of this emission could
be explained on the basis of the Configuration
Coordinate (CC) model of luminescence.18 The red
emission from the films was identified to be due to
transitions from the Ini donor level to the OVs defect
level above the VB.18 It was hypothesized that, for
b-In2S3 thin films grown by spray pyrolysis, the
defects leading to green emission may be surface
defects or may be related to the surface states as
bulk In2S3 did not yield green emission.18,19 Change(Received April 3, 2017; accepted December 27, 2017;

published online January 8, 2018)
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in nature of persistent photoconductivity in b-In2S3

thin films grown by spray pyrolysis as a result of
post deposition annealing was explained in detail
earlier.20,21

We used surface potential and surface photovolt-
age measurements using a Kelvin probe to probe the
work function and surface states. We tried to
establish a correlation between change in the
surface states leading to band bending and the
photoluminescence emission. In this report, we have
been able to demonstrate a technique that can lead
to significant reduction of the red photolumines-
cence from the thin films system by changing the
post deposition annealing conditions.

EXPERIMENT

In2S3 thin films were prepared using the chemical
spray pyrolysis technique, using indium chloride
and thiourea as the precursor solutions. Precursor
solution was sprayed onto microglass slides main-
tained at 573 K, with dimensions of 5 9 2 cm2. The
glass slides were cleaned using chromic acid, fol-
lowed by rinsing with soap solution and dried in
open atmospheric conditions. The In/S ratio in the
precursor solution was maintained by taking a
specific molar concentration of InCl3 and CS(NH2)2.
The total volume of the solution sprayed was 50 mL
and the rate of spray was 3 mL min�1. Details of the
deposition process are reported elsewhere.22

The structural and electrical characterization of
the thin film samples was carried out using differ-
ent techniques. The thickness of the samples was
measured using optical interference technique.
Structural analysis was performed using x-ray
diffraction (XRD) with a Rigaku (D.Max.C) x-ray
diffractometer (having CuKa (k = 1.5405 Å) radia-
tion and Ni filter operated at 30 kV and 20 mA). The
composition of the films was determined using x-ray
photoelectron spectroscopy (XPS) (ULVAC-PHI unit
(Model: ESCA 5600 CIM) employing argon ion
sputtering). Optical absorption studies were carried
out using an UV–Vis–NIR spectrophotometer (Hi-
tachi U-3410 model). A He-Cd laser working at
325 nm with an intensity of 20 mW cm�2 (Kimmon)
was used to excite the samples, and the photolumi-
nescence was recorded using a USB2000 spec-
trophotometer having suitable quartz optics for
signal collection. Surface contact potential and work
function of the samples were investigated using a
Kelvin probe (Model KP020 KP Technology), which
is an ideal tool for the study of surface
passivation.23,24

RESULTS AND DISCUSSION

X-ray Diffraction and Energy Dispersive
Analysis

As deposited In2S3 thin film samples were sub-
jected to post deposition annealing at 673 K in air
and vacuum, respectively. The thickness of the as

deposited and air/vacuum annealed thin film sam-
ples were � 330 nm, � 280 nm, and � 250 nm,
respectively. X-ray diffraction patterns of the as
deposited sample and the annealed samples are
shown in Fig. 1. The XRD analysis showed that the
as deposited thin films had b-In2S3 phase having d
values coincident with those in JCPDS data card
(25-390). The films had preferential orientation
along 2h = 33.45� corresponding to the (220) plane.
For the air and vacuum annealed samples, it was
observed that the intensity of the (220) plane was
increased. The relative intensity of the (309) and
(109) planes were reduced for the air annealed
sample, whereas it was increased for the vacuum
annealed sample.

The average crystallite size, L, was calculated
using the Scherrer formula25:

L ¼ Kk
b cos h

; ð1Þ

where k is the x-ray wavelength in nanometer (nm),
b is the peak width of the diffraction peak profile at
half maximum height after correcting for instru-
mental broadening resulting from small crystallite
size in radians and K is a constant related to
crystallite shape, normally taken as 0.9. The aver-
age grain size was found to be � 36 nm for the as
prepared and air annealed samples. This observa-
tion may be used to conclude that air annealing does
not lead to any grain growth in the thin films. The
average grain size of the vacuum annealed samples
was found to be � 20 nm. The decrease in grain size
may be due to re-crystallization taking place along
the (309) and (109) planes at the expense of the
(220) plane.

Table I presents the results of energy dispersive
x-ray analysis (EDXA) carried out on the samples to
identify the composition of the samples, and its
variation as a result of annealing in air and
vacuum. The deviation from stoichiometry for the

Fig. 1. XRD spectra for the three samples.

Jayakrishnan2250

Author's personal copy



as deposited films results in sulphur deficient films.
The presence of ‘‘Cl’’ impurity compensating the
sulphur deficiency by weight is identified in all
samples. The results show that, in general, as a
result of annealing, the sulfur content in the films
are reduced, which is compensated by the relative
increase in content of chlorine in the films. The ‘‘Cl’’
impurity arises from the InCl3 precursor solution.
The annealing does not alter the ‘‘In’’ content of the
films and only affects the ‘‘S’’ content and ‘‘Cl’’
impurity content.

Morphological Analysis

Figure 2 shows the results of the atomic force
microscopy (AFM) analysis carried out on the
samples. A change in surface morphology is clearly
visible from the AFM analysis of the samples. For
the as prepared samples (Fig. 2a) the grains
appears to be non-uniformly distributed over a
background matrix. The vacuum annealed samples
(Fig. 2b) exhibit a dense and uniformly stacked
surface with clear grain–grain boundary demarca-
tion. This is complimented with an increase in
optical absorption for vacuum annealed films as
compared to that of the as prepared films. In the air
annealed samples (Fig. 2c) the background matrix
is absent, and the grains are less dense in distribu-
tion. The difference in surface morphology of the
films is the result of grain growth and re-crystal-
lization occurring as a result of post deposition
annealing. Since post deposition annealing was
carried out at temperatures higher than the depo-
sition temperature the crystallites planes undergo
reordering and result in change in surface
morphology.

Optical Absorption Studies

From the optical absorption studies of the sam-
ples, it was observed that the absorbance of the
vacuum annealed samples was increased relative to
the as prepared samples. The absorbance decreased
for air annealed samples relative to the as prepared
samples. Figure 3 shows the Tauc plot [(ahm)2

versus hm] for the samples. The results show that
the band gap of the air annealed samples increased,
whereas the band gap of the vacuum annealed
samples decreased. From the optical absorption
spectra, it was observed that the absorption coeffi-
cient (a) has an exponential tail (Urbach tail) with
decreasing photon energy below the band gap for

the samples. The Urbach tail width was calculated
using the relation26

a ¼ A exp
hm
e

� �
; ð2Þ

where a is the absorption coefficient, A is a constant
and e is the tail width. The tail width was obtained
by taking the inverse of the slope in the exponen-
tially decaying region of the plot between ln (a) and
hm. The Urbach tail width e was found to be 0.83 eV
for the as prepared sample and 1.42 eV and 0.62 eV
for the air annealed and vacuum annealed samples,
respectively. It is well established that the broad-
ening of the Urbach tail is associated with increas-
ing defect states.26 Thus, it could be reasoned that
air annealing lead to increase in the defect states,
whereas vacuum annealing leads to a decrease in
defect states in the samples.

Photoluminescence Studies

Figure 4 shows the photoluminescence spectra for
the samples. Pure sample showed photolumines-
cence (PL) emissions at � 540 nm and � 690 nm.
When the samples were subjected to annealing in
air/vacuum, it was observed that the emission
intensity of the � 540 nm emission decreased. The
emission around � 690 nm was found to decrease
for vacuum annealed samples while the intensity
increased for air annealed samples. Air/Vacuum
annealing of the films lead to decrease in thickness
of our films. Though there is a decrease in thickness
of the air annealed films, the PL emission intensity
marginally increases for the red emission and
marginally decreases for the green emission. This
is a proof that leads us to conclude that our
processing conditions are altering the density of
the luminescence centers, which leads to different
PL emission intensity, and it is not a spurious signal
arising as a result of variation in thickness of the
samples.

Oxygen is known to replace the Vs site in In2S3

and create an acceptor level around 0.82–0.88 eV
above the valence band.18 It was proved earlier that
the PL emission at � 690 nm was due to radiative
transition between the Ini and OVs defect levels.18

The same may be attributed to the observed PL
spectra of the samples as shown in Fig. 3. To prove
the feasibility of luminescence tuning, a film was
prepared where the intensity of the 696 nm emis-
sion was intermediary by changing the In/S molar

Table I. EDXA measurements carried out on the samples for composition analysis

Sample In (%) S (%) Cl (%) Cl/(In + S)

As prepared 39.18 53.49 7.34 0.08
Air annealed 40.47 48.30 11.23 0.13
Vacuum annealed 39.90 50.55 9.55 0.11
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Fig. 2. AFM image for the (a) as prepared sample (b) vacuum annealed sample and (c) air annealed sample.
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ratio in the spray solution. This sample was sub-
jected to vacuum annealing for 1 h. In concurrence
to our hypothesis, the emission intensity of the
696 nm emission was drastically reduced as shown
in Fig. 5.

XPS Analysis

Figure 6 compares the binding energies obtained
from the XPS spectra for indium, sulphur, chlorine
and oxygen for the as deposited and annealed
samples. Detailed investigation of the role of
‘‘S:In’’ ratio on the band gap of In2S3 had been
reported earlier.27 The analysis of the XPS data of
the vacuum annealed samples showed that the
amount of ‘‘In’’ and ‘‘S’’ bonded to each other
increased. It could, hence, be reasoned that the

amount of vacancies of ‘‘In’’ and ‘‘S’’ were reduced on
vacuum annealing. For the air annealed samples,
XPS analysis showed that the amount of ‘‘In’’
bonded to ‘‘S’’ with binding energy (444.82 eV)
decreased while the amount of ‘‘S’’ bonded to ‘‘In’’
increased. Since the band gap of the samples
increased when they where air annealed, it was
reasonable to assume that some oxide formation
was taking place during air annealing. XPS analysis
showed that in air annealed samples the amount of
In2O3 and InCl3 was much larger than the pure
sample: thus it is very likely that the density of VIn

defect level in the film would increase on air
annealing. The amount of ‘‘S’’ in the air annealed
samples was larger compared to pure samples and,
hence, a decrease in the Vs defect level could take
place. These results indicated that the 560 nm
emission is due to a radiative recombination
between the VS and VIn defect levels. Since VS is
the upper level, the PL emission intensity depends
more on the density of states of this level rather
than on the VIn defect level.

The intensity of the red emission (� 690 nm) was
found to decrease for vacuum annealed samples,
while its intensity increased in air annealed sam-
ples. XPS showed that the amount of ‘‘In’’ bonded to
‘‘S’’ increased on vacuum annealing, while it
decreased for air annealed samples. Thus, the
amount of ‘‘bonded In’’ in the films after annealing
had a complimentary relation to the PL emission
intensity around � 690 nm. Thus, we assumed that
this emission was related to the Ini defect level.
Binding energies of oxygen are observed in the
531.5–533.6 eV range for the samples. For the as
prepared samples, two distinct peaks centered
at � 531.5 eV and � 533.5 eV are observed. For
the vacuum annealed samples there is only a single
broad peak centered at � 532.5 eV. For the air

Fig. 3. Tauc plot [(ahm)2 versus hm] for the samples.

Fig. 4. PL spectra for the three samples.

Fig. 5. PL spectra for the as prepared and vacuum annealed sample
prepared with different In/S molar ratios.
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annealed sample, an intense and sharp peak with
the binding energy centered at 533 eV is observed.
This indicated that the air/vacuum annealing may
have caused formation of other oxides in trace
quantities (sulphites or sulphides).

Surface Photo Voltage Spectroscopy

Figure 7 shows the surface photovoltage (SPV)
spectra for the samples. For the as prepared sample,
the maximum SPV generated is � 11 mV, whereas
for the air annealed sample the maximum SPV
generated is � 25 mV. This shows that the upward
surface band bending is stronger in the air annealed
sample as compared to the as prepared sample. This
can be attributed to the adsorption of oxygen ions
during air annealing. For the vacuum annealed
sample with a downward bent band, the maximum
generated SPV is � 12 mV. It can be reasoned that,
under the above band gap excitation, there is band
flattening for all samples. The band bending has

maximum magnitude for excitation energies close to
the optical band gap of the thin films samples which
show that surface states play a vital role in the
electron hole pair recombination.

Discussion

Table II presents the data on the work function
measured in dark and illuminated conditions for the
samples along with the standard deviation for each
measurement. It is observed that vacuum annealing
leads to increase in work function for samples,
whereas air annealing leads to decrease in work
function relative to the as prepared sample. Table II
also shows that the work function for the samples
decreases upon illumination with white light. This
proves that the illumination is leading to a shift in
the Fermi level of the In2S3 thin films. Upon
illumination electron–hole pairs are generated
which may momentarily result in increase in elec-
tron concentration in the conduction band before

Fig. 6. XPS analysis for the three samples (done after etching to remove the top layer of impurities).
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the pair recombination occurs. The difference of
work function between the illuminated and dark
condition is known as the surface photovoltage
(SPV).28 The as prepared and air annealed samples
exhibit negative values for surface photovoltage
while the vacuum annealed sample exhibit a posi-
tive value of SPV. It is well established that the
positive values of surface photo voltage correspond
to downward bent bands while the negative values
of surface photovoltage correspond to upward bent
bands.29,30 Hence, we conclude that optical excita-
tion leads to downward bend bending in the vacuum
annealed samples, whereas in the as prepared and
air annealed samples, illumination results in
upward band bending. In concurrence with photo-
luminescence, we thus propose that surface passi-
vation as a result of vacuum annealing is leading to
the decrease in photoluminescence. On the other
hand, increase in surface charge states because of
upward band bending may be leading to the
increase in photoluminescence. We can thus model
the increase in the 690 nm photoluminescence
emission as follows: When the film is illuminated
with 325 nm, the above band gap illumination
results in creation of electron hole pairs. The
electron hole pairs will separate and move in
opposite directions due to the near surface field

created by the bent band region. The electrons will
move to the bulk, whereas the holes will move to the
surface causing the excess negative charges to be
neutralized and flatten the band. As negative
charge is removed from the surface, the intensity
of photoluminescence will increase. The opposite
will occur for a film with downward bent band, i.e.,
in such films the photoluminescence intensity will
decrease. This corroborates the observed decrease in
photoluminescence of the vacuum annealed
samples.

CONCLUSIONS

Kelvin probe analysis suggests that surface pas-
sivation is playing a vital role in controlling the
photoluminescence. Surface potential measurement
prove that air annealing leads to decrease in work
function, whereas vacuum annealing leads to
increase in work function. From XPS studies we
conclude that air annealing, leads to oxidation of the
films by forming sulphite and sulphide impurities,
which could lead to increase in defect levels in the
film. Vacuum annealing leads to increase in
amounts of bonded In and S, which could lead to
reduction in the defects in the films. These obser-
vations in XPS studies were correlated with the
photoluminescence in these samples. Our results
prove that adsorption of oxygen due to air annealing
is leading to increase in the red photoluminescence,
where its desorption as a result of vacuum anneal-
ing is leading to decrease of the red photolumines-
cence. This demonstrates the effect of surface
passivation on the photoluminescence in this thin
film system.
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Fig. 7. Surface photovoltage (SPV) spectrum for the samples.

Table II. Surface potential, work function and surface photovoltage measured for the samples using a
Kelvin probe

Sample

Surface potential under
dark conditions

Work function under
dark conditions

Surface photovoltage

Measured (mV) Calibrated with gold reference (eV) Will 2 Wdark (eV)

As prepared � 367 ± 3 4.883 ± 0.008 � 0.043 ± 0.012
Air annealed � 391 ± 7 4.859 ± 0.011 � 0.015 ± 0.010
Vacuum annealed � 341 ± 3 4.909 ± 0.008 � 0.016 ± 0.008
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Abstract: Nano-particles of cadmium sulphide were deposited on cleaned copper substrate by an automated se-
quential ionic layer adsorption reaction (SILAR) system. The grown nano-bulk junction exhibits Schottky diode
behavior. The response of the nano-bulk junction was investigated under oxygen and hydrogen atmospheric condi-
tions. The gas response ratio was found to be 198% for Oxygen and 34% for Hydrogen at room temperature. An
increase in the operating temperature of the nano-bulk junction resulted in a decrease in their gas response ratio. A
logarithmic dependence on the oxygen partial pressure to the junction response was observed, indicating a Temkin
isothermal behavior. Work function measurements using a Kelvin probe demonstrate that the exposure to an oxy-
gen atmosphere fails to effectively separate the charges due to the built-in electric field at the interface. Based on
the benefits like simple structure, ease of fabrication and response ratio the studied device is a promising candidate
for gas detection applications.
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1.  Introduction

Materials  with  a  nano-crystalline  structure  are  anticip-
ated  to  display  unexpected  physical,  mechanical  and  optical
properties.  As the grain size decreases to nano-meter  scales,
the grain boundary becomes more and more elusive and po-
tent to manifest extraordinary behavior. It was identified that
the presence of the grain boundaries in nano-crystalline CdS
based  solar  cells  helped  them  out  perform  their  crystalline
counter parts[1]. Cadmium Sulphide is an n-type semiconduct-
or with a band gap of 2.4 eV[2–4]. Materials science and engin-
eering research is focused on how to imbibe smart functional-
ity  in  the  simplest  of  the  device  structures  that  can  be
grown[5,  6].  CdS is  widely  studied because  of  its  lower  band
gap as compared to metal  oxides and because of its  specific
sensitivity for gas sensing application[7–10]. Gas sensing plays
a vital role in today’s realm with environmentally hazardous
gas being pumped from industries and household appliances
to our environment.

The  sequential  ionic  layer  adsorption  reaction  (SILAR)
method  is  one  of  the  most  versatile  and  economically  feas-
ible  techniques  for  the  growth  of  nano-crystalline  structu-
res[11]. This method can be used to grow/deposit materials of
any  dimension  on  any  kind  of  substrate.  The  method  in-
volves the use of cationic and anionic precursor baths main-
tained at relatively low temperature with the substrate being im-
mersed  alternatively  in  the  baths  enabling  an  atom by  atom
layered growth[12].  The low temperature  used for  the  depos-
ition prevents the appearance of artifacts from film-substrate
inter  diffusion,  contamination  and  impurity  redistribution.
The principal  advantage of the SILAR technique is  the con-
trol of the rate of growth of the material. By varying the adsorp-
tion  and  reaction  time,  the  growth  of  the  material  layer  and
their  subsequent  properties  can  be  controlled[12].  The  tech-

nique  provides  veracity  on  the  facsimile  physical,  electrical
and optical properties of grown structures[13, 14]. The fabrica-
tion  of  SILAR  grown  devices  and  their  characteristics  play
pivotal roles in developing this technique as an alternate, eco-
nomic and industrially attractive technology.

Schottky  diodes  attract  wide  attention  because  of  their
ease of fabrication and multifaceted application potential in di-
verse  sensing  applications[15,  16].  Schottky  diodes  have  been
used as actuators for gases and electromagnetic radiations[17].
They  have  been  implemented  in  our  day  to  day  safety  sys-
tems,  transportation  devices  and  environmental  monitoring
schemes because of their ease of fabrication, robustness and ef-
fortlessness  in  implementation[18,  19].  Materials  and  struc-
tures that can respond uniquely to a given input serve as the
bastion to the actuator industry.

A device/material  is  an  ideal  sensor  for  a  specific  reac-
tion if its sensitivity is specific and if the device/material re-
traces  its  original  state  after  its  actuation.  The prospectus  of
synthesizing junctions on a nano-metric dimension using the
Sequential  Ionic  Layer  Adsorption  Reaction  (SILAR)  meth-
od motivated our research on the use of CdS/Cu Schottky di-
odes in nano-bulk form. We demonstrate the use of the SIL-
AR  grown  nano-bulk  junction  for  distinguishing  hydrogen
and oxygen and have proposed a model explaining the mechan-
ism of oxygen sensing.

2.  Experimental

The  CdS/Cu  nano-bulk  junction  was  grown  on  well-
cleaned 30 μm-thick copper plate (2 × 5 cm2) (99.0% purity).
The details of the cleaning method are reported elsewhere[1].
The cleaned sheets served as the substrate for the growth of
CdS.  For  the  growth  of  CdS  a  fully  automated  SILAR sys-
tem was used (Prompt Engineering Ltd.) Four chemical baths
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were used for  the growth process where,  one was for  cation
Cadmium chloride (0.3 M), one for anion Thiourea (0.3 M),
and two others for the rinsing solutions. The rinsing solution
was a mixture of TEA (Triethanolamine) and distilled water
taken in the ratio of 1 : 3. To deposit bulk CdS on to the Cu
substrate a process sequence comprising of 40 cycles was op-
timized  with  the  bath  at  a  temperature  333  ±  2  K.  The
CdS/Cu structure was immersed for 300 seconds in a chemic-
al  bath  containing  a  mixture  of  the  same  cation,  anion  and
TEA maintained at a temperature of 333 ± 2 K with the pH of
the bath maintained at 10.3 for the growth of nano CdS over
the bilayer.

Using a Rigaku (D.Max.C) X-ray diffractometer, having
Cu Kα (λ = 1.5406 Å) radiation and Ni filter operating at 30 kV
and 20 mA, structural analysis was conducted. Surface morpho-
logy of the samples was studied using a JEOL scanning elec-
tron microscope. Thicknesses of the layers were measured us-
ing  an  optical  interference  technique.  An  air  wedge  was
formed by overlaying a glass slide over the substrate, where
half the length was deposited with the CdS film. Interference
fringes were obtained using monochromatic light from a sodi-
um vapor  lamp.  Using the  measured values  of  the  thickness
of  the  bright  and  dark  interference  fringes,  the  thickness  of
the film is estimated using relation[20]:

t =
L
∆L
× λ

2
, (1)

where t is the thickness of film, L is the mean width of dark
fringes, ΔL is the mean width of bright fringes and λ is the
wavelength of the monochromatic light.

The  current–voltage  measurements  were  carried  out  us-
ing  a  source  measuring  unit  (Agilent  B2900).  Silver  elec-
trodes were used for taking ohmic contacts from CdS. Silver
electrodes 5 mm long and 2 mm in width, separated by 5 mm
were pasted on to the CdS layers and cured at 50 °C for 15 min.
The photoluminescence measurements were carried out on a
spectroflurometer (Jasco FP8600). The excitation wavelength
used was 375 nm with the excitation and emission slit width
set  at  2.5 nm. For the oxygen and hydrogen gas sensing the
nano-bulk  junction  was  placed  within  a  stainless-steel  gas
chamber  in  which  the  specific  gas  flow  rates  could  be  con-
trolled. This testing chamber contained a flat plate heater and

a stainless-steel cell. The injected gas was allowed to flow in-
to  the  stainless-steel  cell  where  the  flow  rate  could  be  con-
trolled  by  a  mass  flow  controller.  Hydrogen  and  Oxygen
gases with different concentrations in an air atmosphere were
continuously introduced into the gas testing chamber. Kelvin
probe microscopy was carried out using the KP020 Ambient
Kelvin  Probe  System.  The  sample  was  enclosed  within  a
Faraday enclosure to avoid stray signals during the work func-
tion measurements. The off-null detection method is used by
the  detection  system[21].  Sample  measurements  were  carried
out in dark and illuminated conditions within the Faraday en-
closure.  The  contact  potential  difference  between  the  tip  of
the probe and the sample was first  measured.  Using a refer-
ence gold test sample the work function for the sample under
test was calculated[22].

3.  Results and discussion

X-ray diffraction of  the nano-bulk structure  was carried
out. Analysis of the diffraction data showed the presence of dif-
fraction peaks for both Cu and CdS as shown in Fig. 1. The
hexagonal  cadmium  sulfide  phase  as  per  the  standard  data
from  the  JCPDS  card  (File  No.  41-1049)  matched  with  the
CdS planes obtained from the sample. Hexagonal CdSs corres-
ponding  to  crystal  growth  along  the  (110)  and  (112)  planes
were identified. Maximum diffraction intensity was recorded
from the diffraction plane corresponding to the Cu substrate.
The mean crystallite  size  for  the (110)  and (112)  diffraction
peak  from  the  XRD  data  was  calculated  using  the
Debye–Scherrer formula[23]:

τ =
0.9λ
βcosθ

, (2)

where τ is the average diameter of the crystallite forming the
films, λ = 1.5406 Å, β is the broadening of diffraction line
measured at the half of its maximum intensity in radians and
θ is the half angle between incident and diffracted X-ray. The
average diameter using Eq. (1) was found to be ~27 nm. The
total thickness of the CdS layer was measured to be around
450 nm.

Fig. 2 shows the scanning electron microscope image of
the nano-bulk junction. The nano-bulk junction has a homogen-
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Fig. 1. X-ray diffraction spectrum of the Cu/CdS structure.

 

Fig. 2. SEM image of Cu/CdS bulk nano-junction.
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ous distribution of spherical crystallites with a clear demarca-
tion between individual crystallites. Also each crystallite ap-
pears  to  have  wound  nano-wires  over  the  crystallities,  with
the nano-wire having a diameter of ~70 nm (marked in the in-
set of the figure). This surface morphology may aid in gas ad-
sorption in the space between the nano-wires. These observa-
tions  prove  that  the  surface  morphological  features  of  the
grown nano-bulk junctions are rich of interfaces which may res-
ult in intelligent selectivity and sensitivity. XRD provides the
mean  scattering  domain  size  of  the  volume,  whereas  SEM
yields the surface morphology and estimate of the size based
on the surface only.

Fig. 3 shows the photoluminescence spectra of the nano-
bulk junction. The spectra clearly show that the emission spec-
trum is sharper and blue shifted as compared to the emission
from  bulk  CdS.  The  peak  emission  for  bulk  CdS  was
centered  ~600  nm  whereas  for  the  nano-bulk  CdS  it  was
~511 nm. The excitation spectrum for the nano-bulk PL emis-
sion is also shown in the figure which corresponds to an excita-
tion wavelength of 370 nm. This excitation wavelength corres-
ponds to energy levels much higher than the bulk CdS band
gap energy of 2.43 eV. Thus the blue shift in the photolumines-
cence emission wavelength  for  the  nano-bulk  junction relat-
ive to the bulk CdS may be the result of multiple factors like
the difference in surface states, decrease in defect density, inter-
action between bulk and nano-particles of CdS etc.

Fig.  4  shows the current  voltage characteristic  of  the as
prepared  nano-bulk  junction  under  the  vacuum condition  of
5 × 10−5 Torr. The rectification behavior indicates the forma-
tion of a Schottky barrier contact between Cu and CdS. The in-
set shows the current voltage relationship across two silver con-
tacts taken from the CdS layer proving that Ag forms an ohm-
ic contact with CdS. The figure also shows the theoretical fit
to the experimental curve using Eq. (3) where A is the area of
the CdS/Cu junction, A* is a constant = 23.4, q is the electron-
ic charge, k is the Boltzmann constant, ϕ is the surface poten-
tial, T is the temperature in the Kelvin scale, V is the applied
bias  voltage  and  n  is  the  diode  quality  factor[24].  The  theo-
retical  fit  provided values for  n  and ϕ  as  1.44 and 0.398 eV
respectively.

I = AA∗T 2 exp
(−qϕ

kT

) (
exp

qV
nkT
−1
)
. (3)

β =
q

kTIf we substitute   the above equation can be rewrit-
ten as

ln
J

A∗T 2 =
βV
n
−βϕ. (4)

Fig. 5 shows the plot of ln J versus voltage for the Schot-
tky diode. As can be seen from the plot the relation between
ln J and voltage is linear above 0.35 V (Region 1) where as it
is logarithmic for lower bias voltages (Region 2). This indic-
ates  that  there  are  two  different  conduction  mechanisms  in
this Cu−CdS junction. In the higher bias range the ln J versus
voltage plot is linear, indicating that the conduction mechan-
ism  is  predominated  by  the  thermionic  emission  across  the
CdS/Cu  junction.  The  observed  transition  from  the  non-lin-
ear regime at lower bias voltage to the thermionic regime at
higher  bias  voltage  suggests  a  change  in  transport  property.
Hence, we theoretically modeled the behavior in these two bi-
as voltage regions separately. In the lower voltage region i.e.
from 0 to 0.34 V, we were able to fit the experimental curve
using a theoretical relation given by:

y = 0.414ln x−5.101, (5)
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Fig. 3. PL spectrum for Cu/CdS nano-bulk junction and bulk CdS.
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and for bias voltage above 0.34 V the experimental curve
could be fitted with a straight line given by:

y = 27.735x−15.299. (6)

The  inset  in  Fig.  5  shows  the  experimentally  obtained
data  and  the  theoretical  fit  in  the  two  bias  voltage  regions.
From the  mathematical  fit  using  Eqs.  (5)  and  (6)  in  tandem
with Eq. (4), we obtained the diode ideality factor as 1.44 and
the Schottky barrier height as 0.38 eV.

Fig. 6 shows the response to oxygen test gas exposure at
1000  ppm/air  for  the  nano-bulk  junction  containing  nano-
CdS of the size ~180, ~100, and ~30 nm. The figure clearly
shows the altered response to the same input gas with only a
change  in  Nano-CdS.  In  this  paper  we  report  the  results  for
the nano-CdS @ 30 nm since it demonstrates consistent recov-
ery and its response function has the highest speed relative to
other structures grown by us.

Fig. 7(a) shows the current voltage characteristic for the
nano-bulk junction containing CdS @ 30 nm when exposed
to  specific  gas  atmospheres  with  the  operating  temperature
at 300 K. As can been seen from the figure, the negative bias
region shows discernible sensitivity compared to the forward
bias region. Hence resistance measurements under negative bi-
as (−0.3 V) conditions were used for further characterization.
The gas sensitivity defined by (Rgas/Rair) × 100, was found to
be 198% for oxygen, and 34% for Hydrogen. Fig. 7(b) shows
the  current  voltage  characteristic  for  the  nano-bulk  junction
when exposed to specific gas atmospheres with the operating
temperature  at  400  K.  The  gas  sensitivity  defined  by
(Rgas/Rair)  × 100, was found to be 48% for oxygen and 33%

for hydrogen. Thus, we may conclude that an increase in the
operating temperature of the nano-bulk junction results in a rap-
id decrease in their response to oxygen as compared to its re-
sponse to hydrogen. It is well established that oxygen sensors
are  influenced  by  their  operating  temperature[25].  The  exact
mechanism for  oxygen and hydrogen sensing by the current
nano-bulk junction is not well understood. However, we con-
clude that the conductive mechanism is altered under expos-
ure of both test gases studied herein. There is an increase in res-
istance  for  the  nano-bulk  junction  when  exposed  to  oxygen
or hydrogen gas at room temperature. We observe that the con-
ductive  mechanism  under  oxygen  gas  exposure  is  altered
when the operating temperature is changed to 400 K. We mod-
el the mechanism of oxygen sensing as follows: under room
temperature operation, the O2 molecules adsorbed on the CdS
surface would trap the electron from the conduction band and
form O2– ions. This would lead to a band bending and in ef-
fect decrease the conductivity. Under elevated operating tem-
perature, the ions on the surface would contribute electrons to
the  conduction  band.  This  would  lead  to  a  depletion  of  the
space charge region and enhance the conductivity.

The conductivity mechanism is unaltered for operation at
room temperature and elevated temperature for hydrogen gas
exposure  where  the  conductivity  is  reduced  for  the  device
upon gas exposure. When the device is exposed to H2 gas a re-
action between the H2 and surface adsorbed oxygen may be ini-
tiated, which may lead to the formation of (OH)– ions on the
surface. This would lead to a band bending and in effect de-
crease the conductivity.  The same mechanism holds at  elev-
ated temperatures also. For a working temperature of 400 K,
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Fig. 6. Gas response curves for Cu/CdS structure grown with size controlled CdS layers.
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Fig. 7. Current voltage characteristics of the nano-bulk structure when exposed to specific gas atmospheres (a) at 300 K and (b) at 400 K.
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the conductivity  decreases  when exposed to  H2  gas  whereas
the  conductivity  increases  when  exposed  to  oxygen  gas.
Thus, a window to deliver the gas selective response is optim-
ized.

To expand the insight into the fundamental oxygen detec-
tion mechanism of the CdS/Cu nano-bulk junction, gas meas-
urements in a vacuum under different partial pressures of oxy-
gen were carried out. The isothermal behavior of the oxygen
adsorption was investigated by measuring the dependence of
the sensor response on the oxygen partial pressure. The junc-
tion was operated at 300 K in a vacuum and was exposed to
different partial pressures of oxygen (Fig. 8). A positive bias
was applied to  the device and the current  was electronically
held constant, so that a change in the background oxygen con-
centration would be directly converted into an output voltage.
A  logarithmic  dependence  on  the  oxygen  partial  pressure
over  was  observed,  indicating  a  Temkin  isothermal  beha-
vior[25].  According  to  the  IUPAC  definition,  "sensitivity"  is
the  slope  of  the  calibration  curve,  that  is,  sensor  response
versus concentration. Each isotherm represents the sensor re-
sponse  for  different  oxygen  partial  pressure  when  the  CdS
nano-bulk junction is maintained at the same bias. The sensitiv-
ity was calculated by taking the average of the slopes of the iso-
therms shown in Fig. 8, and was estimated as 0.09 V/Bar.

Table  1  shows  the  surface  potential  and  work  function
measured for the nano-bulk junction before and after soaking
in an oxygen gas chamber. After soaking of the nano-bulk junc-
tion,  the  surface  potential  shifts  towards  lower  values  (for
both as prepared and annealed nano-bulk junction (473 K for
2 h)), indicating the decrease of electron density and accord-
ingly  an  increase  in  hole  density.  Corresponding  to  this  the
work function for the nano-bulk junction increased upon soak-
ing,  demonstrating that  the exposure to an oxygen atmosph-
ere fails to effectively separate the charges due to the built-in
electric field at the interface. The built in potential is the height
of  the  Schottky  barrier  on  the  semiconductor  side,  which  is
equal to the difference between the work function of the met-
al and the semiconductor. This is obtained to be 0.43 eV for
the as prepared nano-bulk junction and agrees fairly with the
value  obtained  from  the  theoretical  fit  of  the  I−V  characte-
ristic.

The fundamental  mechanism behind the gas response is
assumed  to  be  the  trapping  of  electrons  at  adsorbed  mo-
lecules  and  band  bending  induced  by  charged  molecules.
Based  on  the  surface  potential  and  work  function  measure-
ments, we model the oxygen and hydrogen sensing behavior
of the nano-bulk junction as follows: in the I–V curves under
different  gas  exposure  conditions,  the  current  saturation  un-
der negative bias is significantly deviated from the exponen-
tial current of the Schottky barrier obtained for the nano-bulk

junction under vacuum conditions as seen from Fig. 4. This be-
havior  can  be  attributed  to  the  dependence  of  the  barrier
height on applied voltage and ambient conditions. Under nor-
mal  conditions  due  to  the  difference  in  electron  affinity
between the two materials, electrons are transferred from the
Cu side to n-CdS across the interface, and the resultant band
bending leads to the formation of a barrier for electrons trans-
port. When gas molecules are adsorbed on the surface, under
an applied reverse bias,  an accumulation of positive charges
at the valance band gives rise to the narrowing and lowering
of the barrier and thus enhances the flow of electrons through
it[26]. In the forward bias, the barrier height and width are en-
larged, and electrons and holes cannot tunnel from it, result-
ing in no change of forward current under regimes of differ-
ent gas exposure.

4.  Conclusions

We have grown a Cu/CdS nano-bulk junction using the
SILAR technique. The junction had an ideality factor of 1.44
and  a  Schottky  barrier  height  of  the  order  of  0.38−0.43  eV.
The  nano-bulk  junction  having  nano-particles  of  CdS  with
size ~30 nm shows consistent recovery when subjected to gas
testing procedures. The nano-bulk junction has an enhanced re-
sponse  to  oxygen  as  compared  to  hydrogen.  The  chemo-re-
sponse  is  decreased upon increasing the  operating temperat-
ure indicating the possibility of the realization of an optimal
operating  point  based  on  application  needs.  Observation  of
the  Temkin  isotherm  for  the  oxygen  adsorption  processes
prompts us to conclude that the heat of oxygen adsorption is
a linear function of the adsorbate concentration. Surface poten-
tial  and  work  function  measurements  show that  exposure  to
an  oxygen  atmosphere  fails  to  effectively  separate  the

Table 1.   Surface potential and work function measured for the nano-bulk junction before and after soaking in oxygen inside a gas chamber.

Sample Surface
potential

Work function
calibrated with
Au

Surface potential after
soaking in Oxygen

Work function after
soaking in oxygen
calibrated with Au

(mV) (eV) (mV) (eV)
Cu substrate −145 ± 4 5.105
Cu/CdS −575 ± 5 4.675 −544 ± 8 4.706
Annealed Cu/CdS −584 ± 5 4.656 −584 ± 3 4666
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charges due to the built-in electric field at the interface.
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A B S T R A C T

The invention of speculum metal must have been an achievement of considerable importance in the bronze-age
world. In modern scientific world, it has some brilliant engineering applications apart from its archae-
ometallurgical importance. We report our experimental investigations on the detailed chemical composition and
microstructure of the reflecting surface of cast and thin film form of speculum metal for the first time using an
integrated approach combining EDS, XRD and AFM analyses techniques. We could prepare thin films of cast
speculum with significantly higher optical reflectance by thermal evaporation method. The constituent particles
in the reflecting surface of cast and thin film form of speculum metal exist in nanoscale as evident from XRD and
AFM analyses.

1. Introduction

Modern speculum metal is a typical binary alloy that contains
copper 68:32 per cent tin, which has long been known for its excellent
resistance to tarnishing [1–3]. Speculum metal was used as a vital
component in reflecting telescopes and other optical precession in-
struments as mirrors, gratings etc. from the time of Isaac Newton in
17th century and continuing up to early decades of 20th century [4].
From Newton to Lord Rosse, over a period approaching two hundred
years (1670–1850), the earliest telescope mirrors were made of spec-
ulum metal. Subsequent inventions of practical methods of silvering
glass diverted attention from metallic specula for many decades.
However, the rapid development of space technology and its applica-
tions, new environments and improvements in manufacturing tech-
nology have forced a relatively recent return to more extensive use of
metal mirrors [5].

Speculum metal is not a material of the past; it has several scientific
and technological applications which are still relevant today. Speculum
metal is now used in important scientific observations and discoveries
covering different areas including optical instrumentation, experi-
mental astronomy, extreme UV and X-ray investigations and other
studies in modern physics [6–9]. Some important classical examples of
scientific discoveries and observations in which speculum metal made a
part include Michelson and Morley experiments to study the relative
motion between earth and ether [10], pioneering studies of Rontgen
and Compton in X- rays [11–13], observations on Schuman region and
UV region for measuring reflecting power of metals [14,15], multilayer

diffraction grating [16] etc. Recently we have found outstanding hard
X- ray reflectivity, which may open up promising possibilities of this
ancient alloy in astrophysics especially in X-ray astronomy, X- ray op-
tics and other areas of high energy physics [17,18].

The archaeometallurgical studies on speculum metal have always
been of great interest to archaeologists and other scientists. A great deal
of investigations on the nature and properties of the copper – tin alloys
which constitute speculum metal has been carried out by metallurgists
during the last few decades. Speculum metal and its microstructure in
cast and thin film form are not reported in modern studies after the
work of Tolansky in 1937 [1]. A detailed study of the materials science
properties of the speculum metal in general and microstructure of its
reflecting surface will be highly useful in this context and forms the
theme of the present paper. We have carried out our experimental in-
vestigations using EDS, AFM, XRD and UV- Visible Spectroscopy ana-
lyses techniques on a special kind of good quality speculum metal cast
and polished using traditional techniques from Aranmula, a village in
Kerala in southern India.

2. Materials and methods

Aranmula mirror mounted on a brass handle was purchased from a
Govt. Handicraft sales outlet (S.M.S.M Institute, Trivandrum) during
the year 2006. The mirror portion with an aperture of 0.05m, separated
from the brass base is sectioned into number of fragments using dia-
mond cutter and some fragments are grinded to powder form, which are
used for experimental investigations and thin film preparation. A
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typical Aranmula mirror brought from a commercial outlet is shown in
Fig. 1. There exist literary articles that describe its metallurgical and
technical aspects of casting and polishing methods [19–23].

We could successfully make thin films of the cast speculum material
for the first time using thermal evaporation method. Speculum thin
films were prepared on glass substrate by the thermal evaporation of
the powdered speculum obtained by grinding some fragments of the
purchased mirror. The speculum powder containing approximately
65% by weight of Cu and 32% by weight of Sn was loaded in a mo-
lybdenum crucible placed in vacuum and evaporation was carried out
at room temperature by applying a current of about 120 A with a
coating pressure of about 2× −10 5 mbar in a coating time of around
5min. Thin film form of cast speculum metal with and without an
image are shown in Fig. 2(a) and (b). The identification of intermetallic
compounds on the basis of composition was carried out by Bruker’s
XFlash- 6110 Energy Dispersive Spectrometer at an energy level of
15 keV. The surface morphologies of cast and thin film coated speculum
metal samples are monitored by Atomic Force Microscopy (Digital In-
struments Nano Scope E, Si3N4 100) instrument in contact mode at a
scanning rate of 2 μm/s with bias voltage 0.5 V. The roughness of the
metal surface is estimated using Bruker’s Nanoscope Analysis Software
and WSxM 5.0 Develop 8.0 Analysis Software. X-Ray diffraction (XRD)
patterns were recorded directly on the sample by using XPERT PRO
-83005153 diffractometer with copper anode and irradiated with
monochromatic A K1 α X-rays at a wave length of 1.54 Å. Thermal
properties of the material in the form of powder is studied up to 1000℃
in Nitrogen atmosphere at a rate of 20 ℃ /min by means of Perkin

Elmer, Diamond TG/DTA instrument with TG sensitivity 0.2mg and
DTA sensitivity 0.06mV. The optical reflectance of the cast and thin
film coated samples are measured in a region of wave length ranging
from 200 nm to 900 nm using JASCO - 550 V UV–vis Double Beam
Spectrophotometer.

3. Results

3.1. Identification of chemical compositions

The normalized chemical compositions at the reflecting surface of
cast and thin film speculum samples are shown in Table 1. EDS mea-
surements indicate that the alloying system in these speculum samples
is based on two major elements including copper (62 ± 1.56%–69 ±

1.31%) and Tin (30 ± 0.81%–32 ± 0.69%). Observed other significant
minor constituents that are included in the measurements of the re-
flecting surface of cast material are Zinc (Zn), Arsenic (As) and Lead
(Pb),which constitute only about 1% of the total weight percentage of
the chemical composition. This surface was also found to contain traces
of Iron (Fe), Phosphorous (P), Sulphur (S) and Nickel (Ni), whose in-
dividual content is less than 0.1 Wt. %. But in thin film, the minor
constituents such as Arsenic (As), Silver (Ag), Gold (Au), Iron (Fe),
Phosphorous (P) and Sulphur (S) constitute about 2.1% of the total
weight percentage of chemical composition. It is also found to contain
trace elements such as Zinc (Zn) and Nickel (Ni). There exist slight
variations in the weight percentage of minor constituents and trace
elements in all measurements and also the inclusion of oxygen affects
significantly the weight percentage of copper and tin.

3.2. Surface morphology and structural evaluation

The three dimensional morphology of the reflecting surface of cast
material sample at 2 μm shows a streak or texture pattern with porous
structure. It also consists of many fine grains and each grain consists of
elongated rulings with crystals arranged in a uniform pattern with RMS
roughness of about 3.38 nm. The morphology of thin film form of cast
material sample at 2 μm consists of dense particles, which also shows a
texture pattern with porous structure with RMS roughness only about
1.61 nm. The three dimensional AFM morphologies at the reflecting
surface of cast and thin film samples at 2 μm in WSxM and Nanoscope
Analysis Software are shown in Fig. 3(a) and (b).

The X- ray diffraction pattern of the powdered form of cast spec-
ulum metal consists of some intense multiple peaks, which confirmed
the presence of Cu Sn , Cu Sn10 3 6.26 5, Cu Sn41 11 phases of the Cu- Sn alloy
system. The estimated particle size using Sherror formula is found to be
varying between 65.5 nm–82.1 nm. The XRD pattern of the reflecting
surface of cast and thin film form of speculum metal samples show some
reduction in the level of crystallinity and they also suggest some intense
peaks of the intermetallic phases of Cu- Sn alloy system. Two intense
peaks at the positions 43.09° and 60.52° in the reflecting surface of cast
material sample confirmed that both copper and Cu Sn6.25 5 phases pre-
sent in the as synthesized material. The peak at the position 42.35° in
the reflecting surface of thin film indicated the presence of intermetallic
phase Cu Sn10 3 of the bronze alloy system. The estimated particle size is

Fig. 1. Typical Aranmula metal mirror from a commercial outlet.

Fig. 2. (a) Thin film form of cast material without an image. (b) Thin film form of cast material with an image.
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found to be varying between 31.14 nm–84.50 nm in the former case and
that in the latter case is about 18.85 nm. Both patterns also contain a
line broadening, which may be due to lattice parameter changes asso-
ciated with relative diffusional growth of adjacent intermetallic layers.
XRD patterns and their corresponding data are shown in Fig. 4(a)–(c)
and in Table 2. The XRD pattern of the material in powder form is found
to be mostly crystalline in nature and its crystallinity formation is about
90%. However, thin film and polished surfaces are appeared mostly in
amorphous nature with crystallinity formation approximately 14% in
former and that in later is 36%. The nature of decreasing crystallinity
for different cases is shown in Fig. 5.

3.3. Thermal and optical reflectance properties of speculum metal

TG/DTA curve for cast speculum material in the form of powder up
to 1000 ℃ in Nitrogen atmosphere is shown in Fig. 6. The material is
found to be thermally stable up to a temperature of 600℃ and a notable
mass change is observed afterwards. To confirm this feature we have
carried out DTA analysis and a clear discontinuity is observed at a
temperature of 736℃, which is very close to the melting point of the
speculum material reported in early literature [21].

The optical reflectance values for thin film form of the cast material
are shown as dotted line and its higher optical reflectance is clearly seen
in Fig. 7. Optical spectra of cast and thin film form of speculum metal
showed more uniform reflectance across the entire visible region. Both
spectra gave a maximum value of reflectance in the IR region and ab-
sorption was observed in the lower wave length region, which results in
a significant loss of reflection. The average optical reflectance of the
cast material in the visible region was found to increase from 61.35% to
71.02% when it was prepared in the form of thin film.

4. Discussion

Speculum metal is commonly used for making traditional mirrors
and art objects in medieval periods. Minor constituents are added to
speculum metal to modify its color, mechanical, physical and optical
properties since historical times. Lead is added to Chinese mirrors be-
longing to the periods of Han dynasty and later through Tang and Sung
Dynasties [24]. Many of the mirrors used in Roman times were made
using high tin leaded bronze, with tin content of 20–24 % and lead
variable typically 5–12 % [25]. The minor constituent arsenic is a very
common element in ancient copper- tin alloys, either as an accidental or

Table 1
The normalized chemical compositions of the cast and thin film form of Aranmula speculum metal in Wt.%.

Mirror sample Normalized chemical compositions (Wt.%)

Cu Sn Zn As Ag Au Al Pb Fe O P Ni S

Cast mirror 68.98 29.95 0.77 0.14 …. …. …. 0.1 0.07 0.04 0.07 0.04
Thin film 61.9 31.68 0.08 0.14 1.06 0.27 …. …. 0.11 4.49 0.22 0.06 0.11

Fig. 3. (a) 3D AFM morphology of the reflecting surface of cast mirror sample at 2 μm. (b) 3D AFM morphology of the thin film coated mirror sample at 2 μm.
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an intentional addition [26]. It plays a crucial role in early reflecting
telescopes of Newton, James Nasmyth and William Lassell [4,27]. In
medieval period, bronze mirrors with surface amalgamated with mer-
cury are believed to have been used [3,28]. The EDS measurements
performed on our experimental specimen indicated that it was essen-
tially a speculum metal containing about 62–69% copper and 30–32%
tin. The minor constituents constitute only about 1–2% which included
As, Zn, Ag, Pb, P, S, Al, and Fe.

Srinivasan et al. [19] reported that Aranmula speculum mirror
consists of Cu 64.73%, Sn 32.47% and the rest 2.8% and Pillai et al.
[29] pointed out that it consists of Cu 70.4%, Sn 29.4%, Zn 0.06%, Fe
0.034% and Ni 0.052%. Also Sekhar et al. [20] reported that the an-
cient mirror alloy consists of Cu 32.1%, Zn 0.082%, Ni 0.068%, Al
0.02% and rest of copper. Chemical compositions of Aranmula spec-
ulum mirror by various analyses are shown in Table 3. Our studies
provide for the first time the evidence for the presence of minor con-
stituents such as As, Ag, and Pb in this speculum mirror making. But it
is suggested that all these minor constituents and trace elements may be
the common impurities that are found in the major elements. The
presence of minor constituents may alter the mechanical, physical and
optical properties of speculum mirrors. The EDS measurements of
speculum metal samples at different locations reveal a clear indication
that the compositions are not homogeneous everywhere and also the
inclusion of oxygen and number of elements added in the analysis affect
significantly the weight percentage of copper and tin.

The present work reports the detailed microstructure of speculum
metal samples for the first time using XRD and AFM analyses techni-
ques. The information about some physical properties such as particle
size, crystalline phases and level of crystallinity are obtained through
microstructural investigations of the material. The three dimensional
AFM morphologies at the reflecting surface of cast and thin film form of
speculum sample at 2 μm shows a streak or texture pattern with porous
structure with small value of roughness. Previous literary works pro-
posed by Srinivasan et al. by metallurgical method and X-ray in-
vestigations on speculum electrodeposits carried out by Rooksby sug-
gests that the dominant crystal structure in the speculum sample
corresponds to delta phase with cubic gamma brass structure or epsilon
phase with cubic near gamma structure [19,30]. In our XRD analysis
with different samples, we could find cubic structuredCu Sn41 11,
Cu Sn6.25 5 phases for powdered and cast speculum samples. In addition,
XRD patterns of powdered form of cast and thin film samples give an
intermetallic hexagonal Cu Sn10 3 phase with space group P63/m (176)
[JCPDS- ICDD : 00-026-0564], which is not reported previously in lit-
erature. The intermetallic phaseCu Sn41 11 has close resemblance to cubic
delta phase in composition [31]. The size of the particle estimated in
thin film prepared by thermal evaporation is found to be 18.85 nm,
which is very close to the size first reported by Rooksby in X- ray in-
vestigation on speculum electrodeposits.

The combined use of XRD and AFM analyses at the reflecting surface
of cast and thin film form of material suggest that on the surface there
exist a thin transparent layer called Beilby layer, consisting of varying
nanoscale particles, which are crystalline in nature. These results are
broadly in agreement with the report of early literature [20,22]. From
XRD and reflectance studies we could also infer an inverse relationship
between crystallinity and optical reflectance as the cast material is
transferred to thin film. The thermal stability of the material obtained
from TGA analysis clearly rules out earlier speculations of herbs and the
presence of other organic materials in traditional speculum metal
mirror making. A clear discontinuity is observed at a temperature of
about 736℃, which is very close to the melting point of the speculum
metal reported in early literature by Nagee et al. [21].

The historic speculum mirrors made during 18th century to early
20th century had an optical reflectance varying between 60–64%. In
this case the weight percentage of copper varied between 66–68 % and
tin varied between 29–33 % [4]. Tolonsky found that for a bronze
surface with 55% copper and 45% tin possessed an average visible

Fig. 4. (a) XRD pattern of the powdered form of cast speculum metal. (b) XRD
pattern at the polished surface of cast speculum metal. (c) XRD pattern at the
surface of thin film prepared by thermal evaporation.
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optical reflectance of 69% in electroplated form and 73% in thin film
form using vacuum deposition. Major compositions and optical re-
flectance of various speculum metals are shown in Table 4. From these
data we can infer that Aranmula mirror is a special kind of cast

speculum metal mirror with highest optical reflectance. The average
optical reflectance of Aranmula speculum mirror in the visible region
during the time of purchasing is found to be 66%. Recent investigations
on the reflecting surface of cast material suggest an average optical
reflectance of 62% in the visible region and 72% when it is prepared in
the form of thin film. The decreasing nature of recent optical reflectance
from the time of purchasing suggests that interaction with atmosphere
causes oxidation in the reflecting surface of speculum metal. It also
suggested that optical reflectance of cast speculum increased when it
polishes and further increased when the material is made in the form of
thin film. The optical reflectance is likely to depend on the magnitude
of crystallinity and homogeneity, weight percentage of tin content and
also the presence of minor constituents such as As, Ag, Al and Au.

Table 2
XRD data of the powdered, cast and thin film form of Aranmula speculum metal.

Mirror sample Position
2θ

Rel. Int.
(I) (%)

d value
(Å)

Particle size (nm) Phase h k l Space Group Structure JCPDS-ICDD Reference

Powder form 25.729 9.2 3.46025 74.11 Cu Sn41 11 5 1 1 F-43m(216) Cubic 00-030-0510
29.784 4.8 2.99100 78.32 Cu Sn41 11 6 0 0 F-43m(216) Cubic 00-030-0510
37.463 6.1 2.39921 65.45 Cu10Sn3 1 2 0 P63/ m (173) Hexagonal 01-071-0339
42.738 100 2.11403 68.26 Cu Sn10 3 3 0 0 P63/m(176) Hexagonal 00-026-0564
47.533 7. 2 1.91136 72.95 Not Identified
62.632 19.8 1.48195 82.04 Cu Sn6.26 5 2 0 2 P63/mmc(194) Hexagonal 00-047-1575
78.179 14.1 1.22157 69.94 Not identified

Cast polished. surface 29.147 10.81 3.06393 45.79 Cu Sn6.25 5 1 0 1 F-43m(216) Cubic 47-1574
43.092 6.29 2.10200 31.14 Cu particle 1 1 1 Fm-3m (225) Cubic 04-836
52. 374 100 1.74550 43.34 Cu particle 2 0 0 Fm-3m (225 Cubic 04-836
60.525 67.66 1.52849 84.50 Cu Sn6.25 5 1 0 3 F-43m(216) Cubic 47-1574
72.607 12.5 1.30100 40.73 Cu Sn6.25 5 2 1 1 F-43m(216) Cubic 47-1574

Thin film 42.357 100 2.13073 18.65 Cu Sn10 3 1 1 3 P63/m(176) Hexagonal 00-026-0564

Fig. 5. Nature of crystallinity in different samples.

Fig. 6. TGA and DTA curves of cast speculum material in the form of powder.

Fig. 7. Optical reflectance spectra of cast and thin film form of speculum metal
samples.

Table 3
Chemical composition of Aranmula speculum metal mirror by various analyses.

1. Srinivasan et.al Cu- 64.73, Sn- 32.47, rest- 2.8
2. Pillai et.al Cu- 70.4, Sn- 29.4, Zn- 0.06, P- 0.02, Fe- 0.034,

Ni- 0.052
3. Sekhar et.al Sn- 32.1, Zn- 0.082, Ni- 0.068, Al- 0.02, Rest- Cu
4. Present work (Reflecting

surface)
Cu- 68.98, Sn- 29.95, Zn- 0.77, As- 0.14, Pb- 0.1,
Fe- 0.07, P- 0.04, Ni- 0.07, S- 0.04

5. Present work (Thin film) Cu- 61.9, Sn- 31.68, Zn- 0.08, As- 0.14, Ag- 1.06,
Au- 0.27, Fe- 0.11, O- 4.49, P- 0.22, Ni- 0.06, S-
0.11
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5. Conclusions

The chemical composition, microstructure and optical reflectance
properties at the reflecting surface of cast and thin film form of spec-
ulum metal is studied in detail using EDS, AFM, XRD and UV-Visible
spectroscopy analyses techniques. The EDS measurements on the re-
flecting surface of cast material samples provide for the first time the
evidence for the presence of minor constituents such as As, Ag, and Pb
in this speculum making. The optical reflectance may also depend on
the homogeneity of the surface, weight percentage of tin content and
also the presence of minor constituents. The optical reflectance of cast
material is found to increase by about 10% on an average in the visible
region of the spectrum when it is prepared in thin film form in glass
substrate by thermal evaporation method. The combined use of AFM
and XRD analyses at the reflecting surface of cast and thin film form of
material samples reveal the presence of a thin, transparent layer called
‘Beilby layer’ on the surface consisting of varying nanoscale particles,
which are crystalline in nature.
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a b s t r a c t

The photoluminescence characteristics of praseodymium (Pr3þ) doped zirconia/polyethylene glycol

(ZrO2/PEG) samples were studied using optical absorption and emission spectra. The optical properties

were theoretically analysed using standard and modified Judd-Ofelt (J-O) models. The oscillator strength

of the observed transitions and J-O intensity parameters were calculated using these J-O models. The

radiative properties such as radiative transition probability (AT), branching ratio (bR), stimulated emission

cross-section (se) and gain band width (se ! Dleff ) for the excited states of Pr3þ in ZrO2/PEG composite

have been determined. The experimental branching ratios obtained from the emission spectra were

compared with the theoretical values. The excitation spectra of Pr3þ doped samples show overlapping of

Pr3þ excitation peak at 448 nm at the end of the broad excitation band of the host, indicating the charge

transfer between the host and Pr3þ ions. Luminescence decay analysis confirmed concentration

quenching in the prepared samples and the lifetime values are found to be in the microsecond range.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Sol-gel based polymer-inorganic composites are nowadays the

focus of extensive research owing to their extraordinary properties,

obtained by taking advantage of the best properties of the indi-

vidual components. The presence of polymer stabilizes the inor-

ganic component and modifies its structure and morphology,

thereby improving the compatibility between the two phases.

Zirconia (ZrO2) seems to be an ideal candidate for various photonic

applications due to its excellent photochemical stability, low optical

loss, high refractive index and low phonon energy [1,2]. When

incorporated with optical activators, especially rare earth ions,

zirconia has gained much attention due to its potential applications

such as solid state lasers, optical waveguides, lighting and displays

and optical sensors for biological and environmental impurities

[3,4]. Among various rare earth ions, praseodymium is a unique

one, providing the possibility of simultaneous blue, green and red

emissions depending upon the host matrices [5].

In the case of trivalent rare earth ions, the mechanisms

responsible for electronic transitions can be electric dipole, mag-

netic dipole or electric quadrupole in nature. But, the intra

configurational f-f transitions of rare-earth ions are electric dipole

types which are strictly parity forbidden. However, the interaction

of central ion with the surrounding ligand results in mixing of

configurations of opposite parity thereby relaxing the parity re-

striction [6]. Judd-Ofelt theory assumes that such induced electric

dipole transitions can be characterized by means of three

phenomenological intensity parameters Ul (l¼ 2, 4, 6), known as J-

O intensity parameters and are obtained by least-squares fitting of

the calculated oscillator strength to the experimental oscillator

strength values. These parameters are indicative of the strength

and symmetry of the ligand field at the rare earth site [7].

In the framework of standard J-O analysis, it is assumed that the

opposite-parity excited configurations ð4f n$15dÞ are at higher en-

ergy levels than ground state configuration ð4f nÞ and are consid-

ered as completely degenerated. Moreover, the energy difference

between the ground and opposite-parity excited configurations is

assumed to be constant [8]. But in the case of Pr3þ ions, there is a

smaller energy difference between 4f 2 and 4f 15d1 levels

(~15000 cm$1), suggesting that configuration mixing effects can be

appreciable. Thus the energy difference approximation used in

standard J-O theory works less well for Pr3þ doped host matrices
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[9]. This problem can be overcome by considering the higher order

contributions to the induced electric dipole matrix elements [10].

Several attempts have been made by researchers to develop

different modifications of standard J-O theory. Quimby et al. [11]

have investigated the optical characteristics of Pr3þ doped glass

using Judd-Ofelt analysis by excluding the hypersensitive transition
3H4/

3P2, which causes discrepancies in the analysis and have re-

ported that the experimental and calculated parameters are in good

agreement. Two years later, Goldner and Auzel [12] have developed

a normalized method to obtain more reasonable and reliable J-O

intensity parameters. Kornienko et al. [13] modified the standard J-

O model to improve the reliability of J-O intensity parameters.

Florez et al. [14] have obtained consistent values of J-O parameters

with the smallest root mean square (RMS) deviation between

experimental and theoretical oscillator strengths. Experimental

and theoretical studies on the optical characteristics of lanthanide

doped silica-polyethylene glycol hybrid sol-gels has been recently

reported [15]. There are other reports on the spectroscopic char-

acterization of rare earth doped glasses using standard as well as

modified J-O models [6,9,16].

The aim of the present work is to analyse, for the first time, the

radiative properties of Pr3þ ions in zirconia/polyethylene glycol

(ZrO2/PEG) composite matrix using standard J-O theory as well as

modified J-O models formulated by Kornienko [13](Theory I) and

Florez [14] (Theory II).

2. Experimental

Praseodymium doped ZrO2/PEG composite samples were syn-

thesized by the non-hydrolytic sol-gel method from commercially

purchased reagents of analytical grade. The experimental method

used is described in detail in our previous publication [1]. Pr3þ

doped samples were prepared by dissolving 4.5, 5, 5.5 and 6 wt% of

Pr (NO3)3$6H2O in ethanol and were added to the ZrO2/PEG

mixture. These were stirred for 2 h to obtain a uniform and ho-

mogeneous sol. After gelification, the wet gels were air-dried at

45 &C for 48 h to remove the residual solvent.

The absorption spectra were recorded by Cary Series

UVeViseNIR spectrophotometer with a spectral resolution of 1 nm.

Photoluminescence (PL) excitation and emission spectra of the

samples were obtained using Horiba Scientific Fluoromax-4 spec-

trofluorometer with a spectral accuracy of 0.5 nm. Decay analysis of

the samples was carried out using Edinburgh UVeViseNIR (FLS-

980) spectrometer with a spectral resolution of 0.05 nm and an

accuracy of 0.2 nm. The refractive indices of the prepared samples

have been measured using J.A. Woollam Co. EC-400 ellipsometer.

3. Results and discussion

3.1. Nephelauxetic ratio and bonding parameter

The physical properties of ZrO2/PEG:Pr (5%) sample are given in

Table 1. Fig. 1 shows the representative absorption spectrum of 5 wt

% Pr3þ doped ZrO2/PEG composite measured in the range from 200

to 2200 nm. The spectrum identifies six absorption bands at 444,

469, 483, 591, 1012 and 1447 nm corresponding to the transitions
3H4/

3P2,
1I6,

3P0,
1D2,

1G4 and 3F4 respectively [17].

In the case of Pr3þ ions, the intensity of the absorption band

corresponding to 3H4/
3P2 transition is strongly influenced by the

neighbouring ligand and is known as a hypersensitive transition

[9]. Moreover, such transition has higher values of UðlÞ squared

reduced matrix elements [18]. The bonding between the RE3þ ion

and the ligand can be studied by evaluating the nephelauxetic ratio

(b) given by,

b ¼
nc
na

(1)

where nc and na are the energies (in cm$1) of a particular transition

for Pr3þ ion in the present host and the same in aqueous solution

respectively [9]. The bonding parameter d can be calculated as,

d ¼
1$ b

b
(2)

where b ¼
P

b=N and N is the number of levels that are used for the

calculation of b value [9]. The value of d may either be positive or

negative depending upon the ligand, indicating covalent or ionic

bonding respectively [9]. The nature of RE3þ-ligand bonding is also

understood by evaluating the optical electronegativity (Dc*) and

degree of covalency (Ccov) of the material, given by the equations

[19,20],

Dc* ¼ 9:8e$n; (3)

where n is the refractive index of the material

Ccovð%Þ ¼ exp
n

$ 0:25
"

Dc*
#2
o

! 100 (4)

Pr3þ doped ZrO2/PEG composite exhibits a higher value of Dc*

and the degree of covalency is nearly 43%. These results indicate

that Pr3þ-ligand bond in the present system is less covalent [20].

The values of nephelauxetic ratio (b) and bonding parameter (d)

are given in Table 2. The negative value of d confirms the ionic

nature of Pr3þ-ligand bond in ZrO2/PEG composite host matrix.

Table 1

Physical properties of 5 wt% Pr3þ doped ZrO2/PEG composite.

Physical Properties ZrO2/PEG:Pr (5%)

Refractive index 1.69

Density (gm/cm3) 1.56

Optical path length (cm) 0.1047

Concentration (ions/cm3) 1.9 ! 1020

Optical electronegativity 1.8

Degree of covalency (%) 43%

Fig. 1. Absorption spectrum of 5 wt% Pr3þ doped ZrO2/PEG composite.
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3.2. Oscillator strengths and J-O intensity parameters

The absorption intensities of f-f transitions of Pr3þ ions in ZrO2/

PEG host matrix have been interpreted using standard and modi-

fied Judd-Ofelt (J-O) analyses. Generally, the experimental measure

of the intensity of intra-configurational transition of a lanthanide

ion can be related to the transition probability through a dimen-

sionless quantity known as the oscillator strength and is propor-

tional to the area under the absorption band corresponding to a

particular transition. Thus the experimental oscillator strength can

be calculated using the equation [21],

fexp ¼ 4:32х10$9
Z

εðnÞdn (5)

where ε is the molar absorption coefficient and n is the energy in

cm$1 corresponding to an absorption transition.

According to J-O theory, the calculated oscillator strength of a

transition jJ / j0J0 state is given by the equation [5],

fcal ¼
8p2mcn

3hð2J þ 1Þ

"

n2 þ 2
#2

9n

X

l¼2; 4; 6

Ul

'

'

'
<jJ k UðlÞ k j

0

J
0

>

'

'

'

2
(6)

where m is the mass of an electron, n is the wavenumber of a

particular transition, h is the Planck's constant, J is the total angular

momentum corresponding to the ground state, n is the refractive

index which is 1.69 in the present case, Ul’s are the J-O intensity

parameters and <jJ k UðlÞ k j
0

J
0

> is the doubly reduced matrix

elements of the unit tensor operator UðlÞ. Generally, these matrix

elements are host independent and in the present work, those for

Pr3þ aquo ions reported by Carnall and co-workers [17] are used.

Because of the theoretical mismatching of standard J-O analysis in

the context of Pr3þ ions, large deviations between theoretical and

calculated data are observed. This especially occurs when the hy-

persensitive 3H4/
3P2 transition is included in the fitting process.

The inconsistencies caused from the theoretical aspects of

standard J-O analysis can be avoided either by excluding the
3H4/

3P2 transition or by using modified J-O theory. The modified

J-O theory proposed by Kornienko [13], takes into account the en-

ergy dependence of the multiplets involved in the optical transition

with the energy of the 4f 15d1 configuration and the oscillator

strengths for electric dipole transitions are calculated using the

relation,

fcal ¼
8p2mcn

3hð2J þ 1Þ

"

n2 þ 2
#2

9n

X

l¼2; 4; 6

Ul

h

1þ 2a
)

EJ þ EJ0

$ 2Ef 0
* i
'

'

'<jJ k UðlÞ k j
0

J
0

>

'

'

'

2
(7)

where EJ and EJ0 are the energies of the ground and excited levels jJ

and j0J0 respectively, Ef 0 is the mean energy of 4f 2 configuration (~

9940 cm$1 for Pr3þ), and a is an additional fitting parameter

defined in Ref. [8] and has a value of about 10$5 cm$1 for Pr3þ.

The modified J-O model suggested by Florez [14] takes into ac-

count the higher order contributions to the electric dipole matrix

elements, thereby introducing additional even and, mainly odd

rank effective operators to determine the correct intensities. Hence

the total oscillator strength due to the forced electric dipole

mechanism can be rewritten as,

fcal¼
8p2mcn

3hð2Jþ1Þ

"

n2þ2
#2

9n
J
0

kUl kjJA2

2

4

ð1$x1Þ
2
X

l¼2; 4; 6

Ul <j
0

J
0

kUðlÞ kjJ>2þx22
X

l¼1; 3; 5

Ul<j
0

J
0

kUðlÞ kjJ>2 J
0

kUl kjJA2

3

5

(8)

where x1 ¼
J0þJ
DE

, x2 ¼
J0$J
DE

and DE is the energy difference between

4f 2 and 4f 15d1 levels (~15000 cm$1 for Pr3þ).

The experimental and theoretical oscillator strengths and J-O

intensity parameters using standard J-O analysis including and

excluding 3H4/
3P2 transition as well as the same using modified J-

O models are illustrated in Table 3. The four methods used in the

present case, influence greatly the magnitudes of U2, U4 and U6.

Generally, U2 is more sensitive to the environment around the rare

earth ion's site, while U4 and U6 are dependent on the bulk prop-

erties of the composite such as viscosity and rigidity [22]. When

considering all transitions including 3H4/
3P2 transition, the trend

of J-O intensity parameters is U2˃U6˃U4 in both standard and

modified J-O analyses. But, when excluding the hypersensitive
3H4/

3P2 transition, they follow the trend U6˃U2˃U4. There is a

notable change in the U2 parameter when excluding 3H4/
3P2

transition. Hence U2 parameter gives information on the intensity

of hypersensitive transitionwhich is influenced by small changes in

the ligand environment [15]. The modified J-Omodel II is applied to

obtain reliable oscillator strengths with the least root mean square

(RMS) deviation between experimental and theoretical values.

Among the six J-O intensity parameters, negative values are ob-

tained for the odd parameters U1 and U3 and such kinds are re-

ported in previous literature [14,16].

The quality of fit between experimental (fexpÞ and theoretical

(fcalÞ oscillator strengths can be expressed by means of the root

mean square (rms) of oscillator strengths (s) as given by the

equation [9],

s ¼

2

6

4

P

)

fexp $ fcal

*2

Ni

3

7

5

1 =

2

(9)

where Ni is the number of excited energy levels used in the fit.

Among the four analytical methods used, the best fit is obtained

when using modified J-O model II.

3.3. Photoluminescence spectra and radiative properties

Fig. 2 gives the excitation spectra of Pr3þ doped ZrO2/PEG

composite monitored at the emission wavelength 489 nm. Inset

figure shows the excitation spectrum of undoped host matrix at its

emission wavelength of 470 nm. In Fig. 2, the praseodymium

excitation peak at 448 nm overlapping at the end of the broad

excitation band of the host in the range (325e450) nm indicates the

Table 2

Optical transitions from the 3H4 level of Pr3þ in ZrO2/PEG composite along with

nephelauxetic ratio (b) and bonding parameter (d).

Sl. No. S0L0J0

3H4/

nc (cm
$1) na (cm$1) b

1. 3P2 22523 22320 1.0091

2. 1I6 21322 21300 1.0010

3. 3P0 20704 20550 1.0075

4. 1D2 16920 16640 1.0169

5. 1G4 9881 9700 1.0187

6. 3F4 6913 6750 1.0242

b ¼ 1.0129.

d ¼ $1.2736 (ionic bonding).
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charge transfer between the host and Pr3þ ions [23].

Fig. 3 shows the emission spectra of Pr3þ doped ZrO2/PEG

composite with varying concentrations of Pr3þ at the host excita-

tion wavelength 395 nm. Each spectrum consists of four emission

peaks of Pr3þ overlapping with the intrinsic emission band of the

host matrix centered about 470 nm. The four peaks correspond to

4f-4f inter-configurational transitions of Pr3þ centered at 456 nm

(1I6/
3H4), 476 nm (3P1/

3H4), 489 nm (3P0/
3H4) and 613 nm

(1D2/
3H4) [23,24]. Inset of Fig. 3 illustrates the emission spectrum

of undoped ZrO2/PEG composite excited at 395 nm. This broad

emission band is produced by the non-radiative relaxation of

electron from the emitting level to one luminescent recombination

site (LRS) or intrinsic defect center due to oxygen vacancies and

then the radiative relaxation to the ground state. Thus the broad

bandwidth indicates the existence of recombination bands within

the band gap of the host [1].

From the emission spectra, it is clear that the intensity of pho-

toluminescence (PL) emission increases with the increase in Pr3þ

concentration and reaches amaximum at 5wt% Pr3þ concentration.

Then it decreases with further increase in dopant concentration,

leading to the concentration quenching effect. This is due to the fact

that when the doping concentration reaches a certain degree, the

distance between two neighbouring Pr3þ ions decreases, resulting

in the migration of a fraction of energy to the quenchers [25]. The

mechanism involved in the emission process is that, after excitation

of Pr3þ ions from 3H4 to 3P2 state, there occurs non-radiative de-

excitation to 1I6,
3P1,

3P0 and 1D2 states. Finally, radiative emission

takes place from these levels to the ground state [20]. Fig. 4 depicts

the energy level diagram and the excitation and emission mecha-

nisms in Pr3þ doped ZrO2/PEG composite.

The J-O intensity parameters (Ul) obtained from modified J-O

analysis have been used to predict the important radiative prop-

erties such as spontaneous transition probabilities, total transition

probability, radiative lifetime and fluorescence branching ratios.

The radiative transition probability corresponding to a transition

from the initial state jJ to the final state j0J0 is given by the

expression [26,27],

A ¼

"

64p4n3

3hl3ð2J þ 1Þ

#"

n
"

n2 þ 2
#2

9
Sed þ n3Smd

#

(10)

where Sed and Smd are the electric and magnetic dipole transition

line strengths and are obtained from the following relations,

Table 3

Experimental and calculated oscillator strengths of 5 wt% Pr3þ doped ZrO2/PEG composite.

S0L0J0

3H4/

Eexp (cm$1) fexp

(x 10$6)

Using standard J-O analysis Using modified

J-O analysis

Theory I Theory II

fcal (!10
$6)

Including 3P2 level

fcal (!10
$6)

Excluding 3P2 level

fcal (!10
$6) fcal (!10

$6)

3P2 22522 0.3649 0.5532 e 0.3349 0.3806
1I6 21322 0.1485 0.2723 0.1611 0.1455 0.1549
3P0 20704 0.1012 0.0573 0.1103 0.0988 0.1055
1D2 16920 0.2995 0.1968 0.1971 0.3182 0.3124
1G4 9881 0.1340 0.0575 0.0583 0.1675 0.1398
3F4 6913 0.7168 0.7061 0.7240 0.9686 0.7477

rms error ±0.107 ±0.057 ±0.104 ±0.015

U1 ̶ ̶ ̶ $66.11 ! 10$20

U2 4.43 ! 10$20 0.55 ! 10$20 2.85 ! 10$20 4.67 ! 10$20

U3 ̶ ̶ ̶ $5.67 ! 10$20

U4 0.08 ! 10$20 0.16 ! 10$20 1.23 ! 10$20 0.02 ! 10$20

U5 ̶ ̶ ̶ 0.01 ! 10$20

U6 0.94 ! 10$20 1.11 ! 10$20 1.25 ! 10$20 0.05 ! 10$20

Fig. 2. Excitation spectra of Pr3þ doped ZrO2/PEG composite at 489 nm. Inset shows

the excitation spectrum of undoped ZrO2/PEG composite at 470 nm.

Fig. 3. Emission spectra of Pr3þ doped ZrO2/PEG composite at 395 nm. Inset shows the

emission spectrum of undoped ZrO2/PEG composite.
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Sed ¼ e2
X

l¼2; 4; 6

Ul

'

'

'<jJ k UðlÞ k j
0

J
0

>

'

'

'

2
(11)

Smd ¼
e2h2

16p2m2c2

'

'

'<jJ k Lþ 2S k j
0

J
0

>

'

'

'

2
(12)

The doubly reduced matrix elements of the unit tensor operator

UðlÞ are taken from Ref. [28]. The total radiative transition proba-

bility AT ðjJÞ can be expressed as the sum of the AðjJ; j0J0Þ terms

over all the transitions given by the expression,

AT ðjJÞ ¼
X

j0J0

A
"

jJ; j0J0
#

(13)

The fluorescence branching ratio of a transition from the ground

state (jJ) to an excited state (j0J0) is given by,

bRðjJ; j0J0Þ ¼
A
"

jJ; j0J0
#

AT ðjJÞ
(14)

The peak stimulated emission cross-section for a particular

transition is calculated using,

se ¼
l4pA
"

jJ; j0J0
#

8pcn2Dleff
(15)

where Dleff is the full width at half maximum wavelength of a

transition evaluated by integrating the intensity at the peak

wavelength, lp and c, the velocity of light. The important radiative

parameters are calculated using the above mentioned equations

and are tabulated in Tables 4 and 5.

Among these parameters, the emission transitions with larger

values of b are beneficial for laser action originating from a given

excited level. The higher value of stimulated emission cross-section

se suggests the material to be a suitable medium for a good optical

amplifier. In the present study, the theoretical and experimental

branching ratios fit fairly well with the exception of 1I6/
3H4

transition. The obtained values of radiative parameters are com-

parable with previously reported zirconia based glasses [29,30].

3.4. Luminescence decay analysis and CIE chromaticity diagram

Fig. 5 depicts the decay curves of Pr3þ (4.5, 5, 5.5, 6 wt%) doped

ZrO2/PEG composites monitored at 489 nm under 395 nm excita-

tion. All the decay profiles can be fitted well with a double expo-

nential function which is given by the equation [31],

IðtÞ ¼ A1e
$t=t1 þ A2e

$t=t2 (16)

where IðtÞ is the luminescence intensity at time t; A1 and A2 are

constants; and t1 and t2 are the fast and slow lifetimes respectively

for the exponential components. The fast component is related

with the non-radiative de-excitation caused by energy transfer

between the active ions and the slow component is associated with

intrinsic luminescence arising via radiative transition [32e34]. The

average life time tav can be evaluated as [31],

tav ¼
A1t

2
1 þ A2t

2
2

A1t1 þ A2t2
(17)

The tav values are estimated to be 2.915, 2.721, 2.636 and 2.137

ms respectively for 4.5, 5, 5.5 and 6 wt% Pr3þ doped ZrO2/PEG

composite samples. These values are comparable with those of 3P0
excited levels in previously reported Pr3þ doped zirconia-based as

well as other glasses [30,34,35]. It is observed that the average

lifetime values decrease with the increase in activator ion con-

centration and similar cases are reported in Pr3þ doped glasses

[36,37]. The decrease in average life time with increase in con-

centration of Pr3þ clearly indicates the existence of energy transfer

between activator ions leading to concentration quenching [26].

The most probable mechanism responsible for transfer of energy is

cross relaxations between Pr3þ ions involving the following tran-

sitions: (3P0/
1G4,

3H4/
1G4), (

3P0/
1D2,

3H4/
3H6) and (3P0/

3H6,
3H4 /

1D2) [37,38]. It is also reported that energy transfer by

cross relaxation mechanism is induced by rare earth clustering at

higher concentrations, thereby causing concentration quenching of

Table 4

Emission matrix elements ðUl2Þ and radiative properties for the excited states of

Pr3þ (5 wt%) in ZrO2/PEG composite.

S0L0J0 y

(±25 cm$1)

ǁU2
ǁ
2

ǁU4
ǁ
2

ǁU6
ǁ
2 A(s$1) AT (s

$1) bR (%)

1I6/
3H4 21929 0.0089 0.0494 0.0227 289 8330 4

3P1/
3H4 21008 0 0.1714 0 2056 25

3P0/
3H4 20408 0 0.1719 0 5721 69

1D2/
3H4 16583 0.0022 0.0181 0.0540 264 3

Fig. 4. Energy level diagram of Pr3þ doped ZrO2/PEG Composite; ETS represents the

electronic trap states between the valance band (VB) and conduction band (CB); CT

represents the charge transfer between ZrO2 and Pr3þ. NR denotes non-radiative

transition.

Table 5

Emission peak wavelength (lpÞ, Effective bandwidth ðDleff Þ, Experimental branching ratio (bexpÞ, Stimulated emission cross-section (seÞ and Gain bandwidth ðse ! Dleff Þ for

the excited states of Pr3þ (5 wt%) in ZrO2/PEG composite.

S0L0J0 lp
(±0.5 nm)

Dleff (±0.5 nm) bexp seð!10
$22Þcm2 se ! Dleff ð!10

$28Þcm3

1I6/
3H4 456 39 36 2 6

3P1/
3H4 476 8 12 65 50

3P0/
3H4 489 34 58 45 152

1D2/
3H4 613 6 3 29 18
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the luminescence [38,39].

On the basis of the emission spectra shown in Fig. 3, the CIE

(Commission Internationale deI’Eclairage, France) color co-

ordinates of the prepared samples have been calculated and the

CIE diagram for ZrO2/PEG-Pr
3þ(5 wt%) sample under the excitation

of 395 nm is shown in Fig. 6. From the figure, it is clear that the color

co-ordinates lie in yellow region of the diagram and is represented

by the solid circle (C). These results suggest the material to be a

promising candidate for photonic applications.

4. Conclusions

Praseodymium (Pr3þ) doped zirconia/polyethylene glycol (ZrO2/

PEG) composites have been synthesized by non-hydrolytic sol-gel

method. The bonding parameter value calculated from the ab-

sorption spectrum of the sample confirmed that Pr3þ-ligand bond

is ionic in nature. The oscillator strength and J-O intensity param-

eters were calculated using standard J-O theory including and

excluding the hypersensitive transition 3H4/
3P2, as well as

modified J-O analysis. By using modified J-O analysis, there is

improvement in the values of J-O intensity parameters. The radia-

tive properties such as radiative transition probability (AT), stimu-

lated emission cross-section (se), branching ratio (bR) and gain

band width (se ! Dleff ) for the excited states of Pr3þ in ZrO2/PEG

composite have been estimated using modified J-O analysis. The

experimental branching ratios measured from the emission spectra

were compared with the theoretical values. The excitation spectra

of Pr3þ doped samples show overlapping of Pr3þ excitation peak at

448 nm at the end of the broad excitation band of the host in the

range (325e450) nm, indicating the charge transfer between the

host and Pr3þ ions. The effect of Pr3þconcentration on the emission

characteristics of doped samples were investigated and concen-

tration quenching was observed when the activator concentration

increases above the optimum concentration (i.e., 5 wt%), for Pr3þ

doped samples. Luminescence decay analysis confirms concentra-

tion quenching in the prepared samples. These results suggest the

material to be a novel candidate for optoelectronic applications.
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Abstract

Silver nanoparticles were dispersed in the pores of monolithic mesoporous silica prepared by a

modified sol–gel method. Structural and microstructural analyses were carried out by Fourier

transform infrared spectroscopy and transmission electron microscopy. X-ray photoelectron

spectroscopy was employed to determine the chemical states of silver in the silica matrix. Optical

absorption studies show the evolution absorption band around 300 nm for silver (Ag) in a silica

matrix and it was found to be redshifted to 422 nm on annealing. Photoluminescence studies

indicate the presence of various luminescent emitting centers corresponding to silver ions and

silver dimers in the SiO2 matrix. The enhancement of absorption and photoluminescence

properties is attributed to plasmon resonance energy transfer from Ag nanoparticles to

luminescent species in the matrix.

Keywords: silver silica nanocomposites, surface plasmon resonance, plasmon resonance energy

transfer, photoluminescence

(Some figures may appear in colour only in the online journal)

1. Introduction

The optical properties of nanocomposites consisting of

metallic nanoparticles (NPs) in a solid dielectric host are the

subject of extensive research nowadays due to their novel

properties and immense application potential. Incorporation

of metallic NPs in a dielectric host can modify its various

properties, namely optical, electrical and mechanical. The

design and fabrication of such novel materials have sig-

nificant impact in the field of nanoplasmonics due to their

applications in optical devices [1], optical limiters [2], meta-

material absorbers [3] and biomedical applications [4, 5]. On

suitable excitation, noble metal nanoparticles display intense

light emission. Gold in the micron regime appears as yellow

and silver in the bulk appears as white, but at nanometric

dimensions gold appears as ruby red and silver appears as

yellow due to surface plasmon resonance (SPR) [6]. SPR is

the absorption of light by metal nanoparticles due to the

coherent oscillation of conduction band electrons induced by

an electromagnetic field. Surface plasmons enable nano-

particles to absorb light, generate heat, transfer energy and

reradiate incident photons [7]. These effects, together with the

local field created around the nanoplasmonic materials, can

exhibit phenomena such as surface-enhanced Raman scatter-

ing (SERS), optical nonlinearity and photoluminescence [8].
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Several scientists have demonstrated different synthesis

routes such as melt-quenching, ion implantation, ion

exchange and sol–gel techniques for the preparation of Ag

nanoparticles, because they have a strong plasmon absorption

in the visible region [9, 10]. Inorganic silica can be used as a

suitable matrix to host silver nanoparticles and to study their

diverse optical properties. Amorphous SiO2 has several

advantages over other dielectric materials as a matrix due to

its wide range of transparency in the UV–visible range, good

mechanical strength, chemical inertness and large 3D porous

network. The pores of mesoporous SiO2 are interconnected

with each other and open to the atmosphere [11]. Therefore

the use of such a mesoporous medium yields an interacting

nanostructure where silver nanoparticles are highly dispersed

and in good contact with the atmosphere. It was reported that

Ag2O could exist in SiO2 glasses containing Ag, but some

questions still remain [11–13]. It is unclear whether the oxi-

dized Ag is in its Ag2+ or Ag+ state. Since optical properties

are sensitive to the physical and chemical states of the matter

and their surrounding environments, investigations on the

optical properties of such composites assume significance.

Silver silica nanocomposites are reported to exhibit SPR

in the wavelength range 380 to 450 nm for spherical silver

particles of diameter 3 to 50 nm [9, 14, 15]. The physical and

chemical properties of the nanocomposites can be modified

by varying the silver concentration, which in turn affects their

optical absorption properties [16]. Interband transitions

occurring in metal nanoparticles enhance optical properties

such as luminescence and light scattering [17]. It was reported

that a strong electric field close to the surface of particles

functionalized with silica enhances luminescence from

molecules close to the surface [15]. Jimenez et al [18]

reported enhancement of optical properties by plasmon

resonance energy transfer (PRET) from metal towards lumi-

nescent species in glass. They focused on the spectroscopic

demonstration of photoluminescence leading to the PRET

mechanism in a silver-doped glass system achieved by the

melt-quenching technique. They interpreted the luminescence

as arising from the transfer scheme Ag NPs→Ag0–
Ag+→Ag+

–Ag+. Piasecki et al [19] also suggest an energy

transfer process from Tb3+ ions to Ag NPs due to the

quenching effect in Tb3+ and an Ag co-doped glass compo-

site system. Enhancement and quenching of luminescence has

also been reported [18, 19]. Liu et al [20] reported PRET

from single gold nanoparticles to conjugated cytochrome c

molecules. Due to its high selectivity and sensitivity, PRET-

based nanospectroscopy is employed for molecular imaging

[21], metal ion sensing [22, 23], optical antennae for label-

free biosensors [7] and light-emitting diodes (LED) [24].

Longji Li et al [25] reported an enhancement of Eu3+

luminescence due to energy transfer from silver aggregates to

europium ions and the realization of white light emission in

Ag+
–Na+ ion exchange glass. Eichelbaum et al [24] pro-

posed a luminescence energy transfer from noble metal par-

ticles (such as dimers, trimers and tetramers) and lanthanide

ions in soda lime silicate glass. Reports of plasmon resonance

energy transfer (PRET) on different matrixes (composites) are

numerous. The mechanism of PRET has been attributed to

silver species (Ag0, Ag+
–Ag0, Ag+

–Ag+
). However, no

systematic investigation has been found in the literature. A

thorough and systematic study on a silver silica nano-

composite with varying concentration of silver has been

undertaken with a view to establishing the role of luminescent

species. Efforts are also made to identify the species and to

propose a mechanism.

2. Experiment

2.1. Preparation

A silver silica nanocomposite was prepared by a modified

sol–gel method [9] using tetraethyl orthosilicate (TEOS),

ethanol, distilled water and silver nitrate in the molar ratio 1/
2/5/n respectively; where n is the molar ratio of Ag/Si. The
pH of the mixture was maintained at 2 by adding a few drops

of dilute nitric acid (HNO3). Different molar ratios of Ag/Si
such as 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07 and 0.08 were

chosen for the present study. The prepared samples were

coded as AG0.01 to AG0.08 respectively. The miscible

solution obtained was poured into a petri dish and was tightly

covered and kept at room temperature for drying. The aging

period was 15 days. Monoliths obtained were taken for var-

ious characterizations. To study the effect of annealing on

optical properties, monoliths of silver silica nanocomposites

after synthesis were directly transferred to the oven for

annealing in air at 160 °C for 5 h. Photographs of the sample

prepared are shown in figure1. The pristine sample (pure

Figure 1. Photographs of (a) silica gel (pure SiO2), (b) Ag–SiO2 nanocomposite (AG0.03) prepared at room temperature, (c) sample annealed
(160 °C, 5 h) in air (AG0.03H).
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SiO2) and Ag–SiO2 nanocomposites (AG0.03) prepared at

room temperature appears as colourless whereas the sample

annealed in air (AG0.03H) shows a yellowish colour. This

yellow colour indicates the formation of silver nanoclusters in

the silica matrix.

2.2. Characterization

The size and shape of silver particles in the nanocomposite

were determined by transmission electron microscopy (TEM)

experiments carried out using a JEOL 2010 High Resolution

Transmission Electron Microscope. In order to find the ele-

mental composition, energy-dispersive x-ray spectroscopic

(EDS) measurement of the sample was done using a JEOL

Model JED–2300 spectrophotometer. Samples were subjected

to Fourier transform infrared (FTIR) spectroscopy studies in

the spectral range from 400–4000 cm−1 with KBr pellets in a

Thermo Nicollet Avatar 370 DTGS spectrophotometer. The

chemical states of silver in the silver matrix were analyzed

using x-ray photoelectron spectroscopy (XPS) measurements

with an Omicron Nanotechnology XPS system. A mono-

chromated Al K
α
source of hν=1486.6 eV was used to carry

out the experiment. The XPS spectra were deconvolved using

Casa XPS software (Casa Software Ltd, USA). The UV–

visible absorption spectra of the samples were recorded in a

Jasco V 570 UV–Vis spectrophotometer and photo-

luminescence (PL) spectra using a Fluromax-4 fluorimeter.

All measurements were performed at room temperature.

3. Results and discussion

Transmission electron microscopic analyses of AG0.03,

AG0.03H and AG0.08 are shown in figures 2, 3 and 4

respectively. For all the samples, particles are uniformly

dispersed in the silica matrix and are spherical in shape.

Agglomeration of particles was observed for AG0.08. The

average particle sizes obtained are ∼3 nm for AG0.03

(figure 2(b)), ~6 nm for AG0.03H (annealed sample)

(figure 3(b)) and ∼19 nm for AG0.08 (figure 4(b)). When the

molar concentration of AgNO3 was increased from 0.03 M to

0.08 M, the particle size increased from 3 to 19 nm. Higher

annealing temperature as well as increasing concentration

Figure 2. (a) TEM image of AG0.03. (b) Histogram of particle sizes
obtained from TEM. (c) HRTEM image. (d) SAED pattern of
AG0.03.

Figure 3. (a) TEM image of AG0.03H (annealed sample). (b)
Histogram of particle sizes obtained from TEM. (c) HRTEM image.
(d) SAED pattern of AG0.03H.

Figure 4. (a) TEM image of AG0.08. (b) Histogram of particle sizes
obtained from TEM. (c), (d) HRTEM images of AG0.08.
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results in an increase in particle size. Annealing the sample

results in growth of the grain size and ordering.

HRTEM images of AG0.03, AG0.03H and AG0.08 are

shown respectively in figures 2(c), 3(c) and 4(c). Lattice

planes of Ag are clearly visible in the high-resolution image

of the nanocrystallites. Core–shell morphology of Ag–SiO2

nanocomposite is clearly observable from the HRTEM image

shown (figure 4(c)). From this it is confirmed that Ag nano-

particles are formed inside the pores of the mesoporous silica

host (Ag/SiO2). AG0.03 shows (211) and (220) lattice planes

of Ag2O (ICDD No. 751532); (211) planes of Ag2O (ICDD

No. 761393) are observed for AG0.03H, and both show cubic

primitive structure. AG0.08 shows Ag (200) planes [26] and

has a face-centered cubic structure.

The selected area electron diffraction (SAED) patterns

obtained for AG0.03 and AG0.03H shown in figures2(d) and
3(d) display distinct ring patterns that demonstrate the poly-

crystalline nature of nanocomposites. The diffraction pattern

agrees well with values of the d spacing of silver (ICDD No.

040783). Lattice planes for AG0.03 and AG0.03H are

indexed and correspond to the cubic primitive structure of

silver. For AG0.03H, additional planes were observed and

these are due to the precipitation of silver on annealing.

Figure 5 shows the energy-dispersive x-ray analysis

spectra of the pristine sample (pure SiO2), AG0.01 and

AG0.08. Spectral analysis revealed the presence of silver in

this nanocomposite. Moreover, it is evident from the TEM

images that we have a core of silver with a shell of silica.

When the concentration of doping increases, the silver con-

tent in the silica matrix is found to be increasing.

Figure 6(a) shows the FTIR spectrum of pure silica gel

and figure 6(b) shows the spectrum of AG0.08 before and

after (AG0.08H) annealing the sample. The infrared spectrum

of the silica gel indicates the presence of three main absorp-

tion bands assigned to three different vibrational modes of the

Si–O–Si bonds. The lowest-frequency mode (∼460 cm−1) is

assigned to the transverse-optical (TO) rocking motion

perpendicular to the Si–O–Si plane. At 800 cm−1 a weak band
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Figure 5. EDS spectrum of (a) pure SiO2, (b) AG0.01 composite and (c) AG0.08 composite.
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due to symmetric stretching of the O atom along the line

bisecting the Si–O–Si angle is observed. The highest-fre-

quency mode, which is at 1080 cm−1, is associated with the

back-and-forth motion of the oxygen atom along a line par-

allel to the Si–Si axis [9, 27–29].

The band at 964 cm−1 is due to Si–OH stretching [27].

The band at 1641 cm−1 corresponds to the bending of the

absorbed H2O molecules, which can interact through hydro-

gen bonds with silanol groups. The characteristic band for

stretching (OH) groups was found at around 3477 cm−1 [9].

The infrared spectrum of Ag–SiO2 nanocomposites has

all the characteristic bands of silica along with a strong band

at 1382 cm−1. This is due to the presence of nitrate (NO3
−

)

ions. This band was assigned to the antisymmetric NO3
−

stretching vibration, which is related to the residual nitrate

groups in the dried gel [30]. It is also found that all the

characteristic peaks of silica were slightly shifted. For the

heated sample, sharpening of bands and shifting of peaks to

higher frequency has been observed. This indicates band-

shortening and reduction in the mean Si–O–Si bond angle

[31]. It has previously been reported that silver in mesoporous

silica gets oxidized when exposed to ambient air. It is

reported that Ag2O is characterized by infrared bands at 540

and 645 cm−1, while AgO is characterized by bands at 951

and 986 cm−1 [9, 27]. Cai et al observed a band at

1450 cm−1, which is due to Ag2O in silver silica nano-

composites [31]. The absence of characteristic bands

corresponding to Ag2O and AgO indicates that Ag is present

in the pure elemental form, and also any oxide present may be

at a tiny concentration too small to be detected by the

spectrometer.

XPS analysis was carried out in order to understand the

chemical state of the silver nanoparticles present on the sur-

face of the as-prepared sample. Figures 7 and 8 shows the Ag

3d core-level emission from thecomposites AG0.01 and

AG0.08. Figures 7(a) and 8(a) shows the deconvolved XPS

spectra of Ag 3d5/2 photoelectrons from silver in the sample.

Detailed deconvolution of Ag 3d shows that Ag nanoparticles

formed on the surface were in the metallic Ag0 state and other

particles oxidized in the form of AgO, with binding energies

Figure 6. FTIR spectrum of (a) pure SiO2 and (b) AG0.08 before and after annealing (AG0.08H).

Figure 7.Ag 3d XPS spectra for the AG0.01 composite. (a) Deconvolved XPS spectra of Ag 3d5/2 photoelectrons from silver in AG0.01. (b)
XPS spectra of O 1s as a function of Ag.
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368.2 eV and 367.4 eV respectively. The result obtained is in

agreement with earlier published reports [9, 32, 33]. Finally,

to complete the survey of the sample, the peak obtained for

oxygen 1s in the same spectrum is collected. Deconvolution

of O 1s gives valuable information regarding the chemical

state of oxygen bonding in Ag–SiO2 nanocomposites.

Figures 7(b) and 8(b) show the deconvolved spectrum of the

oxygen 1s core line as a function of Ag content. The O 1s

spectrum shows three Gaussian components. The main

component at 532.3 eV is from SiO2 [9, 34, 35]. The peak at

529.5 eV is due to Ag2O [9]. Another peak observed at

531.3 eV also comes from an oxide of silver [34], mainly

Ag2O present in the sample [35]. XPS analysis also confirms

the presence of Si, O and Ag in the samples.

Figure 9 shows the absorption spectra of pure SiO2 and

Ag–SiO2 nanocomposites before and after annealing.

Figure 9(a) shows the absorption spectra of pure silica

and it is found that it is transparent to the entire range of UV–

visible wavelengths. Figure 9(b) presents the absorption

spectra of Ag–SiO2 nanocomposites before annealing. All the

samples exhibit a strong absorption peak of silver, ranging

from 296 nm to 302 nm. The absorption around 300 nm was

due to the presence of ionic silver species, namely charged

silver dimers in the composites [18]. XPS data obtained

confirm the presence of Ag0, Ag+ and Ag2+ in the compo-

sites. Hence the SiO2 matrix considered herein shows features

indicating the presence of silver in various oxidized and

reduced states. It can be observed that the absorption peaks

have a strong dependence on the amount of silver loading. As

the silver concentration increases from 0.01M to 0.08M, the

intensity of the plasmon band is increased.

Figure 9(c) presents the absorption spectra of Ag–SiO2

nanocomposites after annealing at 160 °C for 5 h in air. After

annealing, the strong absorption band formed around 300 nm

is found to be broadened and redshifted to 422 nm. The same

trend was observed earlier for Ag nanoclusters embedded in

soda lime glass [33]. The broadening and redshift of the

samples during annealing in air can be due the formation of

silver–silver oxide nanoparticles in the composite [33]. The

TEM result of the annealed sample (AG0.03H) supports the

formation of Ag and Ag2O core–shell structure in the silica

matrix.

During annealing, the particle size increases from 3 nm to

6 nm due to the reduction of Ag+ ions, and an SPR peak at

422 nm was observed for this annealed sample. The presence

of SiO2 in the matrix increases the optical basicity of the

glass, indicates the electron donor power of oxygen and

allows the reduction of Ag+ to Ag0 [18, 36]. The formation of

silver—silver oxide core–shell nanoparticles in the silica

matrix can be explained as follows. Before annealing, Ag

atoms in the silica matrix can exist mainly in the form of Ag+

ions along with a small fraction of Ag0 atoms. On capturing

electrons from the silica matrix more Ag+ ions reduce to Ag0

atoms during annealing. These Ag0 atoms diffuse towards the

glass surface of the SiO2 matrix and lead to the precipitation

of Ag0 atoms, which imparts a yellow colour to the annealed

samples [33].

Photoluminescence (PL) spectra of silica gel and silver-

doped silica gel samples are shown in figure 10. Pure silica

gel exhibits a broad emission peak at 410 nm when excited

with a wavelength of 250 nm (figure 10(a)). These results are

in good agreement with the earlier published reports [15, 37].

The broad emission peak around 410 nm suggests the pre-

sence of an oxygen-type intrinsic defect, which is observed in

all forms of SiO2 [38]. This type of emission can be attributed

to the defect levels created in the silica network by the fast

incomplete hydrolysis, condensation and polymerization

process during sol–gel synthesis. This leads to the formation

of Si dangling bonds; non-bridging oxygen atoms and the

corresponding oxygen vacancy in the porous silica glass can

act as luminescent species in the SiO2 matrix [37].

PL spectra are shown in figure 10(b) for silver-doped

silica nanocomposites of higher (AG0.08) and lower con-

centration (AG0.01) when excited with wavelengths of 296

nm and 302 nm. When silver is loaded in the silica matrix the

PL intensity is found to be increased by a factor of the order

Figure 8.Ag 3d XPS spectra for the AG0.08 composite. (a) Deconvolved XPS spectra of Ag 3d5/2 photoelectrons from silver in AG0.08. (b)
XPS spectra of O 1s as a function of Ag.
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Figure 9. Absorption spectra of (a) pure silica, (b) Ag–SiO2 nanocomposites and (c) annealed Ag–SiO2 nanocomposites in air.

Figure 10. Photoluminescence emission spectra of (a) pure silica and (b) Ag–SiO2 nanocomposites of higher (AG0.08) and lower
concentration (AG0.01).
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of 102, and also the composites show a blue emission. For

silver nanocomposites different peaks were observed at

397 nm, 409 nm, 450 nm, 468 nm, 482 nm and 491 nm in the

emission spectra. These peaks may be due to photo-

luminescence either from silver nanoparticles or from oxides

or ions that are present in the sample [15, 18]. A broad peak

around 397 nm is observed in the PL spectrum of the Ag–

SiO2 sample. For bulk silver the PL band was experimentally

observed with the maximum at nearly 330 nm and this was

attributed to an interband sp–d radiative transition [15]. The

redshift of the PL band in the present investigation relative to

the PL band from bulk silver is probably due to the coupling

of the incoming (exciting) and outgoing photons with the

surface plasmons. This strong coupling may be the analog of

a ‘surface plasmon–photon’ polariton [15]. Based on these

observations it can be concluded that the PL band is due to

radiative decay of SPR excited in Ag NPs and their lumi-

nescence reflects the effect of electron–hole recombina-

tion [18, 34].

An energy transfer process between silver and Ag+ ions,

(Ag2)
+ and (Ag+

)2 pairs located in their vicinity has been

observed and can be regarded as the cause of the enhance-

ments observed in luminescence and light scattering. PL can

be obtained via plasmon resonance energy transfer (PRET)

from metal NPs to luminescent species in glass [29, 34],

which can be regarded as a primary mechanism for energy

transfer. PL emission bands seen at 450 nm, 468 nm, 482 nm

and 491 nm can be from silver nanoparticles or from their

oxides or ions present in the sample [16]. XPS data indicate

the presence of Ag0 and silver ions in the sample. It is known

that the ground state of the silver ion is 1S0 and the lowest

excited states in order of increasing energies are 3D3,
3D2,

3D1

and 1D2. It has been reported that the low-energy emission is

associated with 3DJ→1S0 (J=1, 2, 3) transitions and high-

energy emissions with the relaxation from the 1D2 excited

state to 1S0 [18]. In accordance with optical absorption data,

the emission around 397 nm can be ascribed to luminescence

corresponding to 3DJ→1S0 (J=1, 2, 3) transitions.
Belharouak et al [36] reported various luminescent

emitting centers such as A, B, C centers associated with single

Ag+ ions, (Ag2)
+ and (Ag+

)2 pairs present in the sample. The

presence of band emission around 409 nm in the PL spectra is

due to the 4d10→4d95s1 transition of isolated Ag+ ions in

the nanocomposite [25]. The band emission around 450 nm is

attributed to the presence of Ag+
–Ag0 pairs, which arise from

the PL quenching effect [15, 16, 34]. The peaks observed at

450 nm and 468 nm reveal the presence of Ag+
–Ag0 pairs in

the prepared composite. The transitions associated with this

pair are 4d105s→4d105p transitions and they are parity-

allowed [15]. Also there exists an emission peak around

500 nm, which suggests the presence of Ag+
–Ag+ pairs. The

presence of these centers suggests an inherent PRET mech-

anism that enhances photoluminescence in the composite.

PL spectra in our experiment reveal that there is a strong

dependence of the intensity of PL bands on molar con-

centration and hence on particle size. TEM results obtained

show that when the molar concentration of Ag/Si increases
from 0.01 to 0.08 the particle sizes increases. The strong size

dependence of PL bands indicates that the quantum yield of

the PL from silver nanoparticles is considerably higher than

that observed from bulk noble metals. For a higher con-

centration of AgNO3 in the silica matrix (particle size

∼19 nm), the PL emission bands become more prominent and

an additional intense band occurs at 413 nm when excited by

a wavelength of 302 nm. This enhancement and band at

413 nm are caused by the strong electric field due to SPR

excitations in Ag NPs [15].

Figure 11 shows the PL spectra of annealed Ag–SiO2

nanocomposites. For annealed samples, bands arise at 480

and 507 nm when emission is monitored at 422 nm. In this

case the band becomes more intense, redshifted and well

resolved compared to that in samples not subject to heat

treatment. This emission is mainly from Ag+
–Ag+ pairs. On

annealing, emission is found to be suppressed at 459 nm,

which indicates a nonradiative energy transfer from Ag+
–

Ag0. This energy is transferred nonradiatively to Ag+
–Ag+

pairs and produces luminescence at higher wavelengths [18].

In this system we cannot rule out the possibility of

emission from the nanoparticle oxides. During annealing,

silver ions are released in the matrix due to thermal decom-

position of oxides of silver. Silver monoxide (AgO) formed in

the sample is chemically unstable and could decompose into

Ag2O and Ag when heated. The observed increase in intensity

with increasing temperature is due to the larger volume

fraction of Ag NPs in the glass [36]. Enhancement of PL in

the emission spectrum and the redshifts of the respective

bands are due to the formation of oxides of silver in the silica

matrix.

The excitation wavelength plays an important role in the

PL spectra of silver particles. Figure 12 shows the influence

of excitation wavelength on the PL spectra of a silver-doped

sample of AG0.08 concentration. By exciting the silver

nanocomposite at different wavelengths (320 nm, 350 nm and

Figure 11. Photoluminescence emission spectra of annealed Ag–
SiO2 samples (AG0.01H, AG0.03H). The inset shows the emission
spectra of Ag–SiO2 nanocomposites of higher (AG0.08) and lower
concentration (AG0.01) before annealing.
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370 nm) a broad band emission is observed. When the exci-

tation wavelength is greater than the wavelength corresp-

onding to maximum absorption, the PL band becomes

broadened, blueshifted and decreases in intensity. The shift in

band emission to the lower energy side with decreasing

excitation energy is due to the presence of different emission

centers in the sample [18]. The observed broadening in the

emission spectra is due to the presence of overlapping bands

with different origins. This occurs due to chemical interface

damping at the Ag/SiO2 interface and causes electron transfer

from the metallic particles to the luminescent species in the

oxide matrix [39]. If the bands originated purely from ions,

the spectral position would not change with the change in

concentration of AgNO3 and excitation wavelength. This

again confirms the formation of oxide in the matrix in support

of the information from XPS and TEM.

Figure 13 shows a schematic diagram involving the

energy transfer processes between silver nanoparticles and

ionic silver pairs in the composites. In this Ag–SiO2 nano-

composite system a silver particle act as a donor of electrons

and transfers energy to the luminescent species (such as Ag+

ions, Ag+
–Ag0 pairs and Ag+

–Ag+ pairs) present in the SiO2

matrix. When excited by a wavelength of 300 nm, silver NPs

absorb energy and undergo excitation from 4d105s to the

excited state 4d105p and radiative transitions due to SPR

excited in Ag NPs, resulting in emission around 396 nm.

Since silver particles act as a source of electrons, they transfer

energy to the emitting center Ag+
–Ag0 pairs by some non-

radiative transition. Thus energy is transferred from Ag+
–Ag0

pairs to Ag+
–Ag+ pairs and displays emission at a wave-

length shifted from the SPR of silver nanoparticles. A sup-

pression of the band at 459 nm was observed for annealed

sample compared to the unannealed one. So we can assume

that Ag+
–Ag0 pairs will also act as electron donors to Ag+

–

Ag+ pairs, which are located inside the SiO2 matrix and can

transfer energy nonradiatively. This highly unstable state

causes emission around 500 nm and these transition are not

parity-allowed in nature. Thus we can conclude that Ag+
–Ag0

pairs are being excited via PRET from silver nanoparticles,

and the excitation energy is subsequently transferred from

Ag+
–Ag0 pairs to Ag+

–Ag+ pairs and causes observed band

emission at around 500 nm.

4. Conclusion

Crack-free silver silica nanocomposites were prepared by the

low-temperature sol–gel method. XPS analysis shows that

silver exists in the silica matrix mainly in metallic forms along

with a small amount of AgO and Ag2O. The size dependence

of silver particles in the silica matrix with varying silver

nitrate concentration was revealed through TEM analysis. The

annealed sample shows a redshift in the absorption band from

300 nm to 422 nm due to a change in the effective permittivity

of the dielectric medium. An ability to tune the SPR

absorption peak to the desired location can also be observed

from absorption studies. PL emission and the appearance of

bands at 396 nm, 413 nm, 468 nm, 482 nm and 491 nm shows

the presence of silver nanoparticles along with the oxides

and ions of silver. Enhancement of optical properties due

to the presence of luminescent centers and the charge

transfer mechanism was also confirmed from UV–visible

absorption and PL studies. The excellent optical properties

and tunability in size and position of the absorption band of

the composites indicate that they are very good candidates for

many applications such as in optical devices and biological

systems etc.
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Abstract The Dual Beam mode-matched thermal lens spec-

trometry is a sensible technique for direct measurements of the

thermal properties of tartrate crystalline materials. Here we

report the measurement of thermal diffusivity of Strontium

Tartrate single crystals incorporated with Rhodamine 6G

using the thermal lens experiment. The respective crystals

were prepared by solution-gel method at room temperature.

The absorption characteristics of three different Strontium

Tartrate crystals viz. pure, electric field applied and magnetic

field applied were also carried out.

Keywords Strontium tartrate crystals . Thermal lensing .

Nonlinear crystals

Introduction

Tartrate crystals have found many applications in the field of

nonlinear optics. Strontium Tartrate (SrT) is one such material

with device applications since it possesses ferroelectric behav-

iour [1, 2]. Nonlinear optical devices based on second har-

monic generation, crystal oscillators and devices to central

laser emission are some of these applications [3–7].

StrontiumTartrate is a strategic material with a global business

potential [3]. Divalent tartrates are ferroelectric and piezoelec-

tric compounds, exhibiting nonlinear optical and spectral

characteristics [4–6]. They are used in transducers and several

linear and nonlinear mechanical devices [7–12]. B.

Sureshkumar et al. reported on the growth and charac-

terization of pure and lithium doped strontium tartrate

tetra hydrate crystals by solution–gel technique [13]. In

recent years great attention has been devoted to the

studies of nonlinear crystals like strontium tartrate due

to their wide range of applications [14–19]. The dielec-

tric behaviour of strontium tartrate single crystals was

studied by S.K. Arora et al. They gave a clear picture

of various polarization mechanisms such as atomic po-

larization of lattice, orientational polarization of dipoles

and space charge polarization in the grown crystals

using the results of the measurements of dielectric con-

stant and dielectric loss as functions of frequency and

temperature [13]. Strontium tartrate belongs to the space

group P212121containing four molecules per unit cell

with dimensions a = 0 × 948, b = 1 × 096 and

c = 0 × 946 nm [20–22]. Since the solubility of tartrate

compounds in water is very poor and they decompose

before melting. Hence single crystals of tartrate com-

pounds cannot be grown by either slow evaporation or

melt techniques. Here arises the significance of gel

method. Henisch et al. developed experimental tech-

niques for gel growth and attempted to correlate the

nucleation mechanisms in gels to some characteristics

of gel structures [23–24]. M.H. Rahimkutty et al. stud-

ied the thermal behaviour of gel grown strontium tar-

trate crystals using thermo gravimetric and differential

thermal analyses [2]. Most often, research studies have

concentrated on structural, electrical and optical behav-

ior of the synthesized crystals. Nonlinear optical prop-

e r t i e s o f these c rys ta l s a re se ldom repor ted .

Understanding the nonlinear behavior of strontium tar-

trate crystal l ine materials is a prerequisi te for
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considering nonlinear applications. In the present study,

we report linear absorption and thermal lensing (TL)

characteristics of strontium tartrate single crystals to

evaluate it’s application potential in non-linear devices.

Experimental

Gel method was employed for preparing the crystal sam-

ples for our studies. Initially, a stock solution of sodium

meta silicate of specific gravity 1.03 g/cm3 was prepared

for gel formation. To the solution of sodium meta sili-

cate, a 1 M tartaric acid was mixed and the pH of the

solution was varied. The solution was kept undisturbed

for two days to form firm gel. To the gel, a 1 M stron-

tium nitrate solution was gently poured through the sides

of the test tube without disturbing the gel surface. The

chemistry behind the crystal formation is given below.

C4H6O6 þ Sr NO3ð Þ2}SrC4H4O6 þ 2HNO3

Two different SrT samples were obtained by applying

an electric field of 10 V perpendicular to the length of

the experimental test tube and providing a magnetic field

of 0.1 Tesla across the test tube. The reaction between

the strontium nitrate and tartaric acid were studied for

different gel density and molarity of the top solution.

Thus three types of SrT crystal samples were obtained

for our studies viz. pure, electric field applied and sam-

ple subjected to magnetic field. SrT crystals started to

grow from the interface after 24 h after placing the top

solution. The prepared SrT crystal samples were subject-

ed to X-ray diffraction studies (XPERT-PRO using K-

Alpha 1.54060A0 (XRDML)) for confirmation of crystal-

line nature and structure determination.

For the spectral characterization, the given SrT crystals in

powder form were used. Using mortar and pestle, the sample

was powdered and weighed about 0.35 g and dissolved in

20 ml of ethanol to obtain a concentration 0.02 g/ml. For the

dissolution, a magnetic stirrer was used and the solvent evapo-

ration was prevented by using a sealed glass container. Linear

absorption of the crystal samples in solution phase was record-

ed using Jasco V-570 UV/VIS/IR Spectrophotometer. Optical

band gap of these sampleswere obtained from linear absorption

measurements.

Non-radiative decay studies of these SrT crystals were

done using dual-beam mode-matched thermal lens tech-

nique. This is a very high sensitive method which can be

used to find the thermal diffusivity of our SrT crystal

samples in solution phase. For this TL experiment, a

532 nm diode pumped solid state laser, (DPSS) with a

maximum power of 150 mW was used as the excitation

source. In order to avoid aberrations, attenuators were

used for adjusting the power at the crystal sample. A

2 mW He–Ne laser used as the probe was arranged to

be collinear with the pump using a dichroic beam splitter

[25, 26]. The two beams were focused into the sample

cell such that the beam area at the sample plane was the

same for both pump and probe resulting in a mode

matched TL configuration. To enhance the absorption

of SrT crystal, rhodamine6G(Rh-6G) dye was incorporat-

ed. A mixture of 0.5 ml rhodamine-6G and 3 ml of SrT

sample solution was taken in a 1 cm cuvette of 5 mm

path length for various sets of measurements.

Results and Discussions

Structural Analysis by XRD

Good quality crystals were obtained by the gel method that we

adopted for sample preparation. The structural characteristics

was done using powderedX-ray diffraction pattern. The X-ray

diffraction pattern of strontium tartrate is as shown in

Fig.1,which confirms the crystallanity of our samples. Sharp

peaks in the X-RD figure indicate the perfect crystalline aspect

for the SrT sample.

There are 17 number of scattering points with maximum

intensity 100 for 2θ = 17.5749. Another point of maximum

intensity of 77.62 at 2θ = 37.5699. The crystal was identified

by comparing the inter planar spacing and intensity of the

pattern with the pattern in the JCPDS index file

(No.01–.0539). The SrT is reported to have a space group of

P212121. XRD pattern analysis resulted with orthorhombic

structure. Position of peaks, full width half maximum

(FWHM) and hkl values of the observed peaks are given in

Table 1.

Absorption and Direct Band Gap Studies

The linear absorption of SrT crystal samples were studied

using UV-Visible absorption spectra at room temperature.

The crystal samples in ehanol solution was taken in the

sample cuvette and ethanol alone was used as reference.

Figure.2 picturises the spectral behaviour of three differ-

ent SrT samples viz. pure SrT, electric field applied and

magnetic field applied SrT crystal samples in solution

phase. Absorption spectra of electric field and magnetic

field apllied crystals are different from that of pure crys-

tals. From the spectra it is clear that application of ex-

ternal field (electric or magnetic) has a strong influence

on the structure of grown crystals. In the gel growth,

crystals are grown at lower temparture and it is possible

to eliminate strains upto a high extent. The application of

fields induces strain in crystal lattice and increases the

number of defects in grown crystals. The increase in

J Fluoresc



number of lattice defects for the field applied crystals is

reflected in the absorption spectra.

The absorption figure shows that all the three SrT samples

have their absorption peaks in the ultra violet region and have

a wide transparency range in the entire UV region. Thus the

absorption spectrum of SrT crystal shows it is well suited for

nonlinear optical studies.

The optical band gap of our samples was studied

using the absorption specra. The values of hν were plot-

ted against that of (αhν) 2, where, α is linear absorption

coefficient which is related to the band gap Eg as (αhν)
2 = k (hν- Eg), where hν is the incident light energy, k is

a constant and Eg is the optical band gap of the sample.

Figure 3 indicates the band gap plot of strontium tartrate.

The peak at this particular wavelength is due to the elec-

tronic transition and the direct band gap values of SrT

vary from 5.3 to 5.4 eV.

Thermal Lensing Characteristics

Thermal diffusivity of SrT crystals were determined

using a dual beam mode-matched thermal lens experi-

mental technique employing a TEM00 Gaussian laser

beam as the excitation source. Figure.4 shows the ther-

mal lensing of SrT crystals with rhodamine6G dye. Here

the SrT sample incorporated with the rhodamine 6G was

placed along the path of the excitation laser beam. While

Fig. 1 XRD of SrT crystal

Table 1 hkl values of SrT for different 2θ values from XRD data

analysis

Pos. [°2Th.] FWHM [°2Th.] h k l

11.9723 0.6048 1 1 0

16.5256 0.3024 0 2 0

17.5749 0.3024 2 1 0

26.87 0.3024 1 1 1

30.112 0.3024 2 1 1

33.5504 0.3024 2 2 1

34.2284 0.3024 1 4 0

37.5699 0.3024 3 2 1

38.4713 0.3024 2 3 1

40.8921 0.3024 4 1 1

48.6215 0.3024 3 5 0

50.5018 0.3024 0 1 2

58.9937 0.3024 7 2 0
Fig. 2 Linear absorption spectra of three SrT crystal samples
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experimenting, a temperature rise was produced by non

radiative decay processes following the optical energy

absorption. A lens like optical element was obtained as

a result of the change in refractive index with tempera-

ture of the SrT crystal sample. The probe beam intensity

values were obtained from the plot of intensity vs time in

second scale. From this plot, the decay time tc and fitting

parameter θ were obtained using a theoretical fit of the

measured values. From the values of tc and the beam

waist radius w at the sample position, the thermal diffu-

sivity D of SrT sample can be calculated as

D ¼ w2=4tc

The solid line in the figure corresponds to the theoretical fit

to the experimental data represented by the circles. The devi-

ation in the thermal lens plots may be due to the selection of

data points to fit theoretically. The SrT sample absorbs some

of the radiation and excited states are formed. They lose ener-

gy non radiatively which generate heat. The thermal diffusiv-

ity values of SrT-Rh-6G can be calculated from the fitting

parameters. Measured values of thermal diffusivity D, θ,and

tc are given in the Table. 2.

From the values of θ,it is evident that SrT crystals exhibit a

negative lens. Thus the Rh-6G added SrT sample solution

expand on heating that is indicated by the presence of negative

θ values. These results reveal that a weak TEMGaussian laser

beam passing through the thermal lens, will be affected,

resulting in a variation in its spot size and hence intensity at

the beam centre. The low value of thermal diffusivity for mag-

netic field applied sample suggests that the effect of

magnetic field on SrT enhances the decay time to a

great extent and have found applications in the field

of thermal insulators. Thus the non radiative decay from

the gel derived SrT crystal sample is well studied by

these measurements.

(a) (b)

(c)

Fig. 3 Optical band gap plot of (a) pure (b) electric field applied and (c) magnetic field applied SrT samples
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Conclusions

Good quality Strontium Tartrate crystals were prepared by

employing the solution-gel method. The structure determina-

tion of the sample crystal was done by X-ray diffraction pat-

tern which confirm that strontium tartrate belongs to the

orthorombic system. Linear absorption spectra of three differ-

ent SrT crystals were taken at room temperature. Absorption

peaks were located in UV region giving a wide transparency

range to these crystal samples. Optical band gap of the sam-

ples were also measured and the variation in direct band gap

was monitored. Thermal diffusivity and the lensing property

of the gel-grown strontium Tartrate single crystals were per-

formed using dual beam mode-matched thermal lens experi-

ment. Rhodamine 6G dye was incorporated to the crystal

sample in solution phase to enhance the absorption of SrT.

Thermal diffusivity of the pure, electric and magnetic fields

applied SrT samples were also calculated from the TL plots.

The negative value of fitting parameter indicates that

Strontium Tartrate-Rhodamin 6G solution exhibit a negative

lens.
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Effect of vacuum annealing on the photoconductivity of CuO thin films
grown using sequential ionic layer adsorption reaction
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� CuO thin films grown using SILAR
technique at 338 ± 5 K.

� Blue shift of optical band gap
observed with increase in vacuum
annealing temperature.

� Persistent negative photoconduc-
tivity recorded in as deposited films.

� Vacuum annealing leads to purging
of negative photoconductivity.

� Upward and downward bent bands
identified using Kelvin probe.
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a b s t r a c t

Using sequential ionic layer adsorption reaction technique, Cupric Oxide (CuO) thin films were deposited
on a glass substrate at relatively low bath temperature of 338 ± 5 K. The as deposited films were
polycrystalline in nature with preferential orientation along the (200) plane. The films were found to
exhibit negative photoconductivity. Vacuum annealing of the films resulted in preferential growth along
the (111) and (200) plane for temperatures 373 K, 473 K and 573 K. Vacuum annealing at 673 K resulted
in preferential growth along the (200) plane. The vacuum annealed films showed normal photocon-
ductivity behavior. The optical band gap of the films was found to increase from 1.57 eV for the as
prepared films to 2.06 eV for films annealed in vacuum at 673 K. Surface photo voltage measurements
indicate that the direction of band bending is reversed when the as deposited CuO thin films are sub-
jected to vacuum annealing. We conclude that surface state passivation is leading to change in the
photoconductive behavior of the thin film samples when subjected to post deposition vacuum annealing.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Cupric oxide (CuO) is a p-type semiconductor with optical band
gap energy of 1.2 eV andwork function of 5.3 eV [1]. In areas such as
photo catalysis, photovoltaics, photonics, solid state batteries, ac-
tuators and semiconductor devices research on CuO is being

pursued by researchers world over [2,3]. The non-toxicity of CuO
and abundant availability of its constituents make it a promising
material for photonic and photovoltaic research applications [4].
The optical band gap of CuO matches with the peak irradiance of
the Sun’s spectrum, making it an attractive candidate as a solar
selective absorber. CuO is characterized by high solar absorbance
and low thermal emittance at normal operating temperatures [5].
The use of CuO in ceramics to produce different color shades like
blue, red, green, pink and grey has been reported [4,6].

Reports on the growth and characterization of CuO using* Corresponding author.
E-mail address: rjayakrishnan2002@yahoo.co.in (R. Jayakrishnan).
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techniques such as, thermal oxidation [6], electro deposition [7],
chemical conversion [8], spray-pyrolysis [9], chemical vapour
deposition [10], and reactive sputtering [11], have been reported
towards the preparation of solar selective absorber coatings. We
used sequential ionic layer adsorption reaction (SILAR) technique
for the growth of Cupric Oxide thin films on glass slide substrate.
Reports on the growth and characterization of CuO by SILAR
technique have been reported by several groups [12e15]. We have
used relatively lower bath temperature for our process of film
deposition as compared to the earlier reports [12e18]. The pre-
cursors used by us are economical and our deposition process takes
place in absence of complexing agent [16e18]. The SILAR process
enables controlled growth of nano-crystalline structures because of
the layer by layer growth mechanism of the atomic layers [19].
SILAR provides a scalable and controllable deposition technique
which is economic and easy to implement in laboratory or indus-
trial mode. The process delivers control over film deposition rate,
film composition and film thickness.

Persistent photoconductivity has been identified as a key char-
acteristic in polycrystalline thin film solar cells, which enables them
to outperform their crystalline counter parts [20]. We report on the
observed anomalous persistent photoconductivity in the as
deposited CuO thin films. Vacuum annealing of the as prepared
films resulted in removal of the persistent photoconductive (PPC)
nature. The physics involved in removal of the PPC is investigated
using Kelvin probe which is an ideal tool for the study of surface
passivation. It is a non contact and non destructive technique for
measurement of work function of materials. It is a vibrating
capacitor device which measures contact potential difference (Vc)
between a conducting specimen and a vibrating probe tip [21]. A
backing potential Vb electrically connects the specimen and probe
tip and when Vb ¼� Vc, the circuit becomes balanced. By using this
null measurement technique, the value of Vc can be found

accurately. In practice the value of Vc is found by recording the
output signal as a function of Vb and fitting the data to find the
value of Vb where the signal passes through zero. Details of the
technique have been reported elsewhere [21,22].

2. Experimental details

CuO thin films were deposited on a glass substrate which was
cleaned by first immersing it in chromic bath for 24 h followed by
cleaning the slides using extran solution. Two baths each contain-
ing 100 ml of 0.1 M Copper acetate (CH3COO)2Cu.H2O solution and
100 ml of 1 M Sodium acetate (CH3COONa) solution were used as
the precursor baths. A bath containing 100 ml double distilled
water was used as the precursor for the cleaning action intermit-
tent to the deposition period. Thin films were obtained by following
a cyclic process with all of the baths maintained at a temperature of
338e343 K. A deposition cycle contained four dips-the first in the
cation bath followed by the second dip in the water bath, third
being in the anion bath and fourth dip in the water bath. The
deposition cycle had the following timings-the slide was first
immersed into the 0.1 M aqueous Copper acetate solution for 20 s
for the cation species to adhere to the substrate. Subsequently they
were immersed for 5 s in double distilled water and then immersed
for 10 s in 1 M aqueous Sodium acetate. This was again followed by
an immersion in double distilled water for 5 s to remove away the
species adhering loosely to the substrate. Hundred cycles are
repeated until a brownish film is obtained. After 100 cycles the
samples are left on a dish to dry with a small slant to allow the
water drops to roll down gravimetrically. As prepared films so ob-
tained are referred to as sample “A” hereafter in this report. Sets of
as prepared films, were annealed in vacuum for 30 min at a tem-
perature of 373 K, 473 K, 573 K and 673 K and these are referred to
as sample “B”, sample “C”, sample “D” and sample “E” respectively
in this report. Photoconductivity studies were carried out using an
in house facility consisting of a halogen source for optical excitation
and a source measuring unit (Agilent B2901A) for electrical mea-
surement. Kelvin probe microscopy was carried using the KP020
Ambient Kelvin Probe System. The sample was enclosed within a
Faraday enclosure to avoid stray signals during the work function
measurements.

3. Results & discussion

Fig. 1 shows the XRD spectrum for the CuO films. The details of
the peaks identified are summarized in Table 1. For the as prepared
samples, the most prominent peak was observed for 2q ¼ 38.774

�

corresponding to d ¼ 2.32 A. This was identified to the (200) plane
as per JCPDS 80-1916 for CuO. The other prominent peak was
observed at 2q ¼ 35.44

�
corresponding to d ¼ 2.53 A. This was

identified to the (111) plane as per JCPDS 80-1916 for CuO. For
sample B the preferential orientation changed towards the (111)
plane as shown in Fig. 1 with a relative increase in diffraction in-
tensity of both (111) and (200) planes. This may be the result of re-
arrangement occurring because of the vacuum annealing at 373 K.
Fig. 1 also shows the XRD spectrum for sample C, where both of theFig. 1. XRD spectrum for sample A, B, C, D and E.

Table 1
Tabulation showing calculated values of average crystallite size, microstrain, dislocation density, thickness and r.m.s roughness.

Sample t (nm) ε (10�3) d(1015 m�2) Thickness (nm) Roughness RMS (nm)

A 18.6 3.97 2.88 305 35.51
B 16.9 3.87 3.51 290 30.43
C 15.3 4.17 4.25 280 27.83
D 14.5 4.47 4.73 265 25.41
E 13.3 6.08 5.61 265 18.65
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planes have the same relative intensities. Another diffraction peak
was identified in sample C, as the (202) plane of CuO as per the
same JCPDS data file. This shows that vacuum annealing at 473 K
leads to re-crystallization along both of the (111) and (200) planes
and also birth of a new plane. It may be stated here that the re-
crystallization along (111) plane exhibits a faster rate than the
(200) plane under the annealing conditions of 373 K and 473 K. The
analysis clearly showed that vacuum annealing was leading to the
increase in prominence of the (111) plane when the as prepared
sample was subject to vacuum annealing at higher temperatures.
There are a number of contradictory reports on the indexing
regarding CuO/Cu2O which, suggests that a complex micro-
structural evolution occurs under annealing in copper oxide films.
In our films, the presence of multiple peaks of the CuO phase in-
dicates the polycrystalline nature of films. Detailed analysis of the
XRD data shows that the full width at half maximum (FWHM) of
the peak associated to the (111) is increasing along with its peak
intensity as the vacuum annealing temperature is increased. This
clearly proves that re-crystallization along (111) plane is being
facilitated by the vacuum annealing process. Fig. 1 also shows the
XRD spectrum for sample D and E, which clearly shows that the
preferential orientation is along the (200) plane. For sample D and E
the rate of re-crystallization along the (200) plane is faster than the
(111) plane. The diffraction peak intensity and peak FWHM of the
annealed samples are larger than that of the as prepared samples
confirming that re-crystallization is occurring in the samples.

Fig. 2 shows a plot of the ratio of the diffraction intensities along
the (200) plane to (111) plane as a function of the temperature of
film processing. The figure also shows the plot of the ratio of the
diffraction peak FWHM of the (200) plane to (111) plane. The plot
shows that annealing leads to increase in prominence of the (200)
complimented by a decrease in its FWHM relative to the (111)
plane. It can be hence interpreted that for annealing temperatures
upto 473 K the (111) plane has preferential growth relative to the
(200) plane and for higher temperatures the (200) plane has
preferential growth. The plot also shows that upto 573 K the two
planes grow complimenting each other whereas for 673 K the (200)
plane grows at the cost of the (111) plane. This is based on the
observation that the ratio of peak intensity of (200) plane to (100)
increases by an order at 673 K where as the ratio of the FWHM of
diffraction peak for (200) plane to (100) decreases.

The mean crystallite size for the (111) diffraction peak from the
XRD data was calculated using the Debye eScherrer formula:

t ¼ 0:9l
b cos q

(1)

where “t” is the average diameter of the crystallite forming the
films, l¼ 1.5405ÅA

0
, b is the broadening of diffraction linemeasured

at the half of its maximum intensity in radians and q is the half
angle between incident and diffracted X-ray [23]. The calculated
values of average crystallite size are presented in Table 1.

Themicrostrain (ε) developed in these films was calculatedwith
the following relation [24]:

ε ¼ b

4 tan q
(2)

where q is the diffraction angle for the (200) plane and b the FWHM
corresponding to this diffraction peak.

The dislocation density (d) is described as the length of dislo-
cation lines per unit volume of the crystal [25]. The dislocation
density gives information about the crystal structure. There is only

Fig. 2. Plot of ratio of diffraction peak intensity and peak FWHM of (200) plane to (111)
plane versus sample processing temperature. Fig. 3. Plot of (ahn)2 versus hn for the samples.

Fig. 4. Band gap versus average grain size variation plotted using Tauc plot data and
theoretical fitting to Equation (6).
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increase in intensity of the diffraction peaks without any shift in
peak position as a result of annealing and hence we quantified the
dislocation density within the films. The dislocation density for
preferential orientation (200) can be calculated using the formula
[26]:

d ¼ 1
t2

(3)

The calculated values of microstrain and dislocation density for
different samples are presented in Table 1.

Optical absorption spectra were recorded in the wavelength
region of 400e1100 nm. From the room temperature absorption
spectra of the deposited CuO thin films, the excitonic peak is found
to be blue shifted, with respect to that of bulk CuO, and this could
be attributed to the confinement effects. By the quantum size ef-
fect in nano-sized semiconductors, the band gap increases when
the size of the particle is decreased, resulting in a blue shift of the
absorption bands. The dependence of the absorption band gap on
the size of CuO nanocrystals can be used to determine the particle
size. An estimate on the order of magnitude of the particle size is
possible from the absorption spectra. To get a precise measure-
ment of the shift, the first derivative curve of the absorption
spectrum is taken and the point of inflection is taken as the ab-
sorption edge. From the shift of absorption edge, the size of the
nanocrystals may be calculated [26]. For the direct transition,
optical band gap energy of the CuO thin film is determined using
the following equation [27].

ahn ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hn� Eg

q
(4)

where hn is the photon energy, Eg is the optical band gap and A is a
constant. In order to determine the optical band gap, “(ahn)2 versus
hn graph”was plotted. The intercepts of this plot on the energy axis
gives the energy band gap of thematerial. Fig. 3 shows the variation
in band gap of the films. It is observed that the as prepared films
had band gap ~1.57 eV which was increased to 1.61 eV upon
annealing at 373 K. The band gap of samples annealed at 473 K was
founded to be ~1.77 eV which is larger than that of the samples
annealed at 373 K and that of the as prepared samples. The band
gap of the samples annealed at 573 K was found to be 1.86 eV while
the band gap of the samples annealed at 673 K was found to be
2.06 eV. Thus an increase in band gap of the samples was observed
as the annealing temperature was increased. The increase in band
gap may be due to decrease in grain size as observed from the XRD
analysis. Fig. 4 shows a plot between the band gap and the average
grain size of the respective samples. The enhancement of optical
band gap in the nano-crystalline structure will have quantum size
effect similar to that of quantum dots and can be described by the
following equation [28].

Enanocrystalgap ¼ Ebulkgap þ Z2p2

2r2

�
1
me

þ 1
mh

�
� 1:8e2

4pεε0r
� 0:248E*Ry (5)

where Ebulkgap is the optical band gap for the bulk CuO, Enanocrystalgap the

Fig. 5. AFM surface morphology for all of the samples studied.
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optical band gap for the nano particle, h is Planck’s constant, r the
radius of the nano-particle, me and mh the effective masses of the
electron and hole, ε is the dielectric constant, ε0 the permittivity of
free space and E*Ry the Rydberg constant. The bulk band gap Ebulkgap is
taken as 1.2 eV [1]. The electron and hole effective masses are taken
as m*

e ¼ 0:95m0 and m*
h ¼ 7:9m0, respectively [29]. The third and

fourth term in equation (5) are much smaller the confinement term
(second) due to relatively high values of dielectric constant for
semiconducting materials and may be omitted. Substituting the
values of the other parameters the equation reduces to

rðnmÞ ¼ 1:66ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DEðeVÞp (6)

where DE ¼ ENanocrystalgap � EBulkgap . Fig. 4 shows a plot of the nano-
crystal band gap Enanocrystalgap obtained from the Tauc plot versus
the nano-crystal radius r. The theoretical fit of equation (6) is also
shown in Fig. 4. Both the plots exhibit similar behavior for the
change in band gapwith respect to the radius r. Thewide difference
between the two may be because of the error associated with the
methodology of taking slope of the Tauc plot. However the simi-
larity in nature of the two plots proves that band gap increases with
increase in temperature of vacuum annealing.

Fig. 5 shows the atomic force micrograph image taken for
samples A, B, C, D and E. The images clearly shows the film
morphology changes when annealed. The morphology change is
dominant for sample C. AFM is a very powerful tool for probing the
surface morphology of thin films. All of the AFM images reported
here have a resolution of 512� 512 pixels. The r.m.s roughness (Rq)
as defined in equation (7) quantifies the surface roughness to a
single value which express the variation of the surface height
function hðr; tÞ over a two dimensional surface with linear size L

Rq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
L2

X�
hðr; tÞ � hðtÞ

�2r
(7)

where, r refers to the point where the height function is measured
[30]. The average height is given by the
expressionhðtÞ ¼ 1

L2
P

hðr; tÞ. This function gives an idea about the
surface roughness. However it fails to account for surface
morphological features like long wavelength and short wavelength
periodicities. This can be extracted by evaluating the square root of
the square of the Fourier expansion of the surface spatial features.
The resulting values are called Power Spectral Density (PSD)

Fig. 6. Temporal response of (a) sample A (b) Sample B and Sample C.

Table 2
Measured values of surface potential and calculated values of Work function for samples A, B, C, D and E under dark and illuminated condition.

Sample Surface potential under dark
condition

Surface potential under illuminated
condition

Work function under dark
condition

Work function under illuminated
condition

Measured (mV) Measured (mV) Calibrated with Gold reference
(eV)

Calibrated with Gold reference (eV)

A �573 ± 5 �418 ± 4 4.677 4.832
B �452 ± 5 �707 ± 5 4.798 4.543
C �441 ± 3 �577 ± 3 4.809 4.673
D �391 ± 7 �438 ± 6 4.859 4.812
E �367 ± 3 �407 ± 7 4.883 4.843

Fig. 7. Plot of measured surface photo voltage versus sample processing temperature.
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spectra which is an expression which decomposes the surface
profile into the r.m.s. amplitude of the components of the Fourier
expansion of the AFM spatial image. In two dimensions the PSD is
expressed as [31,32].

PSDðkÞ ¼ 1
L

���� 12p
Z

hðrÞe�ikrdr
����
2

(8)

where r ¼ rðx; yÞ refers to the position over which the height is
measured, k is the spatial frequency, k ¼ kðkx; kyÞ with wave vector
k ¼ 2p

l
. Table 1 also shows the average film thickness and r.m.s.

roughness for each sample. The decrease in surface roughness with
increase in vacuum annealing temperature suggests the existence
of a surface smoothening process. This may be because of the result
of heat induced viscous flow, volume diffusion, or surface diffusion
which can all result in smoothening of the surface. Also for samples
D and E a secondary set of grains densely packed and smaller in size
become dominant. The larger optical band gap values observed
from the Tauc plot may be the results of the absorbance exhibited
by these smaller grains.

Fig. 6 (a) shows the temporal photo response of sample A when
excited using a halogen light source. As evident from the figure the
current across the sample drops rapidly when the optical excitation
is provided. The negative photoconductivity tends to slowly satu-
rate. The current reverses when the optical excitation is removed.
However the dark current in the sample saturates to a lower
magnitude than the magnitude at the start of the optical excitation.
This represents a clear evidence for the persistent photoconductive
nature of the as prepared CuO thin films. Fig. 6 (b) shows the
temporal photo response of sample B and sample C. Both of the
samples exhibit normal photoconductive behavior. The photo
response of the samples B and C is much faster than sample A as
evident from the response curves. Similar photoconductive
behavior is exhibited by sample D and E but is of lower magnitude
and hence not shown here. This leads us to conclude that vacuum
annealing of the films leads to removal of the persistent nature of
photo response. Similar results have been reported by us earlier on
IIeVI binary semiconducting thin films where annealing resulted in
change in photoconductive behavior [33,34].

Table 2 presents the data on thework functionmeasured in dark
and illuminated conditions for sample A, B, C, D and E respectively
along with the standard deviation for each measurement. It is
observed that work function for the sample increases with increase
in annealing temperature. Table 2 also shows that the work func-
tion for the samples decreases upon illumination with white light.
This proves that the illumination is leading to shift in the Fermi
level of the CuO thin films. Upon illumination electron-hole pairs
are generated which may momentarily result in increase in elec-
tron concentration in the conduction band before the pair recom-
bination occurs. The difference of work function between the
illuminated and dark condition is known as the surface photo-
voltage (SPV). Fig. 7 shows a plot of surface photo voltage versus
the processing temperature of the CuO films. The vacuum annealed
samples exhibit negative values for surface photo-voltage while the
as prepared sample exhibited positive value of SPV. It is well
established that the positive values of surface photo voltage
correspond to downward bent bands while the negative values of
surface photo voltage correspond to upward bent bands [35]. From
the figure it may be interpreted that as the annealing temperature
is increased the band bending of the upward bent bands decreases
and the band bending tends to flatten.

Fig. 8 shows the SPV spectra for the samples. For sample Awith a
downward bend band the maximum generated SPV is ~75 mV. For

Fig. 8. Measure of SPV versus incident photon energy spectra for as prepared and
vacuum annealed samples.

Fig. 9. Schematic of the band bending in the as prepared and vacuum annealed samples.
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sample C themaximum SPV generated is ~135mVwhile for sample
E it is ~64 mV. This shows that the upward surface band bending is
stronger in the sample annealed at 473 K (sample C) as compared to
the sample annealed at 673 K (sample E). This supports our earlier
conclusion that as the annealing temperature for the samples is
increased the band bending decreases. The results of the SPV
measurement show that for CuO thin films with upward bend
bands, as the energy of incident photon increases the band tends to
flatten where as for the films with downward bent bands the band
bending increases with increase in energy of the incident photon.
Fig. 9 shows a schematic of the proposed band bending in the as
prepared and vacuum annealed samples.

4. Conclusion

Nano-crystalline Cupric Oxide thin films has been successfully
grown by SILAR method using Copper Acetate and Sodium acetate
as precursor solutions. The precursors have been maintained at a
temperature of ~338 ± 5 K during the deposition time. The Oxide
films were annealed at various temperatures and growth of the
crystal structure was studied. The present work shows that nano-
crystalline CuO films can be grown consistently at low tempera-
tures using SILAR technique. The deposited films have a band gap
~1.57 eV which is a result of nano-sized grains in the thin films. The
work function of the as prepared samples was found to be 4.829 eV
and upon vacuum annealing at higher temperature, the work
function is found to increase. The as deposited films exhibited
anomalous photo conductivity. This property was annulled when
the films were subjected to vacuum annealing. The surface photo
voltage for the annealed samples was found to be negative, while
for the as prepared sample it was positive. Thus we conclude that
air annealing of the as prepared CuO thin films results in reversal of
direction of band bending. It may be also removing the trapped
charged states which lead to purging of the persistent nature of
photoconductivity from the as deposited CuO thin films.
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Abstract Photothermal techniques rely on light induced
heating mechanisms to evaluate various optical, thermal

and electronic properties of materials. In this work, pho-

tothermal beam deflection technique is employed to
investigate non-radiative transitions occurring within the

conduction band and defect bands of b-In2S3 thin films.

Heat generation from b-In2S3 thin films is triggered using
laser beams of wavelength 488, 532 and 632 nm. A probe

laser beam of wavelength 546 nm is used to measure the

heat generation and distribution in the samples. Thermal
diffusivity (Dth), electronic carrier mobility (l), lifetime sð Þ
and surface recombination velocity (Vsr) are measured by

fitting the theoretical and experimental photothermal
response. The photothermal response and transport prop-

erties of the b-In2S3 thin films with varying percentage of

chlorine as dopant is studied to understand the role of
chlorine. The presence of chlorine in these films have

increased the electronic mobilty and carrier lifetime by an

order of 10 by passivation of surface defects.

1 Introduction

In thin film solar cells, buffer layers enhance open circuit
voltage and thus assist in improving the junction efficiency

[1]. A buffer layer is usually made from high-optical-

quality, n-type films with wide band gap. Buffer layer
being the topmost active layer of a solar cell improves the

optical quality of the cell by reducing the absorption and

reflection losses [2]. Materials such as ZnO, ZnSe,

ZnInxSey and InxSey, In2S3 are promising candidates to be
used as buffer layers. b-In2S3 has shown several promising

results in improving the device quality of CIS based thin-

film solar cells. In2S3 belonging to III–VI group is a wide
band gap semiconductor with high absorption coefficient

and intense luminescence [3, 4]. In2S3 crystallizes in spinel

structure and exists in four crystallographic modifications.
Room temperature phase of b-In2S3 crystallizes in defect

spinel structure with high degree of vacancies in tetrahedral

sites [5]. Ordering of the vacant tetrahedral sites is a
parameter having major influence on the electrical con-

ductivity of thin films of this material [6]. With such a

defect structure, its properties can be tailored easily to meet
the device requirements either by changing the stoi-

chiometry or by doping [7, 8]. Solar cells fabricated using

In2S3 as the buffer layer, has achieved efficiencies as high
as 16.4 % [9]. This material has been widely used to

replace the use of toxic CdS layer in CIS based solar cells

[10]. But the rising demand for indium and posing scarcity
of the metal can affect the manufacture of solar cell and

liquid crystal displays. However case studies throws light
on the potential of indium extraction from mine waste and

recycled electronics. Reports suggest that shifting our focus

from conventional extraction process can help in meeting
long term demand for indium [11].

Several key aspects of device performance like pho-

toresponse and electrical conductivity depend on the
presence of defects such as vacancies and interstitials.

These defects play an important role in improving the

photosensitivity of the materials to white light, as they
enable carrier generation through sub band gap photon

absorption [12, 13]. Manipulation of atomic concentration

in the film or doping can control such defects. There are
several works reporting the electrical and optical charac-

terization and tuning of the properties of b-In2S3 films [14–
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16]. The optimal electrical and optical properties, together

with its ability to generate free carriers under sub band gap
excitation boost the demand for this material in photo-

voltaic market as a viable candidate for fabrication of high

efficiency solar cells [17]. Substantial advancements have
been done in this area proving it to be a successful binary

base material for growth of CuInS2 based thin film hetero-

junction solar cells [18]. In2S3 buffer layers deposited using
the ‘Spray-Ion Layer Gas Reaction (Spray-ILGAR)’ tech-

nique have been used with Cu (In, Ga)(S, Se)2 as absorber,
resulting in cells with an efficiency of 13.1 % which is

equal to that obtained from CdS based cells [19]. It is thus

viewed as a potential eco-friendly material replacing toxic
cadmium in CIGS based solar cells [20]. Spiering et al.

[21] deposited In2S3 buffer layer employing MOVCD with

Cu (In, Ga) Se2 as absorber and reported an efficiency of
12.3 %. In2S3 films fabricated by chemical spray pyrolysis

(CSP) have been reported to produce cells with high effi-

ciency [22]. Defect analysis of In2S3 films using thermally
stimulated current measurements and photoluminescence

studies identify four types of defects (viz., indium vacancy

(VIn), sulphur vacancy (VS), oxygen in sulphur vacancy
(OVS) and chlorine impurity) and their activation energies

and trapping crossection. These defects, which assist in sub

band gap photon absorption and free carrier generation,
depend on the film’s stoichiometry and impurities present

in it. But the non-radiaitive properties of the In2S3 thin

films are yet to be studied and there is no report on the
measured thermal and electronic transport properties of

these materials, which are of huge significance in the

photovoltaic and optoelectronic device industries. In this
paper we report the investgation of non-radiative heat

emission from the various defect levels using photothermal

beam deflection technique (PTBD).
PTBD is a well known non-destructive evaluation

(NDE) technique. In this technique, the heat generated

from the sample due to local photoexcitation (using pump
beam) can be measured by probing the refractive index

gradient produced around the sample (‘‘Mirage effect’’).

The refractive index variation is measured from the
deflection of the probe beam grazing through the pho-

toexcited sample surface. This principle has been proven

both experimentally and theoretically [23]. Figure 1a
shows the illustration of heat gradient produced in the

sample due to optical excitation and probe beam deflection

due to refractive index gradient in the surrounding medium.
Figure 1b is an illustration of the possible non-radiative

transitions in a semiconductor that result in heat genera-

tion. In semiconductors, the non-radiative recombination
centres and defect levels are present in the forbidden band

are responsible for absorbing light with sub band gap

energies. The carriers de-excite from these levels with
emission of heat energy.

2 Theoretical background

We consider the three-layer sample model geometry

(medium-absorber-backing). The theoretical model for

calculating the temperature distribution around the sample
is presented in detail in our previous work [24]. The sample

under investigation is irradiated with an intensity modu-

lated laser beam with angular frequency xmod = 2pm,
where m is the modulation frequency. Intensity of the laser

beam is given by,

I ¼ I0
2
e$b zRe½1þ eix t' ð1Þ

where I0 is the incident monochromatic light flux (W/m2),

b is the absorption coefficient (m-1) of the illuminated
sample and ‘t’ is the time. The light absorbed by the sample

is converted by part or whole into heat by non-radiative de-

excitation. The heat diffusion equation in one-dimensional
form, when there is no heat source and sink is given by,

oTðz; tÞ
ot

¼ 1

Ds

o2T z; tð Þ
oz2

ð2Þ

where T (z, t) is the temperature, Ds is the thermal diffu-

sivity k
qc

cm2

s

! "

When there is a heat source, the heat diffusion equation

is given by,

Fig. 1 a Principle of Photothermal beam deflection technique.
b Non-radiative transition in optically excited semiconductors
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oT z; tð Þ
ot

¼ 1

Ds

o2Tðz; tÞ
oz2

þ Q z; tð Þ ð3Þ

A semiconductor material irradiated with beam of
intensity I has three major heat sources as defined by Q (z,

t), thus the net heat power density is given by,

a. Non-radiative intraband thermalization When photo
generated carriers relax down to the bottom of the con-

duction band by creating phonons, the heat power density

is given by,

QT z; tð Þ ¼ b
ht$ Eg

# $

ht
I0e

$bz 1þ eixt
# $

ð4Þ

b. Non-radiative bulk recombination Non-radiative

recombination of excess electron hole pairs after diffusion
occurs through a distance (HDnsr) where Dn is the carrier

diffusivity (m2/s) and sr (s) is the carrier lifetime.

The heat power density due to non-radiative recombi-
nation is given by,

QNR ¼ Eg

sr
Nðz; tÞ ð5Þ

where N (z, t) is the density of photo carriers, sr is the non-
radiative recombination time.

Therefore the total power density is given by,

Q ¼ QT þ QNR ð6Þ

c. Non-radiative surface recombination When non-ra-

diative recombination takes place at surface, the heat
power density is,

QSR ¼ EgVsrN z; tð Þ ð7Þ

This thermal contribution has to be included in the

boundary condition of heat diffusion equations.
For photo-generated carriers the transport equation is

given by,

dN z; tð Þ
dt

¼ Dn
d2N z; tð Þ

dz2
$ DN

sr
þ G z; tð Þ ð8Þ

where G (z, t) is the generation rate carriers,

Gðz; tÞ ¼ bI0
2hm

e$bz ð9Þ

The heat diffusion equation in the three regions, fluid,
sample and backing is,

o2Tf z;tð Þ
oz2

¼ 1

Df

oTf
ot

o2Ts z;tð Þ
oz2

¼ 1

Ds

oTs
ot

$QT $QNR

¼ 1

Ds

oTs
ot

$b
hm$Eg

# $

hm
I0e

$bz 1þeixt
# $

$Eg

sr
N z;tð Þ

o2Tb z;tð Þ
oz2

¼ 1

Db

oTb
ot

ð10Þ

On solving the thermal diffusion equations with

boundary conditions, we get the following expression for

complex amplitude of temperature T (z, t) in the three
regions. Thus we finally obtain the surface temperature

distribution and is given by the Eq. 11.

Ts ¼

ffiffiffiffiffiffiffiffiffiffiffi
DfDs

p
$R1Br2bD

3
2

bks þ R2Ds

b
ffiffiffiffiffiffiffiffiffiffi
Dskb

p
Bbþ Cksh i$

rs Brb
ffiffiffiffiffiffiffiffiffiffi
Dbkb

p
$ C

ffiffiffiffiffiffiffiffiffiffi
Dbk2s

p& '

( ) !

þ

Dsks R3C rs
ffiffiffiffiffiffiffiffiffiffi
Dskb

p
þ ksb

ffiffiffiffiffiffi
Db

pn o
þ R1Bb

2
ffiffiffiffiffiffi
Db

p! "

2

6664

3

7775

ffiffiffiffiffi
ix

p
ix$ b2Ds

# $ R2 Dskbkf þ
ffiffiffiffiffiffiffiffiffiffiffi
DbDf

p
k2s

( )
þ

R1

ffiffiffiffiffiffiffiffiffi
Dsks

p ffiffiffiffiffiffiffiffiffiffiffi
DfKb

p
þ

ffiffiffiffiffiffiffiffiffiffi
Dbkf

p& '( )

 !" #

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

9
>>>>>>>>>>>>>=

>>>>>>>>>>>>>;

where

R1 ! 1þ e2lrs

R2 ! $1þ e2lrs

R3 ! R1 $ 2el bþrsð Þ

B ! VsrN 0ð ÞEg

C ! C3 þ C4

ð11Þ
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C3 ¼
bI0
2ks

E $ E0

E

* +
e$bz

C4 ¼
Eg

srks

bI0
2hm

e$bz

ri ¼
ffiffiffiffiffi
ix
Di

r

2.1 Photothermal beam deflection signal

Refractive index gradient (n) in themedium, surrounding the

sample, due to heat generated from the sample is given by,

dn

dz
¼ dn

dT

dTðz; tÞ
dz

ð12Þ

The deflection of probe beam (signal) thus produced is

proportional to the refractive index gradient,

signal / 1

n0

dn

dT

dTðz; tÞ
dz

ð13Þ

The methodology to calculate thermal diffusivity (Dth),

carrier lifetime (sr), surface recombination velocity (Vsr)

and mobility (l) from the plot of photothermal signal
amplitude versus chopping frequency is explained in detail

in our previous work [24].

3 Experimental details

3.1 Fabrication

b-In2S3 thin films are deposited over glass slides (37 9 12 9
1.4 mm3) using CSP technique. The films are fabricated

using indium chloride (InCl3) and thiourea as precursor

solution by keeping the spray volume as 400 ml, spray rate at
20 ml/min and substrate temperature at 300 "C. The syn-

thesis procedure andmolarity of precursor used in the chosen
films has been reported earlier [25]. The films were prepared

by varying the In/S content in the precursor solution as 2/8,

1.2/8 and 2/3. The In/S ratio present in the films and per-
centage of chlorine based on the EDAX studies is given in

Table 1. For the present studies, based on the percentage of

chlorine present in these films, the samples are coded as InS
8.6, InS 10.77 and InS 15.38. Films with no chlorine were

fabricated under similar deposition conditions using indium

nitrate (In (NO3))3 and thiourea as precursors. The In2S3
sample with no chlorine content is coded as InS 0.

3.2 Photothermal beam deflection technique

The experimental set up is composed of an excitation

source (pump beam) to irradiate the sample. The sources

used in the present experiment are He Ne laser (632. 8 nm),
solid-state diode pump laser (532 nm) and He–Cd laser

(441.5 nm). The sample cell is a cylindrical crucible fixed
on XYZ translation stage and is provided with three win-

dows for transmitting the pump, probe and deflected beam.

The sample is mounted vertically on the sample holder and
immersed into the crucible containing CCl4. By placing the

sample in the holder, noise due to vibrations in room can be

reduced. CCl4 was chosen as coupling medium since it
absorbs only wavelength less than 250 nm and has high

temperature coefficient of refractive index (5 9 10-4 K-1)

nearly 102 times higher than air (1 9 10-6 K-1). Backing
material (the substrate) and fluid are not light absorbing;

hence do not contribute to heat generation. Only a rela-

tively thin region of fluid surrounding the sample adjacent
to the surface responds thermally to the periodic heat flow

from the film to the surrounding fluid. In transverse PTBD

(skimming configuration) the probe beam is allowed to run
parallel to sample surface at some fixed height and its

deflection has two components, a normal and lateral

component. A well-focussed laser beam of wavelength
546.5 nm (1 mW), is allowed to graze parallel to the

sample surface at a distance of *100 lm and perpendic-

ular to the pump beam axis. The incident beam is square
wave modulated using optical chopper (SR540). The

chopper unit can modulate light beam at the rate of 4 Hz–

4 kHz. A 30-slot wheel is used for 400 Hz–4 kHz and the
6-slot wheel for 4 Hz–400 Hz. A BNC output is connected

to the Lock in amplifier’s reference input. The deflection in

the path of probe beam is detected using bi-cell position
sensitive detector. The schematic sketch of the experi-

mental set up is shown in Fig. 2. The signal is then

amplified and recorded using Dual phase Lock-in-amplifier
(SR830) for making sensitive and accurate measurements.

The signal is embedded with large amount of background

noise and is extracted from the noise by using filtering
techniques. The Lock-in-amplifier is interfaced with the

computer using LabVIEW 7.1 via RS232 serial port for

data acquisition and system control.

4 Results and discussion

b-In2S3 films are inherently n-type and the grains showed

preferential orientation along 220 plane with a band gap
*2.71 eV. These films have high absorption coefficient of

Table 1 EDAX report of b-In2S3 samples

In/S Sample code In/S Cl Cl/In?S

2/8 InS 8.6 0.64 8.6 0.094

1.2/8 InS 10.77 0.68 10.77 0.12

2/3 InS 15.38 0.79 15.38 0.18

2/5 InS 0 0.65 0 0
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order 105 cm-1 in blue region (460 nm). b-In2S3 films (InS

8.6, InS 10.77 and InS 15.38) prepared using CSP with
InCl3 and thiourea as precursors contain traces of chlorine

existing as an ‘‘inherent’’ dopant [25]. The EDAX results

of the samples based on earlier reports is presented in
Table 1. XPS analysis of these samples showed that chlo-

rine in elemental form is present throughout the sample

thickness. XPS analysis also showed that there is no for-
mation of Indium oxides but oxygen is present only as

surface contaminant [25]. For performing PTBD mea-
surements, samples of size 1 9 1 cm2 are placed inside the

sample holder and irradiated using CW laser beams of

‘above band gap’ energy (2.81 eV) and ‘sub band gap’
(2.33 and 1.96 eV) with power 10 mW. The above and sub

band gap excitations allow us to probe the various defect

levels and the associated heat generation.
On irradiation with beam of energy 2.81 eV, carriers are

excited from valence band to higher energy levels of

conduction band. Majority of the excited carriers de-excite
by thermal emission (internal relaxation) to the minimum

energy level of conduction band (intraband transitions).

From the minimum energy level of the conduction band,
the carriers (radiatively or non-radiatively) relax back to

valence band (Fig. 3). Thermal waves emanating from the
sample due to non-radiative relaxation (heat) create

refractive index gradient in the coupling medium (CCl4).

The path of the probe beam propagating through the
refractive index gradient is deflected. The amplitude of

deflection (photothermal signal amplitude) varies with the

modulation frequency of the excitation beam. The ampli-
tude of the signal generated and their variation with mod-

ulation frequency of the excitation beam depends on the

thermal diffusivity (Dth), surface recombination velocity
(Vsr), minority carrier lifetime (sr) and mobility (l). The
theoretical model developed to determine these transport

properties using PTBD technique is explained in our earlier
paper [24].

The Fig. 4 shows the variation of signal amplitude with

respect to chopping frequency of excitation beam
(2.81 eV) for samples InS 0, InS 8.6, InS 10.77 and InS

15.38. The signal shows a steady decrease with respect to

increase in modulation frequency in the low frequency
regime (\100 Hz), while it decreases more gradually in the

high frequency regime ([100 Hz). According to theory the

signal generation in the low frequency regime is dominated
by thermal contribution from non-radiative intraband

transition, while thermal contribution due to surface

recombination and bulk recombination is predominant inFig. 2 Schematic sketch of experimental set up

Fig. 3 Energy level diagram of
b-In2S3 thin films
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the high frequency region. In b-In2S3 samples on excitation

with 2.81 eV, the carriers are excited to conduction band
and the thermal contribution in the low frequency regime is

due to intraband transition occurring in the conduction

band.
The signal amplitude due to the intraband transitions

(low frequency regime) are almost the same in all the four

samples. But for frequencies higher than 100 Hz, the signal
amplitude decreases with increase in chlorine content in the

film. However the photothermal signal amplitude is highest
for sample with no chlorine (InS 0), which means the

defect density is also higher for these samples.

Figure 5 shows the comparison of the measured trans-
port properties of the four samples, the carrier mobility (l)
and carrier life time (sr) increase with increase in chlorine

content in the film and surface recombination velocity (Vsr)
decrease with increase in chlorine content. The mobility of

b-In2S3 films with high chlorine incorporation is higher by

an order of 10 than that for films with no chlorine. Simi-
larly the carrier life also increases by an order of 10 for

samples with chlorine (Table 2). Hence incorporation of

chlorine assists in improving the transport properties of
In2S3 films thus making it more viable for photovoltaic

device applications.

Chlorine has been reported to be beneficial in improving
the grain size and the crystallinity of In2S3 thin films [26].

Hence for films with high chlorine incorporation, scattering

of carriers at grain boundaries is much reduced and this can
increase the mobility of carriers. In chlorine doped CdS

films (thermally evaporated), mobility increased and
resistance decreased with chlorine doping [27].

Transport properties of semiconductor films are largely

influenced by presence of defects. In2S3 has defect levels
due to vacancy of sulphur (Vs), oxygen in sulphur vacancy

(OVs), indium vacancy (VIn) and chlorine impurity. The

exact mechanism for the formation of these defects is
unknown but the studies so far by several groups suggest

that composition of the films and concentration of the

precursor solution play a significant role in creation of
defects [28, 29]. To study the role of chlorine in improving

the transport properties of b-In2S3 thin films, we excite the

films using 2.33 and 1.96 eV (sub band gap wavelength).
On excitation with 2.33 eV carrier are excited from

valence band to defect band due to vacancy of sulphur (Vs)

with energy 2.2 eV (Fig. 3). The carriers relax back non-
radiatively. The thermal contribution due to non-radiative

carrier relaxation from defect levels give rise to pho-

tothermal response (Fig. 6). Generally in stoichiometric
semiconductors the defect band densities are low compared

to the density of states of conduction band; hence the

photothermal signal (2.33 eV excitation) is weak compared
to that on excitation with 2.81 eV. Figure 6 shows the plot

of photothermal signal variation for samples InS 0, InS 8.6,

InS 10.77 and InS 15.38 when excited with 2.33 eV
(10 mW).

The photothermal response due to excitation using

2.33 eV is highest for InS 15.38 with highest chlorine
incorporation and the response reduces with decrease in

chlorine. For samples InS 0 (no chlorine) and InS 8.6 thereFig. 4 Plot of photothermal response on excitation with 2.81 eV

Fig. 5 Variation of mobility, minority carrier lifetime and surface recombination velocity
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is an additional peak at *200 Hz. While for sample InS

10.77 the peak is of low intensity and totally disappeared

for sample InS 15.38. The peaks at high frequency region
([100 Hz) are indications of presence of non-radiative

recombination centres at sample surface in the investigated

sample, which become predominant only when the heat
generation from conduction band is reduced [23]. As we

have irradiated with a sub band gap emission the signal we

obtain is due to intraband transitions within a defect band.
Compared to a conduction band, defect band levels are less

populated and hence the heat generation due to intraband

transitions are also weak. Thus for these samples when
irradiated with sub band gap wavelength we can clearly

distinguish the photothermal signal due to surface recom-

bination centres and intraband transitions.
The ‘‘peak’’ in photothermal response with modulation

frequency is dominant only in samples with least chlorine

content or no chlorine content. This implies that the pres-
ence of chlorine can passivate the surface recombination

centres and hence we find that these peaks are curbed in
sample with high chlorine percentage (InS 15.38). It has

been reported earlier that photosensitivity [26] and

minority carrier mobility are also high for samples with
high chlorine incorporation. The passivation of defects at

surface suggests that excess chlorine is predominant in the

surface layer of these films.

In the sample InS 0 when excited with 2.33 eV the
carriers can reach the defect level due to VS. The pho-

tothermal signal due to transition of carriers from VS is

naturally weak as there is less number of carriers in the
defect band compared to conduction band and hence the

photothermal response in low frequency region also
decreases rapidly i.e., the level VS is localized and less

dense in sample InS0 unlike on excitation with 2.81 eV

where photothermal response shows a gradual decrease in
low frequency region (Fig. 7a). But for sample InS 15.38

(Fig. 7b) the photothermal signal due to excitation with

2.33 eV is stronger (higher amplitude) in low frequency
regime and is similar to the photothermal signal variations

for 2.81 eV excitations. This indicates that the ‘defect

level’ VS is denser and appears as a band. Hence the
probability of non-radiative (intraband) transitions occur-

ring in this level is also higher in this sample. So for sample

InS 15.38, the signal due to non-radiative transitions
occurring in the defect band is similar to that due to tran-

sitions occurring in the conduction band. We may conclude

that for sample InS 15.38 in which chlorine content is high,
the defect VS exist as a band, while for sample InS 0, in

which chlorine content is low the defect VS is localized.

b-In2S3 samples with band gap of around 2.64 eV can
absorb energy as low as 1.96 eV because of the presence of

defect level due to OVs. When these sample are excited

with beam of energy 1.96 eV, the carriers from OVs level
are excited to conduction band. The photothermal response

obtained on excitation of samples using 1.96 eV is due to

de-excitation of carriers from conduction band. Figure 8
illustrates the photothermal signal variation of InS 8.6, InS

10.77 and InS 15.38 with 1.96 eV, it is similar to the

response on excitation using 2.81 eV. It is because unlike
the excitation using 2.33 eV, here the photothermal

response is due to intraband transitions occurring in the

conduction band hence the signal variation is similar to that
of 2.81 eV excitation. But the sample (InS 0) with 0 % Cl

incorporation did not show any photothermal response on

excitation with 1.96 eV, indicating that in sample InS 0 the
defect level due to OVs is less dense and subsequently the

absorption and emission at 1.96 eV is also very low and not

observable.
The transport parameters such as mobility (l) and sur-

face recombination velocity (Vsr) calculated from the

Table 2 Transport properties
as measured using PTBD
technique (2.81 eV)

Sample code Ds (10
-4 cm2/s) l (cm2/Vs) Vsr (9103) (cm/s) sr (ls)

InS 0 9.2 0.23 11 30

InS 8.6 9 0.46 5 100

InS 10.77 8.4 2.0 10 100

InS 15.38 10 2.68 5 100

Fig. 6 Plot of photothermal response on excitation 2.33 eV
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photothermal signal due to absorption of 1.96 eV matches

with that obtained for 2.81 eV excitation. But for 1.96 eV
excitation the measured minority carrier lifetime (sr) is

slightly higher (150 ls); this could be due to the lower
number of carrier excited to conduction band and carrier

scattering is reduced. However the transport properties

measured from the signal obtained for 2.33 eV (Table 3)
are higher than that obtained for 2.81 eV (Table 2). The

mobility in the defect level is highest for InS 15.38 where

the defect level exists as a band. This is because the
mobility in extended states is higher than that for localized

defect states as the motion of carriers occur by hopping

conduction, which is a thermally activated tunnelling
between states.

The non-radiative transitions observed in the sample
are due to due various intraband transitions occurring

within the conduction band and defect bands. The

presence of chlorine however plays a significant role in
creation of sulphur vacancies resulting in increased non-

radiative transitions from defect band due to Vs. Apart

from that incorporation of chlorine assists in improving
the transport properties of the film by passivation of

surface defects which act as carrier traps. Thus the films

with highest chlorine incorporation had high mobility
and relatively low surface recombination velocity.

PTBD technique is thus demonstrated as an efficient

tool for defect analysis of semiconductors. The deter-
mination the mobility, surface recombination velocity

and lifetime of b-In2S3 films and identification of role

of chlorine are significant for fabrication of photovoltaic
and optoelectronic devices. The study also proves that

defects such as traps, which are responsible for reducing

the lifetime and mobility, are annihilated with incorpo-
ration of chlorine.

Fig. 7 Plot of photothermal response on excitation with 2.81, 2. 33 and 1.96 eV a InS0 b InS 15.38

Fig. 8 Photothermal responses on excitation with 1.96 eV

Table 3 Transport properties as measured using PTBD technique
(2.33 eV)

Sample Ds (10
-4 cm2/s) l (cm2/Vs) Vsr (cm/s) sr (ls)

InS 0 8.2 0.82 7 9 105 0.1

InS 8.6 7.4 1.6 5 9 105 0.1

InS 10.77 8.7 9.63 2 9 105 0.1

InS 15.38 9.3 7.4 2 9 105 0.1
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5 Conclusion

Non-radiative transitions occurring due to absorption of
above band gap (2.81 eV) and sub band gap (2.33 and

1.96 eV) excitation vary with different chlorine doping

level. Incorporation of chlorine assists in improving the
transport properties of the film by the passivation of

unwanted recombination centres. The non-radiative tran-

sitions occurring in the conduction band and defect band of
b-In2S3 films were analysed using PTBD technique.

Incorporation of chlorine improves the transport properties

of b-In2S3 films by annihilation of non-radiative recombi-
nation centres. This also explores the feasibility of pho-

tothermal deflection technique to understand the non-

radiative processes in semiconductors.
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Abstract

Silver nanoparticles were dispersed in the pores of monolithic mesoporous silica prepared by a

modified sol–gel method. Structural and microstructural analyses were carried out by Fourier

transform infrared spectroscopy and transmission electron microscopy. X-ray photoelectron

spectroscopy was employed to determine the chemical states of silver in the silica matrix. Optical

absorption studies show the evolution absorption band around 300 nm for silver (Ag) in a silica

matrix and it was found to be redshifted to 422 nm on annealing. Photoluminescence studies

indicate the presence of various luminescent emitting centers corresponding to silver ions and

silver dimers in the SiO2 matrix. The enhancement of absorption and photoluminescence

properties is attributed to plasmon resonance energy transfer from Ag nanoparticles to

luminescent species in the matrix.

Keywords: silver silica nanocomposites, surface plasmon resonance, plasmon resonance energy

transfer, photoluminescence

(Some figures may appear in colour only in the online journal)

1. Introduction

The optical properties of nanocomposites consisting of

metallic nanoparticles (NPs) in a solid dielectric host are the

subject of extensive research nowadays due to their novel

properties and immense application potential. Incorporation

of metallic NPs in a dielectric host can modify its various

properties, namely optical, electrical and mechanical. The

design and fabrication of such novel materials have sig-

nificant impact in the field of nanoplasmonics due to their

applications in optical devices [1], optical limiters [2], meta-

material absorbers [3] and biomedical applications [4, 5]. On

suitable excitation, noble metal nanoparticles display intense

light emission. Gold in the micron regime appears as yellow

and silver in the bulk appears as white, but at nanometric

dimensions gold appears as ruby red and silver appears as

yellow due to surface plasmon resonance (SPR) [6]. SPR is

the absorption of light by metal nanoparticles due to the

coherent oscillation of conduction band electrons induced by

an electromagnetic field. Surface plasmons enable nano-

particles to absorb light, generate heat, transfer energy and

reradiate incident photons [7]. These effects, together with the

local field created around the nanoplasmonic materials, can

exhibit phenomena such as surface-enhanced Raman scatter-

ing (SERS), optical nonlinearity and photoluminescence [8].
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Several scientists have demonstrated different synthesis

routes such as melt-quenching, ion implantation, ion

exchange and sol–gel techniques for the preparation of Ag

nanoparticles, because they have a strong plasmon absorption

in the visible region [9, 10]. Inorganic silica can be used as a

suitable matrix to host silver nanoparticles and to study their

diverse optical properties. Amorphous SiO2 has several

advantages over other dielectric materials as a matrix due to

its wide range of transparency in the UV–visible range, good

mechanical strength, chemical inertness and large 3D porous

network. The pores of mesoporous SiO2 are interconnected

with each other and open to the atmosphere [11]. Therefore

the use of such a mesoporous medium yields an interacting

nanostructure where silver nanoparticles are highly dispersed

and in good contact with the atmosphere. It was reported that

Ag2O could exist in SiO2 glasses containing Ag, but some

questions still remain [11–13]. It is unclear whether the oxi-

dized Ag is in its Ag2+ or Ag+ state. Since optical properties

are sensitive to the physical and chemical states of the matter

and their surrounding environments, investigations on the

optical properties of such composites assume significance.

Silver silica nanocomposites are reported to exhibit SPR

in the wavelength range 380 to 450 nm for spherical silver

particles of diameter 3 to 50 nm [9, 14, 15]. The physical and

chemical properties of the nanocomposites can be modified

by varying the silver concentration, which in turn affects their

optical absorption properties [16]. Interband transitions

occurring in metal nanoparticles enhance optical properties

such as luminescence and light scattering [17]. It was reported

that a strong electric field close to the surface of particles

functionalized with silica enhances luminescence from

molecules close to the surface [15]. Jimenez et al [18]

reported enhancement of optical properties by plasmon

resonance energy transfer (PRET) from metal towards lumi-

nescent species in glass. They focused on the spectroscopic

demonstration of photoluminescence leading to the PRET

mechanism in a silver-doped glass system achieved by the

melt-quenching technique. They interpreted the luminescence

as arising from the transfer scheme Ag NPs→Ag0–
Ag+→Ag+

–Ag+. Piasecki et al [19] also suggest an energy

transfer process from Tb3+ ions to Ag NPs due to the

quenching effect in Tb3+ and an Ag co-doped glass compo-

site system. Enhancement and quenching of luminescence has

also been reported [18, 19]. Liu et al [20] reported PRET

from single gold nanoparticles to conjugated cytochrome c

molecules. Due to its high selectivity and sensitivity, PRET-

based nanospectroscopy is employed for molecular imaging

[21], metal ion sensing [22, 23], optical antennae for label-

free biosensors [7] and light-emitting diodes (LED) [24].

Longji Li et al [25] reported an enhancement of Eu3+

luminescence due to energy transfer from silver aggregates to

europium ions and the realization of white light emission in

Ag+
–Na+ ion exchange glass. Eichelbaum et al [24] pro-

posed a luminescence energy transfer from noble metal par-

ticles (such as dimers, trimers and tetramers) and lanthanide

ions in soda lime silicate glass. Reports of plasmon resonance

energy transfer (PRET) on different matrixes (composites) are

numerous. The mechanism of PRET has been attributed to

silver species (Ag0, Ag+
–Ag0, Ag+

–Ag+
). However, no

systematic investigation has been found in the literature. A

thorough and systematic study on a silver silica nano-

composite with varying concentration of silver has been

undertaken with a view to establishing the role of luminescent

species. Efforts are also made to identify the species and to

propose a mechanism.

2. Experiment

2.1. Preparation

A silver silica nanocomposite was prepared by a modified

sol–gel method [9] using tetraethyl orthosilicate (TEOS),

ethanol, distilled water and silver nitrate in the molar ratio 1/
2/5/n respectively; where n is the molar ratio of Ag/Si. The
pH of the mixture was maintained at 2 by adding a few drops

of dilute nitric acid (HNO3). Different molar ratios of Ag/Si
such as 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07 and 0.08 were

chosen for the present study. The prepared samples were

coded as AG0.01 to AG0.08 respectively. The miscible

solution obtained was poured into a petri dish and was tightly

covered and kept at room temperature for drying. The aging

period was 15 days. Monoliths obtained were taken for var-

ious characterizations. To study the effect of annealing on

optical properties, monoliths of silver silica nanocomposites

after synthesis were directly transferred to the oven for

annealing in air at 160 °C for 5 h. Photographs of the sample

prepared are shown in figure1. The pristine sample (pure

Figure 1. Photographs of (a) silica gel (pure SiO2), (b) Ag–SiO2 nanocomposite (AG0.03) prepared at room temperature, (c) sample annealed
(160 °C, 5 h) in air (AG0.03H).
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SiO2) and Ag–SiO2 nanocomposites (AG0.03) prepared at

room temperature appears as colourless whereas the sample

annealed in air (AG0.03H) shows a yellowish colour. This

yellow colour indicates the formation of silver nanoclusters in

the silica matrix.

2.2. Characterization

The size and shape of silver particles in the nanocomposite

were determined by transmission electron microscopy (TEM)

experiments carried out using a JEOL 2010 High Resolution

Transmission Electron Microscope. In order to find the ele-

mental composition, energy-dispersive x-ray spectroscopic

(EDS) measurement of the sample was done using a JEOL

Model JED–2300 spectrophotometer. Samples were subjected

to Fourier transform infrared (FTIR) spectroscopy studies in

the spectral range from 400–4000 cm−1 with KBr pellets in a

Thermo Nicollet Avatar 370 DTGS spectrophotometer. The

chemical states of silver in the silver matrix were analyzed

using x-ray photoelectron spectroscopy (XPS) measurements

with an Omicron Nanotechnology XPS system. A mono-

chromated Al K
α
source of hν=1486.6 eV was used to carry

out the experiment. The XPS spectra were deconvolved using

Casa XPS software (Casa Software Ltd, USA). The UV–

visible absorption spectra of the samples were recorded in a

Jasco V 570 UV–Vis spectrophotometer and photo-

luminescence (PL) spectra using a Fluromax-4 fluorimeter.

All measurements were performed at room temperature.

3. Results and discussion

Transmission electron microscopic analyses of AG0.03,

AG0.03H and AG0.08 are shown in figures 2, 3 and 4

respectively. For all the samples, particles are uniformly

dispersed in the silica matrix and are spherical in shape.

Agglomeration of particles was observed for AG0.08. The

average particle sizes obtained are ∼3 nm for AG0.03

(figure 2(b)), ~6 nm for AG0.03H (annealed sample)

(figure 3(b)) and ∼19 nm for AG0.08 (figure 4(b)). When the

molar concentration of AgNO3 was increased from 0.03 M to

0.08 M, the particle size increased from 3 to 19 nm. Higher

annealing temperature as well as increasing concentration

Figure 2. (a) TEM image of AG0.03. (b) Histogram of particle sizes
obtained from TEM. (c) HRTEM image. (d) SAED pattern of
AG0.03.

Figure 3. (a) TEM image of AG0.03H (annealed sample). (b)
Histogram of particle sizes obtained from TEM. (c) HRTEM image.
(d) SAED pattern of AG0.03H.

Figure 4. (a) TEM image of AG0.08. (b) Histogram of particle sizes
obtained from TEM. (c), (d) HRTEM images of AG0.08.
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results in an increase in particle size. Annealing the sample

results in growth of the grain size and ordering.

HRTEM images of AG0.03, AG0.03H and AG0.08 are

shown respectively in figures 2(c), 3(c) and 4(c). Lattice

planes of Ag are clearly visible in the high-resolution image

of the nanocrystallites. Core–shell morphology of Ag–SiO2

nanocomposite is clearly observable from the HRTEM image

shown (figure 4(c)). From this it is confirmed that Ag nano-

particles are formed inside the pores of the mesoporous silica

host (Ag/SiO2). AG0.03 shows (211) and (220) lattice planes

of Ag2O (ICDD No. 751532); (211) planes of Ag2O (ICDD

No. 761393) are observed for AG0.03H, and both show cubic

primitive structure. AG0.08 shows Ag (200) planes [26] and

has a face-centered cubic structure.

The selected area electron diffraction (SAED) patterns

obtained for AG0.03 and AG0.03H shown in figures2(d) and
3(d) display distinct ring patterns that demonstrate the poly-

crystalline nature of nanocomposites. The diffraction pattern

agrees well with values of the d spacing of silver (ICDD No.

040783). Lattice planes for AG0.03 and AG0.03H are

indexed and correspond to the cubic primitive structure of

silver. For AG0.03H, additional planes were observed and

these are due to the precipitation of silver on annealing.

Figure 5 shows the energy-dispersive x-ray analysis

spectra of the pristine sample (pure SiO2), AG0.01 and

AG0.08. Spectral analysis revealed the presence of silver in

this nanocomposite. Moreover, it is evident from the TEM

images that we have a core of silver with a shell of silica.

When the concentration of doping increases, the silver con-

tent in the silica matrix is found to be increasing.

Figure 6(a) shows the FTIR spectrum of pure silica gel

and figure 6(b) shows the spectrum of AG0.08 before and

after (AG0.08H) annealing the sample. The infrared spectrum

of the silica gel indicates the presence of three main absorp-

tion bands assigned to three different vibrational modes of the

Si–O–Si bonds. The lowest-frequency mode (∼460 cm−1) is

assigned to the transverse-optical (TO) rocking motion

perpendicular to the Si–O–Si plane. At 800 cm−1 a weak band
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Figure 5. EDS spectrum of (a) pure SiO2, (b) AG0.01 composite and (c) AG0.08 composite.
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due to symmetric stretching of the O atom along the line

bisecting the Si–O–Si angle is observed. The highest-fre-

quency mode, which is at 1080 cm−1, is associated with the

back-and-forth motion of the oxygen atom along a line par-

allel to the Si–Si axis [9, 27–29].

The band at 964 cm−1 is due to Si–OH stretching [27].

The band at 1641 cm−1 corresponds to the bending of the

absorbed H2O molecules, which can interact through hydro-

gen bonds with silanol groups. The characteristic band for

stretching (OH) groups was found at around 3477 cm−1 [9].

The infrared spectrum of Ag–SiO2 nanocomposites has

all the characteristic bands of silica along with a strong band

at 1382 cm−1. This is due to the presence of nitrate (NO3
−

)

ions. This band was assigned to the antisymmetric NO3
−

stretching vibration, which is related to the residual nitrate

groups in the dried gel [30]. It is also found that all the

characteristic peaks of silica were slightly shifted. For the

heated sample, sharpening of bands and shifting of peaks to

higher frequency has been observed. This indicates band-

shortening and reduction in the mean Si–O–Si bond angle

[31]. It has previously been reported that silver in mesoporous

silica gets oxidized when exposed to ambient air. It is

reported that Ag2O is characterized by infrared bands at 540

and 645 cm−1, while AgO is characterized by bands at 951

and 986 cm−1 [9, 27]. Cai et al observed a band at

1450 cm−1, which is due to Ag2O in silver silica nano-

composites [31]. The absence of characteristic bands

corresponding to Ag2O and AgO indicates that Ag is present

in the pure elemental form, and also any oxide present may be

at a tiny concentration too small to be detected by the

spectrometer.

XPS analysis was carried out in order to understand the

chemical state of the silver nanoparticles present on the sur-

face of the as-prepared sample. Figures 7 and 8 shows the Ag

3d core-level emission from thecomposites AG0.01 and

AG0.08. Figures 7(a) and 8(a) shows the deconvolved XPS

spectra of Ag 3d5/2 photoelectrons from silver in the sample.

Detailed deconvolution of Ag 3d shows that Ag nanoparticles

formed on the surface were in the metallic Ag0 state and other

particles oxidized in the form of AgO, with binding energies

Figure 6. FTIR spectrum of (a) pure SiO2 and (b) AG0.08 before and after annealing (AG0.08H).

Figure 7.Ag 3d XPS spectra for the AG0.01 composite. (a) Deconvolved XPS spectra of Ag 3d5/2 photoelectrons from silver in AG0.01. (b)
XPS spectra of O 1s as a function of Ag.
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368.2 eV and 367.4 eV respectively. The result obtained is in

agreement with earlier published reports [9, 32, 33]. Finally,

to complete the survey of the sample, the peak obtained for

oxygen 1s in the same spectrum is collected. Deconvolution

of O 1s gives valuable information regarding the chemical

state of oxygen bonding in Ag–SiO2 nanocomposites.

Figures 7(b) and 8(b) show the deconvolved spectrum of the

oxygen 1s core line as a function of Ag content. The O 1s

spectrum shows three Gaussian components. The main

component at 532.3 eV is from SiO2 [9, 34, 35]. The peak at

529.5 eV is due to Ag2O [9]. Another peak observed at

531.3 eV also comes from an oxide of silver [34], mainly

Ag2O present in the sample [35]. XPS analysis also confirms

the presence of Si, O and Ag in the samples.

Figure 9 shows the absorption spectra of pure SiO2 and

Ag–SiO2 nanocomposites before and after annealing.

Figure 9(a) shows the absorption spectra of pure silica

and it is found that it is transparent to the entire range of UV–

visible wavelengths. Figure 9(b) presents the absorption

spectra of Ag–SiO2 nanocomposites before annealing. All the

samples exhibit a strong absorption peak of silver, ranging

from 296 nm to 302 nm. The absorption around 300 nm was

due to the presence of ionic silver species, namely charged

silver dimers in the composites [18]. XPS data obtained

confirm the presence of Ag0, Ag+ and Ag2+ in the compo-

sites. Hence the SiO2 matrix considered herein shows features

indicating the presence of silver in various oxidized and

reduced states. It can be observed that the absorption peaks

have a strong dependence on the amount of silver loading. As

the silver concentration increases from 0.01M to 0.08M, the

intensity of the plasmon band is increased.

Figure 9(c) presents the absorption spectra of Ag–SiO2

nanocomposites after annealing at 160 °C for 5 h in air. After

annealing, the strong absorption band formed around 300 nm

is found to be broadened and redshifted to 422 nm. The same

trend was observed earlier for Ag nanoclusters embedded in

soda lime glass [33]. The broadening and redshift of the

samples during annealing in air can be due the formation of

silver–silver oxide nanoparticles in the composite [33]. The

TEM result of the annealed sample (AG0.03H) supports the

formation of Ag and Ag2O core–shell structure in the silica

matrix.

During annealing, the particle size increases from 3 nm to

6 nm due to the reduction of Ag+ ions, and an SPR peak at

422 nm was observed for this annealed sample. The presence

of SiO2 in the matrix increases the optical basicity of the

glass, indicates the electron donor power of oxygen and

allows the reduction of Ag+ to Ag0 [18, 36]. The formation of

silver—silver oxide core–shell nanoparticles in the silica

matrix can be explained as follows. Before annealing, Ag

atoms in the silica matrix can exist mainly in the form of Ag+

ions along with a small fraction of Ag0 atoms. On capturing

electrons from the silica matrix more Ag+ ions reduce to Ag0

atoms during annealing. These Ag0 atoms diffuse towards the

glass surface of the SiO2 matrix and lead to the precipitation

of Ag0 atoms, which imparts a yellow colour to the annealed

samples [33].

Photoluminescence (PL) spectra of silica gel and silver-

doped silica gel samples are shown in figure 10. Pure silica

gel exhibits a broad emission peak at 410 nm when excited

with a wavelength of 250 nm (figure 10(a)). These results are

in good agreement with the earlier published reports [15, 37].

The broad emission peak around 410 nm suggests the pre-

sence of an oxygen-type intrinsic defect, which is observed in

all forms of SiO2 [38]. This type of emission can be attributed

to the defect levels created in the silica network by the fast

incomplete hydrolysis, condensation and polymerization

process during sol–gel synthesis. This leads to the formation

of Si dangling bonds; non-bridging oxygen atoms and the

corresponding oxygen vacancy in the porous silica glass can

act as luminescent species in the SiO2 matrix [37].

PL spectra are shown in figure 10(b) for silver-doped

silica nanocomposites of higher (AG0.08) and lower con-

centration (AG0.01) when excited with wavelengths of 296

nm and 302 nm. When silver is loaded in the silica matrix the

PL intensity is found to be increased by a factor of the order

Figure 8.Ag 3d XPS spectra for the AG0.08 composite. (a) Deconvolved XPS spectra of Ag 3d5/2 photoelectrons from silver in AG0.08. (b)
XPS spectra of O 1s as a function of Ag.
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Figure 9. Absorption spectra of (a) pure silica, (b) Ag–SiO2 nanocomposites and (c) annealed Ag–SiO2 nanocomposites in air.

Figure 10. Photoluminescence emission spectra of (a) pure silica and (b) Ag–SiO2 nanocomposites of higher (AG0.08) and lower
concentration (AG0.01).
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of 102, and also the composites show a blue emission. For

silver nanocomposites different peaks were observed at

397 nm, 409 nm, 450 nm, 468 nm, 482 nm and 491 nm in the

emission spectra. These peaks may be due to photo-

luminescence either from silver nanoparticles or from oxides

or ions that are present in the sample [15, 18]. A broad peak

around 397 nm is observed in the PL spectrum of the Ag–

SiO2 sample. For bulk silver the PL band was experimentally

observed with the maximum at nearly 330 nm and this was

attributed to an interband sp–d radiative transition [15]. The

redshift of the PL band in the present investigation relative to

the PL band from bulk silver is probably due to the coupling

of the incoming (exciting) and outgoing photons with the

surface plasmons. This strong coupling may be the analog of

a ‘surface plasmon–photon’ polariton [15]. Based on these

observations it can be concluded that the PL band is due to

radiative decay of SPR excited in Ag NPs and their lumi-

nescence reflects the effect of electron–hole recombina-

tion [18, 34].

An energy transfer process between silver and Ag+ ions,

(Ag2)
+ and (Ag+

)2 pairs located in their vicinity has been

observed and can be regarded as the cause of the enhance-

ments observed in luminescence and light scattering. PL can

be obtained via plasmon resonance energy transfer (PRET)

from metal NPs to luminescent species in glass [29, 34],

which can be regarded as a primary mechanism for energy

transfer. PL emission bands seen at 450 nm, 468 nm, 482 nm

and 491 nm can be from silver nanoparticles or from their

oxides or ions present in the sample [16]. XPS data indicate

the presence of Ag0 and silver ions in the sample. It is known

that the ground state of the silver ion is 1S0 and the lowest

excited states in order of increasing energies are 3D3,
3D2,

3D1

and 1D2. It has been reported that the low-energy emission is

associated with 3DJ→1S0 (J=1, 2, 3) transitions and high-

energy emissions with the relaxation from the 1D2 excited

state to 1S0 [18]. In accordance with optical absorption data,

the emission around 397 nm can be ascribed to luminescence

corresponding to 3DJ→1S0 (J=1, 2, 3) transitions.
Belharouak et al [36] reported various luminescent

emitting centers such as A, B, C centers associated with single

Ag+ ions, (Ag2)
+ and (Ag+

)2 pairs present in the sample. The

presence of band emission around 409 nm in the PL spectra is

due to the 4d10→4d95s1 transition of isolated Ag+ ions in

the nanocomposite [25]. The band emission around 450 nm is

attributed to the presence of Ag+
–Ag0 pairs, which arise from

the PL quenching effect [15, 16, 34]. The peaks observed at

450 nm and 468 nm reveal the presence of Ag+
–Ag0 pairs in

the prepared composite. The transitions associated with this

pair are 4d105s→4d105p transitions and they are parity-

allowed [15]. Also there exists an emission peak around

500 nm, which suggests the presence of Ag+
–Ag+ pairs. The

presence of these centers suggests an inherent PRET mech-

anism that enhances photoluminescence in the composite.

PL spectra in our experiment reveal that there is a strong

dependence of the intensity of PL bands on molar con-

centration and hence on particle size. TEM results obtained

show that when the molar concentration of Ag/Si increases
from 0.01 to 0.08 the particle sizes increases. The strong size

dependence of PL bands indicates that the quantum yield of

the PL from silver nanoparticles is considerably higher than

that observed from bulk noble metals. For a higher con-

centration of AgNO3 in the silica matrix (particle size

∼19 nm), the PL emission bands become more prominent and

an additional intense band occurs at 413 nm when excited by

a wavelength of 302 nm. This enhancement and band at

413 nm are caused by the strong electric field due to SPR

excitations in Ag NPs [15].

Figure 11 shows the PL spectra of annealed Ag–SiO2

nanocomposites. For annealed samples, bands arise at 480

and 507 nm when emission is monitored at 422 nm. In this

case the band becomes more intense, redshifted and well

resolved compared to that in samples not subject to heat

treatment. This emission is mainly from Ag+
–Ag+ pairs. On

annealing, emission is found to be suppressed at 459 nm,

which indicates a nonradiative energy transfer from Ag+
–

Ag0. This energy is transferred nonradiatively to Ag+
–Ag+

pairs and produces luminescence at higher wavelengths [18].

In this system we cannot rule out the possibility of

emission from the nanoparticle oxides. During annealing,

silver ions are released in the matrix due to thermal decom-

position of oxides of silver. Silver monoxide (AgO) formed in

the sample is chemically unstable and could decompose into

Ag2O and Ag when heated. The observed increase in intensity

with increasing temperature is due to the larger volume

fraction of Ag NPs in the glass [36]. Enhancement of PL in

the emission spectrum and the redshifts of the respective

bands are due to the formation of oxides of silver in the silica

matrix.

The excitation wavelength plays an important role in the

PL spectra of silver particles. Figure 12 shows the influence

of excitation wavelength on the PL spectra of a silver-doped

sample of AG0.08 concentration. By exciting the silver

nanocomposite at different wavelengths (320 nm, 350 nm and

Figure 11. Photoluminescence emission spectra of annealed Ag–
SiO2 samples (AG0.01H, AG0.03H). The inset shows the emission
spectra of Ag–SiO2 nanocomposites of higher (AG0.08) and lower
concentration (AG0.01) before annealing.
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370 nm) a broad band emission is observed. When the exci-

tation wavelength is greater than the wavelength corresp-

onding to maximum absorption, the PL band becomes

broadened, blueshifted and decreases in intensity. The shift in

band emission to the lower energy side with decreasing

excitation energy is due to the presence of different emission

centers in the sample [18]. The observed broadening in the

emission spectra is due to the presence of overlapping bands

with different origins. This occurs due to chemical interface

damping at the Ag/SiO2 interface and causes electron transfer

from the metallic particles to the luminescent species in the

oxide matrix [39]. If the bands originated purely from ions,

the spectral position would not change with the change in

concentration of AgNO3 and excitation wavelength. This

again confirms the formation of oxide in the matrix in support

of the information from XPS and TEM.

Figure 13 shows a schematic diagram involving the

energy transfer processes between silver nanoparticles and

ionic silver pairs in the composites. In this Ag–SiO2 nano-

composite system a silver particle act as a donor of electrons

and transfers energy to the luminescent species (such as Ag+

ions, Ag+
–Ag0 pairs and Ag+

–Ag+ pairs) present in the SiO2

matrix. When excited by a wavelength of 300 nm, silver NPs

absorb energy and undergo excitation from 4d105s to the

excited state 4d105p and radiative transitions due to SPR

excited in Ag NPs, resulting in emission around 396 nm.

Since silver particles act as a source of electrons, they transfer

energy to the emitting center Ag+
–Ag0 pairs by some non-

radiative transition. Thus energy is transferred from Ag+
–Ag0

pairs to Ag+
–Ag+ pairs and displays emission at a wave-

length shifted from the SPR of silver nanoparticles. A sup-

pression of the band at 459 nm was observed for annealed

sample compared to the unannealed one. So we can assume

that Ag+
–Ag0 pairs will also act as electron donors to Ag+

–

Ag+ pairs, which are located inside the SiO2 matrix and can

transfer energy nonradiatively. This highly unstable state

causes emission around 500 nm and these transition are not

parity-allowed in nature. Thus we can conclude that Ag+
–Ag0

pairs are being excited via PRET from silver nanoparticles,

and the excitation energy is subsequently transferred from

Ag+
–Ag0 pairs to Ag+

–Ag+ pairs and causes observed band

emission at around 500 nm.

4. Conclusion

Crack-free silver silica nanocomposites were prepared by the

low-temperature sol–gel method. XPS analysis shows that

silver exists in the silica matrix mainly in metallic forms along

with a small amount of AgO and Ag2O. The size dependence

of silver particles in the silica matrix with varying silver

nitrate concentration was revealed through TEM analysis. The

annealed sample shows a redshift in the absorption band from

300 nm to 422 nm due to a change in the effective permittivity

of the dielectric medium. An ability to tune the SPR

absorption peak to the desired location can also be observed

from absorption studies. PL emission and the appearance of

bands at 396 nm, 413 nm, 468 nm, 482 nm and 491 nm shows

the presence of silver nanoparticles along with the oxides

and ions of silver. Enhancement of optical properties due

to the presence of luminescent centers and the charge

transfer mechanism was also confirmed from UV–visible

absorption and PL studies. The excellent optical properties

and tunability in size and position of the absorption band of

the composites indicate that they are very good candidates for

many applications such as in optical devices and biological

systems etc.
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Abstract In the present paper, the investigations on the non

radiative decay mechanism, optical band gap determination

from absorption spectroscopic studies and fluorescence emis-

sion by photo luminescence techniques using different excita-

tion wavelengths on gel derived lead di bromide single crys-

tals are reported. Non radiative decay of the sample is studied

using high sensitive dual beam mode matched thermal lens

technique. For the thermal lensing experiment the crystal in

solution phase is incorporated with rhodamine 6G dye for

enhancing the absorption of the crystal sample. The thermal

diffusivity of lead di bromide is determined using the probe

beam intensity v/s time measurements.

Keywords Nonlinear crystals . Lead bromide . Thermal

lensing

Introduction

Lead di bromide (PbBr2) crystals possess good mechanical

properties which make them suitable for acousto-optical de-

vices. The optical transparency range of PbBr2 is very large so

that it is very useful for wideband acousto-optical tunable

filter applications [1–3]. N.B. Singh et al. reported that the

optical transparency range of PbBr2 crystals extends from

0.4 to 30 pm, the range of transmittance which is above

50% is from 1 to 22 pm, and the greatest transmittance is

60% [2]. Lead bromide belongs to the orthorhombic symme-

try class D2h and mmm space group [1]. PbBr2 exhibits ex-

traordinary properties, including an anomalously slow longi-

tudinal wave velocity in the [0 1 0] direction, a large birefrin-

gence and a high figure of merit about twelve times higher

than that of PbMoO2 [2]. Lead bromide exhibit Schottky dis-

order, and anion conductivity [4–7]. Lead bromide show com-

plete mutual solid solubility and the solid solutions in the

system PbC12-PbBr2 shows thePbC12-type orthorhombic

symmetry [8, 9]. J.F. Verwey worked on the conductivity

studies of lead bromide single crystals both undoped and

doped withmonovalent and trivalent cations and with oxygen.

Irradiation of pure lead bromide with ultraviolet light gives a

characteristic damaging as is made visible by electron and

optical microscopy [10]. Point defects in lead bromide are

thermally generated according to a Schottky mechanism. It

has been known for a long time that the transport number of

the bromide ions in lead bromide is unity up to the melting

point [11]. The luminescence properties of lead bromide are

very interesting [12–15]. Masanobu Iwanaga reported that the

excitonic transitions in lead halides are partly explained by the

6s-to-6p transition in lead ions [16, 17]. The thermal diffusiv-

ity measurements of lead bromide crystals are not at all report-

ed. Thermal diffusivity measurements were done by using a

mode matched thermal lens experiment. Thermal lens spec-

troscopy is an alternative technique to measure the thermal

properties of crystalline materials like lead bromide since this

method possesses high sensitivity [18, 19]. In the present pa-

per we report the absorption, fluorescence emission and ther-

mal diffusivity measurements of gel grown lead bromide sin-

gle crystals in solution phase.
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Materials and Methods

Preparation of PbBr2 Single Crystals

The crystalline PbBr2 samples for our studies were prepared

using gel method introduced by H.K. Henish. For a good

quality crystal, a stock solution of sodium meta silicate

(SMS) having density 1.03 was employed. The PH of the

solution was adjusted to 6, 7 and 8. The acidic component

treated was 1M tartaric acid and 4N Potassium Bromide solu-

tion was poured over the gel in a test tube which was incor-

porated with a colloidal precipitate of 1N lead tartrate. Growth

experiments were conducted for different densities of the gel

ranging from 1.02 to 1.06. Even though the growth kinetics

were same, the growth rates, amount and critical size of the

PbBr2 formed were different by varying the molarity, density

of gel and PH values. Good crystals were separated from gel

using distilled water and dried for characterization. Lead

Bromide crystals were obtained by the reactions of lead ni-

trate, tartaric acid and potassium bromide (99.9% Sigma-

Aldrich). The sol-gel derived PbBr2 samples were subjected

to X-ray diffraction studies (XPERT-PRO using K-Alpha

1.54060 A0 (XRDML)).

PbBr2 Crystals for Absorption, Optical Band Gap

and Photo Luminescence Spectroscopic Studies

The prepared crystal samples were powdered using mortar

and pestle, weighed about 0.35g and dissolved in 20 ml of

single distilled water to obtain a concentration 0.02 g/ml. For

the dissolution, a magnetic stirrer was used and the solvent

evaporation was prevented by using a sealed glass container.

Linear absorption of the crystal samples in solution phase was

recorded using Jasco V-570 UV/VIS/IR Spectrophotometer.

Optical band gap of these samples were obtained from linear

absorptionmeasurements. The emission and excitation studies

were carried out by taking the room temperature fluorescence

spectra of these PbBr2 samples using a Cary Eclipse fluores-

cence spectrophotometer (Varian).

Thermal Diffusivity Measurements Using Dual Beam

Thermal Lens Technique

The thermal lens technique is based on the measurement of the

temperature rise that is produced in an illuminated sample as a

result of non radiative relaxation of the energy absorbed from

a laser. Because the technique is based on direct measurement

of the absorbed optical energy, its sensitivity is higher than

conventional absorption techniques [20]. However, advan-

tages of the thermal lens technique are not only limited to its

ultra-sensitivity but also include other unique characteristics

including small-volume sample capability and dependency on

thermo-optical properties of solvents. A 532 nm diode

pumped solid state laser, (DPSS) with a maximum power of

150 mW was used as the excitation source for our PbBr2
samples. Attenuators were used for adjusting the power at

the crystal sample so that the probe beam spot was free from

aberrations. A 2mW He–Ne laser used as the probe was ar-

ranged to be collinear with the pump using a dichroic beam

splitter. The two beams were focused into the sample cell such

that the beam area at the sample plane was the same for both

pump and probe resulting in a mode matched TL configura-

tion [21]. The mixture of 0.5 ml rhodamine and 2.5 ml of

PbBr2 sample solution was taken in a 1 cm cuvette of 5 mm

path lengths for various sets of measurements. The presence

of rhodamine enhanced the absorption of the crystal sample

and did not alter the thermal diffusivity values.

Result and Discussions

The grown crystal of lead bromide at pH 6 was characterized

by X-ray diffraction method. The diffraction pattern were an-

alyzed and the calculated ‘d’ spacing and peak spacing inten-

sities were compared with those of lead bromide reported in

JCPDS files. The X-ay diffraction pattern of PbBr2 is as

shown in Fig. 1. The crystal structure of PbBr2 is thus con-

firmed to be orthorhombic.

Linear Absorption and Optical Band Gap Studies

of PbBr2 in Solution Phase

The room temperature absorption spectrum of PbBr2 of con-

centration 0.02 g/ml gives the variation of absorbance against

the wavelength in nm scale. Figure 2 reveals the linear optical

absorption response of lead bromide single crystal in single

distilled water.

From the absorption spectra, it is clear that the greater the

number of molecules capable of absorbing light of a given

wavelength, the greater the extent of light absorption. The size

of the absorbing system and the probability that the electronic

transition will take place control the absorptivity, which

ranges from 0 to 106. The absorption edge of our sample is

located in the UV region of 270 nm. The band gap at this

wavelength corresponds to 4.2 eV. The peak at this particular

wavelength is due to the electronic transition from the valence

band to the PbBr+ cation.

The optical band gap studies on PbBr2 in solution phase in

single distilled water were done using the linear absorption

spectra of the respective sample. The linear absorption coeffi-

cient α can be determined from absorption spectra, which is

related to the band gap Eg as (αhν)
2 = k (hν- Eg), where hν is

the incident light energy; k is a constant and Eg is the optical

band gap of lead bromide. A graph of Eg = hν verses (αhν)2

gives the direct band gap of PbBr2 for a concentration of 0.02

g/ml. Here the lead bromide crystal has the band gap in
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connection with the 6s-to-6p gap in lead ions and tend to

become highly luminescent coming from the ‘odd’ transition.

Figure 3 shows the direct band gap behaviour of PbBr2
sample.

Fluorescence Emissioncharacterictics of PbBr2
from Photo Luminescence Studies

Lead bromide crystal samples in single distilled water were

subjected to fluorescence excitation in order to measure the

emission peaks of the material at different excitation wave-

lengths. The PbBr2 sample solution at the above particular

concentration were excited at a wavelength of 240 nm gives

four main emission peaks around 422 nm, 441 nm, 492 nm

and 527 nm respectively as shown in the Fig. 4a.

From the Fig. 4b, it is evident that for an excitation of

250 nm wavelength, three strong emission peaks were obtain-

ed at 422, 491 and 540 nm respectively. The excitonic
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transitions in lead bromide crystals are explained by the

6s-to-6p transition in lead ions. Luminescence in PbBr2
is composed of broad Gaussian bands with large Stokes

shifts and is indicative of strong exciton acoustic–pho-

non interaction. The exciton relaxation in PbBr2
resulting in spontaneous electron–hole separation.

Optical and luminescent properties of PbBr2 and PbCl2
are similar in the electronic-band structures. Our work

on luminescence of PbCl2 single crystals is reported.

Refer. [22]. The PbBr2 solution show many peaks due

to the stokes shift by the crystal field interactions

resulting from the strong interaction between phonon

and Pb2+ ions. From the fluorescence spectra given in

the figure, it is evident that the emission peaks at 491

and 540 nm are assigned to the excitonic emissions.

Non Radiative Decay of PbBr2 Solution with Rhodamine

Dye and Thermal Diffusivity Measurements by Thermal

Lens Experiment

In the dual-beam thermal lens measurement, when the PbBr2

with rhodamine 6G sample is placed in a TEM00 Gaussian

laser beam as the excitation beam, a temperature rise is pro-

duced by non radiative decay processes following the optical

energy absorption. Since the refractive index of the sample is

changed with temperature, a refractive index gradient is pro-

duced, creating a lens-like optical element, the so called ther-

mal lens. The variation of the intensity in the centre of the

probe beam caused by the thermal lens can be expressed as

in Ref. [23]. Thermal blooming measurement was done by

employing a laser beam of appropriate frequency focused
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using a long focal length lens. The strength of the lens starts to

build up from zero at t = 0 to a steady state value.

The decay time tc and fitting parameter θ are obtained by

the theoretical fit of the measured values of the probe beam

intensity versus time plot. From the values of tc and beam

waist radius w at the sample position, the thermal diffusivity

D of PbBr2 sample can be calculated as

D ¼ w2=4tc

A typical plot of photo detector output against time is as

shown in Fig. 5.

The thermal lens(TL) curve of our lead bromide sample is

as shown in Fig. 6.

From the Fig. 6, it is clear that the amplitude of the TL

signal reaches a steady state, reflecting an equilibrium in the

concentration of the absorbing species. By illuminating the

sample solution using laser radiation, some of the radiation

is absorbed by the sample and excited states are formed that

lose energy non radiatively which generate heat. The dark

circles in Fig. 6 represent the experimental data for rhoda-

mine-PbBr2(Rh-PbBr2) sample and the solid line corresponds

to the theoretical fit to the experimental data. Thus the thermal

diffusivity values can be calculated from the fitting parame-

ters. Measured values of thermal diffusivity D, θ, and tc are

given in the Table 1.

For our sample a negative lens is obtained indicating that

they expand on heating. Thus a weak TEM Gaussian laser

beam which is co-linear with the excitation beam, passing

through the thermal lens, will be affected, resulting in a vari-

ation in its spot size and hence intensity at the beam centre. By

measuring these changes, information of the thermal and op-

tical properties of the sample can be obtained.

Conclusion

The spectral studies including absorption, band gap determi-

nation and photo luminescence of gel grown lead di bromide

single crystals were done. The high quality crystals show the

absorption peak at UV region. The strong fluorescence emis-

sion peaks of PbBr2 crystals in solution phase reveal their

excitonic relaxation mechanisms. Photo luminescence aspects

were explained using fluorescence emission characteristics of

the PbBr2. Rhodamine 6G incorporated lead di bromide was

subjected to the dual beam mode matched thermal lens exper-

iment. The thermal diffusivity coefficient of the crystal along

with rhodamine dye was measured using the same TL tech-

nique. The negative value of fitting parameter indicates a neg-

ative lens so that they expand on heating. Generation of heat

was resulted by the non radiative decay process take place

within the crystal sample.
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Abstract The Dual Beam mode-matched thermal lens spec-

trometry is a sensible technique for direct measurements of the

thermal properties of tartrate crystalline materials. Here we

report the measurement of thermal diffusivity of Strontium

Tartrate single crystals incorporated with Rhodamine 6G

using the thermal lens experiment. The respective crystals

were prepared by solution-gel method at room temperature.

The absorption characteristics of three different Strontium

Tartrate crystals viz. pure, electric field applied and magnetic

field applied were also carried out.

Keywords Strontium tartrate crystals . Thermal lensing .

Nonlinear crystals

Introduction

Tartrate crystals have found many applications in the field of

nonlinear optics. Strontium Tartrate (SrT) is one such material

with device applications since it possesses ferroelectric behav-

iour [1, 2]. Nonlinear optical devices based on second har-

monic generation, crystal oscillators and devices to central

laser emission are some of these applications [3–7].

StrontiumTartrate is a strategic material with a global business

potential [3]. Divalent tartrates are ferroelectric and piezoelec-

tric compounds, exhibiting nonlinear optical and spectral

characteristics [4–6]. They are used in transducers and several

linear and nonlinear mechanical devices [7–12]. B.

Sureshkumar et al. reported on the growth and charac-

terization of pure and lithium doped strontium tartrate

tetra hydrate crystals by solution–gel technique [13]. In

recent years great attention has been devoted to the

studies of nonlinear crystals like strontium tartrate due

to their wide range of applications [14–19]. The dielec-

tric behaviour of strontium tartrate single crystals was

studied by S.K. Arora et al. They gave a clear picture

of various polarization mechanisms such as atomic po-

larization of lattice, orientational polarization of dipoles

and space charge polarization in the grown crystals

using the results of the measurements of dielectric con-

stant and dielectric loss as functions of frequency and

temperature [13]. Strontium tartrate belongs to the space

group P212121containing four molecules per unit cell

with dimensions a = 0 × 948, b = 1 × 096 and

c = 0 × 946 nm [20–22]. Since the solubility of tartrate

compounds in water is very poor and they decompose

before melting. Hence single crystals of tartrate com-

pounds cannot be grown by either slow evaporation or

melt techniques. Here arises the significance of gel

method. Henisch et al. developed experimental tech-

niques for gel growth and attempted to correlate the

nucleation mechanisms in gels to some characteristics

of gel structures [23–24]. M.H. Rahimkutty et al. stud-

ied the thermal behaviour of gel grown strontium tar-

trate crystals using thermo gravimetric and differential

thermal analyses [2]. Most often, research studies have

concentrated on structural, electrical and optical behav-

ior of the synthesized crystals. Nonlinear optical prop-

e r t i e s o f these c rys ta l s a re se ldom repor ted .

Understanding the nonlinear behavior of strontium tar-

trate crystal l ine materials is a prerequisi te for
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considering nonlinear applications. In the present study,

we report linear absorption and thermal lensing (TL)

characteristics of strontium tartrate single crystals to

evaluate it’s application potential in non-linear devices.

Experimental

Gel method was employed for preparing the crystal sam-

ples for our studies. Initially, a stock solution of sodium

meta silicate of specific gravity 1.03 g/cm3 was prepared

for gel formation. To the solution of sodium meta sili-

cate, a 1 M tartaric acid was mixed and the pH of the

solution was varied. The solution was kept undisturbed

for two days to form firm gel. To the gel, a 1 M stron-

tium nitrate solution was gently poured through the sides

of the test tube without disturbing the gel surface. The

chemistry behind the crystal formation is given below.

C4H6O6 þ Sr NO3ð Þ2}SrC4H4O6 þ 2HNO3

Two different SrT samples were obtained by applying

an electric field of 10 V perpendicular to the length of

the experimental test tube and providing a magnetic field

of 0.1 Tesla across the test tube. The reaction between

the strontium nitrate and tartaric acid were studied for

different gel density and molarity of the top solution.

Thus three types of SrT crystal samples were obtained

for our studies viz. pure, electric field applied and sam-

ple subjected to magnetic field. SrT crystals started to

grow from the interface after 24 h after placing the top

solution. The prepared SrT crystal samples were subject-

ed to X-ray diffraction studies (XPERT-PRO using K-

Alpha 1.54060A0 (XRDML)) for confirmation of crystal-

line nature and structure determination.

For the spectral characterization, the given SrT crystals in

powder form were used. Using mortar and pestle, the sample

was powdered and weighed about 0.35 g and dissolved in

20 ml of ethanol to obtain a concentration 0.02 g/ml. For the

dissolution, a magnetic stirrer was used and the solvent evapo-

ration was prevented by using a sealed glass container. Linear

absorption of the crystal samples in solution phase was record-

ed using Jasco V-570 UV/VIS/IR Spectrophotometer. Optical

band gap of these sampleswere obtained from linear absorption

measurements.

Non-radiative decay studies of these SrT crystals were

done using dual-beam mode-matched thermal lens tech-

nique. This is a very high sensitive method which can be

used to find the thermal diffusivity of our SrT crystal

samples in solution phase. For this TL experiment, a

532 nm diode pumped solid state laser, (DPSS) with a

maximum power of 150 mW was used as the excitation

source. In order to avoid aberrations, attenuators were

used for adjusting the power at the crystal sample. A

2 mW He–Ne laser used as the probe was arranged to

be collinear with the pump using a dichroic beam splitter

[25, 26]. The two beams were focused into the sample

cell such that the beam area at the sample plane was the

same for both pump and probe resulting in a mode

matched TL configuration. To enhance the absorption

of SrT crystal, rhodamine6G(Rh-6G) dye was incorporat-

ed. A mixture of 0.5 ml rhodamine-6G and 3 ml of SrT

sample solution was taken in a 1 cm cuvette of 5 mm

path length for various sets of measurements.

Results and Discussions

Structural Analysis by XRD

Good quality crystals were obtained by the gel method that we

adopted for sample preparation. The structural characteristics

was done using powderedX-ray diffraction pattern. The X-ray

diffraction pattern of strontium tartrate is as shown in

Fig.1,which confirms the crystallanity of our samples. Sharp

peaks in the X-RD figure indicate the perfect crystalline aspect

for the SrT sample.

There are 17 number of scattering points with maximum

intensity 100 for 2θ = 17.5749. Another point of maximum

intensity of 77.62 at 2θ = 37.5699. The crystal was identified

by comparing the inter planar spacing and intensity of the

pattern with the pattern in the JCPDS index file

(No.01–.0539). The SrT is reported to have a space group of

P212121. XRD pattern analysis resulted with orthorhombic

structure. Position of peaks, full width half maximum

(FWHM) and hkl values of the observed peaks are given in

Table 1.

Absorption and Direct Band Gap Studies

The linear absorption of SrT crystal samples were studied

using UV-Visible absorption spectra at room temperature.

The crystal samples in ehanol solution was taken in the

sample cuvette and ethanol alone was used as reference.

Figure.2 picturises the spectral behaviour of three differ-

ent SrT samples viz. pure SrT, electric field applied and

magnetic field applied SrT crystal samples in solution

phase. Absorption spectra of electric field and magnetic

field apllied crystals are different from that of pure crys-

tals. From the spectra it is clear that application of ex-

ternal field (electric or magnetic) has a strong influence

on the structure of grown crystals. In the gel growth,

crystals are grown at lower temparture and it is possible

to eliminate strains upto a high extent. The application of

fields induces strain in crystal lattice and increases the

number of defects in grown crystals. The increase in
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number of lattice defects for the field applied crystals is

reflected in the absorption spectra.

The absorption figure shows that all the three SrT samples

have their absorption peaks in the ultra violet region and have

a wide transparency range in the entire UV region. Thus the

absorption spectrum of SrT crystal shows it is well suited for

nonlinear optical studies.

The optical band gap of our samples was studied

using the absorption specra. The values of hν were plot-

ted against that of (αhν) 2, where, α is linear absorption

coefficient which is related to the band gap Eg as (αhν)
2 = k (hν- Eg), where hν is the incident light energy, k is

a constant and Eg is the optical band gap of the sample.

Figure 3 indicates the band gap plot of strontium tartrate.

The peak at this particular wavelength is due to the elec-

tronic transition and the direct band gap values of SrT

vary from 5.3 to 5.4 eV.

Thermal Lensing Characteristics

Thermal diffusivity of SrT crystals were determined

using a dual beam mode-matched thermal lens experi-

mental technique employing a TEM00 Gaussian laser

beam as the excitation source. Figure.4 shows the ther-

mal lensing of SrT crystals with rhodamine6G dye. Here

the SrT sample incorporated with the rhodamine 6G was

placed along the path of the excitation laser beam. While

Fig. 1 XRD of SrT crystal

Table 1 hkl values of SrT for different 2θ values from XRD data

analysis

Pos. [°2Th.] FWHM [°2Th.] h k l

11.9723 0.6048 1 1 0

16.5256 0.3024 0 2 0

17.5749 0.3024 2 1 0

26.87 0.3024 1 1 1

30.112 0.3024 2 1 1

33.5504 0.3024 2 2 1

34.2284 0.3024 1 4 0

37.5699 0.3024 3 2 1

38.4713 0.3024 2 3 1

40.8921 0.3024 4 1 1

48.6215 0.3024 3 5 0

50.5018 0.3024 0 1 2

58.9937 0.3024 7 2 0
Fig. 2 Linear absorption spectra of three SrT crystal samples
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experimenting, a temperature rise was produced by non

radiative decay processes following the optical energy

absorption. A lens like optical element was obtained as

a result of the change in refractive index with tempera-

ture of the SrT crystal sample. The probe beam intensity

values were obtained from the plot of intensity vs time in

second scale. From this plot, the decay time tc and fitting

parameter θ were obtained using a theoretical fit of the

measured values. From the values of tc and the beam

waist radius w at the sample position, the thermal diffu-

sivity D of SrT sample can be calculated as

D ¼ w2=4tc

The solid line in the figure corresponds to the theoretical fit

to the experimental data represented by the circles. The devi-

ation in the thermal lens plots may be due to the selection of

data points to fit theoretically. The SrT sample absorbs some

of the radiation and excited states are formed. They lose ener-

gy non radiatively which generate heat. The thermal diffusiv-

ity values of SrT-Rh-6G can be calculated from the fitting

parameters. Measured values of thermal diffusivity D, θ,and

tc are given in the Table. 2.

From the values of θ,it is evident that SrT crystals exhibit a

negative lens. Thus the Rh-6G added SrT sample solution

expand on heating that is indicated by the presence of negative

θ values. These results reveal that a weak TEMGaussian laser

beam passing through the thermal lens, will be affected,

resulting in a variation in its spot size and hence intensity at

the beam centre. The low value of thermal diffusivity for mag-

netic field applied sample suggests that the effect of

magnetic field on SrT enhances the decay time to a

great extent and have found applications in the field

of thermal insulators. Thus the non radiative decay from

the gel derived SrT crystal sample is well studied by

these measurements.

(a) (b)

(c)

Fig. 3 Optical band gap plot of (a) pure (b) electric field applied and (c) magnetic field applied SrT samples
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Conclusions

Good quality Strontium Tartrate crystals were prepared by

employing the solution-gel method. The structure determina-

tion of the sample crystal was done by X-ray diffraction pat-

tern which confirm that strontium tartrate belongs to the

orthorombic system. Linear absorption spectra of three differ-

ent SrT crystals were taken at room temperature. Absorption

peaks were located in UV region giving a wide transparency

range to these crystal samples. Optical band gap of the sam-

ples were also measured and the variation in direct band gap

was monitored. Thermal diffusivity and the lensing property

of the gel-grown strontium Tartrate single crystals were per-

formed using dual beam mode-matched thermal lens experi-

ment. Rhodamine 6G dye was incorporated to the crystal

sample in solution phase to enhance the absorption of SrT.

Thermal diffusivity of the pure, electric and magnetic fields

applied SrT samples were also calculated from the TL plots.

The negative value of fitting parameter indicates that

Strontium Tartrate-Rhodamin 6G solution exhibit a negative

lens.
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a b s t r a c t

Zinc ferrite is a normal spinel and antiferromagnetic in nature with a Neel temperature of 10 K in the
micron regime. It exhibits interesting features like superparamagnetism, spin glass and ferrimagnetism
in the nano-regime. These anomalies make zinc ferrite striking among various other spinels. Further, in
the thin film form, the magnetic properties are dependent on preparative techniques, annealing and
deposition parameters. In the present work, zinc ferrite thin films were prepared by RF sputtering. The
films were annealed at 400° C and 600° C. The thickness and composition of films were estimated by
employing Rutherford Backscattering Spectrometry (RBS). The structural and microstructural studies
conducted using Glancing X Ray Diffractometer (GXRD) and Transmission Electron Microscope (TEM)
indicates the formation of a spinel phase and grain growth was observed with annealing. Magnetic
measurements were carried out using a Superconducting Quantum Interferometer Device–Vibrating
Sample Magnetometry (SQUID VSM). The films were found to be ferrimagnetic at room temperature and
Field Cooling–Zero Field Cooling (FC–ZFC) studies indicate the presence of disorders.

& 2015 Published by Elsevier B.V.

1. Introduction

Zinc ferrite is a classical example of an antiferromagnet with a
Neel temperature of 10 K [1]. In the micron regime it exhibits a
normal spinel structure with Zn2þ ions having exclusive tetra-
hedral site (A site) preference while Fe3þ ions occupy the octa-
hedral sites (B site) in an fcc close packed oxygen sub-lattice and is
represented by Zn2þ

A Fe23þB O4
2� . The antiferromagnetism ex-

hibited by zinc ferrite is attributed to weak JBB interaction. There
are reports where normal spinel zinc ferrite is not an antiferro-
magnet but a three dimensional spin frustrated magnet [2].

In the nano-regime zinc ferrite exhibit anomalous magnetic
behavior, in that it is purported to exhibit ferrimagnetism, spin
glass, superparamagnetism or spin cluster behavior. This anomaly
has been attributed to cation redistribution where in some amount
of Zn2þ ions migrate to the B site and an equal amount of Fe3þ

ions migrate to the A site resulting in JAB interaction. These dis-
tinctive properties of nano-zinc ferrite have been ascribed to sur-
face effects or surface magnetism [3]. Authors of this article had
carried out a systematic study on nanosized zinc ferrite and

established that Zn2þ ions occupy B sites instead of A sites and are
found to exhibit ferrimagnetic behavior at reduced dimensions
[4,5]. Low Energy Ion Scattering (LEIS) studies on spinel structures
revealed that it is the octahedral sites that are preferentially ex-
posed on the surface [6]. Anantharaman et al. carried out LEIS
studies on ultrafine zinc ferrite and observed that the amount of
zinc on the surface increases with decrease in particle size [5]. This
is a clear indication of cation redistribution in the nano-regime
and it was observed that the distribution is synthesis specific [7–
9]. Such disordered spinels can be represented by [Zn1�x

2þFex3þ]A
[Znx

2þFe2�x
3þ]BO4, where x represents the degree of cation dis-

order/percolation depth.
The thin film form of zinc ferrite can be easily integrated into

devices which find application as various gas sensors. Hence thin
film forms of these materials assume importance from an appli-
cation point of view. From a fundamental perspective thin films of
zinc ferrite have attracted researchers due to their anomalous
magnetic behavior. The dependence of preparation method, effect
of thickness and the influence of annealing on various properties
of zinc ferrite thin films are of great interest to scientific
community.

Among the various methods used for preparing zinc ferrite thin
films, namely, sputtering, Pulsed Laser Deposition and spin coat-
ing, sputtering stands out among other techniques. It is presumed
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that when zinc ferrite thin films are prepared by RF sputtering, the
high energy imparted to the zinc ferrite results in random ar-
rangement of Fe and Zn ions in the A and B sites. This random
distribution of cations gives rise to interesting magnetic properties
like superparamagnetism, glassy behavior or ferrimagnetic prop-
erties in zinc ferrite thin films.

Existing school of thoughts on the unusual magnetic behavior
of zinc ferrite in the nanoregime do not provide a conclusive an-
swer. Studies on zinc ferrites are still a hot topic of research due to
the varied and incoherent results obtained by different groups
[10–16]. For example, Nakashima et al. prepared zinc ferrite thin
films by RF sputtering and they observed coexistence of ferri-
magnetic ordering and glassy behavior [9]. Bohra et al. carried out
systematic studies on zinc ferrite thin films prepared by RF sput-
tering and Pulsed Laser Deposition and they obtained high mag-
netisation but the film did not saturate even at the highest applied
field [17]. Yamamoto et al. realized room temperature cluster glass
state in zinc ferrite thin films prepared by Pulsed Laser Deposition
(PLD). They investigated the role of deposition rate on the mag-
netic properties of these thin films. The room temperature spin
glass property has been found useful in making magneto optic
memory devices [7]. Recently Liang et al. reported deposition of
zinc ferrite thin films on various substrates. They obtained a sa-
turation magnetisation of 1.5�10�3 emu/cc for a 120 nm thick
film [18] which is very small for any useful application.

It is in this context that a thorough investigation on zinc ferrite
thin films assumes importance. Thermal annealing of thin films of
zinc ferrite can result in alteration of surface characteristics lead-
ing to modified magnetic and structural properties. Moreover the
effect of annealing on the cation redistribution, if any, can also be
investigated. In the present study zinc ferrite thin films were
prepared by employing RF sputtering. The films were annealed at

400° C and 600° C. The structural and magnetic properties of zinc
ferrite thin films and the effect of thermal annealing on the
magnetic properties are investigated.

2. Experimental methods

Zinc ferrite thin films were coated on silicon substrate by RF
sputtering from a phase pure zinc ferrite target. The phase pure
target employed for sputtering was in turn prepared by sol–gel
auto combustion technique using zinc nitrate and ferric nitrate in
the ratio of 1:2 as precursors. This was dissolved in ethylene glycol
by adding a solvent under constant stirring at 70° C and the ob-
tained sol was heated at 120° C until auto combustion took place.
The powder thus obtained was pressed into pellets of 5 cm dia-
meter and then annealed at 700° C for 24 h. The sputtering was
carried out in an Argon atmosphere with an RF power of 150 W for
90 min. Vacuum of 5�10�5 Torr was attained with the help of a
turbo pump backed by a scroll pump and during deposition the
pressure increased to 2�10�2 Torr. The films obtained were an-
nealed at 400° C and 600° C for 1 h in air. Rutherford Back-
scattering Spectrometry (RBS) was employed to determine the
thickness and composition of films. Measurements were per-
formed at Pelletron Accelerator RBS-AMS Facility (PARAS) at Inter
University Accelerator Centre (IUAC), New Delhi. The experimental
results are fitted using XRUMP (RBS Analysis and Simulation
package) software to obtain thickness and composition [19].
Structural characterization of films were carried out using Glan-
cing X-Ray Diffractometer (GXRD) Bruker Discover D-8 with Cu Kα
(λ¼1.5406 Å) radiation at a glancing angle of 1°. The crystallite
size was calculated using Scherrer formula, D 0.9

cos
= λ

β θ
where D is

the crystallite size, λ wavelength of X rays, β full width at half-
maximum in radians and 2θ the diffraction angle. Micro-structural
characterization was carried out using Transmission Electron Mi-
croscope (TEM) and Selected Area Electron Diffraction (SAED).
Nanoscope IIIa Digital Instruments, Veeco was employed for sur-
face morphology studies and the analysis of AFM images was done
using the offline AFM software. Room temperature and low tem-
perature magnetic measurements were conducted employing a
7 T MPMS SQUID–VSM. MH loops at room temperature and at 10 K
was traced. Field cooled–Zero field cooled (FC–ZFC) measurements
were carried out at a cooling field of 100 Oe and 1000 Oe.

3. Results and discussions

The thickness of the pristine film estimated using RBS data was
around 120 nm. The weight percentage of elements was found to
be 12.5% 74% Zn, 25% 71.3% Fe, 62.5% 71.1% O. A ratio of 1:2 of
Zn:Fe was achieved in thin films, which is identical to the target
composition. The thickness and composition of films do not vary
on annealing which suggests that the films are uniform. RBS
spectra for pristine and annealed films are depicted in Fig. 1.

The GXRD pattern is shown in Fig. 2. The pristine film exhibits a
broad peak at 35°; on annealing at 600° C, the peak corresponding
to (311) plane became prominent and the crystallite size calculated
using Debye–Scherrer formula was 18.2 nm. To support the results
from GXRD, SAED measurements were performed and are shown
in Fig. 3a and b. The d values were compared with the standard d
values of zinc ferrite and are in good agreement. The (311) planes
are clearly visible in the SAED pattern of pristine film, which could
not be detected in the case of GXRD [20]. The particle size calcu-
lated from TEM is 1271.3 nm and 1671.9 nm respectively for
pristine and film annealed at 600° C (Fig. 3c–f). Thus we observe
that zinc ferrite films are crystalline in nature and the grains grew

Fig. 1. RBS spectrum of (a) pristine film and (b) film annealed at 600° C.
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in size with increase in annealing temperature which is on ex-
pected lines.

AFM images of pristine and film annealed at 600° C are shown
in Fig. 4. The pristine film is smooth with an rms roughness of
0.770.01 nm and on annealing at 600° C the roughness increases
to 2.870.2 nm. This increase in surface roughness with annealing
is indicative of grain growth on annealing which was also ob-
served from TEM images.

Room temperature magnetic measurements (Fig. 5) indicate
that zinc ferrite films exhibit hysteresis loops saturating at low

magnetic field and are therefore ferrimagnetic in nature. The fer-
rimagnetic behavior could be due to the random arrangement of
Fe3þ ions on both A and B sites as a result of sputtering, which
leads to strong AOB interaction. The highest value of saturation
magnetisation (Ms) obtained in our case is 18 emu/cc for the
pristine film, which is relatively high. Liang et al. deposited zinc
ferrite films on various substrates, found that zinc ferrite deposited
on silicon substrate yielded an Ms of 1.5�10�3 emu/cc for a
thickness of 120 nm, the film were not saturating even for an
applied field of 8000 Oe [18]. It must be noted here that pristine

Fig. 2. GXRD of (a) pristine film and film annealed at (b) 400° C and (c) 600° C.
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zinc ferrite thin film exhibited a much higher Ms and saturated at
around 3000 Oe for a film of same thickness.

A monotonous decrease in saturation magnetisation was ob-
served on annealing (Fig. 6). Other researchers have also observed
a similar trend and have explained this due to the remigration of
Fe3þ ions to B sites with annealing and revert to the normal spinel
structure [10]. The decrease in magnetisation can be correlated
with increase in grain size on annealing [11–17]. Bohra and others
investigated nanocrystalline thin films of zinc ferrite of varying
grain sizes and in their study they found interesting observations.
Zinc ferrite thin film having a grain size of less than 20 nm was
found to be superparamagnetic while its cousin having a size of
o40 nm was found to be exhibiting ferrimagnetism and film of

zinc ferrite having size 440 nm were observed to be para-
magnetic. Accordingly, for the pristine and films annealed at
600° C, corresponding to an average grain size less than 20 nm, we
should observe a superparamagnetic behavior, in contrast we
observed a ferrimagnetic behavior. Further studies are required to
explain the grain size dependence on magnetic behavior of thin
films.

Guo et al. reported that the saturation magnetisation decreased
on annealing at 400° C, and at 600° C the films tend to be para-
magnetic at room temperature. These changes, on annealing were
attributed to redistribution of ions and reversal back to a normal
spinel structure [21]. In the present study, even though Ms de-
creased on annealing the zinc ferrite thin films retained its

Fig. 3. SAED images of (a) pristine (b) film annealed at 600° C, TEM images of (c) pristine (d) film annealed at 600° C and grain size distribution of (e) pristine and (f) film
annealed at 600° C.
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ferrimagnetic characteristics even after annealing at 600° C which
suggest that JAB interaction is dominant even at 600° C and the
ions have not completely reverted back to the normal spinel
configuration.

The MH loops at 10 K (Fig. 7) was measured to seek an insight
on the low temperature magnetic ordering. The films exhibited
well defined hysteresis loops with large remanence and coercivity.
The saturation magnetisation, remanence and coercivity at 10 K
decreases on annealing at 600° C which is analogous to the ob-
servation at room temperature. Even though the decrease in
magnetic properties with annealing is attributed to reversal to a
normal spinel, complete reversal has not taken place and the fer-
rimagnetic property of films is retained at 10 K.

To inspect the existence of magnetic ordering in zinc ferrite
thin films, these films were subjected to FC ZFC measurements at
cooling fields of 100 Oe and 1000 Oe. FC ZFC studies (Fig. 8) in-
dicate that the maximum of the ZFC curve which is called the
blocking temperature TB shifts to lower temperatures with an-
nealing. TB for the pristine film is at 85 K and for the film annealed

at 600° C is at 30 K. The shift in blocking temperature with an-
nealing temperature has been attributed to cation disorder in zinc
ferrite samples [5]. Disordered zinc ferrite can be represented as
[Zn1�x

2þFex3þ]A [Znx
2þFe2�x

3þ]BO4. Nakashima et al. carried out
theoretical and experimental studies on the disordered cation
distribution in zinc ferrite thin films [22]. They obtained an x value
for normal spinel as x¼0 and x¼0.66 for completely disordered
spinel. They observed x¼0.66 for sputtered film and on annealing,
the value of x decreases. This change in x was correlated with
change in blocking temperature. From the shift in TB we can infer
that the value of x changes with annealing. However quantitative
evidence can be obtained only from detailed studies using neutron
scattering.

Tirr which is the temperature, at which FC and ZFC curve bi-
furcate, also undergo changes with annealing. For films annealed
at 600° C, Tirr is greater than room temperature. The wide differ-
ence between FC and ZFC below Tirr is typical of disordered sys-
tems. TB and Tirr shifts to lower temperatures with increase in
cooling field. Bhowmik et al. attributed this to a blocking

Fig. 4. AFM images of pristine and film annealed at 600° C.

Fig. 5. MH curves at 300 K of pristine and annealed films.
Fig. 6. Variation of saturation magnetization with annealing temperature (lines are
guide to the eye).
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phenomena in ferrimagnetic nanoparticles [23]. For the pristine
and 400° C annealed samples the shift in TB is quite large, while for
the sample annealed at 600° C, the shift is very less. However the
sample annealed at 600° C shows marked deviation in FC–ZFC
behavior from other samples. The behavior of FC–ZFC curves is
similar to that of bulk zinc ferrite. Nakashima et al. also en-
countered a similar observation for the zinc ferrite film annealed
at 600° C [10]. Also around 230 K, FC ZFC susceptibilities almost
become constant which is due to ferrimagnetic ordering. Ferri-
magnetic ordering was also observed from MH curve at room
temperature. The decrease in FC with decrease in temperature is
indicative of antiferromagnetic behavior of the system. Thus for
the sample annealed at 600° C antiferromagnetic ordering also
contributes to the observed magnetic behavior at 10 K.

The difference between MFC and MZFC (ΔM) is plotted against
temperature and is given in Fig. 9. The difference is found to be
highest for film annealed at 400° C. In pristine and film annealed
at 400° C, the value of ΔM starts to increase around 70 K. In the
film annealed at 600° C, ΔM increases below 30 K. The large
magnitude of ΔM is indicative of disorder effects [23]. The tem-
perature below which disorder effect set-in in zinc ferrite thinFig. 7. MH at 10 K of pristine and annealed zinc ferrite thin films.

Fig. 8. FC–ZFC curves of (a) pristine film and film annealed at (b) 400° C and (c) 600° C.
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films varies with annealing temperature. At 5 K the disorder is
highest for film annealed at 400° C. At room temperature ΔM is
highest for film annealed at 600° C.

4. Conclusions

Zinc ferrite thin films of thickness 120 nm were prepared by RF
sputtering. The structural characterization using GXRD and SAED
revealed that the films are crystalline in nature. From TEM it was
observed that grain size increases on annealing at 600° C. The
magnetisation studies show that the films exhibit room tem-
perature magnetisation and saturation were achieved at low fields.
The films were ferrimagnetic at room temperature and the highest
magnetisation of 18 emu/cc was obtained for the pristine film. The
higher saturation magnetisation of zinc ferrite thin films is at-
tributed to redistribution of cations in A and B sites. On annealing,
the magnetic properties deteriorated due to the tendency of ions
to revert back to a normal spinel configuration.
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INTRODUCTION

Rare earth doped glasses play an important role for optical
applications such as glass lasers and optical fiber amplifiers
and also hold promise for photochemical hole-burning memory,
flat panel display, etc1. The potential advantage of the sol-gel
method for preparing optical materials includes obtaining new
chemical compositions, better purity and more convenient
processing conditions2. The optical absorption and lumine-
scence properties of several rare earth ions incorporated into
sol-gel silica have been reported including Ce(II)3, Sm(III)4,
Sm(II)5, Eu(III)6, Eu(II)7, Er(III)8, Tb(III)9 Yb(III)10, Pr(III)11,
Dy(III)12 and Nd(III)13. Compact and efficient all solid state
lasers emitting in the visible spectral region are of great interest
for a number of applications in medicine, biology, metrology,
optical storage and display technology. With the ZBLAN
material, laser oscillation has been observed in several rare
earths such as trivalent praseodymium, neodymium, thulium,
holmium and erbium14. However, these laser materials do not
cover the entire visible spectral range. Gaps especially exist
in the yellow and blue range which cannot be filled by applying
frequency doubled solid-state lasers. The dopant material
dysprosium has the potential to fill these gaps due to the well-
known strong fluorescence in the visible spectral range around
575 and 480 nm15.

In numerous studies on the systems Eu2O3-SiO2, Nd2O3-
SiO2, Er2O3-SiO2, Pr2O3-SiO2 and Tb2O3-SiO2 prepared by sol-
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gel route, it was shown that it is difficult to overcome problem
of cluster formation and phase separation16. Rare earth
clustering has been inhibited by co-doping with Al3+ and by
using organic acid salts instead of mineral acid salts as rare
earth precursors13. Jose et. al.16 have shown that the intensity
of Eu3+ emission in the silica matrix increased remarkably when
it is co-doped with CdSe nano crystals. Doped glasses obtained
via thermal densification of the gels show similar properties
with that of the melt route glasses. Thermal treatment of the
doped gels changes the local environment of the metal ions,
which results changes in fluorescence spectra. Though this
behaviour is common for most of the modifier ions doped
gels studied, a detailed study of the incorporation of Dy3+ions
in silica sol-gel host is limited. In this context, it is interesting
to examine the structural evolution and changes in fluorescence
properties of Dy3+ in the gel to glass conversion. Here we report
the results of a study on the luminescence and structural
properties of Dy3+ doped silica aerogels. The flurescence
intensity, full width half maximum and yellow to blue (Y/B)
ratio are successfully used to study the asymmetries of the Dy3+

sites in glass hosts. We further used the fluorescence spectro-
scopy to characterize the effect of several cation co-dopant on
the fluorescence property of Dy3+ in sol-gel derived silica.

EXPERIMENTAL

Silica sols containing 2 equivalent mol % Dy2O3 were
prepared from tetraethylorthosilicate (TEOS) (Fluka pure
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grade), Dy(NO3)3·9H2O (Merck, India), doubly distilled deioni-
zed water and high purity HNO3 and NH4OH. The desired
amount of Cr(NO3)3·9H2O dissolved in deionized water in the
presence of HNO3 was poured in TEOS under stirring at room
temperature. The TEOS/H2O/HNO3 molar ratio was 1:14:0.01.
The pH of the sols was adjusted to a value of 3 by adding
NH4OH. The sols were cast in petri-dishes. The gels were left
for 1 week at room temperature. Transparent crack-free dried
monolithic gels were obtained after drying for 14 days in air
oven at 60 ± 2 °C. The gels were heated at different tempera-
tures ranging from 200 to 900 °C in a programmable furnace
with the rate of 3 °C/h. (The gel with 0.5 mol % became opaque
on heat treatment and was not taken for further studies).
Transparent crack free and bubble free gels (diameter 20-25
mm, thickness 1.8-2.2 mm) were reproducibly obtained.
Optical spectra of the gels and heat treated samples were
recorded with a pectrophotofluorimeter (Shimadzu-RFPC
5301 ). Density of the samples were measured using Archmidie’s
principle. The co-dopants (10 equivalent mol %) were added
in the form of their nitrates. The following equations give the
simplified mechanisms leading to the gelation of the precursor
solution

≡Si-OC2H5 + H2O → ≡Si-OH + C2H5OH (1)
≡Si-OH + HO-Si → ≡Si-O-Si≡ + H2O (2)
≡Si-OH + H5C2O-Si≡ → ≡Si-O-Si + C2H5OH  (3)
Mechanism (1) represents hydrolysis reaction and mecha-

nisms (2) and (3) represent condensation reactions. Simulta-
neously a cluster-cluster aggregation process takes place as
the sol converts to gel. The rare earth and codopant nitrates
become increasingly entangled and ultimately trapped within
the growing clusters, which make the dopant ions disperse in
the derived gel at a molecular level. All the measurements
were made at laboratory temperature.

RESULTS AND DISCUSSION

An important performance indicator for rare earth mate-
rials to be useful for glass laser applications is its fluorescence
properties. To determine the optical characteristics of the
sample photoluminescence measurements were carried out.
Fig. 1 shows the excitation spectra for the 575 nm emission of
Dy3+ doped silica gels heat-treated at various temperatures.
The intensity and half bandwidth of the transitions increase
with increasing heat treatment temperature. These results have
a relation to the environment of Dy3+ ions. Because the
electrons of the 4f shells are screened by the outer shell elec-
trons, the presence of the surrounding lattice has little effect
on the f-f transitions, the silica network strengthens gradually,
(Si-O)n-Dy bonds form and Dy3+ ions are coordinated by SiO4

tetrahedra instead of H2O as shown in Fig. 2.
Dy3+ ion is situated in a distorted cube with eight non-

bridging oxygens belonging to the corners of SiO4 glass forming
tetrahedral, each tetrahedron donating two oxygens.

Fig. 3 shows the emission spectra of the xerogels heat
treated at various temperatures. The fluorescence intensity
increases remarkably, when the doped silica gel is heat treated
in the range 60-1000 °C. The result of the linear shrinkage of
the gel versus heat treatment temperature shows that the shrin-
kage at high temperatures is much smaller than that from room
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Fig. 1. Excitation spectra of Dy3+ in SiO2 under various heat treatment
temperatures
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Fig. 3. Emission spectra of Dy3+ in silica matrix (λex = 355 nm)

temperature to 500 °C. This indicates that the large increase
in fluorescence intensity is not caused mainly by the increase
in Dy3+ ion concentration as a result of the decrease in sample
volume9. The -OH groups which quench strongly the radiation
transitions of Dy3+ ion are from the coordination water rather
than the physically absorbed water9. With increasing heat
treatment temperature the silica network strengthens gradually
and the coordination water molecules are substituted by SiO4

tetrahedron. After heating at 600 °C, (Fig. 4) the coordinated
water molecules are almost removed by the formation of
(Si-O)n-Dy bonds. The full width half maxima of the emission
lines ( FWHM) also increase with heat treatment temperature.
The variation in FWHM of 470 nm line and 575 nm line are
given in Fig. 5. The increase in FWHM confirms the increase
in disorder of the local environment of Dy3+ ions.
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From the emission spectra of Dy3+, the intensity ratio (4F9/2

→ 6H15/2)/(4F9/2 → 6H13/2) due to emissions in the yellow and
blue regions designated as Y/B are calculated. The Y/B of Dy3+

emission follows a trend parallel to red to orange (R/O) of
Eu3+, as these ratios are influenced by the site symmetry and
electronegativity of the ligand atoms in a similar manner. The
two prominent transitions are electric dipole in nature out of
which (4F9/2 → 6H13/2) is hypersensitive. The intensity of the
hypersensitive transition is affected by the metal ligand
interactions.

The ratio of their intensities is shown to be sensitive to
the covalency of the ligand atoms and distortions from the
cubic symmetry17. The larger the inequality of the emission
intensities of these two transitions, the larger is the asymmetry
and covalency effects. For the present case, the Y/B ratio showed
a marked increase, as the gel is heat treated (0.51 to 0.76).
The high value of the intensity ratio of the 1000 °C heated gel
showed that the Dy3+ is embedded in the glassy network with
an asymmetric environment.

Fig. 6 shows the typical absorption spectra of 2 mol %
Dy2O3 doped silica gel fired at 900 °C. All the spectra of rare
earth ions arise from the intra-configuration transitions within
the 4f shell. In the free ion state, these transitions are prohibited
by the parity rule of electric dipole transition. However this
prohibition can be avoided for ions embedded in a crystal field
by non-centrally symmetric interactions of the ions with
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Fig. 6. Optical absorption spectra of Dy3+ doped glassy system

surrounding ions, which mix states of opposite parity and thus
relax the parity restrictions. For Dy3+ions, the transition occurs
from the 6H15/2 levels to various excited levels. The experi-
mentally observed absorption spectra of Dy3+ ion in the present
glassy systems are found to be in good agreement with that of
other oxide systems. Owing to the absence of the long-range
order in the glass, the micro symmetry around Dy3+ ions differs
slightly from site to site. Typical half widths of about 200 cm-1

for isolated bands. The overall appearance of the spectra does
not change very much with glass composition.

Fig. 7 shows that the presence of a cation co-dopant has a
strong influence on the fluorescence emission of Dy3+ ion.
Pure sol-gel silica glass can show a variety of photolumine-
scence phenomena due to kinds of defects in the sol-/gel silica
glass network such as ≡Si*, =Si**, ≡Si -O* and oxygen vacancies,
etc18. As the broad emission band stretching from about 370
to 450 nm in present work is observed in all the samples, it is
considered that this band is associated with the defects in the
silica sol-gel matrix. Quantitatively the increase in fluorescence
intensity varies with the cation co-dopant. The ability of the
co-dopant to increase the fluorescence intensity increases as
Li > Na > Ag > K. This behaviour can be explained by invoking
the influence of the non-radiative rate, hydroxyl quenching
and cross-relaxation on the radiative relaxation rate.
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Fig. 7. Emission spectrum of Dy3+ in the presence of cations

The total relaxation rate can be expressed as
1/τ = Σ WNR + Σ A + PCR

where Σ A is the total radiative rate, Σ WNR is the non-radiative
rate and PCR is the rate of cross-relaxation between adjacent ions.

The possible channels for non-radiative relaxation are
discussed below:
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(a) Multi-phonon relaxation involving phonons of energy
 ω is described by

WNR = A exp(-Bp)
where A and B are constants, p is the number of phonons
(excited lattice vibrations) and this can be calculated using
the equation

E
p

∆
=

ω 

where ∆E is the energy gap between emitting and terminal
levels. For silica glass the phonon energy is 965 cm-1 due to the
Si-O-Si stretching vibrationof Q3 units19. In a cation co-doped
system the rare earth ions are located in a modified field which
has a larger effective mass of the local vibration system than
that of purely rare earth doped glass system. This leads to a
decrease in phonon energy for the Si-O-Si stretching vibration
and the number of phonons needed to bridge the excited and
ground state increases11,20. With increasing the number of
phonons 'p', WNR decreased and as a result the quantum yield
increased. Therefore the non-radiative rate is higher in purely
rare doped glasses.

(b) The hydroxyl quenching can be described by the relation-
ship

OH OH
em rad

1 1
k= + α

τ τ

where αOH is the absorption coefficient of hydroxyl at 2700
nm (40 cm-1) and kOH is the rate constant. The presence of
hydroxyl band will also increase the non-radiative decay. From
the FTIR spectra it was confirmed that a large amount of
hydroxyl group was present in R doped glasses. The hydroxyl
content in glasses processed at high temperature has been
estimated from the IR spectra using the relationship

[OH](ppm) = (1000/t)log(Ta/Tb)
where Ta and Tb are the transmissions at 2.6 and 2.7 mm, respec-
tively and t is the sample thickness (mm). Hydroxyl content
around 4000 ppm was measured after the glass processed at
1000 °C. This was explained to be the cause for the greater
non-radiative relaxation rate in co-dopant free rare earth doped
glasses compared to co-doped glasses.

(c) The cross relaxation may take place between the same
lanthanides or between two different ions. This process between
a pair of rare earth ions is graphically presented in Fig. 8.
When it is excited at 355 nm in high-lying excited states of
Dy3+ several paths for self quenching by energy transfer between
two similar neighboring ions21. For example, [4F9/2, 6H15/2] →
[6H5/2, 6H5/2] or [4F9/2, 6H15/2] → [6H9/2, 6F3/2]. In the first path,
there is a good resonance between the energy of the 4F9/2 →
6H5/2 and 6H15/2 → 6H5/2 transition. Cross relaxation occurs as
follows.

De-excitation of one Dy3+ from 4F9/2 level to a 6H5/2 mani-
fold (4F9/2 → 6H5/2) and energy transfer to another Dy3+ ion
6H15/2 → 6H5/2 follows by energy dissipation in the silica glass.
There are more than six cross-relaxation paths originating from
the 4F9/2 emitting level and even more when all the excited
states are taken into account19. By this process the original system
loses the energy (E2-E1) by obtaining the lower state E2 (which
may also be the ground state E1) and another system acquires
the energy by going to a higher state E2. The two energy gaps

3 3'

2 2'

1 1'
Ion A Ion A' 

E 

Fig. 8. Schematic diagram of a cross-relaxation process between two ions
of the same or different nature

may be equal or can be balanced by one or two phonons. It is
a dominating factor at high concentrations. In the present case
a small amount of co-dopant prevented the aggregation
resulting in the circumvention of the cross relaxation process.

Alumina addition was found to improve the dissolution
of rare earths in glasses prepared by vapor phase deposition
or melting. Studies indicated that addition of alumina is also
effective in dispersing SiO2 glasses prepared by sol-gel process.
It is known that the analysis of the emission properties of rare
earth ions can give information on the clustering in glasses. In
order to confirm these arguments we have studied the effect
of co-dopants on the fluorescence properties of Dy3+ ion in
SiO2 matrix. From the fluorescence spectra (Fig. 5) it is clear
that the presence of a cation co-dopant has a strong influence
on the local bonding environment of the R3+. All the co-dopants
lead to the fluorescence enhancement. We attribute the effect
to the ability of codopants to penetrate R3+ clusters or to inhibit
their formation. According to the crystal chemistry approach22

multiple cation modifiers will co-exist in the modifier rich
regions. This implies that when a co-dopant is added to R3+

doped sample, it will penetrate the R3+ clusters and promote
inter dispersion. The inter dispersion occurs because of the
formation of R-O-M linkages where M is a co-dopant. The
net effect is increased separation and reduced energy transfer
between the R3+ ions. The field strength of the co-dopant will
influence the covalency of the R-O bond23. Higher field strength
co-dopants in linkages will form stronger, more covalent bonds
with oxygen. This in turn leads to weaker, less covalent R-O
bonds in the linkage. In effect, there is a competition between
R3+ and the co-dopant for the electron density associated with
oxygen and the higher field strength cation exerts the
controlling effect. As a result, the intensity increases remark-
ably. In either case the average R-R distance increases and as
a result the energy transfer decreases thereby increasing the
fluorescence intensity.

This observation suggests that the ability of the co-dopants
to inhibit R3+ clustering decreases as Li+ > Na+ > Ag+ > K+.
This ordering is significant because it parallels the trend
observed for the field strength (Z/r2) cation co-dopant (or
charge density Z/r) of the cation co-dopant (Table-1). This
suggests that high field strength cation co-dopants are more
effective at R3+ clustering and promoting more uniform distri-
bution of R3+ ions than low field strength co-dopants. The
comparison with Al3+ is complicated by the fact, however that
Al3+ will act as a network former whereas Li+, Na+, K+ and
Ag+ are expected to act as a network modifiers. It is possible
that the charge density effect saturates for modifier and that
the network forming capability rather than the charge density
governs the effect of Al3+ on the clustering of R3+. It is also
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TABLE-1 
IONIC RADII, CHARGE DENSITIES AND  

FIELD STRENGTHS OF THE CODOPANTS 

Cation 
Ion radius 

r(Å) 
Charge density 

Z/r (Å-1) 
Field strength 

Z/r (Å-2) 
Li+ 0.68 1.47 2.16 
Na+ 0.95 1.05 1.1 
K+ 1.33 0.751 0.564 
Ag+ 1.26 0.793 0.629 

 
possible that smaller concentrations of high charge density
modifiers are as effective at inhibiting R3+ clustering as larger
concentrations of lower charge density modifiers.

Conclusion

Dy3+ doped silica matrices were prepared by sol-gel process
and the spectroscopic properties in dried gels and gel glasses
were studied. Fluorescence properties were utilized to study
the structural changes during the gel to glass transition of the
silica xerogels. The increase in the fluorescence intensity ratio
and FWHM suggest that the Dy3+ ion is embedded in a highly
asymmetric environment. The addition of cation codopants
promotes the dispersion of rare earth ions. The cation codopants
penetrate these clusters and interdisperse with Dy3+. This effect
leads to larger Dy3+-Dy3+ separations and better isolation of
Dy3+ ions. This study indicates that the state of aggregation
and cross relaxation of rare earth dopant cane be controlled
by the addition cation codopants.
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Negative resistance in Cu2O/In2S3 heterostructure
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� Hetero-junction using p-Cu2O and n-
In2S3 grown on glass substrate.

� A In2S3 layer of nano-clusters depos-
ited by spray pyrolysis technique.

� A photovoltaic device showing the
signature of quantum confinement
developed.

� Control over onset of dynamic nega-
tive resistance using illumination
demonstrated.
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a b s t r a c t

A semiconductor hetero-structure exhibiting photovoltaic effect was grown by a combination of
sequential ionic layer adsorption reaction and chemical spray pyrolysis technique. The forward current
evoltage characteristic of the device showed a dynamic negative resistance region. It was observed that
the onset of the dynamic negative resistance can be tuned by the illumination intensity of the incident
light. Low temperature electrical studies of the device showed the presence of shallow states at ~80 meV
and ~15 meV in the band structure. Work function measurement using Kelvin Probe proved the presence
of inverted bands in this hetero structure. Shallow states trapped within these bands may be responsible
for the negative resistance exhibited by the hetero-structure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Diindium trisulfide (b-In2S3) is a defect semiconductor that
acts as a buffer layer in thin-film solar cells [1e3]. It is natively an
n-type semiconductor, with ordered vacancies in the III sub lat-
tice. It has been used as an effective replacement for cadmium
sulfide (CdS) in Cu(In, Ga)Se2 based solar cells. 2 Device quality
thin films of b-In2S3 can be deposited using chemical spray py-
rolysis (CSP) technique [4]. b-In2S3 thin films prepared by CSP
technique have a band gap of ~2.6 eV which allows them be used

as good window layer material [2]. The material exhibits inter-
esting optical and electrical properties which can be exploited to
make different kinds of opto-electronic devices [5]. The interest in
this material is stimulated not only by its use in thin-film solar
cells, but also due to its applications in other important opto-
electronic devices, like red and green phosphors for television
picture tubes, dry cells and photochemical cells [6e11]. Being a
defect semiconductor, b-In2S3 is an ideal candidate for advanced
solar cell design [2,12,13].

Quantum dots are semiconductor nano-crystals that exhibit
unique optical properties [5]. Due to their extremely small size, of
the order of a few nanometers, the dots behave similarly to three
dimensional quantum wells [8]. When an electron is excited by a
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photon striking the quantum dot, it behaves as a particle confined
in an infinite potential well, since the electron cannot escape from
the quantum dot. The hole, created by the excited electron, behaves
in the same fashion. The electron, when excited, exists in the
conduction band in one of the “n” energy states, and the hole exists
in the valence band, also in one of the “n” energy states. Therefore,
the minimum difference in energy between the electron and hole is
not simply the band gap, but the energy difference between the
n ¼ 1 energy state of the hole in the valence band, and the n ¼ 1
energy state of the electron in the conduction band. Very few direct
demonstrations of the quantum size effect (QSE) have been re-
ported using conductivity measurements since Jun Liu et al. re-
ported the same in super lattices [14,15].

Interesting optoelectronic properties of chemical spray pyro-
lysed In2S3 thin films and fabrication of thin film solar cells have
been reported by us earlier [3,5,16]. In the present report we
communicate the results on the effect of depositing an In2S3 layer of
nano-clusters using injection chemical vapor deposition technique,
sandwiched between p-Cu2O and n-In2S3 hetero-junction [17]. The
hetero-structure works as a photovoltaic device and shows the
signature of quantum confinement in the currentevoltage char-
acteristics. The results indicate its potential in use of solid state
switching device which can be controlled by incident light
intensity.

2. Experimental

The details of the preparation procedure of this structure are as
follows: A glass substrate was rinsed using 1% chromic acid and
then cleaned using alkaline soap solution. A 500 nm thick SnO2:F
layer was deposited on to the glass substrate using injection
chemical spray pyrolysis technique. The SnO2:F coated glass had
resistivity of ~0.01 Ucm. A p-type Cu2O layer was grown on to this
glass using sequential ionic layer adsorption reaction technique. For
this a bath having 0.1 M copper chloride solution served as the
precursor for the cation. Another bath having 1 M hydrazine was
used as the precursor for the anion species. A water bath was also
used for cleaning. A cycle involving a dip period in the cation bath,
cleanse period in the water bath, followed by a dip period in the
anion bath and return to thewater bath for cleaningwas optimized.
A 77 cycle process was optimized with parameters of 20 s in cation
bath, 10 s in anion bath and 5 s inwater bath with all of the baths at
55 ± 5 �C. A film of 550 nm thickness was deposited at the end of
the SILAR process. In2S3 was deposited on to the Glass/SnO2:F/Cu2O
structure using injection chemical vapor deposition (ICVD) tech-
nique. The system consists of a hot plate, a substrate holder and an
atomizer. An airbrush with 0.25 mm nozzle serves as the atomizer
which is connected to a compressor capable of delivering
maximum pressure of 300 psi. The airbrush contains a gravity fed
tank to store the precursor solution. In the present work we have
maintained the air pressure at 60 psi during the deposition process.
The temperature of the hot plate was maintained at 350 �C. Pre-
cursor solution of 25 ml containing a mixture of 0.2 M Indium
chloride and 1 M Thiourea was atomized to obtain a ~300 nm thick
layer of nano-crystalline In2S3 on to the Cu2O layer. To grow the
next layer of In2S3 the airbrush was replaced with a spray gun
having a nozzle of size 1 mm. Precursor solution of 50 ml con-
taining a mixture of 1.2 M Indium chloride and 8 M Thiourea was
atomized to obtain a ~800 nm thick layer of In2S3. Silver electrodes
of 2 mm2 area were deposited on In2S3 layer to serve as front
contact. The back contact was taken from the SnO2 layer by etching
away the top layers from one of the edges of the hetero structure
using 5% HF solution. The device structure Glass/SnO2:F/Cu2O/
Nano@In2S3/In2S3/Ag fabricated herein is called as the “hetero-
structure” in this report. Fig. 1 represents a schematic of the hetero-

structure.
Kelvin probe microscopy was carried using the KP020 Ambient

Kelvin Probe System. The sample was enclosed within a Faraday
enclosure to avoid stray signals. The off-null detection method is
used by the detection system [18]. Sample measurements were
carried out in dark and illuminated conditions within the Faraday
enclosure. The contact potential difference between the tip of the
probe and the sample was first measured. Using a reference gold
test sample the work function for the sample under test was
calculated [19].

3. Results and discussion

Fig. 2 shows the X ray spectrum for the Cu2O sample prepared
using sequential ionic layer adsorption reaction. The spectrum
clearly shows the formation of Cu2O phase. The prominent Cu2O
phases were identified along the (111), (200) and (311) plane as per
JCPDS file 74e1230. Using Debye eScherrer formula [20].

d ¼ 0:9l
b cosðqÞ (1)

The average grain size for the crystals grown along the different
planes was calculated. It was found that the grain size was
~67 ± 5 nm along the different identified planes. Fig. 2 also shows
the X-ray spectrum for the In2S3 buffer layer deposited using
chemical spray pyrolysis. The d value coincides with that of b-In2S3
in the standard JCPDS data card (25e390). The samples showed
single b-In2S3 phase with the orientation along the (109) plane at
2q ¼ 27.02�. The average grain size in the b-In2S3 thin film was
estimated to be ~48 ± 5 nm using Equation (1). We have already
reported on the structural, optical, electrical and opto-electrical
properties of samples prepared with the molar ratio of the pre-
cursor maintained at 0.2 M Indium chloride and 1 M Thiourea and
1.2 M Indium chloride and 8 M Thiourea [3,5,16]. We had showed
that samples prepared with precursor 1.2 M Indium chloride and
8 M Thiourea exhibit enhanced grain boundary conductivity
compared to the grain and have large photoconductive gain ~103 as
compared to the samples prepared from precursor maintained at
0.2 M Indium chloride and 1 M Thiourea [21]. Samples prepared
from precursor maintained at 0.2 M Indium chloride and 1 M
Thiourea exhibit persistent photoconductivity and are slower in
their photo response [5,21].

Hot probe technique was used to confirm the p-type nature of
the Cu2O thin film and n-type nature of both of the In2S3 layers. The
surface resistivity of SnO2:F, SnO2:F/Cu2O, SnO2:F/Cu2O/Nano@-
In2S3, SnO2:F/Cu2O/Nano@In2S3/In2S3 were measured by four
probe technique. They were found to be ~ 1 � 10�2, 9.63 � 102 and
1.65 � 104 and 1.84 � 104 U/respectively. The surface roughness of
the Cu2O layer and buffer In2S3 layer was measured using AFM
analysis. Fig. 3 shows the AFM image of the two samples. The root
mean square roughness of the Cu2O layer was found to be

Fig. 1. Schematic of the fabricated hetero-structure.
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50 ± 10 nm where as that of buffer In2S3 layer was found to be
130 ± 10 nm.

Fig. 4 shows thehigh-resolution transmissionelectronmicroscopy
(HRTEM) image of the nano-crystalline In2S3 layerdeposited on to the
Glass/SnO2:F/Cu2O structure. The image clearly shows the lattice
fringes indicating the formation of good nano-crystalline sample. The
HRTEM image gives a grain size of ~2nm. This confirms the formation
of nano-crystalline films with particle size lying in the quantum dot
range. The HRTEM image exhibits lattice fringes with d spacing of
0.28 nm corresponding to the (220) reflection of the b-In2S3 phase.

Fig. 5 shows the currentevoltage relationship for the hetero-
structure in dark condition. The figure clearly shows spikes in the
reverse bias region, whichmay be due to the tunneling of carriers to
discrete quantum levels of the nanostructures. Very high doping on
both sides of pn-junctions allows for tunneling of carriers through
the depletion region. Energy difference of two successive quantum
levels, say n and (nþ1) of the conduction band of a cluster with
radius R is given by [22].

DEn ¼ Z2p2ð2nþ 1Þ
.�

2m*R2
�

(2)

where m* is the effective mass of the electron, which is 0.19 me for

Fig. 2. X-ray diffraction spectrum for the (a) Cu2O thin film and (b) In2S3 thin film.

Fig. 3. AFM topology for the (a) Cu2O film and (b) In2S3 film.

Fig. 4. HRTEM image of the In2S3 sandwich layer.
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In2S3 (me is the free electron mass). Taking n ¼ 1 and 2 for the first
two peaks in Fig. 4 respectively, we get from Equation (2)

DE ¼ 3p2Z2
.�

2m*R2
�

(3)

Equating the voltage difference DV of the first two peaks in the
IeV spectrum to this, we estimated the average cluster size R from
Equation (3). The estimated cluster size, based on the above rela-
tion for the different peaks seen in the IeV spectrum of Fig. 4
corresponds to ~2 nm. This is in agreement to the grain size of
In2S3@nano layer. The forward IeV characteristic of the p-n junc-
tion in dark condition has behavior similar to that exhibited by
tunnel diodes. Interestingly there is a peak tunneling voltage (Vp) of
50mV as observed in Fig. 5 followed by a smaller crust with its peak
at ~ 170 mV. The region of the IeV characteristic between ~50 mV
and ~110 mV is important as there is decrease in tunneling current
with increased bias voltage which produces a region of negative
slope; that is the dynamic resistance is negative. The smaller crust
is observed only in samples where the In2S3@nano layer has a

thickness less the p-type Cu2O absorber layer. The crust may be due
to charge trapping around localized traps or around different
clusters. This is supported by the observation that dark IeV mea-
surements on the hetero-structure at elevated temperature >373 K
did not show the smaller crust while for low temperature mea-
surements the peak shifted to higher bias voltages.

The peak to valley current ratio (PVCR) which is used as a figure
of merit for the tunnel diodes was found to be reasonably good for
this hetero-structure. Numerically it was found to be 2.46. This is
much smaller than that reported for the quantum tunneling de-
vices but is comparable to the PVCR reported for graphene nano-
pore structures [23].

Fig. 6 shows the illuminated currentevoltage relationship for
the quantum confined solar cell. As the intensity of the illumination
is increased from 10 mW/cm2 to 100 mW/cm2, the shift in the
fourth quadrant provides a clear evidence for the photovoltaic ef-
fect in this quantum confined structure. The open circuit voltage is
0.16 V and the short circuit current is ~0.5 nA for an illumination
intensity of 50mW/cm2. Under this illumination condition the peak
tunneling voltage is shifted to ~0.35 V in the forward bias region
whereas the effect of size quantization is absent in the illuminated
reverse IeV characteristics. As the intensity of the illumination is
increased to 100mW/cm2, the shift in the fourth quadrant provides
a clear evidence for the effect of illumination intensity on the
photovoltaic effect in this solar cell. The open circuit voltage is
~0.22 V and the short circuit current is ~12 nA. Under this illumi-
nation condition the peak tunneling voltage is shifted to ~0.43 V
and the magnitude of the dynamic negative resistance is reduced.
This result demonstrates that the illumination intensity plays a vital
role in determining the onset of negative resistance in this
structure.

The photo-sensitive negative resistance region may be inter-
preted in terms of the resonant tunneling effect through barriers. It
may be assumed that if the device has a quantum confined layer
sandwiched between the junction, then an electron may be
tunneling from the p side to the n side where the energy of the
electron is the same as one of the-discrete energy levels. The po-
sition of the spike in the forward IeV characteristic changes with
the intensity of illumination which may be due to localized heating
of the structure. Since the resonant spikes occur at different volt-
ages for different illumination intensity we conclude that there are
photosensitive barriers in this negative resistance solar cell.

Fig. 5. IeV characteristics of the hetero-structure maintained at 300 K under dark
condition.

Fig. 6. IeV characteristics of the hetero-structure maintained at 300 K under different
intensities of white light.

Fig. 7. Plot representing temperature dependence of conductivity for the hetero-
structure.
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Temperature dependence of conductivity can be used to identify
discreet levels or energy states from the Arrhenius plot. The con-
ductivity for the hetero-structure was calculated from the series
resistance exhibited by the quantum confined structure at different
temperature from the dark IeV characteristics and plotted as
shown in Fig. 7. The conductivity was measured using the short
circuit current at a bias voltage of 0.1 V at different temperatures
and normalized to the sample geometry. As can be seen from Fig. 7,
there are two distinct regions in this plot. A theoretical fit was
carried out for two linear regions of the plot obtained between the
temperature regions 300 Ke130 K and from 125 K to 100 K. From
the plot of ln s versus 1/T, the values of activation energy have been
calculated according to the relation [24,25].

s ¼ s0

�
exp

�
Ea1
KBT

�
þ exp

�
Ea2
KBT

��
(4)

where Ea1 and Ea2 are the conductivity activation energy in region 1
and region 2 respectively, KB the Boltzmann constant, T the absolute
temperature and s0 the temperature independent part of conduc-
tivity for the two regions. From the theoretical fit Ea1 was found to
be ~80 meV and Ea2 was found to be ~15 meV. The presence of
shallow traps was confirmed from the temperature dependent
studies and supports the theoretical tunneling model.

Table 1 presents the contact potential difference measured be-
tween the tip and the structure under test using the Kelvin probe. It
represents the surface potential of the structure under test. Using
this, work function for each structure was calculated and is also
shown in Table 1. The work function for the Glass/SnO2:F bilayer is
found to be 4.720 eV. The work function for the Glass/SnO2:F/Cu2O
structure was found to be 4.515 eV. The formation of a schottky
barrier between SnO2:F and Cu2O was confirmed using current
voltage measurement for the Glass/SnO2:F/Cu2O bilayer structure.
For the Glass/SnO2:F/Cu2O/Nano@In2S3 structure the work function
was found to be 4.818 eV and that for the Glass/SnO2:F/Cu2O/
Nano@In2S3/In2S3 structure it was found to be 4.883 eV. The in-
crease in the work function upon the p-n junction formation can be
due to space charge region at the p-n-n interface. These localized

states may induce charge transfer between the bulk and surface.
These regions when aligned with available states of the electrode
may lead to resonant tunneling. The current voltage measurement
of the hetero structure showed resonant tunneling and supports
the observations made using Kelvin probe. The work function for
the Glass/SnO2:F/Cu2O/Nano@In2S3/In2S3/Ag structure was found
to be 4.614 eV.

The difference in the work function of the structure under
illuminated and dark conditions gives the surface photo voltage.
The measured surface photo voltage (work function illuminated-
work function dark) is also tabulated in Table 1. The calculations
show that the surface photo voltage has both positive and negative
values across different layers. It is well established that the positive
values of surface photo voltage correspond to downward bent
bands while the negative values of surface photo voltage corre-
spond to upward bent bands [26]. Our results thus prove that in the
hetero-structure fabricated by us there exist downward bent and
upward bent bands. Kelvin probe analysis on this hetero structure
establishes that space charge region exists within the bands, which
may be leading to the resonant tunneling. Fig. 8 shows a schematic
diagram of the energy band alignment of this hetero structure.

4. Conclusions

A photovoltaic device has been grown using sequential ionic
layer adsorption reaction and chemical spray pyrolysis technique.
Spikes in the reverse bias current voltage characteristics were
observed, and were identified to be due to the tunneling of carriers
to discrete quantum levels of the In2S3 nanostructure sandwiched
between the p-type and n-type thin film layer. The fabricated
hetero-structure exhibited negative resistance in the forward cur-
rent voltage characteristic. The onset of the negative resistance
regime is found to be photosensitive. We have found that the onset
of dynamic negative resistance in this structure can be controlled
with the intensity of illumination. Temperature dependent con-
ductivity studies prove the presence of shallow levels in the band
structure of the hetero-structure.
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We report structural and magnetic properties of the spin- 1
2

quantum antiferromagnet
Cu[C6H2(COO)4][C2H5NH3]2 by means of single-crystal x-ray diffraction, magnetization, heat
capacity, and electron spin resonance (ESR) measurements on polycrystalline samples, as well
as band-structure calculations. The triclinic crystal structure of this compound features CuO4

plaquette units connected into a two-dimensional framework through anions of the pyromellitic
acid [C6H2(COO)4]4−. The ethylamine cations [C2H5NH3]+ are located between the layers and
act as spacers. Magnetic susceptibility and heat capacity measurements establish a quasi-two-
dimensional, weakly anisotropic and non-frustrated spin- 1

2
square lattice with the ratio of the cou-

plings Ja/Jc ' 0.7 along the a and c directions, respectively. No clear signatures of the long-range
magnetic order are seen in thermodynamic measurements down to 1.8 K. However, the gradual
broadening of the ESR line suggests that magnetic ordering occurs at lower temperatures. Leading
magnetic couplings are mediated by the organic anion of the pyromellitic acid and exhibit a non-
trivial dependence on the Cu–Cu distance, with the stronger coupling between those Cu atoms that
are further apart.

PACS numbers: 75.30.Et, 75.50.Ee, 71.20.Ps, 61.66.Fn

I. INTRODUCTION

Cu2+ compounds with organic cations and anions are
in the focus of current research on quantum magnetism.
Their advantages include facile crystal growth from the
solution1 and large Cu–Cu separations leading to rel-
atively weak exchange couplings that are on the scale
of feasible magnetic fields and reveal remarkable sen-
sitivity to the applied pressure. Therefore, both mag-
netic field and external pressure can be used to change
the physical regime of the system and tune it toward
a new phase or a quantum critical point. Remarkable
examples include the operational low-temperature mag-
netocaloric effect in the Cu-oxalate-based compound,2

magnetic-field-induced ferroelectricity in sulfolane cop-
per chloride Sul-Cu2Cl4,3 and pressure-induced incom-
mensurate magnetism in piperazinium copper chloride
PHCC.4

Despite numerous experimental studies, microscopic
aspects of Cu2+ magnets with organic components
are relatively less developed.5,6 Many of these systems
are easy to understand empirically, because organic
molecules provide only a few linkages between the spin- 1

2

Cu2+ ions, hence forming a clearly identifiable backbone
of the low-dimensional magnetic unit.7–9 Nevertheless,
detailed understanding of the underlying exchange mech-
anisms is vitally important for the deliberate preparation
of new compounds. Moreover, as we show below, the
trends in magnetic exchange through organic molecules
are far from being trivial and extend our knowledge of

superexchange interactions in general.
Here, we consider Cu(PM)(EA)2, where EA stands

for the ethylamine [C2H5NH3]+ cation, and PM is the
[C6H2(COO)4]4− anion of pyromellitic acid. This newly
synthesized compound features layered crystal structure,
with organic anions connecting Cu2+ ions into a two-
dimensional (2D) square-lattice-like network. Two EA+

cations then balance the negative charge of the result-
ing anionic framework and reside between the layers.
This type of structure is clearly reminiscent of quasi-2D
magnets Cu(pz)2X2, where Cu2+ ions are linked through
pyrazine molecules (pz) and form a cationic framework.
Its charge is compensated by inorganic anions X, such as
ClO−4 , F−, etc.7,10

An interesting feature of Cu(pz)2X2 and related com-
pounds is the weak frustration11,12 of their square-lattice
magnetic network by second-neighbor interactions J2

yielding the well-known model of the frustrated square
lattice (FSL) that enjoys close theoretical attention13 and
possible connections to high-temperature superconduc-
tivity in doped Cu2+ oxides.14 We thus expected that
Cu(PM)(EA)2 might also show the FSL physics and re-
veal a stronger frustration than in Cu(pz)2X2. The latter
compounds feature two nearest-neighbor couplings medi-
ated by different pyrazine molecules, so that a direct su-
perexchange pathway for J2 is missing. In contrast, both
first- and second-neighbor couplings in Cu(PM)(EA)2

should be mediated by the same organic molecule of the
pyromellitic acid, hence an increase in J2 is naturally ex-
pected.

Our experimental data and microscopic analysis con-
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FIG. 1. Top panel: an overall view of the Cu(PM)(EA)2

structure featuring negatively charged [Cu(PM)]2− layers in-
terleaved by the EA+ cations. Bottom panel: the structure of
the [Cu(PM)]2− layers and relevant magnetic couplings form-
ing a rectangular Ja−Jc lattice of spin- 1

2
Cu2+ ions with frus-

trating diagonal couplings J2 and J ′2. The estimates of indi-
vidual exchange couplings are given in Table IV. The drawing
was prepared using the VESTA software.15

firm the quasi-2D nature of Cu(PM)(EA)2 with a weak
spatial anisotropy of in-plane magnetic couplings and a
very small interlayer coupling. We do not find any signa-
tures of the frustration, though. Nevertheless, our data
disclose a non-trivial mechanism of the remarkably long-
range superexchange between the Cu2+ ions. This su-
perexchange is mediated by the carbon atoms involved
in the phenyl ring of the pyromellitic acid. Its implica-
tions for other quantum magnets are discussed.

II. METHODOLOGY

For the preparation of single crystals of Cu(PM)(EA)2,
an aqueous solution of Cu(CH3COO)2·H2O (5 mM, 1.0 g)
was treated with 2 equivalents of ethylamine (0.9 ml,
10 mM, 70% solution in water) followed by the addi-
tion of pyromellitic (1,2,4,5-benzenetetracarboxylic) acid
(5 mM, 1.27 g) solution in dimethylformamide. The ini-
tially formed greenish-blue precipitate was filtered out.
The ensuing clear light-blue solution was kept at room
temperature for slow evaporation. Blue needle-shaped
crystals of the title compound were obtained after 8 days.
They were repeatedly washed with water and finally with

methanol. The sample dried in air was found to be phase-
pure form of Cu(PM)(EA)2. Yield: 50% (based on Cu).
Analysis (calculated for C14H18CuN2O8): C, 41.39; H,
4.43 ; N, 6.89. Found: C, 41.67; H, 4.42; N, 7.04%.
Infra-red data (KBr pellet, in cm−1): 3154 br, 3092 br,
3056 s, 2934 br, 2911 br, 2871 s, 2809 s, 1630 s, 1589 m,
1497 m, 1429 m, 1360 s, 1316 m, 1196 w, 1140 w, 1040
m, 992 s, 820 m, 712 s, 690 s, 536 s, 494 s.

Single crystal x-ray diffraction (Bruker APEX-II ma-
chine with MoKα1 radiation of wave length λ =
0.71073 Å) was performed on a high-quality single crys-
tal of Cu(PM)(EA)2 at room temperature. The data
were reduced using SAINTPLUS,16 and an empirical
absorption correction was applied using the SADABS
program.17 The crystal structure was solved by direct
methods using SHELXS97 and refined using SHELXL97
from the WinGx suite of programs (Version 1.63.04a).18

All the hydrogen atoms were placed geometrically and
held in the riding mode for the final refinements. The
final refinements included atomic positions for all the
atoms, anisotropic thermal parameters for all the non-
hydrogen atoms and isotropic thermal parameters for the
hydrogen atoms. The crystal data and structure refine-
ment parameters are shown in Table I. Few single crys-
tals were crushed into powder, and powder x-ray diffrac-
tion (PANalytical machine with CuKα radiation of wave
length λ = 1.54060 Å) was performed to confirm the pu-
rity of polycrystalline samples. Unfortunately, the size
of individual single crystals of Cu(PM)(EA)2 was insuf-
ficient for thermodynamic measurements.

Magnetic susceptibility (χ) was measured on the pow-
der sample as a function of temperature (1.8 K ≤
T ≤ 300 K) and at different applied magnetic fields (H)
using a SQUID-VSM (Quantum Design). The magneti-
zation isotherm (M vs. H) was measured at T = 2.5 K
in static fields up to 14 T with the VSM and in pulsed
magnetic fields up to 30 T at the Dresden High Magnetic
Field Laboratory (HLD). Heat capacity (Cp) was mea-
sured with Quantum Design PPMS as a function of T
and H on three crystalline needles glued together on the
heat capacity platform.

Electron spin resonance (ESR) measurements were car-
ried out in a Bruker ELEXSYS E500-CW spectrome-
ter working at X-band (9.4 GHz) frequencies equipped
with a continuous-flow 4He cryostat Oxford Instruments
ESR 900 and ESR 910 covering the temperature range
1.8 K ≤ T ≤ 300 K. Due to the lock-in amplification
with field modulation, the ESR spectra record the field
derivative of the microwave absorption dependent on the
external static field. For this purpose the samples were
fixed in Suprasil quartz-glass tubes with paraffin.

Individual exchange couplings in Cu(PM)(EA)2 were
evaluated by density-functional (DFT) band-structure
calculations in the FPLO code.19 The Perdew-Burke-
Ernzerhof (GGA) flavor of the exchange-correlation
potential20 was supplied with the mean-field GGA+U
correction for strong electronic correlations in the Cu 3d
shell using the on-site Coulomb repulsion Ud = 9.5 eV
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TABLE I. Crystal structure data for Cu(PM)(EA)2 at room
temperature.

Empirical formula C14H18CuN2O8

Formula weight 405.84

Temperature 293 K

Wave length (λ) 0.71073 Å

Crystal system Triclinic

Space group P 1̄

Lattice parameters a = 5.8610(1) Å

b = 8.3614(2) Å

c = 9.1772(2) Å

α = 63.387(1)◦

β = 89.913(1)◦

γ = 76.531(1)◦

Volume (V ) 388.29(2) Å3

Z 1

Calculated density (ρcal) 1.736 mg/mm3

Absorption coefficient (µ) 1.455 mm−1

F(000) 209.0

Crystal size 0.2 × 0.15 × 0.1 mm3

2Θ range for data collection 5.556◦ to 56.646◦

Index ranges −7 ≤ h ≤ 7,

−11 ≤ k ≤ 11,

−12 ≤ l ≤ 12

Reflections collected 6870

Independent reflections 1919 [Rint = 0.0186]

Data/restraints/parameters 1919/0/117

Goodness-of-fit on F2 1.278

Final R indexes [I ≥ 2σ(I)] R1 = 0.0195, wR2 = 0.0634

Final R indexes [all data] R1 = 0.0222, wR2 = 0.0782

Largest diff. peak/hole +0.60/− 0.63 e Å−3

and Hund’s exchange Jd = 1 eV, as applied in pre-
vious studies.21,22 All calculations were performed for
the experimental crystal structure with the positions of
hydrogen atoms fully relaxed within GGA.23 Thermo-
dynamic properties in zero field and in applied mag-
netic fields were calculated numerically using the loop24

and dirloop_sse25 quantum Monte-Carlo (QMC) algo-
rithms of the ALPS simulations package.26

III. RESULTS

A. Crystal Structure

Crystals of Cu(PM)(EA)2 feature triclinic symmetry,
space group P 1̄. Their lattice parameters, atomic po-
sitions, and main interatomic distances and angles are
given in Tables I, II, and III, respectively. The Cu2+

ions are at the inversion center in the origin of the unit
cell. They form nearly flat CuO4 plaquette units that

are linked by the PM4− anions and build layers in the ac
plane. The EA+ cations are located between these lay-
ers and connected to the anionic framework [Cu(PM)]2−

through multiple hydrogen bonds.
A simple visual examination of the crystal structure

suggests a pronounced spatial anisotropy. Given the large
distance and the lack of direct connections between the
CuO4 plaquettes along the crystallographic b-direction,
magnetic couplings along this direction should be very
weak. The PM4− anion linking the Cu2+ ions may in-
duce four different couplings in the ac plane: the nearest-
neighbor exchanges Ja (along [100]) and Jc ([001]) and
second-neighbor diagonal exchanges J2 ([101̄]) and J ′2
([101]), all running through the benzene ring of the PM
molecule. The resulting model is a spatially anisotropic
frustrated square lattice akin to those considered in
Refs. 13, 27–29. According to Cu-Cu distances in the
experimental crystal structure (Table IV), we expect
Ja > Jc > J2 ' J ′2, but experimentally and microscop-
ically, the order of couplings turns out to be different:
Jc > Ja � J2, J ′2. In the following, we study the spin
lattice of Cu(PM)(EA)2 and the origin of magnetic su-
perexchange in this compound.

B. Microscopic magnetic model

To determine the magnetic model of Cu(PM)(EA)2, we
evaluate individual exchange couplings. This procedure
is two-fold. First, we analyze the band structure calcu-
lated within GGA. This band structure (Fig. 2, top) is
gapless, at odds with the blue crystal color, because es-
sential correlation effects in the Cu 3d shell are missing
in GGA. Nevertheless, the GGA band structure clearly
identifies relevant magnetic states, which are Cu 3d or-
bitals of x2−y2 symmetry contributing to the single band
crossing the Fermi level, as shown in the bottom part of
Fig. 2 (the x and y axes are directed to the corners of
CuO4 plaquettes; they are different from the crystallo-
graphic directions a and b). The tight-binding descrip-
tion of this band yields hopping integrals ti, which are
introduced into a single-band Hubbard model and for the
strongly localized case (ti � Ueff) at half-filling provide
antiferromagnetic (AFM) part of the exchange couplings
as JAFM

i = 4t2i /Ueff, where Ueff = 4.5 eV is an effective
on-site Coulomb repulsion on the Cu site.30,31

A qualitative inspection of the band in Fig. 2 reveals
negligible dispersion along Γ− Y , hence the magnetic
coupling along the b direction is indeed very weak, in
agreement with our crystallographic considerations in
Sec. III A. On the other hand, comparable dispersions
along Γ−X and Γ−Z imply only a weak spatial anisotropy
in the ac plane. The evaluation of individual ti’s yields
similar values of ta and tc, whereas second-neighbor cou-
plings t2 and t′2 are very weak. The leading interlayer
exchange is J⊥ along [010], but it is three orders of mag-
nitude lower than Ja and Jc.

Alternatively, we estimate individual J ’s from total en-



4

TABLE II. Fractional atomic coordinates (×104) for
Cu(PM)(EA)2. The isotropic atomic displacement parame-
ters (ADP) Ueq (in 10−2 Å−3) are defined as one-third of the
trace of the orthogonal Uij tensor. The error bars are from the
least-squares structure refinement. The positions of hydrogen
atoms were additionally relaxed in a DFT calculation, hence
the error bars are not given, and the relevant atom connected
to hydrogen is listed instead of the ADP.

Atoms x/a y/b z/c Ueq

Cu1 0 0 0 11.46(10)

O1 1999.0(19) 786.7(16) 1165.1(13) 17.2(2)

O2 2850(2) −2243.7(17) 2823.6(15) 24.5(3)

O3 6970(2) 2913.1(17) 1094.5(15) 25.0(3)

O4 7557(2) 27.5(17) 1407.8(14) 19.4(2)

N1 6718(3) 6088(2) 1595.4(19) 26.1(3)

C1 2948(2) −654(2) 2502.5(18) 14.5(3)

C2 4096(2) −335.2(19) 3782.4(17) 12.5(3)

C3 5819(2) 650.4(19) 3456.3(17) 12.4(3)

C4 6847(2) 1292(2) 1847.9(17) 13.9(3)

C5 3301(2) −981(2) 5323.3(17) 14.2(3)

C6 10885(4) 4449(3) 2683(3) 39.3(5)

C7 8579(3) 5448(2) 2985(2) 27.7(4)

H1 7123 7091 521 N1

H2 5099 6686 1851 N1

H3 6556 4975 1396 N1

H4 1928 8278 5562 C1

H5 7922 4559 4108 C4

H6 8742 6683 3075 C4

H7 1519 5378 1568 C5

H8 704 3249 2537 C5

H9 2238 3960 3720 C5
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FIG. 2. (Color online) Top: GGA density of states (DOS)
for Cu(PM)(EA)2. Bottom: the Cu dx2−y2 band crossing the
Fermi level (thin light line) and its tight-binding fit (thick
dark line). Note the very weak dispersion along Γ − Y and
more pronounced dispersions along the two other directions
rendering Cu(PM)(EA)2 magnetically quasi-2D.

TABLE III. Selected bond distances and angles for
Cu(PM)(EA)2.a

Bond distances (Å)

Cu1-O1 1.9854(10) C1-C2 1.5068(19)

Cu1-O11 1.9853(10) C2-C3 1.3978(19)

Cu1-O42 1.9300(11) C8-C7 1.510(3)

Cu1-O43 1.9300(11) C3-C54 1.3937(19)

O1-C1 1.2777(19) C3-C4 1.5061(19)

O2-C1 1.2414(19) C4-O3 1.2350(19)

N1-C8 1.490(2) C4-O4 1.2775(18)

C5-C2 1.3926(19) O4-Cu15 1.9300(11)

C5-C34 1.3937(19)

Bond angles (degree)

O11-Cu1-O1 180.00(5) C5-C2-C1 117.69(12)

O42-Cu1-O1 88.47(5) C5-C2-C3 119.49(12)

O43-Cu1-O1 91.53(5) C3-C2-C1 122.73(13)

O43-Cu1-O11 88.47(5) N1-C8-C7 110.27(16)

O42-Cu1-O11 91.53(5) C54-C3-C2 119.36(13)

O42-Cu1-O43 180.00(6) C54-C3-C4 118.58(12)

C1-O1-Cu1 106.39(9) C2-C3-C4 121.99(12)

C2-C5-C34 121.14(13) O3-C4-C3 119.91(13)

O1-C1-C2 116.37(13) O3-C4-O4 126.05(14)

O2-C1-O1 123.93(14) O4-C4-C3 114.04(13)

O2-C1-C2 119.56(13) C4-O4-Cu15 124.64(10)

a Symmetry indices are defined as follows:
1 −x, −y, −z
2 −1−x, y, z
3 1−x, −y, −z
4 1−x, −y, 1−z
5 1+x, y, z

TABLE IV. Exchange couplings in Cu(PM)(EA)2: metal-
metal distances di (in Å), electron hoppings ti of the tight-
binding model (in meV), AFM contributions to the exchange
integrals calculated as JAFM

i = 4t2i /Ueff (in K), and total ex-
change integrals Ji from GGA+U (in K). Weak exchange cou-
plings J2, J

′
2, and J⊥ were omitted in GGA+U calculations.

di ti JAFM
i Ji

Ja 5.86 37 14 7

Jc 9.18 44 20 10

J2 10.88 7 0.5

J ′2 10.90 10 1.0

J⊥ 8.36 −1 0.01

ergies of collinear spin configurations calculated within
GGA+U . This approach verifies the results of our tight-
binding analysis and provides ferromagnetic (FM) con-
tributions to the superexhcnage, which were so far miss-
ing from the analysis. The GGA+U results confirm that
Jc > Ja, and both couplings are slightly below 10 K. Re-
markably, Jc systematically exceeds Ja, even though it
runs between those Cu2+ ions that are further apart.
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FIG. 3. (Color online) Top: Magnetic susceptibility of
Cu(PM)(EA)2 measured in the applied fields between 1 and
7 T. Bottom: Curie-Weiss fit of the susceptibility data.

Our microscopic analysis concludes that
Cu(PM)(EA)2 features a rectangular lattice of Cu2+

ions in the ac plane. Both interlayer coupling and
frustrating second-neighbor in-plane couplings are very
weak. In the following, this microscopic scenario is
confirmed experimentally.

C. Magnetization

Magnetic susceptibility χ as a function of T measured
at different applied fields is shown in Fig. 3(a). With de-
creasing T , χ(T ) at 1 T increases in a Curie-Weiss manner
and then shows a broad maximum (Tmax

χ ) at about 6 K
indicative of the short-range magnetic order, which is a
hallmark of low-dimensionality. At low temperatures, the
susceptibility changes in a smooth manner without any
signatures of a magnetic transition, in agreement with
the heat-capacity and ESR data reported below.

To fit the bulk susceptibility data at high tempera-
tures, we use the expression

χ = χ0 +
C

T + θCW
, (1)

where χ0 is the temperature-independent contribution
and consists of diamagnetism of the core electron shells
(χcore) and Van-Vleck paramagnetism (χVV) of the open
shells of the Cu2+ ions present in the sample. The second
term is the Curie-Weiss (CW) law with the Curie-Weiss
temperature θCW and Curie constant C = NAµ

2
eff/3kB ,

where NA is Avogadro’s number, kB is the Boltzmann
constant, µB is the Bohr magneton, and the effective
moment is µeff = g

√
S(S + 1)µB/f.u. and f.u. means

formula unit.

TABLE V. Parameters obtained from fitting χ(T ) with the
rectangular-lattice model (Ja/Jc = 0.7) as well as purely 1D
(uniform chain) and 2D (square lattice) models. χ0 is the
temperature-independent contribution to the susceptibility, g
is the g-factor, and J = Jc is the exchange coupling.

χ0 (cm3/mol) g J (K)

2D −1.0× 10−4 2.05 6.8

Ja/Jc = 0.7 −1.0× 10−4 2.07 8.0

1D 3.0× 10−5 2.00 10.2
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FIG. 4. Fits of the magnetic susceptibility with different spin
models: 1D (uniform chain, long-dashed line), 2D (square
lattice, short-dashed line), and the rectangular lattice with
Ja/Jc = 0.7 (solid line). Fitting parameters are listed in
Table V.

Our fit in the temperature range between 210 K and
300 K [Fig. 3(b)] yields χ0 ' −1.0 × 10−4 cm3/mol,
C ' 0.389 cm3 K/mol, and θCW ' 3 K. Positive value of
θCW suggests that the dominant interactions are AFM
in nature. The C value yields an effective moment of
1.76µB , slightly higher than the spin-only S = 1

2 value
of 1.73µB (assuming g = 2) and, thus, correspond-
ing to the g-factor above 2.0, which is typical for Cu2+

compounds30,32 and agrees well with the ESR results re-
ported below.

Magnetization as a function of field is nearly linear in
low magnetic fields and reaches saturation at Hs ' 20 T
(Fig. 5). A slight mismatch between the data mea-
sured in static and pulsed fields may be related to dy-
namic effects. Nevertheless, when scaled against the
static-field data, the magnetization in pulsed fields satu-
rates at Ms ' 1.03µB/f.u. in excellent agreement with
Ms = gSµB ' 1.025µB/f.u. expected for g ' 2.05

Taking into account the results of the microscopic
analysis in Sec. III B, we discard frustrated scenarios
and focus on the rectangular Ja − Jc spin lattice with
Ja/Jc = 0.7. For the sake of completeness, we also con-
sider the limiting cases of purely 1D (Ja or Jc only) and
purely 2D (Ja = Jc) spin lattices. First, we fit the sus-
ceptibility using χ(T ) obtained from QMC simulations
and scaled with the g-value, which is a fitting param-
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FIG. 5. Field dependence of the magnetization measured on
Cu(PM)(EA)2 in static (triangles) and pulsed (circles) fields.
Lines show the simulations with the parameters from Table V,
as explained in the text.

eter together with the exchange coupling J = Jc and
the temperature-independent contribution χ0. The val-
ues of these fitting parameters are listed in Table V. All
three models yield fits of comparable quality, although
the purely 1D model fails to describe the data in the
3.5 − 5.0 K temperature range, where both 2D models
still work reasonably well. As we go from 2D toward 1D,
the J value systematically increases because the same
overall coupling energy is distributed between only two
bonds per site in 1D compared to four bonds per site in
2D. Note also that the g-value of 2.05− 2.07 obtained in
the fits with the 2D models is in good agreement with
ESR (Sec. III E).

The 1D and 2D spin models can be discriminated us-
ing high-field magnetization measurements and, in par-
ticular, the saturation field Hs.

33 In Fig. 5, we show the
experimental magnetization curve together with model
curves simulated for the parameters from Table V. The
purely 1D model yields H1D

s = 2J × kB/(gµB) ' 15.2 T,
which is far below the experimental value. In contrast,
the purely 2D model reproduces the experimental curve
quite well: H2D

s = 4J × kB/(gµB) ' 19.8 T. The model
of the rectangular lattice is likewise matching the exper-
imental data: Hrect

s = (2Ja + 2Jc)× kB/(gµB) ' 19.6 T.
Therefore, we conclude that Cu(PM)(EA)2 is clearly a
quasi-2D magnet, but the presence of spatial anisotropy
in the ac plane (the difference between Jc and Ja) can’t
be assessed from the magnetization data.

D. Heat Capacity

A further insight into the nature of Cu(PM)(EA)2 can
be obtained from heat-capacity measurements. The heat
capacity (Cp) in zero field is shown in the top panel
of Fig. 6. While at high temperatures it is completely
dominated by the contribution of phonon excitations,
the magnetic contribution is clearly visible below 10 K.
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FIG. 6. Top panel: specific heat (Cp) of Cu(PM)(EA)2

measured at zero field as a function of temperature (T ). Solid
line is the fit using Eq. (2) for T ≥ 15 K with an extrapolation
down to 1.8 K. Bottom panel: magnetic part of the specific
heat Cmag (solid circles) as a function of T . The solid line
represents the magnetic entropy Smag.

The maximum around Tmax
C ' 4 K is characteristic of

the short-range order similar to the broad maximum in
χ(T ). No kinks associated with the magnetic order are
seen down to 1.8 K.

For a quantitative estimation of Cmag, the phonon part
Cphon was subtracted from the total Cp. The phonon part
was estimated following the procedure used in Refs. 10
and 34. Above 15 K, the data were fitted by the following
polynomial

Cp(T ) = aT 3 + bT 5 + cT 7 + dT 9, (2)

where a, b, c, and d are arbitrary constants.35 The fit
was then extrapolated down to 1.8 K [Fig. 6, top] and
subtracted from the experimental Cp(T ) data.

The resulting Cmag(T ) is shown in the bottom panel
of Fig. 6. Its broad maximum is at Tmax

C ' 4.2 K. The
subtraction procedure has been verified by calculating
the magnetic entropy:

Smag(T ) =

∫ T

0

Cmag(T ′)

T ′
dT ′, (3)

where the data below 1.8 K were extrapolated with
a T 3 function.36 The estimated Smag at T =
20 K is 5.8 J mol−1 K−1 in excellent agreement with
R ln[S(S + 1)] ' 5.76 J mol−1 K−1 expected for S = 1

2 .
Above 20 K, Cmag is very small, and its contribution to
the entropy is negligible, hence Smag is nearly constant.

Now, we compare the experimental Cmag(T ) with sim-
ulation results for different spin models (Fig. 7). Simi-
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lar to the magnetization data, the purely 1D model ut-
terly fails to reproduce the experiment. The rectangular
(Ja/Jc = 0.7) and square (Ja/Jc = 1) lattices are again
quite similar, although both the exact position and the
height of the specific heat maximum clearly favor the
rectangular-lattice model. Therefore, we confirm experi-
mentally the weak spatial anisotropy in the ac plane and
also demonstrate the remarkable sensitivity of the mag-
netic specific heat to fine details of the spin lattice.

Our heat capacity data do not show any signatures
of the long-range magnetic order or of any other transi-
tion down to 1.8 K. External field shifts the specific heat
maximum toward lower temperatures indicating that a
larger amount of magnetic entropy is released at low tem-
peratures when external field is applied. This is typi-
cal for quasi-2D antiferromagnets37,38 because external
field suppresses antiferromagnetic spin correlations. The
shape of the maximum remains rather symmetric and,
thus, distinct from an asymmetric λ-type anomaly ex-
pected at a magnetic transition.
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FIG. 9. (Color online) Top: ESR linewidth and g value
vs. temperature in the left and right y-axes, respectively.
Solid lines are the fits described in the text. Inset: Spectra
at T = 300 K and 2 K and the solid lines are the fits by a
Lorentzian function. Bottom: ESR intensity as a function
of temperature. Inset: ESR intensity vs. χ measured at
H = 1 T with temperature as an implicit parameter and the
solid line is a linear fit.

E. Electron spin resonance

In order to get additional insight into the low-
temperature behavior of Cu(PM)(EA)2, we performed
ESR measurements. ESR measurements on polycrys-
talline samples revealed a distribution of g values in the
range 2.05 ≤ g ≤ 2.29 indicating the influence of the
square-planar ligand field onto the Cu2+ spins resulting
in a characteristic g tensor with difference principal val-
ues for the in-plane and out-of-plane directions, where
the plane is built up by the ligands surrounding the Cu2+

ions.39 To investigate the temperature dependence in de-
tail, we were able to orient a small twinned crystal in
such a way that the signals of the two main domains
merged into a single line. The corresponding direction of
the external magnetic field was found to be close to the
in-plane case.

The results obtained from this experiment are pre-
sented in Fig. 9. In the whole measured temperature
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range, the ESR spectra (inset of the upper panel of
Fig. 9) consist of a single exchange-narrowed resonance
line, which is well described in terms of a Lorentz pro-
file. The line width ∆H is found to be increasing with
decreasing temperatures. As one can see in the upper
panel of Fig. 9, the g value remains close to 2.07 above
10 K and then starts to diverge below 10 K. Similarly, the
ESR line width ∆H also remains almost constant above
10 K and then diverges below 10 K. This low-temperature
divergence behavior of g and ∆H suggests that the com-
pound is approaching magnetically long-range ordered
state. In order to extract the parameters associated with
the critical divergence, the data were fitted by the power
law (T − TN)−p. Thus we obtained (TN = 0.85(16) K,
p = 2.57(34)) and (TN = 0.82(12) K, p = 3.89(43)) from
the g-value and ∆H analysis, respectively. This means
that the magnetic order is probably approached at tem-
peratures below 0.9 K. The analysis of the critical be-
haviour requires measurements below 1.8 K and goes be-
yond the scope of the present study.

The temperature dependence of the ESR intensity is
depicted in the lower panel of Fig. 9. Calibration of
the intensity data using CaCu3Ti4O12 as reference,40 re-
vealed that indeed all copper spins contribute to the ESR
signal. The ESR intensity shows a pronounced broad
maximum at around 6 K similar to the χ(T) data. In or-
der to check how the ESR intensity scales with χ, we have
plotted intensity vs. χ with temperature as an implicit
parameter in the inset of the lower panel of Fig. 9. The
straight line behavior in the whole temperature range
suggests that the ESR intensity tracks the static suscep-
tibility very well, and ESR probes the bulk behavior of
the material.

IV. DISCUSSION AND SUMMARY

By combining experimental data with the microscopic
analysis, we have shown that Cu(PM)(EA)2 is a non-
frustrated quasi-2D antiferromagnet with the weak spa-
tial anisotropy in the ac plane. From thermodynamic
properties only, we can’t decide which of the couplings
in the ac plane is stronger. However, the DFT results
convincingly show that Jc > Ja, even though the Cu–Cu
distance for Jc is nearly twice longer than that for Ja (Ta-
ble IV). This points to the non-trivial nature of the su-
perexchange through the PM anions. To understand the
origin of this superexchange process, we explore the na-
ture of ligand orbitals that mix with the half-filled dx2−y2
orbital of Cu2+ and, thus, mediate the superexchange.

The Cu dx2−y2-based Wannier function (Fig. 10) fea-
tures four leading contributions from the 2p orbitals of
oxygen atoms surrounding the Cu2+ ion (O1 and O4).
These contributions are about 14 % each. Additionally,
we find minuscule 2.5 % “tails” of the Wannier function
on the C3 and C6 atoms belonging to the C6 phenyl ring.
The difference between Ja and Jc can be now traced back
to the positions of relevant 2p orbitals on the carbon

C1

C1

j
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C6

C3

c

a

C2

C2

C7

C7

C3

O1

O1O4

O4

J
c

J
a

FIG. 10. (Color online) Cu dx2−y2 -based Wannier functions
for Cu(PM)(EA)2. Note the “tails” of the Wannier functions
on the C3 and C6 atoms. Their overlap gives rise to the Ja and
Jc superexchange with the effective bridging angles ϕ ' 59.9◦

and ψ ' 120.1◦, respectively, hence Jc > Ja despite the much
longer Cu–Cu distance.

atoms. Their orientation is fixed by the C2–C3 (C7–C6)
bonds, so that the effective bridging angles of the su-
perexchange are ϕ ' 59.9◦ and ψ ' 120.1◦ for Ja and
Jc, respectively, and the Jc superexchange is more favor-
able than that of Ja according to Goodenough-Kanamori-
Anderson rules. This explains why the order of magnetic
couplings in Cu(PM)(EA)2 does not follow the order of
Cu–Cu distances and a counter-intuitive microscopic sce-
nario emerges.

Cu(PM)(EA)2 exhibits an interesting exam-
ple of the superexchange through a very long
Cu–O. . .C. . .C. . .O–Cu pathway. This case is by
far more involved than that of Cu(pz)2X2 magnets,
where two Cu atoms are directly linked through the
pyrazine molecule C4H4N2, with its nitrogen atoms
being first neighbors of Cu2+ and, thus, featuring large
2p contributions to the magnetic orbital.6 Then the
tentative superexchange pathway is Cu–N. . .N–Cu akin
to the Cu–O. . .O–Cu pathways that are abundant in
Cu2+ phosphates and related compounds.30,32 The
interactions of this type are quite sensitive to individual
interatomic distances6 and require that the distance
between the ligand atoms (N. . .N or O. . .O) stays below
∼ 3.0 Å as to allow for the efficient overlap between
the ligand 2p orbitals.31 The case of Cu(PM)(EA)2

is qualitatively different. The stronger coupling Jc
pertains to the longer C. . .C distance, hence the spatial
arrangement of interacting 2p orbitals plays crucial role
in this material.

Cu(PM)(EA)2 is a quasi-2D antiferromagnet. It fea-
tures a non-negligible interlayer coupling J⊥ that should
trigger long-range magnetic order at low temperatures.
Taking our tentative estimate of the interlayer coupling
from Table IV, we arrive at J⊥/Jc ' 10−3 and thus ex-
pect TN/Jc ' 0.24 (Ref. 41) or TN ' 2.0 K. This tem-
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perature is on the verge of our experimental tempera-
ture range. Thermodynamic measurements show no ev-
idence for the magnetic order down to 1.8 K. ESR data
suggest that at low temperatures Cu(PM)(EA)2 is ap-
proaching the long-range-ordered state with the tenta-
tive Néel temperature of about 0.85 K obtained from an
empirical fit. While an accurate estimate of the Néel
temperature requires explicit measurements below 1.8 K
and lies beyond the scope of the present study, even the
fact that Cu(PM)(EA)2 does not order down to 1.8 K
is already remarkable and makes this system compara-
ble with the best available quasi-2D antiferromagnets,
such as Cu(COO)2 · 4H2O and Cu(pz)2X2, where TN/J
is about 0.25.10,42

Turning now to the in-plane physics, we note that its
trends are somewhat counter-intuitive. Within the fam-
ily of Cu2+ square-lattice antiferromagnets, the signa-
tures of magnetic frustration by second-neighbor cou-
plings J2 have been so far observed in Cu(pz)2(ClO4)2

only.11 In this compound, two nearest-neighbor cou-
plings are mediated by two different pyrazine molecules,
hence an efficient superexchange pathway for J2 is miss-
ing, because each pyrazine molecule connects nearest-
neighbor Cu2+ ions only, and any obvious linkage be-
tween the second-neighbor Cu2+ ions is missing. Our
Cu(PM)(EA)2 compound was supposed to remedy this
problem by pinning both nearest-neighbor and second-
neighbor couplings on the same PM anion. However, it
turns out that the superexchange is not mediated by the
benzene ring as a whole but by the 2p orbitals of indi-
vidual carbon atoms. The couplings Ja and Jc rely on
the orbital overlap between those carbon atoms that are,
respectively, first and second neighbors within the hexag-
onal benzene ring (Fig. 10). Diagonal couplings J2 and
J ′2 will, in contrast, require the overlap between third
neighbors, which is by far less efficient.

We speculate that the frustrating coupling J2 can be
enhanced by fine-tuning the organic anion. The straight-

forward approach of removing two “idle” carbon atoms
C1 seems to be not viable from chemistry viewpoint.
However, five-member rings with a heteroatom, such
as the furantetracarboxylic acid C4O(COOH)4, may be
suitable molecular bridges for frustrated-square-lattice
magnets with comparable first- and second-neighbor cou-
plings. The realm of organic chemistry offers many other
acids with cyclic carbon units and four carboxyl-groups
(COOH) that are amenable to bond formation with the
Cu2+ ion. Our work is a natural first step toward the
preparation of such quantum magnets and understand-
ing superexchange in these compounds.

In summary, we reported synthesis, crystal struc-
ture, magnetic properties, and microscopic magnetic
model of a spin- 1

2 magnet Cu(PM)(EA)2. Its quasi-
two-dimensional magnetic unit features two leading ex-
change couplings, Jc ' 10 K and Ja ' 7 K forming a non-
frustrated rectangular spin lattice. Superexchange cou-
plings are mediated by carbon atoms of the phenyl ring
and conform to the conventional Goodenough-Kanamori-
Anderson rules, so that the stronger coupling is Jc, even
though the relevant Cu–Cu distance is nearly twice larger
than that of Ja.
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necker, K. Remović-Langer, G. Hofmann, A. Prokofiev,
W. Assmus, G. Donath, and M. Lang, Proc. Nat. Acad.
Sci. 108, 6862 (2011).

3 F. Schrettle, S. Krohns, P. Lunkenheimer, A. Loidl,
E. Wulf, T. Yankova, and A. Zheludev, Phys. Rev. B 87,
121105(R) (2013).

4 M. Thede, A. Mannig, M. M. ansson, D. Hüvonen,
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Abstract
Metglas 2826MB having a nominal composition of Fe40Ni38Mo4B18 is an
excellent soft magnetic material and finds application in sensors and memory
heads. However, the thin-film forms of Fe40Ni38Mo4B18 are seldom studied,
although they are important in micro-electro-mechanical systems/nano-electro-
mechanical systems devices. The stoichiometry of the film plays a vital role in
determining the structural and magnetic properties of Fe40Ni38Mo4B18 thin
films: retaining the composition in thin films is a challenge. Thin films of 52 nm
thickness were fabricated by RF sputtering technique on silicon substrate from a
target of nominal composition of Fe40Ni38Mo4B18. The films were annealed at
temperatures of 400 °C and 600 °C. The micro-structural studies of films using
glancing x-ray diffractometer (GXRD) and transmission electron microscope
(TEM) revealed that pristine films are crystalline with (FeNiMo)23B6 phase.
Atomic force microscope (AFM) images were subjected to power spectral
density analysis to understand the probable surface evolution mechanism during
sputtering and annealing. X-ray photoelectron spectroscopy (XPS) was
employed to determine the film composition. The sluggish growth of crystallites
with annealing is attributed to the presence of molybdenum in the thin film. The
observed changes in magnetic properties were correlated with annealing induced
structural, compositional and morphological changes.
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1. Introduction

During the past few decades there has been a tremendous increase in the research, development,
and application of soft magnetic materials in various fields, ranging from transformer cores to
micro-electro-mechanical systems/nano-electro-mechanical systems devices. Amorphous and
nanocrystalline soft magnetic alloys have supplemented and replaced conventional soft
magnetic ferrites and Ni-Fe cores in industrial electronics [1]. The magnetic softness of the new
class of materials, invented in 1959 by Paul Duwez, is attributed to their biphasic microstructure
[2]. Typically, for Fe-based nanocrystalline alloys, the grain size as well as the intergrain
separation is about 5–25 nm, which is less than the exchange length (Lex) of these alloys.
According to the random anisotropy model (RAM) put forward by Herzer, this is the necessary
and sufficient condition for averaging of magnetocrystalline anisotropies over several grains [3].
RAM predicts that the coercivity of nanocrystalline material obeying the above condition scales
as the sixth power of grain size.

Metglas 2826MB is an alloy, with composition Fe40Ni38Mo4B18, possessing excellent soft
magnetic properties, with a saturation magnetization of 87 emu g−1 [4]. The alloy is amorphous
in nature and commercially available in the form of ribbons, with typical thickness of 20 μm and
length of a few centimeters in length. The amorphous structure can be devitrified into a
nanocrystalline state by thermal annealing or ion irradiation [5–7]. A nanocrystalline
morphology is more favorable for superior soft magnetic properties since the microstructure
of nanocrystals in an amorphous matrix can yield superior soft magnetic properties compared to
their amorphous counterpart [8]. The combination of various physical properties resulting from
nanocrystallization makes them ideal candidates for various sensor applications.

Various reports are available in literature regarding the kinetics of crystallization of
Fe40Ni38Mo4B16 [6, 7, 9–11]. The enthalpy of formation and activation energy can be evaluated
by employing various methods such as the Kissinger [12], Moyniham [13], and Marseglia [14]
techniques. Fe-Ni-Mo-B follows a two-stage crystallization process [6, 7, 10]. The first stage is
the Fe-Ni phase, which crystallizes by primary crystallization; the second phase is
(FeNiMo)23B6, which crystallizes via polymorphic crystallization. The enthalpies of formation
and activation energy for the two phases are 19.39 J g−1, 3.49 eV atom−1 and 54.09 J g−1,
4.5 eV atom−1, for Fe-Ni and (FeNiMo)23B6 phase respectively [6, 7, 10]. The as-prepared
ribbons are amorphous and crystallization takes place with heat treatments. The Fe-Ni phase
usually precipitates above 400 °C and (FeNiMo)23B6 above 500 °C [6, 7].

Since Metglas 2826MB is widely used for sensor applications, integrating Metglas
2826MB into MEMS/NEMS can add further functionality to these alloys. Metglas 2826MB
thin films find a variety of applications as magnetic sensors [15, 16], and as pinning layers in
magnetic tunnel junctions and magnetic read heads. Attempts to fabricate thin film forms of
Metglas 2826MB were reported earlier by many researchers [17, 18]. For example, Jyothi et al
used a flash evaporation technique whereas Liang et al used sputtering. Jyothi et al did not
carry out composition analysis; they found that the deposited films were crystalline. Senoy et al
and Hysen et al reported the fabrication of thin films from composite targets using vacuum
evaporation [19, 20]. They also studied annealing and swift heavy ion irradiation effects on
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these films and reported the formation of Fe-Ni nanocrystals with annealing [21, 22]. These
nanocrystalline structures precipitate after annealing at 400 °C. However, they could not retain
the stoichiometry of the original target in films owing to the variations in the vapour pressure of
the different alloying elements in the target during the physical vapour deposition process.
Annealing the films resulted in the precipitation of only the magnetic Fe-Ni phase, while
annealing the ribbon resulted in the precipitation of both the ferromagnetic Fe-Ni phase and
paramagnetic (FeNiMo)23B6. The mismatch in composition of target and film could be avoided
by using techniques like RF sputtering or pulsed laser deposition. Retention of the
stoichiometry of the target in thin film form is of the great interest as the stoichiometry of
films can affect the structure and kinetics of phase transformation and its magnetic properties.

In this manuscript we report the fabrication of Fe-Ni-Mo-B thin films by RF sputtering and
the evolution of their microstructure and magnetic properties with thermal annealing.

2. Experimental methods

2.1. Preparation of Fe-Ni alloy based thin films

The bulk Fe-Ni-Mo-B ribbons, having a thickness of 20 μm, were severed into a 2-inch
diameter circle, which was subsequently used as the cathode for RF sputtering. The target was
sputtered to silicon substrates. The silicon substrates were cleaned in three steps using
trichloroethylene, acetone and isopropyl alcohol. The deposition was carried out with RF power
of 100 watts for 30 min in argon atmosphere. Base pressure of 9 × 10−5 Torr was attained using
a turbo pump backed by a scroll pump which elevated to 6 × 10−2 Torr during deposition. The
as-deposited films were vacuum annealed for 1 h at temperatures of 400 °C and 600 °C. The
film thickness was estimated from x-ray reflectivity (XRR) measurements carried out using a
Bruker Discover D-8 with CuKα (λ = 1.5406 Å) radiation. The experimental data was fitted
employing Parratt software [23].

2.2. Structural characterization

The structural characterization of pristine and annealed films were investigated using a
Bruker Discover D-8 glancing angle x-ray diffractometer (GXRD) with CuKα (λ= 1.5406 Å)
radiation. The measurement was carried out at grazing incidence of 0.5° and in the range 40° to
55° at a scan speed of 0.5° per minute. The crystallite size was calculated using the Scherrer

formula
λ

β θ
=D

0.9

cos
, where D is the crystallite size, λ the wavelength of x-rays, β the full width

at half maximum in radians, and 2θ the diffraction angle. The micro-structural characterizations
were performed using a tunneling electron microscope (TEM) (FEI F20) operated at 200 kV.

2.3. Compositional analysis

The composition of the films was investigated using x-ray photoelectron spectroscopy (XPS).
Al Kα radiation having energy of 1486.6 eV was used as the source for XPS. The obtained XPS
spectra were quantified using the Casa XPS program (Casa Software Ltd, USA).
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2.4. Surface morphological studies

Surface morphological studies were carried out with an atomic force microscope (AFM) digital
instruments nanoscope. The analysis of AFM images was done using the software Nanoscope
7.2 (Veeco Scientific Ltd).

2.5. Magnetic measurements

7 Tesla MPMS super-conducting quantum interferometer device (SQUID)—vibrating sample
magnetometer (VSM) was employed to measure the magnetic properties. Room temperature
magnetization measurements were carried out for magnetic fields −5 kOe to +5 kOe. Field-
cooled and zero–field-cooled measurements were performed in the range of 10 K to 300 K and
the field applied for field-cooled measurements was 200 Oe.

3. Results and discussion

3.1. XRR studies

The thickness of the films obtained by fitting the XRR data using PARRATT 1.6 software was
found to be ∼52 nm (figure 1). No change in film thickness was observed with annealing.

3.2. Structural analysis

The GXRD results of the films are shown in figure 2. Contrary to the bulk ribbons [7, 9], the
as-deposited film was crystalline in nature.

From the diffraction pattern we observe the films to be crystalline in nature. Since the
Fe-Ni and (FeNiMo)23B6 phases have overlapping planes, it is difficult to conclude the phase
from GXRD. To ascertain the precipitated crystalline phase, selected area electron diffraction
(SAED) was carried out on the samples. Annealing the films did not change the peak position.
The crystallite size calculated from the Sherrer formula was found to be 35.3 nm, 33.2 nm, and
35.9 nm for pristine and samples annealed at 400 °C and 600 °C, respectively. It was observed
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that there was no significant change in the crystallite size with annealing. Ramanujan et al [10].
reported the effect of molybdenum on the crystallization of FeNiMoB ribbons. They observed
that Mo inhibits the crystal growth by accumulating at the interface of Fe-Ni crystallites [10].
The pristine film itself is crystalline and we have observed that on annealing, no new phases are
precipitated and that Mo might have inhibited further grain growth.

TEM of the pristine and film annealed at 600 °C is shown in figure 3. From TEM
micrographs it is clear that the films are crystalline in nature, which is in agreement with GXRD
results. The grain size of the films was found to be 10.8 nm and 11.6 nm for pristine and film
annealed at 600 °C, respectively. The difference in grain size obtained from GXRD and TEM is
due to the limitation of the Scherrer formula. The SAED images (figure 4) show well-defined
rings signifying the polycrystalline nature of the film. The rings were indexed and they were
compared with the standard data. The interplanar spacing for the pristine film was 2.46 Å,
2.01 Å and 1.45 Å, which corresponds to (420) plane of (FeNiMo)23B6 [ICDD No: 380888],
(111) plane of Fe-Ni [ICDD No: 471417] and (440) plane of Fe2.92O4 [ICDD No: 861362],
respectively. For the film annealed at 600 °C the d values are 1.98 Å, 1.68 Å and 1.20 Å, which
corresponds to (200) plane of Fe-Ni, [ICDD No: 471417], (620) plane of (FeNiMo)23B6 [ICDD
No: 380888] and (444) plane of Fe2.92O4 [ICDD No: 861362], respectively. From GXRD and
SAED we conclude that the films are crystalline in nature. On sputtering, both Fe-Ni phase and
(FeNiMo)23B6 phases are formed. From the available literature, the activation energy required
for the precipitation of (FeNiMo)23B6 phase is larger than that required for the Fe-Ni phase
[6, 7]. The RF power of 100W must be sufficient for the formation of (FeNiMo)23B6 phase.
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Liang et al have reported magnetostrictive Metglas sensors by RF sputtering. They supplied an
RF power of 30W and reported Fe-Ni phase in thin films deposited at 10 mTorr [24, 18]. The
RF power of 100W results in the precipitation of both Fe-Ni and (FeNiMo)23B6 phases. Since
Fe-Ni and (FeNiMo)23B6 have overlapping d values, it is difficult to ascertain the obtained
phase. From the magnetic measurements discussed later, we have observed that the film
exhibits very low saturation magnetization, which suggests that even though Fe-Ni phase is
formed the predominant phase is (FeNiMo)23B6.

The crystallization kinetics for formation of the (FeNiMo)23B6 phase can be assumed as
follows. Usually an amorphous solid can crystallize via primary crystallization, polymorphous
crystallization, or eutectic crystallization. In primary crystallization the primary phase of the
alloy crystallizes first. In polymorphous crystallization, there is a direct transition of the
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Figure 3. TEM micrographs and Crystallite size distribution (Inset) of pristine and film
annealed at 600 °C.

Figure 4. SAED of Pristine and film annealed at 600 °C.



amorphous phase to the crystalline phase [25]. In the present study, primary crystallization
results in the precipitation of the Fe-Ni phase while the (FeNiMo)23B6 phase precipitates via
polymorphous crystallization. However, further studies are required to confirm the crystal-
lization kinetics of thin films.

3.3. Compositional analysis

The XPS of the samples is shown in figure 5. Since the film surface contains unavoidable
oxygen and carbon, the XPS scan was carried out after sputtering the film surface for 30 min
using 500 eV argon ions. From the XPS spectra it was possible to confirm the presence of Fe,
Ni, Mo and B. XPS investigation was also carried out on the 600 °C annealed sample to
investigate changes in surface composition with annealing. The composition of the pristine
sample is 59.9% Fe, 25.9% Ni, 3.7% Mo and 10.3% B. For the sample annealed at 600 °C the
composition is 36.4% Fe, 42% Ni, 11.5% Mo and 9.9% B.

We have succeeded in identifying boron and molybdenum in thin film samples and these
elements play an important role in controlling the grain size and magnetic properties. Even after
sputtering the film for 30 min, there is presence of carbon and oxygen. The presence of carbon
and oxygen in the samples emanates from hydrocarbon contamination from the XPS unit. In the
annealed sample, the carbon content has increased markedly while the iron content has
decreased. Ciang et al reported that the presence of oxygen and carbon in the bulk was due to
surface absorption while the presence of these in thin films was due to both absorption and
deposition [24].
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3.4. Surface analysis

The AFM images are shown in figure 6. The scan area was 1 μm×1 μm. It is clear that
significant surface evolution takes place with annealing. The variation of surface roughness is
plotted in figure 7. From the AFM data, it can clearly be seen that the surface roughness
increases with annealing temperature. RMS roughness (Rq) is a statistical parameter which
gives the root mean square height of the film surface. However, it does not give any idea about
the lateral distribution of surface features. This information can be obtained by power spectral
density (PSD) analysis, which decomposes the surface profile into spatial spectral frequencies
[25]. The PSD function is obtained by Fourier transformation of the surface and is given by

∬
π

= −PSD f
L

d r
e h r( )

1

2
( )if r

2

2
.

2

[26]. The PSD spectra of the pristine and annealed films

are shown in figure 8. The low-frequency region represents uncorrelated noise and the high-
frequency region obeys a power law, = ξ−PSD f Af( ) , where ξ is the slope [27]. ξ for pristine
film, and for films annealed at 400 °C and 600 °C are 1.6, 1.8 and 2.1, respectively. Herring and
Mullins have reported the possible surface mechanism as plastic flow driven by surface tension,
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evaporation condensation, volume diffusion and surface diffusion for ξ values 1, 2, 3 and 4
[21, 28, 29]. The ξ values increases on annealing. The possible surface mechanism in pristine
and films annealed at 400 °C can be plastic flow driven by surface tension. For the films
annealed at 600 °C, the increased roughness could be due to oriented grain growth as a result of
annealing.

3.5. Magnetic studies

The M–H hysteresis loops of the pristine as well as the annealed samples were recorded at room
temperature (figure 9). The changes in saturation magnetization and coercivity are shown in
figure 10.

Compared to the bulk FeNiMoB ribbons, the films show a low value of saturation
magnetization. Hysen et al [19] have reported a saturation magnetization of 70 emu g−1 for
annealed films of Fe-Ni. In this investigation we obtained a very low value of saturation
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magnetization for the annealed film. This is because of the presence of a predominant non-
magnetic phase (FeNiMo)23B6, which is evident from GXRD and TEM analysis. There are
reports of this non-magnetic phase by Ramanujan et al [6]. The small magnetization of films is
due to the presence of a small fraction of the Fe-Ni phase. The film annealed at 600 °C exhibits
very low saturation magnetization. The XPS results indicate that films annealed at 600 °C have
a higher impurity content of carbon and oxygen. As a result of higher oxidation of the film, the
saturation magnetization is further reduced. Earlier studies by Hysen et al [19] and Senoy et al
[20] on the annealing effects of FeNiMoB thin films by thermal evaporation showed that Mo
and B were not present in the film. The Fe Ni phase precipitated on annealing, resulting in a
nanocrystalline structure exhibiting high saturation magnetization. Further, the magnetic
properties exhibited by crystalline and amorphous materials are entirely different. FeNiMoB
ribbons and thin films prepared by thermal evaporation are amorphous and good soft magnetic
properties are reported. We have observed the film to be dominated by a nonmagnetic
crystalline phase; thereby soft magnetic properties were found to be feeble [30].
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Field cooled and zero–field-cooled studies were conducted with a view to confirm the
ferromagnetic behavior of the films. The results are shown in figure 11. The zero-field
susceptibility increases with temperature, which is characteristic of a ferromagnetic material.
Tirr, the temperature above where spin disorder takes place, was not observed until room
temperature. This suggests that the material is ferromagnetic at room temperature and its Curie
temperature is above 300 K. The small fraction of Fe-Ni phase contributes to the ferromagnetic
behavior of the films.

4. Conclusions

Thin films of FeNiMoB were successfully prepared by RF sputtering. The thickness of the films
obtained by XRR was ∼52 nm. The XPS studies have confirmed the presence of iron, nickel,
boron and molybdenum in the thin film. The films were annealed at 400 °C and 600 °C. The
pristine film was crystalline with the dominant phase being (FeNiMo)23B6. We obtained this
phase by sputtering the target with an RF power of 100 watts. GXRD results indicate that
molybdenum inhibited grain growth in the annealed films. The surface morphology of the film
underwent changes with annealing. PSD analysis indicates plastic flow as the possible surface
evolution mechanism in pristine film, while surface roughening due to oriented grain growth is
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observed for the films annealed at 400 °C and 600 °C. All the films were soft magnetic in
nature, exhibiting low coercivity. The films annealed at 600 °C show much smaller coercivity.
However, we were not able to obtain high-saturation magnetization, as reported earlier. This is
attributed to the formation of the (FeNiMo)23B6 phase. Further systematic study can be carried
out on RF-sputtered thin films to establish the kinetics and phase formation.
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�w�e�t�l�a�n�d� �a�c�r�e�a�g�e�,� �t�h�e� �i�m�m�e�n�s�e� �b�e�n�e�f �i�t�s� �t�h�a�t� �t�h�e�s�e� �w�e�t�l�a�n�d�s� �p�r�o�v�i�d�e� �f�r�e�e� �o�f� �c�o�s�t� �t�o� �s�o�c�i�e�t�y� �a�r�e� �a�l�s�o� �b�e�i�n�g� �l�o�s�t� �i�n
�t�h�e� �p�r�o�c�e�s�s�.� �T�h�i�s� �i�m�p�o�s�e�s� �a� �n�e�w� �c�o�s�t� �o�n� �s�o�c�i�e�t�y� �w�h�i�c�h� �i�t� �i�s� �i�l�l� �e�q�u�i�p�p�e�d� �t�o� �b�e�a�r� �b�o�t�h� �p�h�y�s�i�c�a�l�l�y� �a�n�d� �e�c�o�n�o�m�i�c�a�l�l�y�.
�T�h�e� �c�u�r�r�e�n�t� �s�t�u�d�y� �a�t�t�e�m�p�t�s� �a�n� �i�d�e�n�t�i�f �i�c�a�t�i�o�n� �o�f� �t�h�e� �e�c�o�n�o�m�i�c� �a�n�d� �e�n�v�i�r�o�n�m�e�n�t�a�l� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �w�e�t�l�a�n�d
�p�a�d�d�y� �f �i�e�l�d�s� �a�n�d� �a�n� �e�c�o�n�o�m�i�c� �e�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e�s�e� �b�e�n�e�f �i�t�s�.� �M�a�r�k�e�t� �b�a�s�e�d� �t�e�c�h�n�i�q�u�e�s� �a�n�d� �c�o�n�t�i�n�g�e�n�t� �v�a�l�u�a�t�i�o�n
�m�e�t�h�o�d�o�l�o�g�y� �w�e�r�e� �e�m�p�l�o�y�e�d� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�.� �T�h�e� �s�t�u�d�y� �e�s�t�i�m�a�t�e�d� �t�h�e� �v�a�l�u�e� �o�f� �t�o�t�a�l� �d�i�r�e�c�t� �a�n�d� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s
�p�r�o�v�i�d�e�d� �b�y� �t�h�e� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �t�o� �t�h�e� �p�e�o�p�l�e� �o�f� �t�w�o� �p�a�n�c�h�a�y�a�t�s� �t�o� �b�e� �R�s�.�2�.�0�2� �c�r�o�r�e�s�.� �O�f� �t�h�i�s� �0�.�0�1�9�8� �c�r�o�r�e�s� �w�a�s� �t�h�e
�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �a�n�d� �R�s�.�2�.�0�1� �c�r�o�r�e�s� �w�a�s� �t�h�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �p�a�d�d�y� �w�e�t�l�a�n�d�.� �T�h�e� �s�t�u�d�y� �a�l�s�o
�e�s�t�i�m�a�t�e�d� �a� �m�e�a�n� �W�i�l�l�i�n�g�n�e�s�s� �t�o� �P�a�y� �(�W�T�P�)� �o�f� �R�s�.� �4�6�7�.�5�0� �a�n�d� �a� �t�o�t�a�l� �W�T�P� �o�f� �R�s�.� �2�.�0�2� �c�r�o�r�e�s� �f�o�r� �t�h�e� �t�w�o� �p�a�n�c�h�a�y�a�t�s�.
�T�h�e� �s�t�u�d�y� �h�i�g�h�l�i�g�h�t�s� �t�w�o� �m�a�i�n� �p�o�i�n�t�s�.� �T�h�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �f�a�r� �o�u�t�w�e�i�g�h� �t�h�e� �d�i�r�e�c�t
�b�e�n�e�f �i�t�s� �t�h�a�t� �t�h�e�y� �p�r�o�v�i�d�e�.� �T�h�e� �i�m�m�e�n�s�e� �v�a�l�u�e� �o�f� �t�h�e�s�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s�,� �d�e�r�i�v�e�d� �f�r�e�e� �o�f� �c�o�s�t�,� �j�u�s�t�i�f�y� �a�l�l�o�w�i�n�g
�p�a�d�d�y� �w�e�t�l�a�n�d�s� �t�o� �l�i�e� �f�a�l�l�o�w� �a�n�d� �u�n�c�u�l�t�i�v�a�t�e�d�,� �e�v�e�n� �i�f� �e�c�o�n�o�m�i�c�a�l�l�y� �u�n�p�r�o�f �i�t�a�b�l�e�.� �S�e�c�o�n�d�l�y�,� �a� �m�e�a�n� �W�T�P� �o�f
�R�s�.�4�6�7�.�5�0� �i�n� �a� �s�t�a�t�e� �w�h�e�r�e� �a�v�e�r�a�g�e� �d�a�i�l�y� �w�a�g�e�s� �c�e�n�t�r�e� �a�r�o�u�n�d� �R�s�.�5�0�0� �i�s� �v�e�r�y� �l�o�w�.� �A�l�t�h�o�u�g�h� �p�e�o�p�l�e� �v�a�l�u�e� �t�h�e
�b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s�,� �t�h�e�y� �a�r�e� �u�n�w�i�l�l�i�n�g� �t�o� �p�a�y� �g�r�e�a�t�e�r� �a�m�o�u�n�t�s� �f�o�r� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �a�n�d� �c�o�n�t�i�n�u�e�d
�p�r�o�v�i�s�i�o�n� �o�f� �t�h�e�s�e� �b�e�n�e�f �i�t�s�.� �C�o�m�m�e�r�c�i�a�l� �b�e�n�e�f �i�t�s� �f�r�o�m� �s�a�l�e�/�c�o�n�v�e�r�s�i�o�n� �o�f� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �t�o� �o�t�h�e�r� �l�a�n�d� �f�o�r�m�s� �a�r�e
�v�e�r�y� �a�t�t�r�a�c�t�i�v�e� �t�o� �p�a�d�d�y� �l�a�n�d� �o�w�n�e�r�s�,� �w�h�o� �r�e�s�e�n�t� �S�t�a�t�e� �i�n�t�e�r�v�e�n�t�i�o�n� �a�n�d� �r�e�s�t�r�i�c�t�i�o�n�s� �t�h�a�t� �a�r�e� �b�a�r�r�i�e�r�s�.� �S�u�c�h� �v�a�l�u�e
�p�e�r�c�e�p�t�i�o�n�s� �c�a�n� �o�n�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o� �a�c�c�e�l�e�r�a�t�e�d� �s�p�e�e�d� �i�n� �t�h�e� �p�a�c�e� �a�t� �w�h�i�c�h� �w�e�t�l�a�n�d�s� �a�r�e� �c�o�n�v�e�r�t�e�d� �t�o� �o�t�h�e�r� �l�a�n�d
�f�o�r�m�s� �a�n�d� �u�s�e�s�.� �Y�e�t�,� �s�c�i�e�n�t�i�f �i�c� �e�v�i�d�e�n�c�e� �s�h�o�w�s� �t�h�a�t� �i�f� �m�a�r�k�e�t� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �t�o� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �t�o� �r�e�p�l�a�c�e� �t�h�e
�p�r�o�v�i�s�i�o�n� �o�f� �f�u�n�c�t�i�o�n�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s�,� �t�h�e� �c�o�s�t� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�v�i�s�i�o�n� �o�f� �e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �s�e�r�v�i�c�e
�w�o�u�l�d� �r�u�n� �i�n�t�o� �b�i�l�l�i�o�n�s�.� �R�e�v�e�n�u�e� �r�i�c�h� �G�o�v�e�r�n�m�e�n�t�s� �l�e�t� �a�l�o�n�e� �c�a�s�h� �s�t�r�a�p�p�e�d� �g�o�v�e�r�n�m�e�n�t�s� �w�i�l�l� �b�e� �u�n�a�b�l�e� �t�o� �b�e�a�r
�s�u�c�h� �i�m�m�e�n�s�e� �c�o�s�t�.

�K�e�y� �w�o�r�d�s�:�E�c�o�n�o�m�i�c� �V�a�l�u�e�,� �P�a�d�d�y� �w�e�t�l�a�n�d�s�,� �D�i�r�e�c�t� �a�n�d� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s�,� �C�o�n�t�i�n�g�e�n�t� �V�a�l�u�a�t�i�o�n�,� �W�T�P�.

�R�e�c�e�i�v�e�d� �o�n�:� �1�0� �O�c�t�o�b�e�r� �2�0�1�3�,� �a�c�c�e�p�t�e�d� �o�n�:� �1�2� �D�e�c�e�m�b�e�r� �2�0�1�3

�I�N�T�R�O�D�U�C�T�I�O�N

�W�e�t�l�a�n�d� �e�c�o�s�y�s�t�e�m�s�a�r�e� �k�n�o�w�n� �f �o�r� �t�h�e�i�r
�b�i�o�l�o�g�i�c�a�l� �d�i�v�e�r�s�i�t�y�a�n�d� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �o�n�e� �o�f
�t�h�e� �m�o�s�t� �p�r�o�d�u�c�t�i�v�e� �b�u�t� �c�o�m�p�l�e�x� �e�c�o�s�y�s�t�e�m�s� �o�f
�t�h�e� �w�o�r�l�d�.� �P�a�d�d�y� �w�e�t�l�a�n�d�s�,� �w�h�i�c�h� �c�o�m�p�r�i�s�e� �t�h�e
�t�e�r�r�e�s�t�r�i�a�l� �p�a�r�t� �o�f � �w�e�t�l�a�n�d� �e�c�o�s�y�s�t�e�m�s�,� �a�r�e
�f �l�o�o�d�e�d� �p�a�r�c�e�l�s� �o�f� �a�r�a�b�l�e� �l�a�n�d�,� �s�u�i�t�a�b�l�e� �f�o�r
�g�r�o�w�i�n�g� �s�e�m�i� �a�q�u�a�t�i�c� �r�i�c�e�.� �E�c�o�n�o�m�i�c�a�l�l�y�,� �t�h�e�y
�a�r�e� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �t�h�e�y� �p�r�o�v�i�d�e� �s�u�s�t�a�i�n�a�b�l�e
�l�i�v�e�l�i�h�o�o�d� �o�p�t�i�o�n�s� �t�o� �s�o�c�i�e�t�y� �a�n�d� �e�c�o�l�o�g�i�c�a�l�l�y�,
�t�h�e�y� �a�r�e� �i�m�p�o�r�t�a�n�t� �b�e�c�a�u�s�e� �t�h�e�y� �a�r�e
�m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� �a�n�d� �t�h�e�i�r� �l�i�n�k�a�g�e�s� �t�o� �a�d�j�a�c�e�n�t
�e�c�o�s�y�s�t�e�m�s� �m�a�k�e� �t�h�e�m� �h�i�g�h�l�y� �p�r�o�d�u�c�t�i�v�e� �a�n�d
�b�i�o�l�o�g�i�c�a�l�l�y� �v�a�l�u�a�b�l�e� �t�o� �h�u�m�a�n�i�t�y�.� �P�o�s�i�t�i�v�e

�e�x�t�e�r�n�a�l�i�t�i�e�s� �g�e�n�e�r�a�t�e�d� �b�y� �p�a�d�d�y� �f �i�e�l�d�s� �a�r�e
�i�m�m�e�n�s�e�.� �A�p�a�r�t� �f �r�o�m� �t�h�e� �p�r�i�v�a�t�e� �b�e�n�e�f �i�t�s� �t�o
�f �a�r�m�e�r�s� �h�a�r�v�e�s�t�i�n�g� �r�i�c�e� �a�n�d� �s�e�l�l�i�n�g
�f�o�d�d�e�r�,� �p�a�d�d�y� �f �i�e�l�d�s� �h�e�l�p� �r�e�g�u�l�a�t�e� �f �l�o�o�d�w�a�t�e�r�,
�p�u�r�i�f�y� �a�n�d� �r�e�p�l�e�n�i�s�h� �g�r�o�u�n�d�w�a�t�e�r�,� �a�r�e� �c�a�p�a�b�l�e
�o�f� �n�u�t�r�i�e�n�t� �r�e�t�e�n�t�i�o�n�,� �s�e�d�i�m�e�n�t� �t�r�a�p�s� �a�n�d� �s�o�i�l
�e�r�o�s�i�o�n� �c�o�n�t�r�o�l�.� �T�h�e�y� �b�e�a�u�t�i�f�y� �t�h�e� �e�n�v�i�r�o�n�m�e�n�t�,
�r�e�g�u�l�a�t�e� �s�u�r�r�o�u�n�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�a�i�r� �c�o�o�l�i�n�g
�e�f�f�e�c�t�)� �a�n�d� �g�e�n�e�r�a�t�e� �o�x�y�g�e�n�.

�D�e�s�p�i�t�e� �t�h�e�i�r� �i�m�p�o�r�t�a�n�c�e�,� �h�u�m�a�n� �a�c�t�i�v�i�t�i�e�s� �h�a�v�e
�c�o�n�t�r�i�b�u�t�e�d� �t�o� �u�n�p�r�e�c�e�d�e�n�t�e�d� �r�a�t�e�s� �o�f� �w�e�t�l�a�n�d
�l�o�s�s�,� �w�h�i�c�h� �h�a�s� �t�h�r�e�a�t�e�n�e�d� �t�h�e� �s�t�a�b�i�l�i�t�y� �a�n�d
�c�o�n�t�i�n�u�i�t�y� �o�f� �w�e�t�l�a�n�d� �e�c�o�s�y�s�t�e�m�s� �a�s� �w�e�l�l� �a�s� �t�h�e�i�r

�J�o�u�r�n�a�l� �o�f� �A�q�u�a�t�i�c� �B�i�o�l�o�g�y� �a�n�d� �F�i�s�h�e�r�i�e�s� �V�o�l�.� �2�/�2�0�1�4�/� �p�p�.� �7�8�1� �t�o� �7�8�6



� �7�8�2

�p�r�o�v�i�s�i�o�n� �o�f� �g�o�o�d�s� �a�n�d� �s�e�r�v�i�c�e�s� �t�o� �m�a�n�k�i�n�d
�(�N�u�n�e�s�e�t� �a�l�.�,� �2�0�0�1�)�.� �D�i�s�r�e�g�a�r�d�i�n�g� �t�h�e� �i�m�p�o�r�t�a�n�t
�r�o�l�e� �p�l�a�y�e�d� �b�y� �p�a�d�d�y� �a�n�d� �p�a�d�d�y� �f �i�e�l�d�s� �i�n� �t�h�e
�K�e�r�a�l�a� �e�c�o�n�o�m�y�,� �l�a�r�g�e� �s�c�a�l�e� �r�e�c�l�a�m�a�t�i�o�n� �o�f
�p�a�d�d�y� �f �i�e�l�d�s� �f�o�r� �o�t�h�e�r� �l�a�n�d� �u�s�e�s� �h�a�v�e� �o�c�c�u�r�r�e�d
�d�u�r�i�n�g� �t�h�e� �p�a�s�t� �t�w�o� �d�e�c�a�d�e�s� �f�o�r� �a� �v�a�r�i�e�t�y� �o�f
�r�e�a�s�o�n�s�.� �V�a�s�t� �a�c�r�e�s� �o�f� �w�e�t�l�a�n�d� �p�a�d�d�y� �f �i�e�l�d�s� �h�a�v�e
�b�e�e�n� �r�e�c�l�a�i�m�e�d� �f�o�r� �h�o�u�s�e�h�o�l�d� �a�n�d� �c�o�m�m�e�r�c�i�a�l
�p�u�r�p�o�s�e�s�.� �E�q�u�a�l�l�y� �l�a�r�g�e� �a�r�e�a�s� �h�a�v�e� �b�e�e�n
�r�e�c�l�a�i�m�e�d� �f�o�r� �t�h�e� �c�u�l�t�i�v�a�t�i�o�n� �o�f� �c�o�m�m�e�r�c�i�a�l
�c�r�o�p�s�.� �A�r�e�a� �u�n�d�e�r� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �i�n� �t�h�e� �S�t�a�t�e
�h�a�s� �b�e�e�n� �s�t�e�a�d�i�l�y� �d�e�c�l�i�n�i�n�g�.� �T�o�t�a�l� �p�a�d�d�y� �a�r�e�a
�d�u�r�i�n�g� �1�9�6�1�-�6�2� �w�h�i�c�h� �w�a�s� �7�.�5�3� �l�a�k�h� �h�e�c�t�a�r�e�s� �h�a�s
�d�e�c�r�e�a�s�e�d� �t�o� �2�.�8� �h�a� �i�n� �2�0�1�1�-�1�2�.� �A�l�t�h�o�u�g�h
�c�u�l�t�i�v�a�t�e�d� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �a�c�c�o�u�n�t�e�d� �f�o�r� �l�e�s�s
�t�h�a�n� �e�i�g�h�t� �p�e�r�c�e�n�t� �o�f� �t�h�e� �t�o�t�a�l� �c�r�o�p�p�e�d� �a�r�e�a
�(�A�g�r�i�c�u�l�t�u�r�a�l� �S�t�a�t�i�s�t�i�c�s�,� �2�0�1�1�-�1�2�)�,� �v�a�s�t� �t�r�a�c�t�s� �o�f
�p�a�d�d�y� �w�e�t�l�a�n�d�s� �a�l�s�o� �l�i�e� �f�a�l�l�o�w� �a�n�d� �u�n�c�u�l�t�i�v�a�t�e�d
�i�n� �v�a�r�i�o�u�s� �p�a�r�t�s� �o�f� �t�h�e� �S�t�a�t�e�.

�R�a�t�h�e�r� �t�h�a�n� �j�u�s�t� �l�o�s�s� �o�f� �w�e�t�l�a�n�d� �a�c�r�e�a�g�e�,� �t�h�e
�i�m�m�e�n�s�e� �b�e�n�e�f �i�t�s� �t�h�a�t� �w�e�t�l�a�n�d�s� �p�r�o�v�i�d�e� �f�r�e�e� �o�f
�c�o�s�t� �t�o� �s�o�c�i�e�t�y� �a�r�e� �a�l�s�o� �b�e�i�n�g� �l�o�s�t� �i�n� �t�h�e� �p�r�o�c�e�s�s�.
�A�l�t�e�r�n�a�t�e� �m�a�r�k�e�t� �m�e�c�h�a�n�i�s�m�s� �t�o� �p�r�o�v�i�d�e� �t�h�e
�s�a�m�e� �s�e�r�v�i�c�e�s� �t�o� �s�o�c�i�e�t�y� �i�m�p�o�s�e�s� �a� �n�e�w� �c�o�s�t� �o�n
�s�o�c�i�e�t�y� �w�h�i�c�h� �i�t� �i�s� �i�l�l� �e�q�u�i�p�p�e�d� �t�o� �b�e�a�r� �b�o�t�h
�e�c�o�l�o�g�i�c�a�l�l�y� � �a�n�d� �e�c�o�n�o�m�i�c�a�l�l�y�.� �T�h�i�s� �s�t�u�d�y
�a�t�t�e�m�p�t�s� �t�o� �l�o�o�k� �i�n�t�o� �t�h�e�s�e� �i�s�s�u�e�s� �i�n� �t�h�e� �b�e�l�i�e�f
�t�h�a�t� �a�n�y� �a�t�t�e�m�p�t� �t�o� �v�a�l�u�e� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y
�p�a�d�d�y� �w�e�t�l�a�n�d�s� �w�i�l�l� �h�e�l�p� �g�e�n�e�r�a�t�e� �a�w�a�r�e�n�e�s�s
�a�m�o�n�g� �t�h�e� �p�u�b�l�i�c� �r�e�g�a�r�d�i�n�g� �t�h�e�i�r� �v�a�l�u�e� �a�n�d� �t�h�e
�i�m�p�o�r�t�a�n�c�e� �o�f� �c�o�n�s�e�r�v�i�n�g� �s�u�c�h� �w�e�t�l�a�n�d�s�.

�M�A�T�E�R�I�A�L�S� �A�N�D� �M�E�T�H�O�D�S

�T�h�e� �s�t�u�d�y� �w�a�s� �b�a�s�e�d� �o�n� �d�a�t�a� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �A�l�a
�a�n�d� �M�u�l�u�k�u�z�h�a� �G�r�a�m�a� �P�a�n�c�h�a�y�a�t�s� �i�n� �A�l�a�p�p�u�z�h�a
�d�i�s�t�r�i�c�t� �(�F�i�g�.� �1�)�.� �I�t� �f�o�c�u�s�e�s� �o�n� �t�w�o� �m�a�i�n� �o�b�j�e�c�t�i�v�e�s�.
�T�h�e� �f �i�r�s�t� �o�b�j�e�c�t�i�v�e� �w�a�s� �t�o� �e�s�t�i�m�a�t�e� �v�a�l�u�e�s� �f�o�r� �t�h�e
�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �i�n

�F�i�g�.� �1�.�T�h�e� �S�t�u�d�y� �A�r�e�a� �(�A�l�a� �a�n�d� �M�u�l�a�k�u�z�h�a� �P�a�n�c�h�a�y�a�t�s� �o�f� �A�l�a�p�p�u�z�h�a� �D�i�s�t�r�i�c�t�)



� �7�8�3

�t�h�e� �s�t�u�d�y� �a�r�e�a�.� �T�h�e� �m�a�r�k�e�t� �b�a�s�e�d� �t�e�c�h�n�i�q�u�e� �o�f
�r�e�s�i�d�u�a�l� �r�e�n�t� �a�p�p�r�o�a�c�h� �w�a�s� �u�s�e�d� �i�n� �w�h�i�c�h� �t�h�e
�c�o�s�t� �o�f� �e�x�t�r�a�c�t�i�n�g� �o�r� �h�a�r�v�e�s�t�i�n�g� �t�h�e� �r�e�s�o�u�r�c�e� �w�a�s
�s�u�b�t�r�a�c�t�e�d� �f �r�o�m� �t�h�e� �m�a�r�k�e�t� �v�a�l�u�e� �o�f � �t�h�e
�r�e�s�o�u�r�c�e�.� �W�h�e�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n�/�h�a�r�v�e�s�t� �c�o�s�t�s
�i�n�c�l�u�d�e� �l�a�b�o�u�r� �c�o�s�t�s�,� �i�t� �i�s� �t�h�e� �o�p�p�o�r�t�u�n�i�t�y� �c�o�s�t
�o�f� �l�a�b�o�u�r� �a�n�d� �n�o�t� �t�h�e� �m�a�r�k�e�t� �w�a�g�e� �r�a�t�e� �t�h�a�t� �w�a�s
�c�o�n�s�i�d�e�r�e�d�.� �A� �q�u�e�s�t�i�o�n�n�a�i�r�e� �w�a�s� �p�r�e�p�a�r�e�d� �a�n�d
�d�a�t�a� �w�a�s� �c�o�l�l�e�c�t�e�d� �f�r�o�m� �a�l�l� �t�h�e� �f�o�u�r�t�e�e�n� �p�a�d�d�y
�c�u�l�t�i�v�a�t�i�n�g� �h�o�u�s�e�h�o�l�d�s� �i�n� �t�h�e� �p�a�n�c�h�a�y�a�t�s�.� �T�h�e
�w�i�n�t�e�r� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �u�n�d�e�r�t�a�k�e�s� �b�y� �f�a�r�m�e�r�s
�i�n� �t�h�e� �s�t�u�d�y� �a�r�e�a� �i�s� �l�o�c�a�l�l�y� �k�n�o�w�n� �a�s� �p�u�n�c�h�a
�k�r�i�s�h�i�.� �I�t� �b�e�g�i�n�s� �i�n� �N�o�v�e�m�b�e�r� �a�n�d� �i�s� �h�a�r�v�e�s�t�e�d
�a�f�t�e�r� �f�o�u�r� �m�o�n�t�h�s�.� �A� �s�e�c�o�n�d� �c�r�o�p� �c�a�n� �b�e
�c�u�l�t�i�v�a�t�e�d� �d�u�r�i�n�g� �m�o�n�s�o�o�n� �i�f� �e�n�v�i�r�o�n�m�e�n�t�a�l
�c�o�n�d�i�t�i�o�n�s� �a�r�e� �f�a�v�o�u�r�a�b�l�e� �b�u�t� �n�o�t� �b�y� �t�h�e� �f�a�r�m�e�r�s
�o�f� �t�h�e� �s�t�u�d�y� �a�r�e�a�.� �S�e�c�o�n�d�a�r�y� �d�a�t�a� �p�u�b�l�i�s�h�e�d� �b�y
�t�h�e� �D�e�p�a�r�t�m�e�n�t� �o�f � �E�c�o�n�o�m�i�c�s� �&� �S�t�a�t�i�s�t�i�c�s�,
�G�o�v�e�r�n�m�e�n�t� �o�f� �K�e�r�a�l�a�,� �w�a�s� �a�l�s�o� �u�s�e�d�.

�T�h�e� �s�e�c�o�n�d� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �s�t�u�d�y� �w�a�s� �t�o� �e�s�t�i�m�a�t�e
�t�h�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y
�w�e�t�l�a�n�d�s�.� �T�h�e� �s�t�a�t�e�d� �p�r�e�f�e�r�e�n�c�e� �m�e�t�h�o�d� �o�f
�C�o�n�t�i�n�g�e�n�t� �V�a�l�u�a�t�i�o�n� �(�C�V�M�)� �w�a�s� �u�s�e�d� �f�o�r� �t�h�i�s
�p�u�r�p�o�s�e�.� �T�h�i�s� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� �c�o�n�s�t�r�u�c�t�i�n�g� �a
�h�y�p�o�t�h�e�t�i�c�a�l� �m�a�r�k�e�t� �i�n� �a� �s�u�r�v�e�y� �t�o� �e�l�i�c�i�t� �v�a�l�u�e�s
�r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �a�m�o�u�n�t� �p�e�o�p�l�e� �w�o�u�l�d� �b�e
�w�i�l�l�i�n�g� �t�o� �p�a�y� �t�o� �a�v�o�i�d� �a� �s�p�e�c�i�f �i�e�d� �e�n�v�i�r�o�n�m�e�n�t�a�l
�d�a�m�a�g�e�,� �t�o� �a�c�h�i�e�v�e� �a� �s�t�a�t�e�d� �i�m�p�r�o�v�e�m�e�n�t� �i�n
�e�n�v�i�r�o�n�m�e�n�t�a�l� �q�u�a�l�i�t�y� �o�r� �t�o� �r�e�c�e�i�v�e� �a� �s�p�e�c�i�f �i�e�d
�s�u�p�p�l�y� �o�f� �a� �p�u�b�l�i�c� �g�o�o�d�.� �T�h�e� �c�o�n�t�i�n�g�e�n�t� �v�a�l�u�a�t�i�o�n
�q�u�e�s�t�i�o�n�n�a�i�r�e� �w�a�s� �r�a�n�d�o�m�l�y� �e�x�e�c�u�t�e�d� �o�n� �1�0�5�3
�h�e�a�d�s� �o�f� �h�o�u�s�e�h�o�l�d�s�/�h�o�u�s�e�w�i�v�e�s� �w�h�o�s�e� �a�g�e
�r�a�n�g�e�d� �b�e�t�w�e�e�n� �2�5� �a�n�d� �6�5�.� �7�2�0� �q�u�e�s�t�i�o�n�n�a�i�r�e�s
�w�e�r�e� �e�m�p�l�o�y�e�d� �i�n� �A�l�a� �G�r�a�m�a� �P�a�n�c�h�a�y�a�t� �a�n�d� �3�3�3
�i�n� �M�u�l�a�k�u�z�h�a� �G�r�a�m�a� �P�a�n�c�h�a�y�a�t�.� �5�3
�q�u�e�s�t�i�o�n�n�a�i�r�e�s� �h�a�d� �t�o� �b�e� �r�e�j�e�c�t�e�d� �d�u�e� �t�o
�i�n�s�u�f�f �i�c�i�e�n�t� �i�n�f�o�r�m�a�t�i�o�n�/�b�i�a�s�.� �T�h�e� �s�u�r�v�e�y� �w�a�s
�c�o�n�d�u�c�t�e�d� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d� �f�r�o�m� �F�e�b�r�u�a�r�y� �t�o
�M�a�y�,� �2�0�1�3�.

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N

�A�s� �p�a�r�t� �o�f� �t�h�e� �a�t�t�e�m�p�t� �t�o� �e�l�i�c�i�t� �v�a�l�u�e�s� �f�o�r� �t�h�e
�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �i�n
�t�h�e� �s�t�u�d�y� �a�r�e�a�,� �t�h�e� �s�t�u�d�y� �e�s�t�i�m�a�t�e�d� �a�v�e�r�a�g�e
�r�e�v�e�n�u�e� �p�e�r� �a�c�r�e� �a�s� �R�s�.� �2�2�,�3�7�1�/�-�.� �T�h�i�s� �i�n�c�l�u�d�e�d
�v�a�l�u�e� �o�f� �o�u�t�p�u�t� �r�e�c�e�i�v�e�d� �f�r�o�m� �s�a�l�e� �o�f� �p�a�d�d�y� �a�n�d
�s�t�r�a�w�.� �T�h�e� �a�v�e�r�a�g�e� �c�o�s�t� �p�e�r� �a�c�r�e� �w�a�s� �e�s�t�i�m�a�t�e�d
�a�s� �R�s�.� �8�,�3�0�0�/�-�.� �P�r�o�d�u�c�t�i�o�n� �o�f� �p�a�d�d�y� �i�s� �v�e�r�y� �m�u�c�h
�d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �f�o�r�c�e�s� �o�f� �n�a�t�u�r�e�.� �H�o�w�e�v�e�r�,
�p�a�d�d�y� �p�r�o�d�u�c�t�i�o�n� �i�n� �a�l�l� �t�h�e� �f �i�e�l�d�s� �s�u�r�v�e�y�e�d� �w�a�s
�f�o�u�n�d� �t�o� �b�e� �p�r�o�f �i�t�a�b�l�e�.� �T�h�e� �n�e�t� �r�e�v�e�n�u�e� �r�e�a�l�i�z�e�d
�p�e�r� �a�c�r�e� �f�r�o�m� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �w�a�s� �R�s�.� �1�4�,�0�7�1�/�.
�T�a�b�l�e� �1� �b�e�l�o�w� �g�i�v�e�s� �t�h�e� �d�e�t�a�i�l�s�.

�R�e�s�p�o�n�d�e�n�t�s� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �c�o�s�t� �o�f� �p�r�o�d�u�c�t�i�o�n
�w�a�s� �l�o�w�e�r� �d�u�e� �t�o� �s�u�b�s�i�d�i�e�s� �r�e�c�e�i�v�e�d� �f �r�o�m� �t�h�e
�G�o�v�e�r�n�m�e�n�t� �f�o�r� �s�e�e�d�l�i�n�g�s�,� �f�e�r�t�i�l�i�z�e�r�,� �e�l�e�c�t�r�i�c�i�t�y
�a�n�d� �w�a�t�e�r� �p�u�m�p� �r�e�n�t�a�l�s�.� �I�f� �t�h�e� �c�o�s�t� �o�f� �s�u�b�s�i�d�i�e�s
�w�e�r�e� �a�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �c�o�s�t� �c�a�l�c�u�l�a�t�i�o�n�s�,� �i�t� �i�s
�p�r�o�b�a�b�l�e� �t�h�a�t� �p�e�r� �a�c�r�e� �p�r�o�f �i�t�s� �w�o�u�l�d� �b�e� �l�o�w�e�r� �o�r
�e�v�e�n� �a�t� �a� �l�o�s�s�.� �A�g�r�i�c�u�l�t�u�r�a�l� �S�t�a�t�i�s�t�i�c�s� �(�2�0�1�1�-�1�2�)
�p�u�b�l�i�s�h�e�d� �b�y� �t�h�e� �D�e�p�a�r�t�m�e�n�t� �o�f� �E�c�o�n�o�m�i�c�s� �a�n�d
�S�t�a�t�i�s�t�i�c�s�,� �G�o�v�e�r�n�m�e�n�t� �o�f� �K�e�r�a�l�a�,� �e�s�t�i�m�a�t�e�s� �c�o�s�t
�a�n�d� �r�e�v�e�n�u�e� �f �r�o�m� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �d�u�r�i�n�g
�2�0�1�0�-�1�1�.� �A�c�c�o�r�d�i�n�g� �t�o� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �t�o�t�a�l� �c�o�s�t
�o�f� �p�a�d�d�y� �p�r�o�d�u�c�t�i�o�n� �(�w�i�n�t�e�r� �c�r�o�p�)� �p�e�r� �a�c�r�e� �w�a�s
�R�s�.�5�0�,�5�3�1�/�-�.� �T�h�i�s� �i�n�c�l�u�d�e�d� �i�m�p�u�t�e�d� �c�o�s�t� �o�f
�h�o�u�s�e�h�o�l�d� �l�a�b�o�u�r� �a�n�d� �o�t�h�e�r� �o�p�p�o�r�t�u�n�i�t�y� �c�o�s�t�s�.
�T�h�e� �v�a�l�u�e� �o�f� �o�u�t�p�u�t� �r�e�c�e�i�v�e�d� �w�a�s� �e�s�t�i�m�a�t�e�d� �a�s
�R�s�.� �2�2�,�8�1�9�/�-� �p�e�r� �a�c�r�e�.� �T�h�i�s� �w�o�u�l�d� �m�e�a�n� �a�n
�a�v�e�r�a�g�e� �l�o�s�s� �o�f� �R�s�.� �2�7�,�7�1�2�/�-� �p�e�r� �a�c�r�e�.� �I�n� �t�h�e
�a�d�j�a�c�e�n�t� �p�a�n�c�h�a�y�a�t� �o�f� �T�h�a�z�h�a�k�a�r�a�,� �S�u�k�u�m�a�r�a�n
�(�2�0�1�3�)� �r�e�p�o�r�t�e�d� �a� �n�e�t� �v�a�l�u�e� �o�f� �R�s�.� �1�2�,�2�2�2�/�-� �p�e�r
�a�c�r�e� �f�r�o�m� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �d�u�r�i�n�g� �l�e�a�n� �s�e�a�s�o�n
�a�n�d� �R�s�.� �3�5�,�0�0�0�/�-� �p�e�r� �a�c�r�e� �d�u�r�i�n�g� �a� �b�u�m�p�e�r
�h�a�r�v�e�s�t� �s�e�a�s�o�n�.� �S�a�t�h�e�e�s�a�n� �(�2�0�1�3�)� �r�e�p�o�r�t�e�d� �a� �n�e�t
�v�a�l�u�e� �o�f � �R�s�.� �3�9�,�2�5�3�/�-� �p�e�r� �a�c�r�e� �f �r�o�m� �p�a�d�d�y
�c�u�l�t�i�v�a�t�i�o�n� �i�n� �O�n�n�a�t�t�u�k�a�r�a� �d�u�r�i�n�g� �2�0�1�3�.

�T�a�b�l�e� �1�.�V�a�l�u�e�s� �R�e�a�l�i�z�e�d� �f�r�o�m� �P�a�d�d�y� �C�u�l�t�i�v�a�t�i�o�n



� �7�8�4

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y
�w�e�t�l�a�n�d�s�,� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �w�e�t�l�a�n�d�s
�a�r�e� �a�l�s�o� �e�n�j�o�y�e�d� �b�y� �t�h�e� �r�e�s�p�o�n�d�e�n�t�s� �a�n�d� �t�h�e� �l�o�c�a�l
�c�o�m�m�u�n�i�t�y� �a�s� �a� �w�h�o�l�e�.

�R�e�g�r�e�s�s�i�o�n� �w�a�s� �f �i�t�t�e�d� �t�o� �t�h�e� �C�V�M� �d�a�t�a� �u�s�i�n�g� �a
�M�u�l�t�i�n�o�m�i�a�l� �L�o�g�i�t� �M�o�d�e�l� �w�i�t�h� �m�a�r�g�i�n�a�l� �e�f�f�e�c�t�s�.
�T�h�e� �s�t�a�t�i�s�t�i�c�a�l� �p�a�c�k�a�g�e�l�i�m�d�e�p� �w�a�s� �u�s�e�d� �t�o� �r�u�n
�t�h�e� �r�e�g�r�e�s�s�i�o�n� �a�n�d� �e�s�t�i�m�a�t�e� �v�a�l�u�e�s�.� �G�o�o�d�n�e�s�s
�o�f� �f �i�t� �o�f� �t�h�e� �m�o�d�e�l� �w�a�s� �e�x�p�l�a�i�n�e�d� �u�s�i�n�g�p�s�e�u�d�o
�R�2�.� �T�h�i�s� �w�a�s� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �t�h�e� �f�o�r�m�u�l�a� �(�1�-� �(�l�o�g
�u�n�r�e�s�t�r�i�c�t�e�d�/�l�o�g� �r�e�s�t�r�i�c�t�e�d�)� �a�n�d� �w�a�s� �e�s�t�i�m�a�t�e�d
�a�s� �0�.�1�1�.� �S�i�g�n�i�f �i�c�a�n�c�e� �o�f�p�s�e�u�d�o� �R�2� �i�s� �g�i�v�e�n� �b�y
�s�i�g�n�i�f �i�c�a�n�c�e� �o�f� �C�h�i� �s�q�u�a�r�e� �s�t�a�t�i�s�t�i�c� �(�1�1�2�.�4�2�3�)
�(�T�a�b�l�e� �2�)�.

�T�a�b�l�e� �2�.�R�e�g�r�e�s�s�i�o�n� �R�e�s�u�l�t�s� �o�f� �E�s�t�i�m�a�t�e�d� �W�T�P

�A� �p�r�o�b�a�b�i�l�i�t�y� �d�e�n�s�i�t�y� �f�u�n�c�t�i�o�n� �w�a�s� �w�o�r�k�e�d
�o�u�t�1�.� �A� �l�o�g�n�o�r�m�a�l�d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �a� �s�p�i�k�e
�f �a�l�l�i�n�g� �a�t� �z�e�r�o� �w�a�s� �f �i�t�t�e�d� �t�o� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y

1 The probability density function worked out for the WTP
variable was:

�d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �s�p�i�k�e� �m�o�d�e�l� �w�a�s� �e�s�t�i�m�a�t�e�d
�u�s�i�n�g� �t�h�e� �M�a�x�i�m�u�m� �l�i�k�e�l�i�h�o�o�d� �e�s�t�i�m�a�t�i�o�n
�m�e�t�h�o�d�,� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �s�p�i�k�e� �r�e�p�r�e�s�e�n�t�i�n�g
�t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �h�a�v�i�n�g� �z�e�r�o� �w�i�l�l�i�n�g�n�e�s�s� �t�o
�p�a�y� �(�W�T�P�)�.� �I�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �a�s� �0�.�3�8� �w�h�i�c�h
�i�s� �v�e�r�y� �n�e�g�l�i�g�i�b�l�e�.� �F�r�o�m� �T�a�b�l�e� �3�,� �i�t� �c�a�n� �b�e� �s�e�e�n
�t�h�a�t� �e�d�u�c�a�t�i�o�n� �w�a�s� �n�o�t� �s�i�g�n�i�f �i�c�a�n�t� �(�a�s� �t�h�e
�p�r�o�b�a�b�i�l�i�t�y� �c�o�l�u�m�n� �s�h�o�w�s�)�.� �G�e�n�d�e�r� �w�a�s� �a�l�s�o
�i�n�s�i�g�n�i�f �i�c�a�n�t�.� �A�g�e� �h�a�d� �v�e�r�y� �l�i�t�t�l�e� �i�m�p�a�c�t� �o�n
�W�T�P� �a�n�d� �w�a�s� �n�e�g�a�t�i�v�e�l�y� �r�e�l�a�t�e�d� �t�o� �p�r�o�b�a�b�i�l�i�t�y
�o�f � �W�T�P�. � �A�s� �a�g�e� �i �n�c�r�e�a�s�e�s� �b�y� �1� �u�n�i �t�, � �t �h�e
�p�r�o�b�a�b�i�l�i�t�y� �o�f� �W�T�P� �d�e�c�r�e�a�s�e�s� �b�y� �0�.�2�7� �p�e�r�c�e�n�t�.
�C�o�e�f�f �i�c�i�e�n�t�s� �o�f � �a�l�l� �i�n�c�o�m�e� �d�u�m�m�i�e�s� �w�e�r�e
�s�i �g�n�i �f �i �c �a�n�t� �a�t� �1� �p�e�r�c�e�n�t� �l �e�v�e�l �. � �I �f � �t �h�e
�o�c�c�u�p�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�p�o�n�d�e�n�t� �w�a�s� �d�i�r�e�c�t�l�y
�d�e�p�e�n�d�e�n�t� �o�n� �w�e�t�l�a�n�d�s�,� �t�h�e�n� �t�h�e�r�e� �w�a�s� �a� �7
�p�e�r�c�e�n�t� �h�i�g�h�e�r� �p�r�o�b�a�b�i�l �i�t �y� �o�f � �W�T�P� �t�h�a�n
�p�e�o�p�l�e� �w�i�t�h� �o�c�c�u�p�a�t�i�o�n� �t�h�a�t� �a�r�e� �i�n�d�e�p�e�n�d�e�n�t
�o�f� �w�e�t�l�a�n�d�s�.� �A�l�l� �t�h�e� �c�o�e�f�f �i�c�i�e�n�t�s� �e�x�p�l�a�i�n�e�d
�a�b�o�v�e� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �m�a�r�g�i�n�a�l� �e�f�f �e�c�t�s
�c�o�e�f�f �i�c�i�e�n�t�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �l�a�s�t� �c�o�l �u�m�n�.
(Footnotes).

�T�h�e� �s�t�u�d�y� �e�s�t�i�m�a�t�e�d� �a� �m�e�a�n� �W�i�l�l�i�n�g�n�e�s�s� �t�o� �P�a�y
�(�W�T�P�)� �o�f� �R�s�.�4�6�7�.�5�0� �a�n�d� �a� �m�e�d�i�a�n� �W�T�P� �o�f
�R�s�.�4�0�0�.� �A�s� �a� �f �i�n�a�l� �e�x�e�r�c�i�s�e�,� �t�h�e� �s�a�m�p�l�e� �v�a�l�u�e�s
�w�e�r�e� �e�x�p�a�n�d�e�d� �t�o� �t�h�e� �p�o�p�u�l�a�t�i�o�n� �o�f� �t�h�e� �t�w�o
�p�a�n�c�h�a�y�a�t�s� �i�n� �o�r�d�e�r� �t�o� �o�b�t�a�i�n� �a�n� �e�s�t�i�m�a�t�e� �f�o�r
�h�o�w� �m�u�c�h� �t�h�e� �r�e�s�i�d�e�n�t�s� �o�f� �t�h�e� �t�w�o� �p�a�n�c�h�a�y�a�t�s
�v�a�l�u�e�d� �t�h�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e
�p�a�d�d�y� �w�e�t�l�a�n�d�s�.� �T�h�e� �a�m�o�u�n�t� �e�s�t�i�m�a�t�e�d� �w�a�s
�R�s�.�2�.�0�1� �c�r�o�r�e�s�.� �T�a�b�l�e� �2� �g�i�v�e�s� �t�h�e� �d�e�t�a�i�l�s�.

�T�a�b�l�e� �2�.�R�e�g�r�e�s�s�i�o�n� �R�e�s�u�l�t�s� �o�f� �E�s�t�i�m�a�t�e�d� �W�T�P� �o�n� �S�e�l�e�c�t�e�d� �E�n�v�i�r�o�n�m�e�n�t�a�l� �a�n�d� �S�o�c�i�o� �E�c�o�n�o�m�i�c
�V�a�r�i�a�b�l�e�s
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�T�a�b�l�e� �2�.�W�i�l�l�i�n�g�n�e�s�s� �t�o� �P�a�y� �E�s�t�i�m�a�t�e�s

�S�o�u�r�c�e�:� �P�r�i�m�a�r�y� �D�a�t�a�,� �F�e�b�-�M�a�y�,� �2�0�1�3

�T�h�e� �s�t�u�d�y� �e�s�t�i�m�a�t�e�d� �t�h�e� �t�o�t�a�l� �v�a�l�u�e� �o�f� �d�i�r�e�c�t
�a�n�d� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �p�a�d�d�y
�w�e�t�l�a�n�d�s� �t�o� �t�h�e� �p�e�o�p�l�e� �o�f� �t�h�e� �t�w�o� �p�a�n�c�h�a�y�a�t�s
�t�o� �b�e� �R�s�.�2�.�0�2�7� �c�r�o�r�e�s�.� �O�f� �t�h�i�s� �0�.�0�1�9�7� �c�r�o�r�e�s� �w�a�s
�t�h�e� �d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �a�n�d� �R�s�.�2�.�0�1� �c�r�o�r�e�s� �w�a�s� �t�h�e
�i�n�d�i�r�e�c�t� �b�e�n�e�f �i �t �s� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �p�a�d�d�y
�w�e�t�l�a�n�d�.

�M�a�t�s�u�n�o� �e�t� �a�l�.� �(�2�0�0�6�)� �e�s�t�i�m�a�t�e�d� �t�h�e� �v�a�l�u�e� �o�f
�s�e�r�v�i�c�e�s� �t�h�a�t� �r�e�g�u�l�a�t�e� �e�c�o�s�y�s�t�e�m� �f�u�n�c�t�i�o�n�s� �t�o� �b�e
�U�S�$� �7�2�.�8� �b�i�l�l�i�o�n� �i�n� �J�a�p�a�n�.�W�u� �(�2�0�0�3�)� �e�v�a�l�u�a�t�e�d
�t�h�e� �a�i�r�-�c�o�o�l�i�n�g� �e�f�f�e�c�t� �o�f� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �a�n�d
�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �n�e�t� �e�l�e�c�t�r�i�c� �p�o�w�e�r� �s�a�v�i�n�g� �b�y
�p�a�d�d�y� �f �i�e�l�d�s� �w�a�s� �4�,�4�9�7� �u�n�i�t� �p�o�w�e�r�/�h�a�/�d�a�y�.�I�k�u�o
�e�t� �a�l�.� �(�2�0�0�3�)� �o�b�s�e�r�v�e�d� �i�n� �t�h�e�i�r� �s�t�u�d�y� �t�h�e� �c�a�p�a�c�i�t�y
�o�f� �p�a�d�d�y� �f �i�e�l�d� �t�o� �r�e�m�o�v�e� �u�p� �t�o� �3�.�5� �k�g� �o�f� �n�i�t�r�o�g�e�n
�p�e�r� �h�e�c�t�a�r�e�.�T�a�n�a�k�a� �e�t� �a�l�.� �(�2�0�1�0�)�e�s�t�i�m�a�t�e�d� �t�h�a�t
�r�e�d�u�c�t�i�o�n� �o�f� �p�a�d�d�y� �c�r�o�p�p�i�n�g� �a�r�e�a� �l�e�d� �t�o� �a� �2�5�%
�r�e�d�u�c�t�i�o�n� �i�n� �a�n�n�u�a�l� �g�r�o�u�n�d�w�a�t�e�r� �r�e�c�h�a�r�g�e� �i�n
�t�h�e� �S�h�i�r�a� �R�i�v�e�r� �B�a�s�i�n�.� �Y�o�s�h�i�k�a�w�a� �e�t� �a�l�.� �(�2�0�1�0�)
�e�s�t�i�m�a�t�e�d� �p�r�e�v�e�n�t�i�o�n� �o�f� �s�o�i�l� �e�r�o�s�i�o�n� �f�r�o�m� �p�a�d�d�y
�f �i�e�l�d�s� �i�n� �O�k�a�y�a�m�a� �P�r�e�f�e�c�t�u�r�e� �t�o� �b�e� �0�.�8�3� �t�/�h�a�/�y�.
�I�f� �m�a�r�k�e�t� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �t�o� �b�e� �i�m�p�l�e�m�e�n�t�e�d
�i�n� �p�l�a�c�e� �o�f� �e�a�c�h� �f�u�n�c�t�i�o�n� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �p�a�d�d�y
�w�e�t�l�a�n�d�s�,� �t�h�e� �c�o�s�t� �t�h�a�t� �w�o�u�l�d� �b�e� �i�n�c�u�r�r�e�d� �w�o�u�l�d
�f�a�r� �e�x�c�e�e�d� �R�s�.� �2�.�0�1� �c�r�o�r�e�s�.

�C�O�N�C�L�U�S�I�O�N�S

�T�h�e� �s�t�u�d�y� �h�i�g�h�l�i�g�h�t�s� �t�w�o� �m�a�i�n� �p�o�i�n�t�s�.� �P�a�d�d�y
�w�e�t�l�a�n�d� �e�c�o�s�y�s�t�e�m�s� �p�r�o�v�i�d�e� �b�e�n�e�f �i�t�s� �o�f
�i�m�m�e�n�s�e� �v�a�l�u�e� �t�o� �m�a�n�k�i�n�d� �a�n�d� �t�h�e� �i�n�d�i�r�e�c�t
�b�e�n�e�f �i�t�s� �(�R�s�.� �2�.�0�1� �c�r�o�r�e�s�)� �f�a�r� �o�u�t�w�e�i�g�h� �t�h�e� �d�i�r�e�c�t
�b�e�n�e�f �i�t�s� �(�R�s�.� �0�.�0�1�9�7� �c�r�o�r�e�s�)� �t�h�a�t� �t�h�e�y� �p�r�o�v�i�d�e�.
�E�v�e�n� �i�f� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n� �w�a�s� �n�o�t� �p�r�o�f �i�t�a�b�l�e�,� �t�h�e
�i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �t�h�a�t� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �p�r�o�v�i�d�e
�f�r�e�e� �o�f� �c�o�s�t� �t�o� �s�o�c�i�e�t�y�,� �j�u�s�t�i�f�y� �a�l�l�o�w�i�n�g� �t�h�e�m� �t�o
�l�i�e� �f�a�l�l�o�w� �a�n�d� �u�n�c�u�l�t�i�v�a�t�e�d�,� �e�v�e�n� �i�f� �e�c�o�n�o�m�i�c�a�l�l�y
�u�n�p�r�o�f �i�t�a�b�l�e�.

�S�e�c�o�n�d�l�y�,� �a�n� �a�n�n�u�a�l� �m�e�a�n� �W�i�l�l�i�n�g�n�e�s�s� �t�o� �P�a�y
�(�W�T�P�)� �o�f� �R�s�.�4�6�7�.�5�0�,� �i�n� �a� �r�e�g�i�o�n� �w�h�e�r�e� �a�v�e�r�a�g�e
�d�a�i�l�y� �w�a�g�e�s� �c�e�n�t�r�e� �a�r�o�u�n�d� �R�s�.�5�0�0�,� �i�s� �v�e�r�y� �l�o�w�.
�A�l�t�h�o�u�g�h� �p�e�o�p�l�e� �a�c�k�n�o�w�l�e�d�g�e� �t�h�e� �b�e�n�e�f �i�t�s
�p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y� �w�e�t�l�a�n�d�s�,� �t�h�e�y� �a�r�e� �u�n�w�i�l�l�i�n�g
�t�o� �p�a�y� �g�r�e�a�t�e�r� �a�m�o�u�n�t�s� �f�o�r� �t�h�e� �p�r�o�t�e�c�t�i�o�n� �a�n�d
�c�o�n�t�i�n�u�e�d� �p�r�o�v�i�s�i�o�n� �o�f � �t�h�e�s�e� �b�e�n�e�f �i�t�s�.
�C�o�m�m�e�r�c�i�a�l� �b�e�n�e�f �i�t�s� �f �r�o�m� �s�a�l�e�/�c�o�n�v�e�r�s�i�o�n� �o�f
�p�a�d�d�y� �w�e�t�l�a�n�d�s� �t�o� �o�t�h�e�r� �l�a�n�d� �f�o�r�m�s� �a�r�e� �v�e�r�y
�a�t�t�r�a�c�t�i�v�e� �t�o� �p�a�d�d�y� �l�a�n�d� �o�w�n�e�r�s�,� �w�h�o� �r�e�s�e�n�t� �S�t�a�t�e
�i�n�t�e�r�v�e�n�t�i�o�n� �a�n�d� �r�e�s�t�r�i�c�t�i�o�n�s� �t�h�a�t� �a�r�e� �b�a�r�r�i�e�r�s�.
�S�u�c�h� �v�a�l�u�e� �p�e�r�c�e�p�t�i�o�n�s� �c�a�n� �o�n�l�y� �c�o�n�t�r�i�b�u�t�e� �t�o
�a�c�c�e�l�e�r�a�t�e�d� �s�p�e�e�d� �i�n� �t�h�e� �p�a�c�e� �a�t� �w�h�i�c�h� �w�e�t�l�a�n�d�s
�a�r�e� �c�o�n�v�e�r�t�e�d� �t�o� �o�t�h�e�r� �l�a�n�d� �f�o�r�m�s� �a�n�d� �u�s�e�s�.� �Y�e�t�,
�s�c�i�e�n�t�i�f �i�c� �e�v�i�d�e�n�c�e� �s�h�o�w�s� �t�h�a�t� �i�f � �m�a�r�k�e�t
�m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �t�o� �b�e� �i�m�p�l�e�m�e�n�t�e�d� �t�o� �r�e�p�l�a�c�e
�t�h�e� �p�r�o�v�i�s�i�o�n� �o�f� �f�u�n�c�t�i�o�n�s� �p�r�o�v�i�d�e�d� �b�y� �p�a�d�d�y
�w�e�t�l�a�n�d�s�,� �t�h�e� �c�o�s�t� �i�n�v�o�l�v�e�d� �i�n� �t�h�e� �p�r�o�v�i�s�i�o�n� �o�f
�e�a�c�h� �i�n�d�i�v�i�d�u�a�l� �s�e�r�v�i�c�e� �w�o�u�l�d� �r�u�n� �i�n�t�o� �c�r�o�r�e�s�.

�T�h�i�s� �s�t�u�d�y� �c�o�n�c�l�u�d�e�s� �t�h�a�t� �i�t� �i�s� �i�n� �t�h�e� �b�e�s�t� �i�n�t�e�r�e�s�t
�o�f� �s�o�c�i�e�t�y� �t�o� �u�n�d�e�r�t�a�k�e� �m�e�a�s�u�r�e�s� �t�h�a�t� �w�i�l�l
�e�n�c�o�u�r�a�g�e� �a�n�d� �m�a�k�e� �p�a�d�d�y� �c�u�l�t�i�v�a�t�i�o�n
�p�r�o�f �i�t�a�b�l�e�.� �T�h�i�s� �w�a�y�,� �s�o�c�i�e�t�y� �c�o�n�t�i�n�u�e�s� �t�o� �e�n�j�o�y
�b�o�t�h� �d�i�r�e�c�t� �a�n�d� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �f�r�o�m� �p�a�d�d�y
�w�e�t�l�a�n�d�s�.� �B�u�t� �i�f� �t�h�i�s� �w�e�r�e� �n�o�t� �p�o�s�s�i�b�l�e�,� �i�t� �s�t�i�l�l
�m�a�k�e�s� �e�c�o�n�o�m�i�c� �s�e�n�s�e� �t�o� �a�l�l�o�w� �p�a�d�d�y� �f �i�e�l�d�s� �t�o
�l�i�e� �f�a�l�l�o�w� �a�n�d� �u�n�c�u�l�t�i�v�a�t�e�d� �s�o� �t�h�a�t� �s�o�c�i�e�t�y� �m�a�y
�c�o�n�t�i�n�u�e� �e�n�j�o�y�i�n�g� �t�h�e� �i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �t�h�e�y
�p�r�o�v�i�d�e�.� �T�h�e� �p�r�e�s�e�n�t� �t�r�e�n�d� �a�m�o�n�g� �o�w�n�e�r�s�,� �t�o
�d�i�s�p�o�s�e� �o�f�f� �t�h�e�i�r� �l�a�n�d� �o�r� �t�u�r�n� �i�t� �t�o� �o�t�h�e�r� �f�o�r�m�s
�o�f� �l�a�n�d� �u�s�e�,� �s�t�e�m�s� �f�r�o�m� �t�h�e� �l�u�r�e� �o�f� �p�r�o�f �i�t�s� �a�n�d
�n�o�t�,� �f �r�o�m� �i�g�n�o�r�a�n�c�e� �o�f� �t�h�e� �b�e�n�e�f �i�t�s� �o�f� �p�a�d�d�y
�w�e�t�l�a�n�d�s�.� �I�f� �s�o�c�i�e�t�y� �c�o�u�l�d� �e�v�o�l�v�e� �n�e�w
�i�n�s�t�i�t�u�t�i�o�n�a�l� �m�e�c�h�a�n�i�s�m�s� �t�h�a�t� �m�a�k�e� �i�t
�e�c�o�n�o�m�i�c�a�l�l�y� �w�o�r�t�h�w�h�i�l�e� �f�o�r� �p�a�d�d�y� �l�a�n�d� �o�w�n�e�r�s
�t�o� �r�e�t�a�i�n� �t�h�e�i�r� �l�a�n�d� �e�v�e�n� �i�f� �i�n� �a� �f �a�l�l�o�w� �a�n�d
�u�n�c�u�l�t�i�v�a�t�e�d� �s�t�a�t�e�,� �t�h�i�s� �w�i�l�l� �h�e�l�p� �c�u�r�t�a�i�l� �t�h�e� �l�a�r�g�e
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�s�c�a�l�e� �d�e�s�t�r�u�c�t�i�o�n�/�c�o�n�v�e�r�s�i�o�n� �o�f� �p�a�d�d�y� �w�e�t�l�a�n�d�s
�t�h�a�t� �i�s� �w�i�t�n�e�s�s�e�d� �t�o�d�a�y�.� �K�e�r�a�l�a� �m�a�y� �b�e� �a�b�l�e� �t�o
�i�m�p�o�r�t� �r�i�c�e� �f �r�o�m� �o�u�t�s�i�d�e� �b�u�t� �o�n�c�e� �l�o�s�t�,� �t�h�e
�i�n�d�i�r�e�c�t� �b�e�n�e�f �i�t�s� �t�h�a�t� �p�a�d�d�y� �w�e�t�l�a�n�d�s� �p�r�o�v�i�d�e
�f�r�e�e� �o�f� �c�o�s�t� �t�o� �s�o�c�i�e�t�y� �c�a�n�n�o�t� �b�e� �e�a�s�i�l�y� �r�e�v�i�v�e�d�,
�o�r� �i�f� �s�o�,� �o�n�l�y� �a�t� �e�x�t�r�e�m�e�l�y� �h�i�g�h� �c�o�s�t�.� �R�e�v�e�n�u�e
�r�i�c�h� �G�o�v�e�r�n�m�e�n�t�s� �l�e�t� �a�l�o�n�e� �c�a�s�h� �s�t�r�a�p�p�e�d
�g�o�v�e�r�n�m�e�n�t�s� �w�o�u�l�d� �b�e� �u�n�a�b�l�e� �t�o� �b�e�a�r� �s�u�c�h
�i�m�m�e�n�s�e� �c�o�s�t�.

�R�E�F�E�R�E�N�C�E�S

�A�g�r�i�c�u�l�t�u�r�a�l� �S�t�a�t�i�s�t�i�c�s�.� �2�0�1�1�-�1�2�.� �D�e�p�a�r�t�m�e�n�t� �o�f
�E�c�o�n�o�m�i�c�s� �&� �S�t�a�t�i�s�t�i�c�s�,� �G�o�v�e�r�n�m�e�n�t� �o�f
�K�e�r�a�l�a�,� �T�h�i�r�u�v�a�n�a�n�t�h�a�p�u�r�a�m�.

�N�u�n�e�s�,� �P�a�u�l�o� �A�.�L�.�D�.� �a�n�d� �v�a�n� �d�e�n� �B�e�r�g�h�,� �J�e�r�o�e�n
�C�.�J�.�M�.� �2�0�0�1�.�  ��E�c�o�n�o�m�i�c� �V�a�l�u�a�t�i�o�n� �o�f
�B�i�o�d�i�v�e�r�s�i�t�y�:� �S�e�n�s�e� �o�r� �N�o�n�s�e�n�s�e�? ��E�c�o�l�o�g�i�c�a�l
�E�c�o�n�o�m�i�c�s�,� �3�9�(�2�)�:� �2�0�3�-�2�2�2�.

�I�k�u�o�,�Y�.�,� �F�e�n�g�,� �Y�.�W�.�,� �H�a�s�e�b�e�,� �H�.� �a�n�d� �S�h�i�r�a�t�a�n�i�,
�E�.� �2�0�0�3�.� �N�i�t�r�o�g�e�n� �R�e�m�o�v�a�l� �F�u�n�c�t�i�o�n� �o�f
�P�a�d�d�y� �F�i�e�l�d� �i�n� �a� �C�i�r�c�u�l�a�r� �I�r�r�i�g�a�t�i�o�n� �S�y�s�t�e�m ��,
�D�i�f�f�u�s�e� �P�o�l�l�u�t�i�o�n� �C�o�n�f�e�r�e�n�c�e�,� �D�u�b�l�i�n�.

�M�a�t�s�u�n�o�,� �Y�.�,� �N�a�k�a�m�u�r�a�,� �K�.�,� �M�a�s�u�m�o�t�o�,� �T�.�,� �M�a�t�s�u�i�,
�H�.�,� �K�a�t�o�,� �T�.� �a�n�d� �S�a�t�o�,� �Y�.� �2�0�0�6�.� �P�r�o�s�p�e�c�t�s� �f�o�r
�m�u�l�t�i�-�f�u�n�c�t�i�o�n�a�l�i�t�y� �o�f� �p�a�d�d�y� �r�i�c�e� �c�u�l�t�i�v�a�t�i�o�n
�i�n� �J�a�p�a�n� �a�n�d� �o�t�h�e�r� �c�o�u�n�t�r�i�e�s� �i�n� �m�o�n�s�o�o�n� �A�s�i�a�.
�P�a�d�d�y� �W�a�t�e�r� �E�n�v�i�r�o�n�.� �4�:� �1�8�9 ��1�9�7�.

�S�a�t�h�e�e�s�a�n�.� �2�0�1�3�.�  ��T�h�a�r�i�s�h� �E�d�a�t�h�e� �T�h�a�z�h�a�k�a�r�a �
�K�a�r�s�h�a�k�a� �S�r�e�e�,� �M�a�l�a�y�a�l�a� �M�a�n�o�r�a�m�a
�P�u�b�l�i�c�a�t�i�o�n�.

�S�u�k�u�m�a�r�a�n�.� �2�0�1�3�.� �P�r�o�f �i�t� �f �r�o�m� �A�g�r�i�c�u�l�t�u�r�e�:� �1�0
�a�c�r�e�s ��,�K�a�r�s�h�a�k�a� �S�r�e�e�,� �M�a�l�a�y�a�l�a� �M�a�n�o�r�a�m�a
�P�u�b�l�i�c�a�t�i�o�n�.

�T�a�n�a�k�a�,� �K�.�,� �F�u�n�a�k�o�s�h�i�,� �Y�.�,� �H�o�k�a�m�u�r�a�,� �T�.� �a�n�d
�Y�a�m�a�d�a�,� �F�.� �2�0�1�0�.�  ��T�h�e� �R�o�l�e� �o�f� �P�a�d�d�y� �R�i�c�e� �i�n
�R�e�c�h�a�r�g�i�n�g� �U�r�b�a�n� �G�r�o�u�n�d�w�a�t�e�r� �i�n� �t�h�e� �S�h�i�r�a
�R�i�v�e�r� �B�a�s�i�n ��.�P�a�d�d�y� �W�a�t�e�r� �E�n�v�i�r�o�n�.�,� �8�:� �2�1�7�-�2�2�6�.

�T�h�o�m�s�o�n�,� �K�.�T�.� �2�0�0�3�.� �E�c�o�n�o�m�i�c� �a�n�d� �S�o�c�i�a�l
�M�a�n�a�g�e�m�e�n�t� �o�f� �E�s�t�u�a�r�i�n�e� �B�i�o�d�i�v�e�r�s�i�t�y� �i�n
�t�h�e� �W�e�s�t� �C�o�a�s�t� �o�f� �I�n�d�i�a�, �� �W�o�r�l�d� �B�a�n�k� �a�i�d�e�d
�T�e�c�h�n�i�c�a�l� �A�s�s�i�s�t�a�n�c�e� �P�r�o�j�e�c�t� �R�e�p�o�r�t
�s�u�b�m�i�t�t�e�d� �t�o� �I�n�d�i�r�a� �G�a�n�d�h�i� �I�n�s�t�i�t�u�t�e� �o�f
�D�e�v�e�l�o�p�m�e�n�t� �R�e�s�e�a�r�c�h�,� �M�u�m�b�a�i�.

�W�u� �F�.�C�.� �2�0�0�3�.�  ��M�i�c�r�o�-�C�l�i�m�a�t�e� �M�o�d�e�l� �i�n� �E�c�o�-
�E�n�v�i�r�o�n�m�e�n�t�a�l� �P�a�d�d�y� �û�e�l�d�,� �i�n� �P�r�o�m�o�t�i�o�n
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h i g h l i g h t s

� Characterization and possible applications of waste biomass ash from oleoresin industries.
� Acid treatment yields high surface area material suitable as adsorbent.
� Magnetic separation affords iron rich fraction with excellent surface area.
� Ash suitable as fertilizer and cement substitute after pretreatment.
� Rich in carbon which could be recovered and used as adsorbent for pollutants and as additive in rubber composites.
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a b s t r a c t

The oleoresin industries in India make use of the spice residue as boiler fuel and the combustion of this
waste biomass generates tons of ash everyday. Herein the study we have carried out the characteriza-
tion of this industrial waste ash in order to have a broad awareness of its properties in terms of tox-
icity, composition and possible utility. Techniques like XRF, ICP-AES, SEM–EDS, surface area, pore
volume analysis, powder XRD, TG–DTA, FTIR and elemental analyses were used for the purpose. Ash
collected from the grate fired furnace (bottom ash) as well the flyash deposited on the boiler walls
and pipes were analyzed. Elemental analysis of the ashes indicates its potential as a crude fertilizer
or cement replacement material. PXRD indicates the presence of several crystalline phases such as har-
risonite (Ca(Fe3+,Mg)6(PO4)2(SiO4)2), aphthitalite ((K,Na)3Na(SO4)2, cryptomelane (KMn4+

6Mn2+
2O16),

varulite (NaCaMn2+
2.25Fe2+0.5Fe3+0.25(PO4)3), marokite (CaMn2O4), fersilicite (FeSi) in the flyash fraction

and the phases magnetite (Fe3+2Fe2+O4), kalsilite (KAlSiO4), cryptomelane (KMn4+
6Mn2+

2O16), fukuchilite
(Cu3Fe

2+S8), walthierite (Ba0.5Al3(SO4)2(OH)6), and magnesite (Mg(CO3) in furnace ash. The amorphous
nature of silica in the ashes is evident from the characteristic broad hump around 2h = 30. The iron rich
fraction of the ash consists primarily of magnetite which leads to a greenish blue color on heating the
ash above 650 �C. This magnetite fraction if separated could find use as catalysts in organic reactions.
SEM images indicate the ashes to be highly agglomerated and EDX data shows the surface of the ash
particles covered with potassium oxide and carbon. The percentage of K seems to be higher in the
flyash due to the volatility of the potassium compounds which is carried up by the air current. Even
though the surface area of the as received ashes is negligible an acid treatment removes the surface
adsorbed species and increases the surface area to 368 m2/g making it an effective adsorbent.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Oleoresins and colors from spices like chilli, pepper, turmeric,
clove, and nutmeg constitute an important export commodity in
India. The residue left over after the extraction of these compounds
is used as boiler fuel by the same industries. Though combustion of

spice residue for energy generation in oleoresin industries is note-
worthy as an ecofriendly and cost effective initiative, huge quanti-
ties of ash generated each day requires proper disposal. Much
research work has been done in the case of ash obtained from com-
bustion of coal [1–16] and that from biomass like rice husk
[17–24], bagasse [25,26] olive husk, pine seed shells [27] cashew
nut shell, arecanut shell and groundnut shell [28]. Yet, this waste
ash obtained from combustion of spice residue remains unknown
in terms of composition and chemical behavior. Due to this reason
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the potential uses of the ash remains unexplored. It has been estab-
lished that the elemental composition, mineralogy and crystallin-
ity of biomass ashes usually varies due to the extremely high
variations of moisture, ash yield of the biomass used and different
genetic types of inorganic matter in the biomass [29]. As the
oleoresin industries process mostly herbaceous and agricultural
biomass the ash is anticipated to be enriched in fixed carbon, K,
O and volatile matter.

The present investigation is therefore focused on a preliminary
characterization of the solid waste to analyze how it could be
transformed into ecofriendly value added products. Analytical
techniques including XRF, ICP AES, gravimetric and volumetric
techniques have been made use of for determining the constitu-
ents of the ash while simultaneous thermal analysis, X-ray pow-
der diffraction, FTIR, adsorption, and SEM-EDS studies were used
respectively for obtaining information on the thermal behavior,
the mineral phases present, plausible functional groups, adsorp-
tion capacity, morphology and surface composition of the
samples.

2. Materials and methods

Ash samples were collected from Akay Flavours and Aromatics
Ltd., an oleoresin industry at Kochi in the state of Kerala, India.
Ash deposited as flyash on boiler walls and pipes (FL) and that from
the grate fired furnaces were taken separately (FR). Due to the
severe non-homogenity of the samples, these were homogenized
using a ball mill prior to analyses.

A semi quantitative XRF (PW2404 XRF spectrometer) scan was
done for the identification of the elements present in the sample.
The elements, except for silica, were quantified by ICP-AES (Ther-
mo Electron IRIS Intrepid II XSP Duo). The samples were dissolved
completely by a modification of the procedure by Fermo et al. [30].
2 ml of 40% (w/v) HF and 5 ml of conc. Nitric acid were added to
about 1 g of sample in a Teflon flask. The suspension was digested
on a Milestone model MLS 1200 digestion/drying module for
30 min. HF was completely eliminated from this with addition of
70% (w/v) perchloric acid and heating. The solution was then made
up to 100 ml with Milli-Q water and the elements analyzed by ICP
AES.

Si in the samples was estimated by XRF. It was also determined
by the wet analysis method in which the dried sample was accu-
rately weighed (‘x’ g) and transferred to a beaker, digested with
sufficient quantity (10–15 ml) of conc. HCl and evaporated to al-
most dryness. This process was repeated with another 10–15 ml
HCl and the solution cooled and filtered. The residue obtained
was dried to 1000 �C in a Pt crucible, cooled and weighed (‘a’ g).
Hydrofluoric acid (10 ml) was then added and evaporated carefully
and finally ignited to 1000 �C, cooled and weighed (‘b’ g). The
percentage of silica was then calculated as %SiO2 = 100 � (a � b)/x.

The degree of amorphousness of silica was estimated by the
silica activity index which was determined by calculating the per-
centage of available silica that is dissolved in an excess of boiling
NaOH in a 3 min extraction period.

The mineralogical constituents present in the flyash were
analyzed using powder XRD with Cu Ka radiation of 1.5406 Å from
a Bruker AXS D8 Advance Model X-ray diffractometer and the crys-
talline phases present were identified with the JCPDS database
software.

Morphology and surface composition of the ashes were probed
by SEM (JEOL JSM-6390LV) coupled with EDS (JEOL JED-2300).
Small quantities the ash samples were sprinkled onto double-sided
carbon tape mounted on a SEM stub. Each sample was character-
ized by randomly selecting 4–5 fields of view and examining the
particles within the selected domain.

Simultaneous TG–DTG–DTA was done on a Perkin Elmer Dia-
mond TGA at a heating rate of 10�/min from 30 �C to 1000 �C.
The heating was carried out in air and nitrogen.

Fourier Transform Infrared spectra of the ash samples were
recorded with KBr pellets of ash samples in the 4000–400 cm�1

range on a Thermo Nicolet Avatar 370 FTIR spectrophotometer.
Surface area of the ash samples were measured using a Microm-

eritics Tristar 3000 V6.07 analyzer.

3. Results and discussion

3.1. Chemical composition of ash

Table 1 provides information on the total elemental composi-
tion of the ash samples. The major elements (P10,000 lg/g)
happen to be K, Si, P, S, Cl, Ca, and Mg. Si content was found out
to be 90,700 lg/g and 103700 lg/g respectively in FL and FR. Minor
constituents (1000–10,000 lg/g) include Al, Fe and Na. Other
elements present in concentrations less than 1000 lg/g are also gi-
ven in the table. The biomass ash used in this study is derived
mainly from the combustion of chilli (capsacin or pepper) residue.
Ash generated from the burning of pepper plant biomass is re-
ported to contain Ca as the most abundant element [31]. However,
in this case it is potassium that is present in largest concentration.
This may be because it is only the residue of the fruit (seeds, peri-
carp and stalk) that is burned. The fruit contains more of K which
volatilizes during firing. This volatilization of K during firing justi-
fies its higher percentage in the flyash in comparison with the fur-
nace ash. A high leachate pH (>11.5) observed for both the ashes
indicate that they are highly basic in their raw form, possibly
due to the presence of the soluble alkaline and alkaline earth oxi-
des like K2O, CaO, Na2O, and MgO. In the case of biomass ashes
studied so far it is seen that 90% of the potassium and sodium exist
as water soluble salts while Ca and Mg may exist in a more
complex form. More than 80% of the total sulfur, phosphorus and
chlorine also exist in the form of sulfates, phosphates and chlo-
rides. Since sulfur is present in large proportions in the ash exis-
tence of alkali and alkaline earth metals in the form of sulfates is

Table 1
Bulk composition of the waste biomass ash.

Ash composition (determined by ICP AES) % of oxide FL FR

CaO 4.04 4.44
MgO 2.04 3.45
K2O 35 27
Na2O 0.7 0.9
Fe2O3 0.5 1.26
Al2O3 0.5 0.96
SiO2

a 19.5 23
P2O5 4.5 7.77
SO3 8.9 3.2

Minor elements (wt% of element)
B 0.036 0.036
Ba 0.02 0.009
Cd 0.0004 BDLb

Bi 0.0013 BDL
Co 0.0007 .0011
Cr 0.0014 0.003
Cu 0.0207 0.012
Mn 0.02 0.037
Ni 0.001 0.002
Pb 0.001 0.0006
Sr 0.023 0.031
Zn 0.041 0.023
Ti 0.018 0.057
Loss-on-ignition analysis 15 5

a Determined by XRF and gravimetry.
b Below detectable limit.
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also expected. Further, possibilities of the elements Ca, Mg, Fe, S
organically associated is also possible. The elemental constitution
points to the need of removal of the alkaline compounds, trace
metals and carbon for promoting the use of ash in a variety of
markets such as cement/concrete, plastics and refractories.

From the loss on ignition analysis it is clear that the ashes re-
tain a significant percentage of moisture and unburnt carbon. The
ash contains heavy metal in very low concentrations and when
extracted with water (1:10 ash to water ratio) under reflux condi-
tions, the concentration of Cr, Cu, Fe and Ni in the extract were
0.012 mg/L, 0.038 mg/L, .009 mg/L and .002 mg/L respectively,
well within the limits. The presence of iron, sulfur, alkali and alka-
line earth metals in the ashes nevertheless point to the slagging
and fouling tendency of the ashes as indicated in Table 3. Reactiv-
ity of ash as a pozzolanic material depends on the crystalline/
amorphous ratio of silica [32,33]. It has been observed from
XRD analysis that the percentage of silica in the crystalline phases
is low (see discussion below) and therefore the evaluation of the
amount of amorphous silica is very important. The silica activity
index which gives an indication of the reactive silica was there-
fore determined by calculating the percentage of available silica
that is dissolved in an excess of boiling 0.5 M NaOH in a 3 min
extraction period. The active silica was found to be 43% in the case
of furnace ash and 24% in the case of flyash, FL. However, when
the ash was heated a higher temperatures for a fixed period in
the laboratory furnace we have observed an increase in the active
silica content. A detailed study is yet to be done in the route. From
XRD and elemental analysis it is inferred that silica in the ash is
combined with alkali oxide and other elements. Heating at a high
temperature for a fixed period causes the evaporation of low
melting compounds and release of free silica [34,35]. This is evi-
dent from the EDX spectra of the ashes before and after heating
(Figs. 1 and 2).

3.2. Phase Composition of ash

XRPD (Fig. 3) analyses reveal complex diffraction patterns due
to different phases present and several possible peak overlapping.
Crystalline phases such as harrisonite (Ca(Fe3+,Mg)6(PO4)2(SiO4)2),
aphthitalite ((K,Na)3Na(SO4)2, cryptomelane (KMn4+

6Mn2+
2O16),

varulite (NaCaMn2+
2.25Fe2+0.5Fe3+0.25(PO4)3), marokite (CaMn2O4),

and fersilicite (FeSi) were identified for FL while for the furnace
ash FR, magnetite (Fe3+2Fe2+O4), kalsilite (KAlSiO4), cryptomelane
(KMn4+

6Mn2+
2O16), fukuchilite (Cu3Fe2+S8), walthierite (Ba0.5Al3

(SO4)2(OH)6) and magnesite (Mg(CO3) were identified with a rea-
sonable level of confidence. Formation of this many number of
phases is not surprising since several complex processes, viz.,
vapourization, melting, crystallization, vitrification, condensation
and precipitation are expected to occur during the combustion of
the waste biomass in the furnace. Elements like Si, Mn, Fe and Al
are capable of forming oxides which are acidic in nature and may
interact with basic oxides present [31] (K2O, CaO, Na2O, MgO,
etc.). However, due to the significant presence of amorphous mat-
ter in the investigated samples of ash the quantitative content of
individual mineral phases cannot be identified.

3.3. Morphology of the ash

SEM/EDX analysis provided further insight into the particle
morphology, external surface structure and external elemental
distribution of the ashes. Fig. 4 shows the micrograph of the flyash,
FL. The particles seem to be irregular in shape and agglomerated.
The mean surface composition of the ashes detected by EDS is
given in Table 2. The EDS analysis indicates that the surface of
the ash particles is coated with compounds of potassium and un-
burnt carbon. Potassium in the biomass is likely to be organically
bound and will vaporize and decompose during combustion to
form oxides, hydroxides, chlorides and sulfates and carbonates.
These species being low melting would condense on the surface
of the particle. The EDS composition is consistent with this expec-
tation. The rod like structures in figure consists of potassium asso-
ciated with Cl or S (Fig. 4a). The SEM picture of FR (Fig. 5) indicates
the surface of the ash to be a layer of solidified molten material
consisting mainly of the oxides of potassium. No other particles
could be observed in the micrographs. It is to be noted that that
Si which the second most abundant element is not detected much
on the near surface material. It appears that the silica and Ca rich
particle have been glued together by chlorides, sulfides and oxides
of potassium and unburnt carbon.

Fig. 1. EDX spectra of the as received furnace ash.
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Both the ashes were extracted with water (10 ml/g) and the
residue dried at 110–120 �C overnight. The scanning electron
micrographs of the ashes washed with water shows a clear struc-
ture (Figs. 6a and 6b) with the molten material being removed.
There is no evidence of chlorine and only in the case of FL a small
amount of sulfur seen. It could therefore be assumed that surface
condensed chlorides and sulfates have been washed off by the
water. The oxides of potassium still remain. With the removal of
surface coated material other elements are detected. However
the compositions of both ashes seem to differ a bit. On washing
with acid most of the metal compounds could be removed
(Fig. 7) and it is to be inferred that a pretreatment is particularly
required if the ash is to be used as a silica source. In the case of rice
husk ash it has been reported that washing with IN HCl is effective
in removing the metallic impurities without affecting the amor-
phous nature of silica [36].

Fig. 2. EDX spectra of the furnace ash after heating.

Fig. 3. XRPD pattern of the ashes. H-harrisonite, V-varulite, A-aphthitalite, C-
cryptomelane, Mt-marokite, FeS-fersilicite for FL, Fu-fukuchilite, K-kalsilite, W-
walthierite, M-magnetite, and Fe-magnesite for FR.

Fig. 4a. SEM image of flyash indicating agglomerated particles coated with
condensed molten material.

Fig. 4b. SEM of flyash FL showing rod like particles of potassium associated with
sulfur and chlorine.
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3.4. FTIR studies

The FTIR spectrum of the ashes is given in Fig. 8. Due to the
presence of several compounds in the ash it turns out to be a bit
difficult to assign the peaks to a particular group. However, going
by the elements present and their relative concentration, vibra-
tions likely to occur could be pointed out. The peak observed
around 1040 cm�1 could be assigned to Si–O–Si and that at
1273 cm�1 to Si–O vibrations. The peaks around 1016 cm�1 and
930 cm�1 could result from P–O vibrations of the phosphorus com-
pounds and that at 1394 cm�1 and 1306 cm�1, a combination of S–
O and C–O vibrations of sulfate and carbonate groups. The band at
1658 cm�1 and 1662 cm�1 in the case of FR and FL respectively

points to the presence of unburnt carbon in the ashes. The peaks
below 800 cm�1 are the M–O vibrations, particularly, Ca–O, Fe–O,
Mn–O, and Mg–O vibrations.

3.5. TG/DTA studies

The weight loss of the biomass ashes as a function of tempera-
ture recorded in inert and air atmospheres is shown in Fig. 9. These
results, in general show a total weight loss of 35% in nitrogen
atmosphere and 42% in air on heating to 1000 �C. Nonetheless,
the reaction is not complete at this temperature. The initial mass
loss of observed for the ashes at temperatures below 200 �C is
due to the evaporation of water adsorbed by the ash. The weight
loss of the samples with heating is continuous and rate of reaction
becomes accelerated after 770–780 �C. Oxidation of unburnt car-
bon is expected to occur below 600 �C while decomposition of car-
bonates of both alkali and alkaline earth metal is expected at
temperatures above 600�. The shape of the DTA (Fig. 10) curve is
indicative of such exothermic changes taking place. In the case of
FR the weight loss in the temperature range 200–780 �C is a bit less
when compared to that of FL. This is probably due to the lesser
amount of potassium compounds, in FR. A small endothermic
change near 620 �C in both cases could be due to melting of KCl.

3.6. Surface area measurements

For heterogeneous catalytic applications surface area and sur-
face properties are important factors influencing the adsorption

Table 2
Major and minor elemental surface composition of the ash samples (in %).

Constituents FL FL750 FR FR 750

C 30 30
O 13.3 63 16 64.2
P 0.02 5.8 4.2
S 3.4 4.8 0.65
Cl 3.2 1.02
Na 0.38 15 12.1
Mg 0.65 0.2 4.88
Al 0.12
Si 0.15 0.5 0.8 3.87
K 32 9.5 49 8.02
Ca 0.9 0.5 0.5 1.74
Fe 0.04 0.1 0.36
Mn 0.31
Mo 1.9 1.12
Eu 0.08
Co 0.015
Ni 0.1
Cu 0.17
Cr .02

Table 3
Slagging and fouling (S&F) indices.

Index Value for FL Value for FR

Rb (%) 42 37
R (b/a) 0.33 0.4
Sd (%) 3.6 1.3
B/A 2 1.6
Slagging 7.6 2
Fouling 76 45
B/A + p 2.4 1.9
Rs + p 8.6 2.5
Fu + p 86 54
SR 74.7 70

Fig. 5. SEM of FR; micrograph indicates the surface to be agglomerated.

Fig. 6a. SEM of washed FL; micrograph indicates a porous structure with the
surface adsorbed species removed by washing.

Fig. 6b. SEM of washed FR.
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and dispersion of the active component. Surface area measure-
ments herein showed that both ashes in the as received condition
have only negligible surface areas, 8 m2/g for FL and 1 m2/g for FR.
This is mainly due the alkali salts adsorbed on the surface of the

ash. An acid washing, however, removes the surface species and in-
creases the surface area to 368 m2/g in the case of FL and 266 m2/g
in the case of FR. The iron rich fraction separated from the furnace
ash was also found to possess a surface area of about 390 m2/g.

4. Conclusions

The high LOI value of the ashes necessitates ash beneficiation
process whereby the magnetic material, carbon and alkaline
compounds could be removed and resultant ash made suitable
for use in concrete and other applications. The recovered carbon
could find use as an adsorbent in pollution control and as an addi-
tive in polymer/rubber composites.

The presence of CaO in both ashes could make it useful for SO2

capture. As the ash is devoid of toxic metals, it can be used in
various industries including food industries as adsorbents and also
in waste water treatment. This obviously requires removal of solu-
ble salts from the ash before being used. The presence of unburnt
carbon in the ash could further enhance its adsorbent properties.
The possibility of separating the unburnt carbon could also be
explored. The ash being rich in potassium, phosphorus and sulfates
could be used as such for soil amendment. The water soluble salt
concentrate being particularly rich in sulfates, carbonates and

Fig. 7. EDX spectra of the acid treated furnace ash.

Fig. 8. FTIR spectrum of the ashes.

Fig. 9. TG patterns of the ashes.

Fig. 10. DTA patterns of the ash.
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chlorides than in the bulk ash sample, is of interest in terms of the
element extraction and their utilization. Iron present in the ash is
mainly in the form of magnetite and as the iron rich fraction is
found to possess an excellent surface area it needs to be investi-
gated whether the magnetite can be separated from the ash
economically and made use of as catalysts in organic reactions.
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a b s t r a c t

Photoluminescence in the characteristic blue-green region of the spectrum was emitted

by zinc oxide (ZnO) thin films grown by chemical spray pyrolysis. We have been able to

optimize spray rate and substrate temperature to obtain ZnO thin films with emission

centered at �383 nm and �517 nm, respectively. We also observed that Al-doped ZnO

films resulted in improved radiative efficiency of the near-band-edge emission; opti-

mized Al-doped spray deposited thin films emitted only blue light.

& 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Zinc Oxide (ZnO) attracts considerable attention
because of its wide band gap of �3.37 eV, which allows
its use in ultraviolet and blue light-emitting devices [1–5].
Both the exciton binding energy �60 meV and optical
gain �300 cm�1 is greater than that of Gallium Nitride
(GaN) which is currently used [6]. Furthermore reports on
externally pumped lasing in epitaxial ZnO thin films have
stimulated great interest in ZnO material for realizing
efficient ultraviolet blue lasers at room temperature [4,5].
High optical transparency and electrical conductivity
make it a promising candidate for opto-electronic appli-
cations such as energy windows, liquid crystal displays,
transparent electrodes in solar cells, ultrasonic oscillators,
bulk acoustic waves devices, etc [7–14]. ZnO thin films
can be prepared using various techniques such as sputter-
ing [15,16], evaporation [17], sol–gel [18], pulsed laser
deposition [19], molecular beam epitaxy [20] and chemical
spray pyrolysis (CSP) [21–24]. Among these, CSP technique

is economic, very simple and suitable for large area thin
film preparation [25].

In the case of wide band gap semiconductors, addition
of impurities often induced dramatic change in their
electrical and optical properties. There are several reports
on doping of ZnO with Indium (In), Aluminum (Al),
Lithium (Li) and Gallium (Ga) [26–29]. The effects of
different dopant elements such as Al, In, Cu, Iron (Fe)
and Tin (Sn) on the microstructure of ZnO thin films were
also investigated in detail [30]. Despite the large number
of papers on ZnO, the relationship between defect chem-
istry, processing, and photoluminescence has not received
much attention. Inspite of its simple chemical formula,
ZnO has very rich defect chemistry. In the past, defect
chemistry was studied in relation to ZnO properties and
applications in ZnO varistors. Defect studies have been
considered for more than 40 years, but now need revisit-
ing in the context of application in light-emitting diodes
and solar cells.

In un-doped ZnO, the well-known green luminescence
band peaking at about 2.5 eV usually dominates the defect-
related part of the photoluminescence (PL) spectrum [26].
ZnO grown using different techniques with different
dopants reported on the blue PL emission below room
temperature [28–32]. A precise study on the effect of
substrate temperature, spray rate and doping concentration
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on the luminescence emission for ZnO thin films grown
using CSP technique has not yet reported. CSP technique
allows control of doping concentrations to parts per million
levels which in turn allows defect compensation to tune the
luminescence properties of the films. Yet there are no
reports on tuning the PL emission of ZnO using this simple
technique. Also there are no reports on films grown using
this technique which show blue PL emission at room
temperature. In the present study, we investigate on the
processing parameters on how to grow ZnO thin films with
blue PL emission at room temperature using CSP technique.

2. Experimental

ZnO thin films were prepared by spraying a solution
containing a mixture of zinc acetate dissolved in distilled
water, propanol and acetic acid in the ratio 50:47.5:2.5 on to
glass substrates maintained at a suitable temperature. An
indigenously developed chemical spray pyrolysis unit was
used for film preparation [34–36]. The substrate holder was
heated directly by a furnace and the entire set up was placed
on a horizontal translation stage. The spray head was
mounted at a suitable height from the substrate holder on
a raster scanner set up. The precursor solution was injected
using an atomizer. A compressor was used to spray the
solution using air as the carrier gas. The rate of spray was
varied using a microprocessor controlled piston attached to
the vessel containing the precursor solution. Optimization
trials were carried out with the spray rates maintained at
1 ml/min, 3 ml/min, 5 ml/min and 7ml/min. Fig. 1 represents
a schematic of the experimental set up. Structural analysis
was done using X-ray diffraction (XRD) with a Rigaku
(D.Max.C) X-ray diffractometer, having CuKa (l¼1.5405 Å)
radiation and Ni filter operated at 30 kV and 20mA. Photo-
luminescence studies were performed by exciting the sam-
ples with 325 nm line of a He–Cd laser (Kimmon) and the
emission spectrum was recorded using a USB2000 spectro-
photometer. Doping of ZnO films was carried out by mixing
suitable quantity of Al (NO3)3 �9 H2O (99.90%) solution to the
spray precursor solution. Al (NO3)3 �9 H2O solution was
prepared in the same molarity as the spray precursor
solution and volumetric doping of the spray solution was
carried out.

3. Results and discussion

To optimize the deposition process, the spray rate was
varied from sample to sample. It was found that the film
thickness varied with spray rate. Hence volume of spray
had to be varied to deposit the same thickness of films at
different spray rates. Fig. 2 shows the XRD spectra for the
samples of thickness �750 nm prepared with the substrate
maintained at a constant temperature of 62375 K and
spray rate maintained at 1 ml/min, 3 ml/min, 5 ml/min and
8 ml/min. The samples had preferential orientation along
the (100) plane at 2y¼31.601 with d¼2.825 Å. The films
also showed growth along the (101) and (110) planes. The
(002) plane, which is considered to be the most ideal
growth plane for opto-electronic device fabrication, was
most prominent in the sample sprayed at 1 ml/min [4]. For
higher spray rates growth along the (002) plane lost its
significance. In these films, growth along the (100) plane
was more prominent compared to other planes. Films
deposited with the spray rate maintained at 5 ml/min
showed maximum growth along the (100) plane.

The film sprayed at 1 ml/min showed strong PL emis-
sion centered at 490 nm (blue emission) at room tem-
perature which was absent in samples prepared with
higher spray rate. The emission had typically a band
width of 50 nm only (Fig. 3) which was the sharpest
among the PL emissions obtained from different samples.
The PL spectra for samples prepared at higher rates
showed PL emission peaks ranging between �521 nm
and 560 nm (the standard green emission) and extending
up to 750 nm exhibiting very large full width at half
maximum (FWHM) (Fig. 3). Different types of defects
have been proposed to explain the two commonly
observed defect emission bands in the visible range—a
blue-green band (lbg�500–560 nm) and an orange-
yellow band (loy�610–650 nm). The blue-green emission
band is attributed to oxygen-related defects, which form a
deep donor level in the band gap [33–37]. The specific
identification of the orange-yellow band is difficult
because of simultaneous existence of various types of
defects in ZnO which often depend on the method of
preparation [38].

The sample prepared with the spray rate of 5 ml/min
showed the typical ZnO blue-green emission at 517 nm
with the maximum intensity. From the above results it
was concluded that slower rate of deposition lead to blue
shift in the position of the PL emission. Also it was evident
that as rate of spray was increased there was increase in
number of defects in the sample. This resulted in the
broad nature of the PL emission spectrum for samples
prepared with higher spray rates.

Fig. 4 shows the XRD pattern for the films grown with
spray rate of 1 ml/min and substrate maintained at
different temperatures. Different volumes of the precur-
sor solution had to be sprayed to obtain the same
thickness of �500 nm for the samples studied. For films
prepared with substrate maintained at 72375 K the
(002) plane was the most prominent. As the substrate
temperature was raised to 77375 K the prominence of
the (100) plane increased. At 82375 K the films showed
preferential orientation along the (100), (002) and (102)

Fig. 1. Schematic of the Chemical Spray Pyrolysis unit used thin film

growth.
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plane. Thus it could be concluded that as the substrate
temperature was increased the preferential orientation
of the films changed from the conventional c-axis (002)

orientation to the (100) orientation. It was shown that the
intensity of the peak corresponding to (002) plane had a
strong dependence on oxygen content in the film [38].

The reason as to why the change of the preferred
orientation took place could be explained more easily

Fig. 2. XRD spectra for samples prepared with different spray rates.

Fig. 3. PL spectra for spray rate varied samples. (For interpretation of the

reference to color in this figure legend, the reader is referred to the web

version of this article.)

Fig. 4. XRD spectra for samples prepared with different substrate

temperature at same rate of spray.
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with the help of in Fig. 5. Fig. 5 shows the PL spectra
recorded for the same set of samples. It was observed that
for the films prepared at 723 K the films showed the
maximum relative intensity for the near-band-edge (NBE)
emission centered at 383 nm with a FWHM of �15 nm.
The charateristic blue-green emission centered at 517 nm

was also present in the films which was very broad with a
FWHM of �80 nm. The NBE emission at low temperature
is well understood owing to the sharp and intense emis-
sion peaks [38]. In majority of the published works, NBE
emission had been attributed to free-exciton annihilation
from the position of peak energy [39,40]. Some attempts
were made to correlate crystallinity with the intensity of
NBE emission [41,42]. In the present work, it was clear
from the PL spectra that the intensity of NBE emission
was varying with the substrate temperature. As substrate
temperature was raised the NBE emission lost its signifi-
cance and as a whole the emission from the film shifted
towards the red region of the vissible spectrum.

Fig. 6 shows the x-ray diffraction pattern of un-doped
and doped ZnO thin films prepared with a spray rate of
3 ml/min and thickness of �300 nm, with different alu-
minum concentrations. It was found that the doped films
showed preferential orientation along (002) plane and the
intensity of peak corresponding to this orientation varied
with aluminum concentration. It was shown by Im et al.
that the intensity of the peak corresponding to (002)
plane had a strong dependence on oxygen content in
the sample [38]. Hence we could conclude that aluminum
doping resulted in change in oxygen content in the
sample.

Also the XRD intensity of (002) peak was much
stronger than that of other orientations in doped samples.
This indicated that the c-axis of the grains became
uniformly perpendicular to the substrate surface,

Fig. 5. Photoluminescence of ZnO thin films sprayed on substrates

maintained at different temperatures with constant spray parameters.

Fig. 6. XRD spectra for films prepared with substrate maintained at 723 K and a) pure sample b) doped with 0.1% Al c) doped with 0.5% Al and d) doped

with 1% Al.
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suggesting that the surface energy of (002) plane was the
lowest in ZnO crystals [38]. No new phases were
observed, with increase in aluminum doping concentra-
tion, indicating that incorporation of aluminum could
neither change wurtzite structure of ZnO nor result in
the formation of Al2O3. It was observed that the (002)
plane had highest intensity for the 0.5% aluminum doped
sample and with further increase in aluminum concen-
tration the intensity of the plane was decreased. Hence it
could be concluded that 0.5% aluminum doping was ideal
for the growth of the ZnO thin films using chemical spray
pyrolysis.

From our study, we found that Al ions improved the
c-axis orientation. There are many explanations about
how c-axis orientation is achieved in literature; for
example, the c-axis orientation occurs due to a minimiza-
tion of the internal stress and surface energy [2] and
c-axis orientation could also result from an easy growth
because of the high atomic density along (002) plane [14].
We concluded that the substituted Al ions at zinc sites in
the wurtzite structure reduced the surface energy which
led to preferential c-axis orientation of our samples.

Fig. 7 shows the PL spectra recorded at room tem-
perature for un-doped and aluminum doped ZnO thin
films. As the doping concentration was increased the
FWHM and the peak intensity of the blue-green emission
decreased. The intensity and FWHM of the NBE emission
increased as the doping concentration was increased. For
1% Al doping only the NBE emission was detected. The
NBE emission for this film was centered at �383 nm had
a shoulder towards the lower energy side at �410 nm.
The violet emission �410 nm was probably due to the
radiative defects related to the interface traps existing at
the grain boundaries and emitted due to the radiative
transition between this level and valence band [40]. The
XRD analysis for this sample had showed lower intensity
for the (002) plane and also smaller grain size compared
to other samples. Hence we assume that the films may
have contained defects trapped at the grain boundaries.
However since the green emission was absent in the

aluminum doped samples it could be concluded that the
defect states responsible for the broad green emission in
ZnO can be passivated by aluminum.

4. Conclusions

ZnO thin films were deposited by chemical spray
pyrolysis. Photoluminescence was recorded at room tem-
perature for all films. Through this work we were able to
demonstate that rate of spray and substrate temperature
critically control the opto-electronic quality of films pre-
pared by CSP technique. By optimizing the substrate
temperature and rate of spray we could prepare thin
films which showed both NBE and charateristic blue-
green emission of ZnO. On optimizing the doping con-
centartion using aluminum we could prepare films which
have PL emissions corresponding only to the NBE emis-
sion. Our experiments proved that defects responsible for
the green emission in ZnO could be passivated through Al
doping. This is an important step towards understanding
the physics for preparing ZnO films for blue light emission
application.
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a b s t r a c t

We have investigated the effects of swift heavy ion irradiation on thermally evaporated 44 nm thick,
amorphous Co77Fe23 thin films on silicon substrates using 100 MeV Ag7+ ions fluences of 1 � 1011 ions/
cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2, and 3 � 1013 ions/cm2. The structural modifications upon
swift heavy irradiation were investigated using glancing angle X-ray diffraction. The surface morpholog-
ical evolution of thin film with irradiation was studied using Atomic Force Microscopy. Power spectral
density analysis was used to correlate the roughness variation with structural modifications investigated
using X-ray diffraction. Magnetic measurements were carried out using vibrating sample magnetometry
and the observed variation in coercivity of the irradiated films is explained on the basis of stress relax-
ation. Magnetic force microscopy images are subjected to analysis using the scanning probe image pro-
cessor software. These results are in agreement with the results obtained using vibrating sample
magnetometry. The magnetic and structural properties are correlated.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

High magnetic moment Co–Fe alloy films are known for their
technological applications such as core material for write elements
in modern recording heads and as under-layers in perpendicular
media [1–3]. The microstructure of these magnetic thin films plays
an important role in determining their magnetic properties, which
in turn depends on parameters such as film thickness, crystallinity,
surface/interface roughness, and composition. In particular, the
variation in surface/interface roughness modifies the magnetic
properties such as magnetic anisotropy, coercivity and magnetic
domain structure. Thermal annealing [4–5] and swift heavy ion
irradiation [6–8] are two effective methods to alter the surface
microstructure and morphology. Gupta et al. reported that energy
deposition by 120 MeV Au ions leads to changes in structural and
magnetic behaviour of Co thin films [9]. Klaumuenzer et al. re-
ported on the plastic deformation of the surface of metallic glasses
due to swift heavy ion irradiation [10]. Generally an incident en-
ergy equivalent to 1 eV in the sample generates a temperature of
�104 K along the ion trajectory [11]. In ion beam irradiation, the
surface topography of the sample is decided by the interplay be-
tween the dynamics of surface roughening due to sputtering and
smoothing due to material transport during surface diffusion. The

competition between these two processes results in the formation
of different surface features. Gupta et al. demonstrated that the
magnetic field assisted ion implantation is an effective method
for the modification of extrinsic magnetic properties of Co–Fe thin
films [12]. In short, SHI irradiation can be employed for the topo-
graphical modification of surfaces and interfaces in the nanometer
scale.

Irradiation results in loss of energy of the ions in the target
material via elastic or inelastic collisions. The process through
which the swift heavy ions lose their energy can be classified as
follows. (i) electronic energy loss [(dE/dx)e] in which the interac-
tion with target electrons occurs via inelastic collisions which leads
to excitation and ionization of target atoms (at energy above
�1 MeV/nucleon), (ii) nuclear energy loss, [(dE/dx)n] in which di-
rect screened Coulomb interaction with target atom nuclei is
responsible for the energy loss and (iii) radiation loss such as
Bremsstrahlung and Cerenkov radiation which is very small and
can be neglected. The nuclear energy loss is dominant at ion ener-
gies below 10 keV/nucleon [13–17]. While irradiating with swift
heavy ions, a large amount of energy is transferred to the lattice
via electron–phonon interactions. The mechanism behind the en-
ergy transfer are well explained using the Coulomb explosion
[18,19] and thermal spike model [20–22]. Normally the term ‘stop-
ping power’ or (dE/dx) is used to describe the energy deposition via
the slowing down of ion in the material. However, (dE/dx) gives the
energy loss per unit length along the particle trajectory, whereas
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the stopping power represents the ability of the material to stop
the heavy ions and is represented by (�1/ddE/dx), where d is the
density of the material. In swift heavy ion–solid interactions, nu-
clear stopping power Sn is negligible compared to electronic stop-
ping power Se. The nuclear interactions result in lattice disorder by
the displacement of atoms from their positions whereas, electronic
collisions lead to negligible deflection of ion trajectory and small
energy loss per interaction. Theoretical calculation of the stopping
power can be done using computer simulation methods such as
the program TRIM/SRIM (Transport of ions in matter, in more re-
cent versions called Stopping and Range of Ions in Matter). SRIM
is a group of programs which calculate the stopping and range of
ions in matter using a binary approximation of ion–atom collisions
[23]. In such programs the simulation of the ion collisions with nu-
clei in the medium is carried out to find the stopping power [11].

In this present work, we report on the changes of the topo-
graphical and magnetic properties in Ag7+ ion irradiated Co77Fe23
alloy films. We have chosen Co–Fe thin films for the irradiation
studies in light of the fact that the magnetic moment for this alloy
is maximum among the 3d ferromagnetic alloys according to the
Slater-Pauling curve [24]. Swift heavy ion irradiation effects on
the amorphous nature and magnetic texture of amorphous CoFe
films have been investigated by MFM/AFM and GXRD studies.

2. Experimental details

Amorphous Co–Fe thin films were deposited by physical vapor
deposition technique on naturally oxidized Si (100) substrate.
Melt spun ribbon having the composition Co75Fe14Ni4Si5B2 was
used as the composite target for the deposition. The base pressure
in the deposition chamber was maintained at 1 � 10�6 Torr at the
time of deposition. The thickness of the prepared films was mea-
sured using Dektak 3 thickness profiler as 44 nm. The film samples
were mounted on an electrically insulated sample ladder and the
ladder current was integrated to collect and count the charge
pulses via a scalar counter along with the digital current integrator.
100 MeV Ag7+ ions were used to irradiate the Co–Fe films at room
temperature with fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2,
1 � 1013 ions/cm2, and 3 � 1013 ions/cm2 using a 15UD Pelletron
accelerator at Inter University Accelerator Centre, New Delhi, India.
The beam current was maintained at 1.5 pnA (particle nanoam-
pere). This is kept low in order to avoid the heating up of the sam-
ple during irradiation. The beam is raster scanned over an area of
1 � 1 cm2 using a magnetic scanner. The damage caused by the
interaction between the ion beam and target material was calcu-
lated using the SRIM software. The electronic stopping power Se,
nuclear stopping power Sn and the residual range RP of the
100 MeV Ag7+ ions in Co–Fe was calculated using SRIM-2006. The
typical values of Se, Sn and Rp are estimated to be 18.16 eV/Å,
2.95 � 103 eV/Å and 6.33 lm, respectively for Ag7+ ions having en-
ergy 100 MeV in Co77Fe23 thin films. The film thickness is much
less than the projected range, hence the chances of any ion implan-
tation in the Co–Fe film is very remote. In this experiment the en-
tire contribution of radiation effects due to the passage of ions is by
electronic energy loss.

The structural properties of the pristine and irradiated Co–Fe
thin films were studied by GXRD (Bruker Discover D-8) with CuKa
(k = 1.5406 Å) radiation. The surface morphological and magnetic
domain patterns were observed using AFM and MFM techniques
respectively using AFM multimode instrument, having higher res-
olution magnetic force microscopy tips (MESP-HR) (Bruker) with
resonant frequency of 475 kHz. The MFM is carried out at a scan
rate of 0.5 kHz and resolution of 512 pixels. MFM analysis was
used to detect the surface magnetisation present in the film via
the interaction of the magnetic tip with the stray magnetic field

on the sample surface. The quantitative analysis of the AFM images
were done with the help of surface analysis software Nanoscope
7.2 (Vecco Scientific Ltd.) to obtain PSD, roughness and depth anal-
ysis [25]. The MFM images were analyzed also using SPIP software
(version 6.0.6, Image Metrology A/S, Hørsholm, Denmark) to obtain
the angular correlation and texture direction index. Room temper-
ature magnetization measurements were carried out using a VSM
(DMS 1660 VSM) with a magnetic field varying from �13 to
+13 kOe.

3. Results and discussion

The nuclear stopping power, electronic stopping power and
projected range were calculated as a function of ion energy using
SRIM 2006 and are shown in Fig. 1. The simulation is done for
the whole range of energies starting from 0.01 MeV to 10 GeV. Both
Se and Sn increase with increasing energy, reach a maximum value
and then start to decrease. The peak in electronic energy loss is
known as Bragg peak and the stopping power at energies below
the Bragg peak is proportional to the square root of the velocity
of ion (�E1/2). This is given by the LSS theory (Lindhard, Scharff
and Schiøtt) [26]. At higher energies above the Bragg peak, the
stopping power is proportional to (1/E) and Bethe Bloch relation
can be used to corroborate these results [27]. It may be noted that
the electronic energy transfer reaches its maximum values at ener-
gies higher by many orders than the nuclear stopping power
maximum.

The XPS analysis of the as prepared sample confirmed that the
films have a nominal composition of Co77Fe23 (available as supple-
mentary material). Fig. 2 shows the GXRD patterns corresponding
to pristine and irradiated films. The GXRD analysis of the as pre-
pared Co–Fe films shows amorphous nature. The absence of peaks
in irradiated Co–Fe films points absence of short range order in the
film after irradiation. The energy transfer to the film, with SHI irra-
diation locally rearranges the atomic structure of the film main-
taining the amorphicity of the film. This is clearly visible from
the GXRD analysis of the irradiated film.

The surface evolution of the pristine as well as irradiated Co–Fe
thin film samples were visible in AFM images shown in Fig. 3(a–e).
From the AFM image in Fig. 3(a) it can be inferred that the pristine
film surface contains mound-like structures which are considered

Fig. 1. SRIM simulation for calculating electronic and nuclear energy loss for
100 MeV Ag7+ ions in Co–Fe target.

82 G. Pookat et al. / Nuclear Instruments and Methods in Physics Research B 310 (2013) 81–86



to be the resultant of the island like growth involved in the vapour
deposition process. Fig. 3(b–e) shows the film surface after irradi-
ation at ion fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2,
1 � 1013 ions/cm2, and 3 � 1013 ions/cm2, respectively.

On close analysis of the AFM images it is clear that ion irradia-
tion alters the surface structures found in the pristine sample. The
irradiated films show damaged mounds and valleys. No track for-
mation in the ion trajectory is visible in the surface analysis using
AFM. As the irradiation dose reaches 3 � 1013 ions/cm2, the surface
show a uniform distribution on all over the scanned area. The root
mean square (rms) roughness (Rrms) of the films can be calculated
using the formula given in Eq. (1) using the standard deviation of
the data obtained from AFM images.

Rrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
n¼1 Zn � zð Þ2

N � 1

s
ð1Þ

Here zn represents the height of the nth data, z is equal to the
mean height of zn in AFM topography, and N is the number of
the data points [28]. Dependence of ion fluence on surface rough-
ness of the pristine and SHI irradiated Co–Fe films obtained from
AFM images is shown in Fig. 4(a). The rms roughness of the irradi-

ated film follows a rapid decrease followed by further decrease at
still higher irradiation dosage like 3 � 1013 ions/cm2. Surface
roughness decreases with ion irradiation indicating the smoothen-
ing of the surface upon irradiation. There are many reports on sur-
face smoothing with ion bombardment over a large range of ion
energies �keV to hundreds of MeV [29–34]. Hou et al. in 1990 re-
ported that the electronic excitation and ionization due to irradia-
tion induces rearrangement of atomic ordering and in turn plastic
deformation in metallic glasses [35]. Hysen et al. also observed sur-
face smoothing in ion irradiated Fe–Ni thin films [8]. They ex-
plained the surface smoothening process at lower fluences using
volume diffusion mechanism. At higher fluences they observed
surface roughening because of surface evaporation at elevated
temperatures. Mayr and Averback also reported similar nature of
roughness with irradiation on glassy Zr–Al–Cu films [36] where
radiation induced viscous flow was used to explain the dominant
surface relaxation mechanism.

Interplay between the dynamics of surface roughening due to
sputtering and smoothing due to material transport during surface
diffusion plays an important role in the evolution of surface, during
ion irradiation [30,37–38]. Information regarding the surface mod-
ification mechanisms cannot be completely extracted from the rms

Fig. 2. GXRD of Co–Fe thin film (a) pristine and (b) SHI irradiated at fluence 3 � 1013 ions/cm2.

Fig. 3. AFM images of (a) Pristine and Irradiated Co–Fe thin films at fluence (b) 1 � 1011 ions/cm2 (c) 1 � 1012 ions/cm2 (d) 1 � 1013 ions/cm2 (e) 3 � 1013 ions/cm2.
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surface roughness data, since it measures the roughness in only
one direction. PSD analysis is an ideal tool for evaluating the sur-
face roughness both in vertical and horizontal direction and also
for determining the dominant process in surface evolution.
Fig. 4(b) represents the log–log plots of PSD calculated for pristine
and irradiated thin films at various fluences.

The roughness of the pristine film was higher compared to that
of irradiated films. In all cases the PSD has two regions, the low fre-
quency part which resembles the uncorrelated white noise and the
high frequency part corresponding to the surface evolution. The
linear decrease in roughness in the higher frequency region can
be modeled using a power law as shown in Eq. (2).

PSD kð Þ / k�c ð2Þ

where k represents the spatial frequency, the exponent is the slope
of the linear part of the PSD curve which is related to the roughness
scaling exponent by the equation a = (c�d)/2 [39]. Here the line
scan dimension d = 2.

According to Herring [40], the values of 1, 2, 3, and 4 represents
four modes of surface transport viz. viscous flow, evaporation–con-
densation, volume diffusion, and surface diffusion, respectively.
The values obtained for the irradiated samples are between 0
and 2, hence the dominant surface transport mechanism seems
to be a combination of viscous flow and evaporation re-condensa-
tion. The dominant surface transport mechanism for the film irra-
diated at fluence 1 � 1011 ions/cm2 is irradiation induced viscous
flow and that explains the rapid surface smoothening observed
at that fluence. As the fluence increases to 1 � 1012 ions/cm2 and
at still higher doses like 1 � 1013 ions/cm2 and 3 � 1013 ions/cm2

the dominant mechanism becomes evaporation–condensation
due to the sputtering occurring in the film during high energy
ion irradiation. The roughness exponent has a value of 1.24, 1.45,
1.29, 1.92, and 1.88, respectively for the as prepared and films irra-
diated at fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 -
ions/cm2 and 3 � 1013 ions/cm2. The values of roughness
exponent point towards the mechanism of surface evolution [33].
The calculated values of roughness exponent of the pristine and
irradiated films clearly explain the surface evolution upon irradia-
tion. Primary smoothening mechanism in the case of crystalline
surfaces is found to be surface diffusion whereas that for amor-
phous surfaces viscous flow dominates [29]. The results obtained
from surface roughness analysis are in agreement with the amor-
phous nature of Co–Fe films concluded from GXRD analysis.

The in-plane hysteresis loops prior to and after irradiation are
reported in Fig. 5. Coercivity is decreasing at lower fluence and

starts to increase at maximum fluence of 3 � 1013 ions/cm2. It is
found that the coercive force of Co–Fe thin films are sensitive to
Ag7+ ion irradiation and show variation with ion fluence (Fig. 6).

The extrinsic magnetic properties like coercivity and remanence
are sensitive to the local structural properties of the films like

Fig. 4. (a) RMS roughness vs. ion fluence graph and (b) 2D PSD plot of pristine and irradiated films [lines are guide to eye].

Fig. 5. In plane VSM hysteresis loops for the pristine and SHI irradiated Co–Fe films
[inset shows the magnified portion of the centre of hysteresis loop].

Fig. 6. Variation of coercivity with fluence [lines are guide to eye].
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strain, grain size, defects etc. The modification of the magnetic
properties of the film after irradiation could be explained on the
basis of stress and damage induced while irradiation. The coerciv-
ity obtained for different fluences decreases at lower fluences up to
1 � 1012 ions/cm2 and afterwards increases drastically. Ion irradia-
tion results in stress relaxation in the films, which in turn reduces
the coercivity at low fluences. The energy transferred to the film
during ion irradiation may alter the local atomic arrangement in
the amorphous system. Along with this rearrangement there is a
chance for increasing the density of the pinning centers for do-
mains at higher fluences which might also be contributing to the
observed increase in coercivity.

Fig. 7(a–e) shows the MFM images and corresponding angular
spectrum of the pristine and irradiated (at various fluences
1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2, and
3 � 1013 ions/cm2) Co–Fe films with scanning size 1 lm � 1 lm.
The colour contrast in the images suggests that the magnetisation
direction lies out of the plane of the film. Distinctive features of
‘dark’ and ‘bright’ stripe magnetic domain structure is observed
in the pristine as well as irradiated samples but the contrast and
domain pattern is clearly visible in the lowest irradiation dose
(1 � 1011 ions/cm2) compared to others.

By using scanning probe image processor (SPIP) (version 6.0.6)
software the angular spectrum of the MFM images and the texture
direction index, Stdi were calculated. Texture direction index is de-
fined as the average amplitude sum divided by the amplitude sum
of the dominating direction. It is a measure of how well the do-
mains are aligned and the Stdi value is always between 0 and 1.
The arrangement of domains can be determined from the value
of Stdi. For well aligned domains Stdi values are close to zero, while
for a more or less isotropic arrangement, Stdi is close to 1. For the
pristine film the measured value of Stdi was 0.202 and for the
Ag7+ irradiated film, he value is 0.224. This difference reveals that

the alignment of the magnetic domains was increased by the Ag-
ion irradiation. This again confirms the results obtained from mag-
netisation analysis.

4. Conclusions

Co–Fe thin films of thickness 44 nm were deposited onto silicon
substrates via vacuum evaporation and subjected to SHI irradiation
at fluences 1 � 1011 ions/cm2, 1 � 1012 ions/cm2, 1 � 1013 ions/cm2

and 3 � 1013 ions/cm2. The GXRD results revealed that the amor-
phous nature of the pristine film is preserved even after irradiation.
On SHI irradiation the surface roughness decreases with increase in
the irradiation dosage. The roughness exponent of the pristine and
irradiated samples calculated from the PSD suggests that the
mechanism behind the surface smoothening is viscous flow and
evaporation–condensation. The VSM analysis of the pristine and
irradiated samples proved that the SHI irradiation of the Co–Fe
samples resulted in modifications of magnetic properties. Ion irra-
diation results in stress relaxation in the films, which in turn re-
duces the coercivity at low fluences. At a fluence of 3 � 1013 ions/
cm2, the density of the pinning centers increases which results in
the observed increase in coercivity. The texture direction index
was used to explain the realignment of the magnetic domains upon
irradiation. The results obtained from VSM analysis are corrobo-
rated with the results obtained using MFM analysis.
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Photovoltaic response of Cu2O/In2S3 hetero-structure grown
on Cu substrate
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a b s t r a c t

A thin layer of p-type Cu2O was grown over flexible 30 μm thick copper substrates. Using
Injection Chemical Vapor Deposition technique, n-type In2S3 thin films were grown over
the Cu2O layer. A p–n junction was thus realized. The Cu2O/In2S3 hetero-structure showed
photovoltaic behavior. A solar cell with the structure Cu/Cu2O/In2S3/Ag could be
fabricated. An acidic texturization sequence was developed which increased the photo-
sensitivity of the In2S3 window layer. The Cu/Cu2O/In2S3/Ag hetero-structure with the
textured window layer had an open circuit voltage of 377 mV, short circuit current density
of 0.118 mA/cm2 and fill factor of 33.34%. It was found that the efficiency of the solar cell
depended upon the photo-sensitivity of the In2S3 window layer. The work demonstrates
the use of copper substrate for thin film solar cell fabrication.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cu2O is regarded as one of the most promising materials
for application in solar cells due to its high-absorption
coefficient in the visible region, non-toxicity, abundant
availability and low production cost [1–5]. Cu2O is a p-type
semiconductor having a band gap of 1.95 eV which is well
matched as an absorber for photovoltaic applications [6].
High quality p-type Cu-based, oxide semiconductor thin
films have been achieved using various techniques [7–9].
The theoretical limit on the energy conversion efficiency of a
Cu2O solar cell is about 20% [10,11]. This is due to a very
limited amount of work devoted to this semiconductor. The
optimization of p-Cu2O based solar cells is slowed down by
the lack of clear understanding on the electronic and
thermo-dynamical properties of its intrinsic point defects
and by the difficulties in the doping processes.

Diindium trisulfide (β-In2S3) is a defect semiconductor that
acts as a buffer layer in thin film solar cells [12,13]. In a
stoichiometric crystal of β-In2S3 there are a large number of
cation vacancies, which in the ordered state form a part of the

lattice. A small fraction of the cations may leave their ordered
positions and occupy crystallographically ordered vacancies.
This results in a number of quasi-interstitial cations and an
equal number of disordered cation vacancies. Thus in a
stoichiometric crystal of β-In2S3 a considerable degree of
disorder is always present because of which it is referred to
as a defect semiconductor. It is natively an n-type semicon-
ductor, with ordered vacancies in the III sub lattice. It has been
used as an effective replacement for cadmium sulfide (CdS) in
Cu(In, Ga)Se2 based solar cells [12]. Device quality thin films of
β-In2S3 can be deposited using chemical spray pyrolysis (CSP)
technique [14]. β-In2S3 thin films prepared by CSP technique
have a band gap of �2.6 eV which allows them to be used as
good window layer material [12]. The material exhibits
interesting optical and electrical properties which can be
exploited to make different kinds of opto-electronic devices
[15]. Thus the interest in this material is stimulated not only
by its use in thin film solar cells, but also due to its
applications in other important opto-electronic devices, like
red and green phosphors for television picture tubes, [16–18]
dry cells, [19] and photochemical cells [20,21]. Being a defect
semiconductor, β-In2S3 is an ideal candidate for advanced
solar cell design [12,22,23].

Easy to fabricate, eco-friendly and economic photovol-
taic structures are widely being researched the world over.
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The development of easily available and eco-friendly
absorbers plays a key role in achieving highly efficient
solar cells. The main idea of the work was to make a solar
cell on a substrate avoiding the use of ITO or SnO2:F coated
glass. The technique reported here uses flexible copper
substrate which makes the technique very attractive for
reducing manufacturing cost. It was also aimed at making
a solar cell without undergoing any growth/deposition
process under vacuum conditions and avoiding the hazar-
dous deposition/growth techniques. Photovoltaic proper-
ties of the Cu2O/In2S3 based hetero-junction have not yet
been reported in literature. Herein the investigation into
the design of a solar cell on a Cu substrate based on the
Cu2O/In2S3 hetero-junction has been presented.

2. Experimental

A well-cleaned 30 μm thick copper plate (2 cm�5 cm)
(99.0% purity) was cleaned chemically in a 2% HNO3

solution. This served as the substrate for the solar cell. In
atmospheric air conditions the copper plate was then
subjected to a 1 h long annealing at 1050 1C in a box
furnace. The substrate was then allowed to cool to 500 1C
within the box furnace at a ramp rate of 1 1C/min, and then
rapidly quenched to room temperature by dipping the
substrate into double de-ionized water. One end of the
substrate was then immersed in 5% HNO3 solution to
remove the Cu2O layer. This edge of width 1 cm was to
be used for back contacting purpose.

In2S3 was deposited on to the Cu/Cu2O structure using
injection chemical vapor deposition (ICVD) technique.
Fig. 1 shows the schematic of the ICVD system used for
deposition. The system consists of a two zone furnace with
a rotating substrate holder. An airbrush with 0.25 mm
nozzle serves as the atomizer which is connected to a
compressor capable of delivery of a pressure up to 300 psi.
The airbrush contains a gravity fed tank to store the
precursor solution. In the present work we have main-
tained the air pressure at 60 psi during the deposition
process. The temperatures of the zone 1 and zone 2 were
maintained at 350 1C and 200 1C respectively. Precursor
solution of 25 ml containing a mixture of 0.2 M indium
chloride and 1 M thiourea was atomized to obtain a
�300 nm thick layer of In2S3 on to the Cu2O layer.

The surface resistivities of Cu, Cu/Cu2O and Cu/Cu2O/
In2S3 were measured by four probe technique. They were

found to be 10−2, 1363 and 10657 Ω/□ correspondingly. A
mask was placed over the region covering the etched Cu for
back contacting. The surface of In2S3 was textured using a
mixture of HF and HNO3. For this the Cu/Cu2O/In2S3
structure was rolled through a wet bench containing HF:
HNO3 solution. After the etch sequence the hetero-structure
was dried by heating at 100 1C using a flat plate heater.
Subsequently silver electrodes were screen printed on the
In2S3 layer. The cells were then sintered in the box furnace
for 2 h at 200 1C for the screen printed electrodes to dry.
Four Ag electrodes each of 2 mm2 area were deposited on
In2S3 layer which were interconnected by dry soldering
single strand Ag wires. The current–voltage measurements
were carried out by taking contacts between the Cu sub-
strate and the Ag electrode system. Fig. 2 shows the
schematic of the device structure fabricated. Solar cells
prepared in this sequence which were etched with HF:
HNO3 solution in 1:1 ratio were named C1, with 1:2 ratio
were named C2 and with 1:3 ratio were named C3.

Structural analysis was done using X-ray diffraction (XRD)
with a Rigaku (D.Max.C) X-ray diffractometer, having Cu Kα
(λ¼1.5405 Å) radiation and Ni filter operated at 30 kV and
20mA. Photosensitivity measurements were performed using
an Agilent Source Measure Unit. The sample was illuminated
using a tungsten halogen lamp having an intensity of
100 mW/cm2. An IR filter and a water column were in place
between the light source and hetero-structure, to avoid
heating of the sample. Surface morphology of the samples
was studied using a JEOL scanning electron microscope.
Quantum efficiency measurements were carried out using
an in house built system. The system consists of a halogen
light source, a monochromator and a photomultiplier tube.
Samples are placed in front of the exit slit of the monochro-
mator and the photo-current is measured using the source
measuring unit for individual wavelength. The photocurrent
recorded for the solar cell is normalized with the photon
spectra recorded for the light source using the PMT placed at
the same position as the sample. The current–voltage mea-
surements were carried using the SMU. Atomic force micro-
scopy studies were carried out using a commercial Nanoscope
4 (DI) AFM system.

3. Results and discussion

Fig. 3 shows the X-ray diffraction pattern obtained for
the Cu2O layer grown on the Cu substrate. As can be seen
from the XRD pattern the intensity of the Cu2O phase is
lower than that of the used Cu substrate. We could hence
conclude that the number of Cu2O grains grown on Cu

Fig. 1. Schematic of the Injection Chemical Vapor Deposition System. Fig. 2. Schematic of the Cu2O/In2S3 solar cell structure.
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substrate was small. This was also evident from the
scanning electron micrograph of the Cu2O layer obtained
by oxidizing the copper substrate. Fig. 4 shows the SEM
image. The grains of Cu2O are in-homogeneously spread
over the substrate and the existence of voids is evident. It
was clear from the SEM images that the heat treatment
has not led to growth of completely crystallized Cu2O
grains all over the Cu substrate. The SEM images showed
the Cu2O film to be polycrystalline and had grain size in
the range of 1 μm. Fig. 5 shows the X-ray diffraction
pattern obtained for the In2S3 layer grown on the Cu2O
layer. The d values coincide with that of β-In2S3 in the
standard JCPDS data card (25-390). The samples showed
β-In2S3 phase with orientation along the (220) plane at
2θ¼33.451.

Current–voltage characteristics of the solar cells were
measured under illumination with a tungsten halogen lamp
(100 mW/cm2). Fig. 6 shows the J–V measurements obtained
for the cells measured at room temperature. For cell C1,
photovoltaic behavior was observed with the J–V showing
appreciable shift into the fourth quadrant. The photovoltaic

effect was improved for cell C2 as evident in the figure where
a considerable shift into the fourth quadrant was exhibited by
the solar cell. There was improvement in open circuit voltage
and short circuit current for cell C2 over cell C1. C3 did not
show any photovoltaic effect. The cross over phenomenon a
characteristics of the presence of deep acceptor states in the
window layer or the interface was observed in the J–V
characteristics of the prepared cells. The violation of the
superposition of light and dark characteristics has always
been observed in sprayed In2S3 based solar cells [12,24]. In2S3
has a system of deep defects whose presence has been
identified using photoluminescence and thermally stimulated
current measurements [25,26]. Table 1 summarizes the
photovoltaic parameters of the solar cells C1 and C2. Series
resistance (Rs) was calculated from the intercept of the plot
between dV/dI versus (I+Isc)−1obtained using the I–V mea-
surements under illuminated condition [27].

Fig. 7 shows the relative quantum efficiency measure-
ment for the solar cell C2 carried out between 440 and
650 nm. The relative efficiency is poor for the long

Fig. 4. Surface morphology of the Cu2O imaged using SEM.

Fig. 5. XRD spectrum of the In2S3 layer grown on Cu2O layer.
Fig. 3. XRD spectrum of the Cu2O layer grown on Cu substrate.

Fig. 6. J–V characteristics of the solar cells measured at room
temperature.
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wavelength region and improves toward the shorter
wavelength side. From the figure it can be estimated that
the band gap of the absorber layer is �2 eV and it agrees
with the reported band gap of p-type Cu2O. In2S3 is a
defect semiconductor and hence passivation of the defects
will play a crucial role in enhancement of the quantum
efficiency of this device structure.

Fig. 8 shows the atomic force micrograph of the In2S3 films
treated in the HF:HNO3 solution. Fig. 8a shows the surface
morphology of the untreated film while Fig. 8b and c
represents surface morphology of In2S3 films treated with
the 1:2 and 1:3 HF:HNO3 solution respectively. Films etched
with the 1:2 solution had surface texture typical to that
required for light trapping. The etching resulted in triangular
surface features which were uniformly distributed across the
surface. Films etched with the 1:3 solution had large hillocks
as evident from the AFM image. Fig. 9 compares the photo-
response of the In2S3 films treated with different concentra-
tions of the HF:HNO3 solution. Comparison of photo-response
of the In2S3 films subjected to texturing showed that, films
etched in the HF:HNO3 solution with ratio 1:2 had maximum
photo response. Samples etched in other solutions exhibited
lower photo-current. The surface morphology of samples
etched in 1:3 HF:HNO3 solution may be leading to shunts in
the hetero-structure because of which we could not record
any photovoltaic activity in cell structure C3. Based on the
study it could be concluded that, treatment of the Cu2O/In2S3
hetero-structure in the HF:HNO3 solution resulted in the
improved photovoltaic effect. The role of HF:HNO3 could be
assumed to be twofold: primarily it resulted in surface
texturing which lead to decreased reflectance from the front
surface of the solar cell and secondly it improves the minority
carrier lifetimes which leads to increase in open circuit voltage
for this solar cell. It has been demonstrated for Si solar cells
that increase in carrier lifetime leads to increase in open
circuit voltage [28].

4. Conclusions

A simple and economic route to fabrication of thin film
solar cells has been demonstrated in this work. A new

Table 1
Electrical parameters of the Cu2O/In2S3 solar cells.

Voc (mV) Jsc (mA/cm2) FF (%) Area (cm2) Rs (Ω)

C1 304 0.111 19.38 1 890
C2 377 0.118 33.34 1 640

Fig. 7. External quantum efficiency for solar cell C2.

Fig. 8. AFM images of In2S3 films: (a) un-etched, (b) etched in HF:HNO3 solution in ratio 1:2 and (c) etched in HF:HNO3 solution in ratio 1:3.
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structure based on the Cu/Cu2O/In2S3/Ag hetero-structure
for photovoltaic applications has been experimented with
and it has been found to be a good candidate for low cost
thin film solar cells. Cu substrates can be made of any
thickness and hence this structure can be exploited to
make flexible solar cells. The best cell obtained had an
open circuit voltage of 377 mV, short circuit current
density of 0.118 mA/cm2 and fill factor of 33.34%. The
photovoltaic parameters obtained here have ample scope
for improvement considering the performance of other
Cu2O and In2S3 based solar cells reported in literature.
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a b s t r a c t

Co–Fe–Si based films exhibit high magnetic moments and are highly sought after for applications like soft
under layers in perpendicular recording media to magneto-electro-mechanical sensor applications. In
this work the effect of annealing on structural, morphological and magnetic properties of Co–Fe–Si thin
films was investigated. Compositional analysis using X-ray photoelectron spectroscopy and secondary
ion mass spectroscopy revealed a native oxide surface layer consisting of oxides of Co, Fe and Si on the
surface. The morphology of the as deposited films shows mound like structures conforming to the
Volmer–Weber growth model. Nanocrystallisation of amorphous films upon annealing was observed by
glancing angle X-ray diffraction and transmission electron microscopy. The evolution of magnetic
properties with annealing is explained using the Herzer model. Vibrating sample magnetometry
measurements carried out at various angles from 01 to 901 to the applied magnetic field were employed
to study the angular variation of coercivity. The angular variation fits the modified Kondorsky model.
Interestingly, the coercivity evolution with annealing deduced from magneto-optical Kerr effect studies
indicates a reverse trend compared to magetisation observed in the bulk. This can be attributed to a
domain wall pinning at native oxide layer on the surface of thin films. The evolution of surface magnetic
properties is correlated with morphology evolution probed using atomic force microscopy. The
morphology as well as the presence of the native oxide layer dictates the surface magnetic properties
and this is corroborated by the apparent difference in the bulk and surface magnetic properties.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soft magnetic thin films are a hot topic of research due to their
wide ranging applications in various fields such as magnetic
recording, MEMS, sensors, etc., [1–3]. Soft magnetic properties
are related to various factors such as alloy composition, nature of
magnetic phase, crystal structure, crystal size and annealing
conditions. In this context, Co–Fe based materials assume impor-
tance, owing to their high saturation magnetization and promising
high frequency characteristics. The Co70Fe30 composition is ther-
modynamically stable in the bcc crystal structure [4]. This compo-
sition [4] is close to the maximum of spin polarization and
possesses the maximum magnetic moment, as shown by the
Slater Pauling curve [5]. Combination of these properties makes
compositions near to Co70Fe30 suitable for various applications
such as spin injection systems in spintronic devices [6].

Si can be added to Co–Fe alloys to facilitate amorphisation as well
as to tune the magnetic properties. If the material can be tailored in to
nanocrystalline thin films then they can be integrated in microelec-
tronic devices. Co–Fe/Co–Fe–Si based metallic glasses are available
commercially and these materials can be processed itnto nanocrystal-
line form by thermal annealing and they possess excellent soft
magnetic properties, suitable for applications in transformer cores
and magnetic shielding. Amorphous thin films of Fe–Ni/Fe–Ni–B
which were subsequently processed into nanocrystalline form by
annealing were recently reported [7–13]. However amorphous/nano-
crystalline thin films of Co–Fe–Si have not been studied in detail or are
seldom reported. Hence a detailed investigation of the nanocrystalli-
zation and change of magnetic properties of Co–Fe–Si thin films with
thermal annealing was conducted.

Co–Fe thin films are usually prepared on different seed layers to
reduce their coercivity. Thomson et al. reported coercivity of 16 Oe
for Co–Fe films grown on Au/MgO seed layers [14]. Platt et al.
reported coercivity of 12 Oe for Co–Fe films deposited on CoO.
They showed that domain walls in the soft films have relatively
large mobility in response to changing magnetic fields below the
nominal Hc. They also attributed the observed low coercivity values
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to the averaging of the high anisotropy energy [15]. Vopsaroiua
et al. reported the dependence of coercivity on grain size for 20 nm
Co–Fe thin films prepared by sputtering. They observed a reduction
in the coercivity from 120 Oe for samples with a mean grain size
larger than 17 nm down to 12 Oe for a sample with a mean grain
size of 7.2 nm [16]. Ji reported the growth and physical properties of
epitaxial Co70Fe30 thin films on Si substrate with a TiN buffer layer.
They also reported that the films prepared at 450 1C exhibit a biaxial
stress up to 0.52%. The films were reported to have a small in-plane
biaxial anisotropy, low coercivity of 23 Oe for film thickness greater
than 30 nm [17]. In the above mentioned investigations, the
magnetic properties were explained using the Random Anisotopy
model (RAM) initially proposed by Alben et al. [18] and modified by
Herzer [19]. According to Herzer, excellent soft magnetic properties
can be realized, if the size of the individual magnetic domain is
reduced to the exchange coupling length (Lex). The subsequent
exchange coupling results in very low local anisotropies and
demagnetization effect. Hence for a large number of exchange
coupled nanocrystalline grains, the local anisotropy K1 is small,
resulting in lowering of coercivity. Thus, Co–Fe films can be
prepared with very low coercivity by the deposition of an under
layer or upper layer of an cobalt ultrathin cobalt oxide. Most of the
earlier reports focus on the bulk magnetic property of films, probed
using VSM. Hence, detailed investigations, comparing, the surface
and bulk magnetic properties of Co–Fe–Si thin films are yet another
motivation for this work.

There are several reports on the magnetization reversal mechan-
ism in soft magnetic thin films [6,17]. The Stoner–Wolfarth model
based on coherent rotation [20] and the Kondorsky model based on
domain wall motion/unpinning [21] are the two important models
used for explaining the angular variation of coercivity. Even though
one expects structures with sizes below the single domain size to
obey the coherent rotation model, size dependent behavior was also
observed [22]. In most ferromagnetic materials magnetization reversal
is affected by domain nucleation and growth. In the coherent rotation
model one assumes that the magnetic vectors rotate collectively with
the applied field before reaching saturation. In contrast, the Kondorsky
model assumes that magnetization reversal is primarily affected by
nucleation and growth of reverse domains or the strong pinning of
domains at local defects and inhomogeneities and predicts a 1/cos θ
dependence of coercivity, where θ is the angle between the easy axis
and the applied magnetic field. The Herzer model predicts similar
coercivity variations for magnetization reversal by coherent rotation
and domain wall motion/unpinning models [19].

Even though the Kondorsky model was originally derived for
explaining the angular variation of coercivity in hard magnetic
materials [21], similar behavior has been observed in many soft
magnetic systems [23,24]. Thomson et al. [25] reported that the
magetisation reversal of large soft magnetic islands of Co–Pt takes
place by nucleation of a 1801 reverse domain, followed by the spread
of a domain wall throughout the islands. Delalande et al. observed
the Kondorsky type angular variation of reduced coercivity in soft
magnetic Co–Pt systems with perpendicular anisotropy [26].
Streubel et al. modeled the angular variation of magetisation reversal
in Fe–Ni caps by the modified Kondorsky relation [27]. Spiridis et al.,
based on magnetic studies conducted on Co thin films of various
thicknesses, reported that as film thickness decreases, the magetisa-
tion reversal mechanism can change from coherent rotation to
domain wall movement [28]. Liu et al. reported the Kondorsky type
dependence in cobalt thin films [29]. The in plane easy axis coercivity
variation with grain size in [15–17] Co–Fe thin films was explained
using the Herzer model. However no systematic investigation regard-
ing the easy to hard axis magnetization reversal of Co–Fe-Si thin films
has been reported in the literature. Hence investigations on the
angular variation of magnetization reversal in Co–Fe–Si thin films
assume significance.

We report the deposition of magnetic thin films of Co–Fe–Si on
glass and NaCl substrates and the evolution of their magnetic proper-
ties with thermal annealing. The films exhibit onset of nanocrystalli-
sation and grain growth with annealing. Further the morphology
shows a profound change with annealing which is reflected in change
in surface magnetic properties investigated using the magneto-optical
Kerr effect (MOKE). The Herzer model is invoked to explain the
observed soft magnetic properties of ultra-thin magnetic films. The
angular variation of coercivity from in plane to out of plane shows an
inverse cosine relationship exhibiting a Kondorsky type variation. The
magnetization reversal is primarily governed by the pinning of
domains at local defects.

2. Experimental

Thin films were vacuum evaporated using tungsten filaments
at a vacuum of 10−6 Torr on NaCl and chemically cleaned glass
substrates. A composite target with a composition corresponding
to Co69Fe4Ni1Mo2B12Si12 was used for evaporation. Samples depos-
ited on NaCl were used for TEM analysis. The thicknesses of
the deposited films were determined using a Dektac 6M Stylus
Profiler. The thin film samples were annealed at 100, 300 and
400 1C for 1 h under a high vacuum of 10−6 Torr to avoid possible
surface oxidation. GXRD measurements were carried out on
the annealed and pristine samples using a Bruker D8 Discover
diffractometer with monochromatic Cu Kα X-rays at a grazing
incidence angle of 0.51 and wavelength 1.5414 Å. XPS study of the
films deposited on float glass substrates was performed with an
Omicron Nanotechnology XPS system with monochromatic Al Kα
radiation (hυ¼1486.6 eV) of source voltage 15 kV and emission
current of 20 mA. All scans were carried out at an ultrahigh
vacuum of 1.5�10−10 Torr. The obtained XPS spectra were decon-
voluted and quantified using Casa XPS program (Casa Software
Ltd., UK), in which the background was simulated using the Shirley
function and the peaks were fitted using a Gaussian Lorentzian
function. The spectrum recorded was corrected using the binding
energy of adventitious carbon at 284.6 eV and the accuracy of
the measured binding energy values is estimated to be 70.2 eV.
The elemental composition of the sample is extracted from
the wide scan, while the individual element peaks were analyzed
to obtain the chemical composition. As charging effects are
unavoidable in the XPS study of thin films deposited on non-
conducting samples, charge compensation was performed by
electron gun flooding. The nanoscale imaging was performed
using atomic force microscopy (AFM) (Digital Instruments Nano-
scope V) in the tapping mode, using ultrahigh resolution canti-
levers made of tungsten having radius of less than 1 nm and force
constant of 46 N/m. Room temperature magnetization measure-
ments were carried out using VSM (DMS 1660 VSM) with field
varying from −10 to +10 kOe. The angular variation of magnetiza-
tion is recorded by measuring the magnetization with the sample
positioned at different angles with respect to the applied field.
When the field is along the plane of film the angle is 01 and out of
plane the angle is 901. The surface magnetic properties were probed
using a MOKE setup, operated using a red laser with 6328 Å
wavelength from a He–Ne laser source. The loops were recorded
with a magnetic field applied along the in plane direction.

3. Results

3.1. Composition analysis

The average thickness of the films was found to be 54 nm using
the stylus profilometer.
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The XPS studies (Fig. 1) conducted on the prepared thin films
clearly show the presence of cobalt, iron, oxygen, silicon and boron.
Quantification of the spectra of as prepared sample suggested that
the surface has a composition of 43.84 wt% Co, 24.50 wt% Fe, 1.36 wt
% Si, 3.6 wt% B and 26.70 wt% O. The XPS spectra recorded after
further sputtering by Argon ions with energy 3 keV for 30 min (Fig.
1) show a composition of 64.64 wt% Co, 30.60 wt% Fe, 0.34 wt% Si,
0.02 wt% B and 4.40 wt% O. In short the above analysis shows that
the pristine film has a native oxide layer of oxides of Co, Fe, and Si
and a small percentage of B (slow scan spectra is available as
supplementary material).

3.2. Structural analysis

The GXRD pattern of the pristine sample (Fig. 2a) show a broad
peak at 44.41 indicating the absence of long range ordering. This is
unexpected since Co1−xFex alloy was reported to have good
crystalline nature over the entire compositional range. Our result
can be explained by assuming that the film is composed of
nanocrystalline grains dispersed in an amorphous matrix [7]. It
should also be borne in mind that the film contains small amounts
of silicon and boron which are the elements typically used in
metallic glasses to facilitate the formation of amorphous structure.

The samples show crystallinity with annealing which is evident
from Fig. 2b–d which corresponds to films annealed at temperatures
of 100 1C, 300 1C and 400 1C. The peak at 44.41 has a d spacing of
2.04 Å. The film annealed at 100 1C, 300 1C and 400 1C shows crystal-
lites with sizes of 5.3 nm, 11 nm and 19.1 nm respectively. The
crystallites were found to be made up of Co–Fe by GXRD and TEM
measurements and the results were communicated elsewhere.

3.3. Morphology analysis

The magnetic properties of thin films are dependent on the
morphology and AFM is a powerful tool for investigating this aspect.
The recorded image was subjected to various analyses to obtain
information regarding average roughness (Ra), root mean square
roughness (Rq), skewness, and power spectral density (PSD). Ra
represents the mean value of the surface height with respect to a
center planewhereas Rq is the standard deviation of the surface height
within the given area [30]. PSD can provide information regarding
short and long wavelength ordering in the sample.

The Ra, Rq and Sku values derived from the AFM (Figs. 3 and 4) for
the substrate and the pristine as well as annealed films are tabulated
in Table 1. The substrate has some uneven surface features with an
average roughness of 0.94 nm and root mean square roughness of
1.19 nm typical for float glass substrates. The Ra and Rq of Co-Fe-Si thin
films gradually reduce upon annealing. This is possible since the films
are annealed in high vacuum, the native oxide layer may have
smoothened out by diffusion and possibly reduced in thickness due
to oxygen depletion. The skewness (Sku) value of glass substrate is
nearly zero implying uniform distribution of surface features. As
deposited film shows a Sku value of 0.56 nm suggesting the presence
of a wide distribution of small mounds/peaks on the surface. Annealed
samples exhibited an increase in Sku value whereas the roughness
decreases. This suggests the formation of larger flat structures on the
film surface which can simultaneously reduce roughness and increase
Sku. The increase in the Sku value with annealing indicates the
presence of surface structures, perhaps due to grain coarsening and
surface diffusion resulting from annealing. Analysis of XPS spectra of
the sample annealed at 300 1C (not included in this manuscript) also
showed that the wt% of Co is 40.67, Fe is 39.9, O is 16.91, Si is 2.9 and B
is 0.25. Compared to the unsputtered sample the annealed sample has
37% less oxygen and 60% more iron on the surface. The surface also
shows more silicon and less boron content. Thus it can be assumed
that surface smoothening is driven by the increased presence of silicon
and iron on the surface and oxygen depletion resulting from vacuum
annealing.

3.4. Bulk magnetic studies using VSM

The magnetic properties of soft magnetic thin films depend on
various properties such as morphology, magnetostriction,
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(d) 400 1C. Fig. 3. 3D AFM image of glass substrate.
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magnetic anisotropy, stress, volume fraction of the precipitates
and composition.

Fig. 5 shows the variation of coercivity with annealing tempera-
ture, measured along the in plane direction. The variation in coercivity
can be attributed to the structural as well as morphological changes in
the sample with annealing. The coercivity of the pristine film is only
23 Oe. The coercivity shows an initial decrease to 20 Oe at 100 1C
annealing due to stress relaxation. As the film is annealed at 300 1C
and 400 1C the coercivity shows a gradual increase from 40 to 69 Oe.
This can be explained in light of the crystal size increase observed
from GXRD.

4. Discussion

4.1. Surface evolution during annealing

The morphology of the as deposited films show mound like
structures which suggests the growth mode of films is the
Volmer–Weber or island like. It is clear from the 3D AFM that, as
the films are annealed from 100 1C to 400 1C the mound like
structures progressively decreases, possibly due to surface
smoothening resulting from surface diffusion of adatoms.

The 2D PSD of the bare glass substrates as well as pristine and
annealed samples are shown in Fig. 6. The slopes of the PSD
spectrum in the high frequency region obeys a power law with slope
4.42, 5.42, 5.38, 5.94, 6.02 for bare glass, pristine film and films
annealed from 100 1C, 300 1C to 400 1C, respectively. The negative
slope of the high frequency region δ is related to the roughness
exponent α by the relation α¼ δ−d=2, where d is the dimension from
which PSD is extracted [31]. In this work d¼2 which yields α values
of 1.21, 1.71, 1.69, 1.97 and 2.01 for bare glass, pristine film and films
annealed from 100 1C, 300 1C and 400 1C respectively. The values
show a progressive increase except for the pristine film. The Ra and Rq
values show a decreasing trend with annealing whereas the rough-
ness exponents show the reverse trend.

The observed α values are quite different from the Kadar Parisi
Zhang (KPZ) model which predict a value of α∼0.4. [32]. These
exponents values can be interpreted using the Wolf–Villian linear

Fig. 4. 3D AFM image Co–Fe–Si films (a) pristine, (b) annealed at 100 1C, (c) annealed at 300 1C and (d) annealed at 400 1C

Table 1
Average roughness (Ra), root mean square roughness (Rq) and Skewness (Sku)
values derived from the AFM images for the substrate and the pristine as well as
annealed films.

Sample Rq (nm) Ra (nm) Skewness (nm)

Glass substrate 1.19 0.94 0.16
Pristine 3.46 2.76 0.56
Annealed at 100 1C 2.68 1.95 1.29
Annealed at 300 1C 2.21 1.59 1.72
Annealed at 400 1C 1.11 0.748 2.39
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Fig. 5. Variation of coercivity with annealing temperature for Co–Fe–Si films from
VSM measurements
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diffusion model [33]. According to their model ∂h=∂t ¼ RD−υ∇4hþ η
where the function h(x,y) represents the surface height at points x and
y. RD is the deposition rate which also represents the coalescence/
diffusion rate at the surface, υ is a constant and η represents the
roughening process with stochastic features. The above equation
describes the surface evolution as a competition between kinetic
roughening, diffusion driven smoothening and grain coalescence.
υ∇4h represents the surface smoothening by diffusion. This model
gives a roughness exponent of α¼1. The α values greater than 1 usually
indicate the existence of nonlinear effects. Nonlinear diffusion effects
can be incorporated into the equation by adding the nonlinear
diffusion factor λ∇2ð∇h2Þ, where λ is a constant related to the growth
velocity [34]. This newly inserted nonlinear term takes care of
particles that moved to overhangs at the sides of high steps. This
new equation predicts roughness exponent values close to 1.5 which
is close to the values observed by us in this study. This suggests the
possible existence of nonlinear diffusion effects in the system during
annealing. This also suggests that the diffusing atoms are preferen-
tially deposited over the valleys, resulting in the film smoothening. As
the films are annealed from 100 to 400 1C the roughness exponent
increases from 1.69 to 2.71, suggesting the existence of nonlinear
surface diffusion effects in the system, leading to surface smoothening.
The PSD also shows a small change in slope after q values of 100,
which can be ascribed to the fact that the resolution of AFM tip
corresponds to a q value of 100 and hence the change in slope after
100 may be due to possible tip artifacts.

4.2. Exchange averaging and 2D-Herzer model for coercivity
evolution in film plane

Fig. 5 is similar to the variation reported for the Random
Anisotropy model (RAM). The low values of coercivity and aniso-
tropy along the in plane direction suggest exchange averaging. The
change in coercivity with crystal size can be modeled by RAM
[18,19]. Fenineche reported that Co–Fe alloy films obey RAM [35].
According to RAM, the exchange averaged anisotropy is given by
Eq. (2). The parameter A represents the exchange stiffness constant
and K1 the uniaxial anisotropy. The exchange correlation length is
given by

Lex ¼
ffiffiffiffiffiffi
A
K1

s
ð1Þ

〈K〉¼ K4
1

A3 D
6 ð2Þ

implying that the mean anisotropy is proportional to the sixth root
of the average crystal size. It follows that for DoLex

Hc ¼ pc〈K〉
Ms

¼ pc
K4
1D

6

MsA
3 ð3Þ

Also for D≅Lex

Hc ¼ pcK1

Ms
ð4Þ

In the above equation pc acts as a fitting parameter and Ms is
the saturation magnetization. These equations are derived assum-
ing a three dimensional material of volume L3ex. Inserting typical
values Ku≈0.27 kJ/m3and A≈9.11�10−14 J/m2 for Co–Fe in Eq.
(1) gives Lex≈18.4 nm [16]. Hence in such alloys, if the crystal
separation is less than this ≈18.4 nm the anisotropies are averaged
out over several crystals and the sample exhibits good soft
magnetic properties. However, when one of the dimensions of
the material is restricted to values comparable to this typical
length scale the system can be approximated as a two dimensional
system and the relevant equations are

〈K〉¼ K2
1

A
D2 ð5Þ

Hc ¼
pc〈K〉
Ms

¼ pc
K2
1D

2

MsA
ð6Þ

All the parameters refer to the same meaning discussed earlier,
but they are now the two dimensional counter parts of the
corresponding three dimensional values. This equation suggests
that for ultra-thin films the D2 law should be used instead of the
D6 law [36].

The above equation suggests that ln(Hc) is directly proportional
to ln(D), under the assumption that saturation magnetization is
the same for all the samples. The linear plot of ln(Hc) is directly
proportional to ln(D) (Fig. 7) and confirms that coercivity indeed
obeys a D2 behavior rather than a D6 behavior. The as prepared
samples as well as samples annealed at 100 1C and 300 1C obey the
Herzer relation. They have crystal sizes less than the exchange
length of 18.4 nm. However the sample annealed at 400 1C has a
crystal size greater than the exchange length. This can account for
the deviation of the data point for the 400 1C annealed sample
from the linear plot of ln(Hc) versus ln(D). Vopsaroiua et al. also
observed a similar variation in Co–Fe thin films [16].
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4.3. Angular dependence of coercivity

The angular dependence of coercivity of the as prepared
sample is measured by rotating the sample and recording the
VSM loops at different angles. By convention it is measured in the
angular range of 901. The in plane hysteresis loop is nearly square,
suggesting that coherent rotation of domains or domain wall
motion as the dominant mechanism for magnetization reversal.
However as the angle changes to 101 and higher values, in addition
to domain wall motion a domain rotation process is also opera-
tional as seen from the inclination of the magnetization curve
before Ms is reached (Fig. 8). At 901 complete saturation cannot be
achieved even at the highest fields, suggesting strong uniaxial
anisotropy. This supports our use of the two dimensional RAM,
which assumes exchange averaging only along the two dimen-
sional surface of the film. It also suggests that magnetization
reversal along in plane and out of plane may be due to different
mechanisms. It is possible to elucidate the magnetization reversal
mechanisms from the angular plot of coercivity.

Generally there are two kinds of magnetization reversal
mechanisms (1) coherent rotation, modeled by the Stoner–Wohl-
farth (S–W) relation [20] and (2) domain wall motion, modeled by
the Kondorsky relation [21]. The angular dependence can also give
information about the isolation of crystals since the S–W relation
assumes that the crystals are well isolated.

In the case of well isolated crystals, when the field is along the
hard axis, the magnetization reversal is dominated by coherent
rotation as per the S–W equation.

HcðθÞ
Hcð0Þ ¼ ðcos2=3 θ þ sin2=3 θÞ−3=2 for angles 01≤θ≤451

HcðθÞ
Hcð0Þ

¼ sinðθÞcosðθÞ for angles 451≤θ≤901

When the magnetization reversal is caused by domain wall
motion/reverse domain nucleation, the coercivity follows the
Kondorsky model.

hcðθÞ ¼ HcðθÞ
Hc ð0Þ ¼ secðθÞ for 01≤θ≤901where Hcð0Þ is the intrinsic

coercivity along the easy axis and hcðθÞ ¼ Hc ðθÞ
Hcð0Þ is the coercivity

scaled with the easy axis.

In uniaxial media if the effect of pinning sites has a prominent
influence on magnetization reversal, a modified Kondorsky equa-
tion [25] can effectively model the reduced coercivity with the
angle as hcðθÞ ¼ hþ 1−h

cosðθÞ
When the field is applied out of plane, in the as prepared sample,

applied magnetic field of 6000 Oe is insufficient to overcome the

magnetic anisotropy field. The field reversal is a combination of
domain wall motion/unpinning. Along the out of plane direction, the
hysteresis loops toward the saturation end is inclined approximately
451 with coercivity of 260 Oe. This may be due to domain pinning
effects. The most probable origin of this domain pinning is the
presence of a surface oxide layer on top as well as the large surface
roughness of the film. The surface oxides can act as pining centers
that drag domains from rotating with the applied field. This is
manifested as the inclination of the hysteresis curve for the out of
plane loops. When the field is applied, the domain wall grows till
further alignment along the magnetic field is not possible without
domain rotation. According to the Kondorsky theory of domain-wall
pinning at a local defect, the coercivity scales as the inverse of the
cosine when domain walls grow around a local defect in the process
of domain expansion [37].

Fig. 9 shows the variation of scaled coercivity with the angle that
the applied field makes with the easy axis. The points suggest a
sinusoidal behavior. The red line is the fit of the data points with
the modified Kondorsky model. Good fit of the data points indicates
that the domain reversal mechanism is primarily Kondorsky type
domainwall unpinning from a local defect. As discussed in Section 3.1,
the Co–Fe–Si films have a native oxide layer of Co, Fe and Si. The Co
and Fe oxides can act as pinning centers for the Co–Fe domains
residing underneath. Khan also observed a similar behavior in
Cu-capped ultrathin Co films [38].
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Wei et al. report a mechanism to check the applicability of
Kondorsky model [39]. If the hysteresis loops were plotted by
scaling the x-axis by H cos(θ) for the loops taken at different
angles, all the loops should coincide. In our case all loops (Fig. 10),
except 01 and 901 coincide with the loop taken at other angles.
This provides another proof for the dominance of domain wall
motion/unpinning in magnetization reversal. However the in
plane loop and out of plane loops do not fit into this category.
As the direction of applied field changes from in plane, the
magnetization, in addition to the dominant domain wall motion,
has to rotate to reach saturation. This is visible by the presence of a
small inclination of the loop after remanence. The angular depen-
dence of M–H loops and the reciprocal cosine angle dependence of
coercivity clearly show the role of domain wall motion/unpinning
in magnetization reversal.

The modified Kondorsky model reproduces the angular depen-
dence of coercivity. However the model is developed on the
assumption of a strongly pinned domain before magnetization
switching. Rather than pinned domains, incoherent rotation of the
domains is a more realistic description of the observed angular
dependence. Further the Kondorsky model is generally valid for a
continuous film whereas in this work the films, even though
continuous, exhibit an island like growth behavior [26]. Uesaka
et al. earlier reported that a non-uniform magnetic anisotropy
across a particle can produce an asymmetric angular dependence
of switching field [40] Spiridis et al. and Kisielewski et al. reported
the existence of domain wall motion in magnetization reversal of
ultrathin cobalt films [28,41]. Ji also reported the contribution of
domain wall motion to magnetization reversal for 10 nm Co70Fe30
films along the (100) axis [17]. Chang et al. reported that, Co when
exposed to oxygen, can alter its electronic density of states, stress
anisotropy and domain wall motion during magnetization reversal

[42]. Thus the ultrathin oxide layer serves to pin the magnetic
domains of Co–Fe forcing the magnetic reversal mechanism to be
domain wall unpinning. This effect is prominent along the out of
plane direction.

4.4. Surface magnetic properties

The MOKE hysteresis loops (Fig. 11) show almost square loops
with squareness nearly equal to one. However the coercivity
evolution (Fig. 12) with annealing temperature from MOKE shows
a reverse trend as compared to the bulk VSM loops (Fig. 5). The
XPS analysis shows that the films have a thin native oxide layer of
iron and cobalt. This oxide layer with a large roughness offers very
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high resistance to domain rotation. The as prepared film has a very
high roughness of 3.46 nm. As the film is annealed at 100 1C and
300 1C the roughness values changes from 2.68 nm and 2.21 nm
respectively. This suggests possible surface smoothening, anneal-
ing out of pinning sites and decrease in thickness of the oxide
layer. This can account for the decrease in coercivity.

However, the loop for 400 1C annealed sample is not saturating
even at 1000 Oe. Further the shape of the loop suggests that in
addition to domain wall motion, domain rotation is also operating.
The anisotropy field is also very large. This increased coercivity
may be due to the presence of elemental cobalt near the surface.
The penetration depth of light is estimated to be o10 nm in
metals [43]. Hence it can be expected that the MOKE signals carry
magnetic polarization information from the oxide layer as well as
the Co–Fe–Si under layer. Since the probing depth of XPS is ∼3 nm
we can conclude (see supplementary material) that elemental
cobalt exists within 3 nm from the surface either as Co or as Co–Fe.
Jergel reported such an increase in coercivity for cobalt thin films
annealed at 400 1C and explained it by assuming the formation of
hcp cobalt crystals [44].

5. Conclusions

Co–Fe–Si thin films prepared by employing thermal evapora-
tion were found to have a native oxide layer on its surface.
Annealed thin films were found to behave according to the Herzer
model, except for the 400 1C annealed sample. The samples
annealed at 400 1C have crystals with a mean size greater than
the exchange length, hence possess large coercivity due to the
absence of exchange averaging. The angular dependence of coer-
civity shows that the dominant magnetization reversal mechanism
is domain wall unpinning in accordance with the modified
Kondorsky model. The bulk and surface magnetic properties were
found to be different owing to the presence of a thin oxide layer on
the film surface. There is further scope for a detailed investigation
comparing the effect of nonmagnetic metallic layers on the surface
and bulk magnetic properties of Co–Fe–Si thin films.
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INTRODUCTION

At present time there is a rising demand for new materials
to be used for device fabrication in optical communications
and photonics technology. They must meet stringent require-
ments of composition, purity and microstructural properties,
which demand sophisticated processing. Advanced materials
processing must lead to optimal properties such as fine particles,
controlled chemistry, homogeneity etc. Recent research reports
show a large-scale utilization of chemical processing tech-
niques to produce such high performance materials. Sol-gel
methods are extensively used for the preparation of optical
materials by incorporating different cations or molecules in a
silica host1,2. First row transition metal ions3,4 and rare earth
ions5,6 have been utilized for this purpose. It was found that
during the gelation process metal ion can occupy different
valencies. The hydrolysis reaction creates the extreme chemi-
cal conditions leading to the changes of metal ion charges.
Different valencies have been observed for lanthanides like
Ce7 and Pr ions in silica sol-gel glasses8.

Chromium has long been used as a colouring agent in
glass, but the limited solubility of chromium oxide in glasses
restricts its applications9. The chromium ion is likely to play
an important part in the development of new solid state laser
materials because of its favourable absorption and emission
properties10. It is well known that the first laser in history was
made of ruby, of which the lasing ion is Cr3+ 11. The first solid
state tunable ionic laser, the Alexandrite laser is also activated
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with Cr3+ 12. It was also found that Cr4+ is an excellent lasing
ion in the near infrared13. Various types of Cr4+ lasers have
been developed14. More recently Cr2+ was found to lase when
doped into CdSe crystals15. Due to these reasons the study of
optical properties of crystals and glasses containing chromium
has received a new impulse connected both to the exploitation
of these materials as active media for infrared tunable laser,
luminescent solar concentrators and to the fundamental
understanding of the interaction between impurity and host
lattice16-18. Properties of the doped silica systems depend on
the local structure and bonding of the dopant cations19, a
detailed understanding of the local structure of the glass is
very important to fabricate material for optical applications.
In this communication, an attempt has been made to study the
variations in the coordination state and the valence state of
chromium during sol-to-gel and the gel-to-glass transformations.

EXPERIMENTAL

Silica sols containing 0.1 equivalent mol % Cr2O3 were
prepared from tetraethylorthosilicate (TEOS) (Fluka purum
grade), Cr(NO3)3.9H2O (Merck), doubly distilled deionized
water and high purity HNO3 and NH4OH. The desired amount
of Cr(NO3)3.9H2O dissolved in deionized water in the presence
of HNO3 was poured in TEOS under stirring at room tempe-
rature. The TEOS/H2O/HNO3 molar ratio was 1:14:0.01. The
pH of the sols was adjusted to a value of 3 by adding NH4OH.
The sols were cast in petri dishes. The gels were aged for

http://dx.doi.org/10.14233/ajchem.2013.14612



one week at room temperature. Transparent crack free dried
monolithic gels were obtained after drying for 14 days in air
oven at 60 ± 2 ºC. The gels were heated at different temperatures
ranging from 200-900 ºC in a programmable furnace with the
rate of 3 ºC/h. Transparent crack free and bubble free gels
(diameter 30-35 mm, thickness 2-2.5 mm) were reproducibly
obtained. Optical spectra of the gels and heat treated samples
were recorded with UV-visible spectrophotometer (Shimadzu-
UVPC 2401). Room temperature ESR spectra were obtained
by a Varian model E-109C spectrometer. Densities of the
samples were measured by means of Archimedes principle.

RESULTS AND DISCUSSION

Optical absorption studies: The optical absorption spectra
of the gel and the heat-treated specimens are shown in Fig. 1.
The visible absorption bands observed in the spectra of the
60 ºC dried gels are due to the octahedraly coordinated Cr3+.
The absorption bands at 380-420 nm and 570-600 nm are
attributed to 4A2→

4T1 and 4A2 → 4T2 transitions respectively10.
The bands were shifted towards the shorter wavelengths
compared to those of the [Cr(H2O)6]3+ and Cr doped silica gels4.
A significant decrease in the 10 Dq value (580 nm) was observed
indicating a decrease in the ligand field strength. It is inferred
that silanol groups in siloxane oligomers formed in the sol can
coordinate with Cr3+ ions along with H2O and NO3

–. However the
size of the oligomers is so large that they cannot approach the
Cr3+ ion very closely leading to less overlap between the 3d
orbitals of the Cr3+ ion and the 2p orbitals of the oxygen atoms
in the silanol. Consequently the 10 Dq value of the Cr3+ ion in
the silanol becomes relatively small. Only Cr3+ and no Cr6+

(ca. 345 nm) bands were observed for the gels.
The gels were heat treated to 900 ºC. With increase in the

temperature two features were observed in: (i) increase in UV
absorption with a shift of the absorption edge towards longer
wavelengths (the higher the concentration, the greater the shift),
(ii) a progressive disappearance of the band at 580 nm and a
consequent increase in the red transmission. These two features
are explained in the following discussion.

In the gel, siloxane network or SiO2 colloidal particle
connected with each other which cannot coordinate Cr3+ any
longer because of their too big size, leaving Cr3+ ions, H2O and
NO3

– ions in the pores. The Cr3+ ions are not incorporated into
the skeleton consisting of SiO4 tetrahedra in the gel but again
present as [Cr(H2O)y(NO3)6-y](y-3)+ complex. As the densification
of the gel proceeds, a condensation reaction between the silica
gel particles takes place. This reaction shrinks the bulk gel and
may yield some compressive stress at the [Cr(H2O)y(NO3)6-y](y-3)

complex. Subsequently the Cr-O bond is forced to shorten com-
pared to the [Cr(H2O)6]3+ complex. As a result the interaction
between the orbitals of the Cr3+ ion and the orbitals of the ligand
becomes large leading to the increase in the UV absorption with
a shift of the absorption edge towards longer wavelengths. As the
heat treatment temperature is increased the [Cr(H2O)y(NO3)6-y](y-3)+

complex reacts with the silica gel to release H2O and NO3
– ions

and Cr3+ ions are incorporated into the silica network. In other
words, the environment of Cr3+ ions approaches (Table-1) that
in the sodalime silica glasses (10 Dq = 15250 cm-1)20 or fused
silica (10 Dq = 16000 cm-1)17.

TABLE-1 
VALUES OF 10Dq FOR DIFFERENTIAL ENVIRONMENTS 

Specimen 10 Dq (cm–1) 
Ethanol solution 
Sol 
Gel 
Fused silica 
Soda lime silica 

17200 
16800 
17600 
16000 
15250 
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Fig. 1. Absorption spectrum of the gel and heat-treated specimen

Crystal field parameters: From the absorption and
excitation measurements, using the Tanabe-Sugano model a
complete level scheme of chromium in the gel host was
obtained. A direct indication of the value of the local field Dq
can be derived from the average peak energy of the 4A2→

4T2

transition

( )
10

)A(ETE
Dq 2

4
b2

4
a −

= = 213.14 meV (1)

More over from the average peak energies of the 4A2→
4T2

and 4A2→
4T1 transitions the Racaah parameter B can be evalu-

ated21. Indeed B and Dq are related through the equation:
( )

x10x

8x15

B

Dq
2 −

−
= (2)

Where the parameter x is defined by the following equation:

Dq

)T(E)T(E
x 2

4
a1

4
a −

= (3)

From the experimental results one obtains:
x = 3.91 (4)

B= 82.74 meV (5)
The Tanabe-Sugano diagram of Fig. 2 shows the dimen-

sional values (eV) of the ordinate scale because it has been
drawn with the above value of B.

The 4T2 transition directly gives the value of the crystal
field strength for the d3 system in octahedral symmetry. The
values of the crystal field strength Dq and the Racaah
parameter were calculated using the eqns. (1-3). Ilse and
Hartman22 have shown that for octahedral coordination

5

4

R

r

3

eq5
Dq10 �

�

�
�
�

�
≈  where r is the nucleus to electron distance,

R is the ion-ligand distance, e is the electronic charge and q is
the effective charge on the ligand. Changes during heat treatment
can only affect the Cr-O distance or the effective charge of the
surrounding oxygen ions. The functional dependence of Dq on
R and q indicates that changes in the Cr-O distance should be
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Fig. 2. Cr3+ levels in octahedral symmetry

more important than changes in the effective charge of the ligand.
The effect of composition on the Racaah parameter B gives
additional information on the nature of chromium sites. The
reduction of B from its free ion value 918 cm-1 when the ion is
placed in a matrix (solid) reflects the presence of some covalent
bonding in the chromium complexes23.

Electron spin resonance analysis: The ESR measure-
ments were reported for many Cr-doped systems4,24. Assign-
ment of ESR spectra measured in glasses is sometimes rather
complex. The ESR lines in glasses doped with Cr ions may be
interpreted as resulting from Cr ions with different valencies
as well as resulting from possible different resonance centers17.
For example the vacancy centers accompanying the doped ions
replacing non-equivalent atoms in the host material. The reso-
nance line has a characteristic shape of ESR spectra measured
for paramagnetic ions in crystalline fields with axial symmetry
and with random orientations of their nearest polyhedra relative
to external magnetic field (powder like)24. Effects on the dopant
charge distribution, Cr3+, leads to distinct ESR spectra. The ESR
spectra of 0.1 mol % is shown in Fig. 3. The broad and sharp
resonance signal appears at geff = 1.97 (Lande g factor), which
are attributed to Cr3+ ions and Cr5+ ions4. Sharp signals observed
at geff = 1.97 confirmed the presence of Cr5+ ions in the system.
Comparing the spectra for the gels and heat-treated specimens
it can be concluded that the concentration of Cr5+ ions increased
with increase in heat treatment temperature. In the gel, only the
signal due to Cr3+ is observed, which is in agreement with the
optical absorption measurements. In contrast the sharp peak
due to Cr5+ ions is dominant when the specimens were heat
treated at higher temperatures.

Nature of Cr valence states in silica gel glass: The
oxidation state of chromium in sol-gel glasses as well as its
coordination number is controversial. Dependencies on the
heat treatment temperature and the final pH value of the
chromium ions could be incorporated as Cr3+, Cr5+ and Cr6+ in
gel matrix10. With increasing temperature the conversion of
Cr3+ → Cr6+ is promoted. On the other hand the increase of the
pH value causes an increase of Cr5+ content. Other studies
have postulated existence chromium in the sol-gel glass at 4+
oxidation state7. The experimental conditions applied in our
synthesis should lead to the formation of the chromium ions
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Fig. 3. ESR spectrum of the 0.1 mol % gel and heat-treated specimens

at the highest oxidation states in spite of the fact that the starting
substances contain the Cr2O3 oxide. The obtained Cr-doped
silica gel exhibits the absorption spectrum consisting of a struc-
tureless diffusive contour in the range 400-700 nm. The shape
of this spectrum does not resemble that for typical Cr3+ doped
glass. The crucial role in the doped silica gel glass is played
by the charge compensation effect on the rule of the radius
ratios ρe = rH/r0, the effective ionic radius extracted from
Shannon's original work25. The effective ionic radius re of Cr6+

in four-fold coordination is 0.26 Å being the same as for SiO4+

(0.26 Å). Therefore the substitution of the Si4+ in tetrahedral
site by Cr6+ is highly favourable even in the high covalency of
Cr(VI)-O bonds. In such a case the charge compensation of
the CrO4

2- situated at SiO4
4- site is realized intrinsically by the

formation of Si vacancies. One Si vacancy can compensate
two Cr6+ ions due to the four-fold valency. Therefore half of
the Cr6+ centers is compensated by the adjacent valency and
the other half is compensated non-locally, giving the remaining
electrons also to the Si vacancy complex and to the Cr6+-Cr5+

center.
The re(Cr5+) in four fold coordination is 0.345 Å and it is

much larger than that one corresponding to Si4+ (0.26 Å). A
similar situation takes place when the effective ionic radii for
these ions in six-coordination polyhedrons are compared.
re(Cr5+)CN=6= 0.49 Å and re(Si4+)CN=6 =0.40 Å. Therefore both
these substitutions of the Cr5+ into tetrahedral and octahedral
gaps are equally probable. The substitution of the Si(IV) in
tetrahedral sites by Al(III) (re = 0.39 Å), Fe (0.49 Å) Ge(IV)
(0.39 Å) and Cr(IV) (0.41 Å) is well known in silicates. The
relative stability of Cr5+ at the tetrahedral site as compared to
those at the octahedral ones could be due to the higher cova-
lency of the Cr(V)-O bonds in tetrahedral coordination24.

Conclusion

Porous sol gel matrices containing Cr3+ were prepared by
sol-gel process. Controlled heat treatment were given to the
prepared samples for densification. With increase in heat treat-
ment temperature higher oxidation states of chromium were
formed. The fresh silica-gel samples dried at 60 ºC contain
some amount of Cr3+. Heat-treated samples obtained under
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oxidative condition do not exhibit the presence of the Cr3+

ions in the absorption as well as ESR spectra. The presence of
the Cr3+ ions in the fresh samples is allowed because of the
OH– ions present in the silica gel. Heating at higher tempe-
rature shifts chromium ion to the higher valence states and a
progressive disappearance of the Cr3+. The rule of radius sup-
ports the existence of highest oxidation states of chromium in
the heat treated matrices.
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Abstract. In this paper, we introduce the concept of linear Čech closure spaces and establish
the properties of open sets in linear Čech closure spaces (LČCS). Here, we observe that the
concept of linearity is preserved by semi-open sets, g-semi open sets, γ-open sets, sgc-dense
sets and compact sets in LČCS. We also discuss the concept of relative Čech closure operator,
meet and product linear Čech closure operators. Lastly, we describe the Moore class on the
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1. Introduction

Closure spaces were introduced by Čech [3] and then studied by many authors like
Khampakdee [6], Boonpok [2], Roth [8] and etc. Čech closure spaces is a generaliza-
tion of the concept of topological spaces. Čech described continuity in closure spaces by
means of neighborhoods, nets and etc. Roth and Carlson [8] studied a number of sepa-
ration properties in closure spaces. Thron studied some separation properties in closure
spaces. Sunitha [9] studied higher separation properties in closure spaces. Chattopadhyay
[4] developed an extension theory of arbitrary closure spaces. The concepts of general-
ized closed sets and generalized continuous maps of topological spaces were extended to
closure spaces by Boonpok and Khampakdee [2].
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In this paper, we introduce and study the notion of linear Čech closure spaces. In
section 2, we quote the necessary preliminaries about Čech closure spaces, semi-open
sets, g-semi open sets, γ-open sets, sgc-dense sets, relative Čech closure operator, Moore
class and etc. Section 3 deals with linear Čech closure spaces (LČCS) together with its
characterization. In Section 4, we discuss the linearity of semi-open sets, g-semi open
sets, γ-open sets, sgc-dense sets and compact sets in a LČCS . Section 5 describes some
operations on LČCS like relative Čech closure operator, meet and product of closure
operators. In the last section, we proved the main result that the Moore class in an
idempotent T1 LČCS is a vector lattice.

2. Preliminaries

Definition 2.1 [3] LetX be a set and ℘(X) be its powerset. A function c : ℘(X) → ℘(X)
is called a Čech closure operator for X, if

(1) c(ϕ) = ϕ,
(2) A ⊆ c(A) for all A ⊆ X,
(3) c(A ∪B) = c(A) ∪ c(B) for all A,B ⊆ X.

Then, (X, c) is called Čech closure space or simply closure space.

If in addition c(c(A)) = c(A) for all A ⊆ X, then the space (X, c) is called a Kura-
towski (topological) space. Further, if for any family of subsets of X such as {Ai}(i∈I),
c(∪i∈IAi) = ∪i∈Ic(Ai), then the space is called a total closure space.

Definition 2.2 [3] A function c : ℘(X) → ℘(X) is called a monotone operator for X if

(1) c(ϕ) = ϕ,
(2) A ⊆ c(A) for all A ⊆ X,
(3) A ⊆ B ⇒ c(A) ⊆ c(B) for all A,B ⊆ X.

Then (X, c) is called monotone space.

Note that a subset A of a closure space (X, c) will be closed, if c(A) = A and open, if
its complement is closed, i.e. if c(X −A) = X −A. If (X, c) is a closure space, we denote
the associated topology on X by t, i.e. t = {Ac : c(A) = A}.

Definition 2.3 [9] A map f : (X, c) → (Y, c′) is said to be a c − c′ morphism or just a
morphism, if f(c(A)) ⊆ c′f(A).

Remark 1 [3]

(1) A mapping f of a closure space (X, c) onto another one (Y, c′) is a c−c′ morphism
at a point x ∈ X if and only if the inverse image f−1(V ) of each neighborhood V
of f(x) is a neighborhood of x.

(2) If f is a c − c′ morphism of a space (X, c) into a space (Y, c′), then the inverse
image of each open subset of Y is an open subset of X.

(3) If f : (X, c) → (Y, c′) is a morphism, then f : (X, t) → (X, t′) is continuous.

Definition 2.4 [9] A homeomorphism is a bijective mapping f such that both f and
f−1 are morphisms.

Definition 2.5 Let {(Xi, ci) : i ∈ I} be a family of closure spaces, X be the product of
the family {Xi} of underlying sets and πi be the projection of X onto Xi for each i ∈ I.
Then the product closure c is the coarsest closure on the product of underlying sets such
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that all the projections are morphisms.

Lemma 2.6 [3] A Čech closure space is a monotone space.

Definition 2.7 [8] Let (X, c) be a Čech closure space. If c(A) = A for all A ⊆ X, then
c is called the discrete closure operator on X. If c(A) = X for all A ⊆ X, then c is called
the trivial operator or indiscrete operator on X.

In a Čech closure space (X, c), c is finitely generated, if c(A) = ∪{c(a) : a ∈ A} for
any subset A of X.

Definition 2.8 Let (X, c) be a closure space and A be an arbitrary subset of X. Then
the Čech closure operator cA defined by cA(B) = A ∩ c(B) is called the relative Čech
closure operator on A induced by c.

The pair (A, cA) is said to be a closure subspace of (X, c). It is a closed (open) subspace
if A is closed (open) in (X, c).

Definition 2.9 [9] A closure space (X, c) is said to be compact, if every interior cover
of X has a finite subcover.

Remark 2 [9]

(1) Any image under a c-morphism of a compact space (X, c) is compact.
(2) If (Y, c) is a compact subspace of a Hausdorff closure space (X, c), then Y is

closed in (X, c).
(3) Every closed subspace of a compact closure space is compact.
(4) If (X, c) is compact and Y ⊆ X, then c(Y ) is compact.

3. Linear Čech closure spaces

Definition 3.1 Let V be a vector space and c be a closure operator on V such that

(1) c(A) + c(B) ⊆ c(A+B), ∀A,B ⊂ V ,
(2) λc(A) ⊆ c(λA), ∀A ⊂ V and for all scalars λ,

Then, c is called a Linear Čech Closure Operator(LČCO) and (V, c) is called a linear
Čech closure space (LČCS).

Example 3.2 The discrete Čech closure space defined on a vector space is a linear Čech
closure space. The indiscrete Čech closure space defined on a vector space is a linear
Čech closure space.

Proposition 3.3 Let V be a vector space and c be a closure operator on V . Then (V, c) is
a linear Čech closure space if and only if + : (V ×V, c×c) → (V, c) and λ· : (V, c) → (V, c)
for all λ ∈ K are morphisms, where (V × V, c× c) is the product closure space.

Proof. If (V, c) is a linear Čech closure space, it is clear from the axioms of LČCS
that the mappings + : (V × V, c × c) → (V, c) and λ· : (V, c) → (V, c) for all λ ∈ K
are morphisms. Conversely, assume that the mappings + : (V × V, c × c) → (V, c) and
λ· : (V, c) → (V, c) for all λ ∈ K are morphisms, where V is a vector space and (V, c) is
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INTRODUCTION

Closure spaces were introduced by E. Čech [1] and then
studied by many authors like Jeeranunt Khampaladee [4],
Chawalit Boonpok [2], David Niel Roth[7] etc.. Čech
closure spaces, is a generalisation of the concept of
topological spaces. T. A. Sunitha[8] studied on Čech clo-
sure spaces. The concepts of generalized closed sets and
generalized continuous maps of topological spaces were
extended to closure spaces by C. Boonpok and J. Kham-
paladee[2].Nithanantha Jothi and P. Thangavelu introduced
the concept of binary topology [10].

In this paper we extend the concept of Čech closure
spaces to Binary Čech Closure Spaces. Section 2 contains
the pre-requisites.

In Section 3 we introduce the concepts of Binary Closure
Operator, Binary Čech Closure Operator, induced closure
operators and establish the relation between them. We also

study the properties of b̌-closed sets and b̌-open sets. Sec-
tion 4 describes about b̌-semiopen sets, b̌-gamma opensets
and generalised b̌-semiopen sets.

Section 5 presents the operations union, composition
and intersection of Binary Čech closure operators.

PRELIMINARIES

Definition 1. [1] Let X be a set and ℘(X) be its powerset.
A function c : ℘(X) → ℘(X) is called a Čech closure
operator for X if

1. c(φ) = φ

2. A ⊆ c(A)
3. c(A ∪ B) = c(A) ∪ c(B), ∀A, B ⊆ X

Then (X, c) is called Čech closure space or simply
closure space.
If in addition

4. c(c(A)) = c(A), ∀A ⊆ X,
the space (X, c) is called a Kuratowski (topological)
space.
If further

5. for any family of subsets of X, {Ai}(i∈I ), c(∪i∈I Ai) =
∪i∈I c(Ai), the space is called a total closure space.

Definition 2. [1] A function c : ℘(X) → ℘(X)is called a
monotone(or simply closure) operator for X if

1. c(φ) = φ

2. A ⊆ c(A)
3. A ⊆ B ⇒ c(A) ⊆ c(B), ∀A, B ⊆ X
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Then (X, c) is called monotone(closure) space.
A subset A of a closure space (X, c) will be closed if
c(A) = A and open if its complement is closed, i.e. if
c(X − A) = X − A.
If (X, c) is a closure space, we denote the associated
topology on X by t . i.e. t = {Ac : c(A) = A}.

Lemma 3. [1] A Čech closure space is a monotone space.

Definition 4. [7] Let (X, c) be a Čech closure space,
c(A) = A, ∀A ⊆ X, then c is called the discrete closure
operator on X. If c(A) = X, ∀A ⊆ X, then c is called the
trivial operator or indiscrete operator on X.

Definition 5. [10] Let X and Y be any two non-empty
sets and ℘(X) and ℘(Y ) be their power sets respectively.
A binary topology from X to Y is a binary structure M ⊆
℘(X) × ℘(Y ) that satisfies the following axioms.

1. (φ, φ) and (X, Y ) ∈ M

2. If (A1, B1) and (A2, B2) ∈ M , then (A1 ∩ A2, B1 ∩
B2) ∈ M .

3. If {(Aα , Bα) : α ∈ �} is a family of members of M ,
then ( ∪α∈� Aα , ∪α∈�Bα) ∈ M.

If M is a binary topology from X to Y then the triplet
(X, Y , M) is called a binary topological space and the mem-
bers of M are called binary open sets. (C, D) is called
binary closed if (X \ C, Y \ D) is binary open.

The elements of X × Y are called the binary points of
the binary topological space (X, Y , M). Let (X, Y , M) be a
binary topological space and let (x, y) ∈ X×Y . The binary
open set (A, B) is called a binary neighbourhood of (x, y)
if x ∈ A and y ∈ B. If X = Y then M is called a binary
topology on X and we write (X, M) as a binary space.

Definition 6. [4] Let (X, c) be a closure space. A subset
A of X is called a semi open set if there exists an open set
G in (X, c) such that G ⊆ A ⊆ c(G). A subset A ⊆ X is
called a semi-closed set if its complement is semi-open.

Definition 7. [3] A non-empty subset D of V will be called
c-dense in (V , c) if c(D) = X.

Definition 8. [8] A map f : (X, c) → (Y , c′) is said to be
a c−c′ morphism or just a morphism if f (c(A)) ⊆ c′f (A).

Note: ℘(X) denotes the power set of a set X.

BINARY ČECH CLOSURE SPACE

Definition 9. Let X and Y be two sets. A function b̌ :
℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) is called a binary closure
(monotone) operator if
b̌(φ, φ) = (φ, φ)
(A, B) ⊆ b̌(A, B)
(A, B) ⊆ (C, D) ⇒ b̌(A, B) ⊆ b̌(C, D).
Then (X, Y , b̌) is called a binary closure (monotone) space.

Example 10. Let X = {0, 1, 2} and Y = {a, b}.
℘(X) = {φ, X, {0}, {1}, {2}, {0, 1}, {0, 2}, {1, 2}}
℘(Y ) = {φ, Y , {a}, {b}}
Let b̌ : ℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) be defined as
b̌(φ, φ) = (φ, φ)
b̌(A, φ) = (A, φ), ∀A ⊆ X

b̌(φ, B) = (φ, B) ∀B ⊆ Y

b̌(A, B) = (X, Y ), A 	= φ, B 	= φ Then b̌ is a binary
closure operator.

Definition 11. The binary closure operator is a Binary
Čech Closure Operator(BČCO) if it satisfies the property
b̌[(A, B) ∪ (C, D)] = b̌(A, B) ∪ b̌(C, D). Then (X, Y , b̌) is
called a Binary Čech Closure Space(BČCS).

Example 12. Let X = {0, 1, 2} and Y = {a, b}.
Let b̌ : ℘(X) × ℘(Y ) → ℘(X) × ℘(Y ) be defined as
b̌(φ, φ) = (φ, φ)
b̌({0}, φ) = ({0, 1}, {a})
b̌({1}, φ) = ({1}, {a})
b̌({2}, φ) = ({2}, {a})
b̌({0, 1}, φ) = ({0, 1}, {a})
b̌({0, 2}, φ) = (X, {a})
b̌({1, 2}, φ) = ({1, 2}, {a})
b̌(X, φ) = (X, {a})
b̌(φ, {a}) = (φ, {a})
b̌(φ, {b}) = ({0}, Y )
b̌(φ, Y ) = ({0}, Y )
b̌(A, B) = b̌(A, φ) ∪ b̌(φ, B), ∀A ⊆ X and ∀B ⊆ Y. Then
(X, Y , b̌) is a BČCS.

Remark 13. Example 10 is not a binary Čech closure oper-
ator since
b̌({0, 1}, {a}) = (X, Y ) 	= b̌({0, 1}, φ) ∪ b̌(φ, {a})

Definition 14. A set (A, B) ∈ ℘(X) × ℘(Y ) is b̌-closed if
b̌(A, B) = (A, B) and a set (C, D) is b̌-open if b̌(X \C, Y \
D) = (X \ C, Y \ D).
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Proposition 15. Let (X, Y , b̌) be a binary Čech closure
space. Then (φ, φ) and (X, Y ) are both open and closed.

Proof. b̌(φ, φ) = (φ, φ) So (φ, φ) is b̌-closed. Hence
(X, Y ) = (X \ φ, Y \ φ) is b̌-open.
Since (A, B) ⊆ b̌(A, B), ∀ (A, B) ∈ ℘(X) ×
℘(Y ), (X, Y ) ⊆ b̌(X, Y ). Also b̌(A, B) ∈ ℘(X) ×
℘(Y ), ∀ (A, B) ∈ ℘(X) × ℘(Y ). So b̌(A, B) ⊆ (X, Y )
and b̌(X, Y ) ⊆ (X, Y ). Thus we get (X, Y ) = b̌(X, Y ) i.e.
(X, Y ) is b̌-closed and therefore (φ, φ) = (X \ X, Y \ Y ) is
b̌-open. �

Definition 16. A binary Čech closure operator b̌1 is said
to be coarser than a binary Čech closure operator b̌2 on
the same sets X and Y if b̌2(A, B) ⊆ b̌1(A, B), ∀(A, B) ∈
℘(X) × ℘(Y ). Then we write b̌1 < b̌2.

The discrete closure operator given by b̌(A, B) =
(A, B), ∀(A, B) ∈ ℘(X) × ℘(Y ) is the finest closure
between X and Y . The indiscrete closure operator given
by b̌(φ, φ) = (φ, φ) and b̌(A, B) = (X, Y ), ∀(A, B){	=
(φ, φ)} ⊆ (X, Y ) is the coarsest closure between X and Y .

Definition 17. Let (X, Y , b̌) be a binary Čech closure
space. Then the binary interior operator associated with
b̌, Intb̌ is a function from ℘(X) × ℘(Y ) to itself given by
Intb̌(A, B) = (X \C, Y \D) where (C, D) = b̌(X \A, Y \
B).
A binary set (A, B) is b̌-open if and only if Intb̌(A, B) =
(A, B).

Definition 18. Let (Z, c) be a closure space and (X, Y , b̌)
be a binary closure space. Then a mapping f : Z → X×Y

is called a c − b̌ morphism if f (c(A)) ⊆ b̌[f (A)], ∀A ⊆ Z

where f (A) = (C, D) and C = {x : (x, y) = f (a) for
some a ∈ A} and D = {y : (x, y) = f (a) for some
a ∈ A}. i.e. C is the projection of f (A) to X and D is the
projection of f (A) to Y .

Proposition 19. Given a binary Čech closure operator, b̌
from X to Y , the function b̌X : ℘(X) → ℘(X) given by
b̌X(A) = C where b̌(A, φ) = (C, D) is a Čech closure
operator on X. Similarly b̌Y : ℘(Y ) → ℘(Y ) given by
b̌Y (B) = D where b̌(φ, B) = (C, D) is a Čech closure
operator on Y .

Proof. Since b̌ is a BČCO, b̌(φ, φ) = (φ, φ).
∴ b̌X(φ) = φ and b̌Y (φ) = φ.
Let A ⊆ X and B ⊆ Y . Then (A, φ) ⊆ b̌(A, φ), by the

property of b̌.
b̌(A, φ) = (b̌X(A), D), for some D ⊆ Y .
i.e. (A, φ) ⊆ (b̌X(A), D), which gives A ⊆ b̌X(A), ∀A ⊆
X.

Similarly (φ, B) ⊆ b̌(φ, B) gives B ⊆ b̌Y (B), ∀B ⊆ Y.

Let A ⊆ C ⊆ X and B ⊆ D ⊆ Y . Then (A, φ) ⊆ (C, φ).
∴ b̌(A, φ) ⊆ b̌(C, φ) ⇒ b̌X(A) ⊆ b̌X(C).
Similarly (φ, B) ⊆ (φ, D) ⇒ b̌Y (B) ⊆ b̌Y (D).
Now let A, C ⊆ X and B, D ⊆ Y. b̌(A, φ) ∪ b̌(C, φ) =
b̌(A ∪ C, φ) ⇒ b̌X(A) ∪ b̌X(C) = b̌X(A ∪ C).
Also b̌(φ, B)∪b̌(φ, D) = b̌(φ, B∪D) ⇒ b̌Y (B)∪b̌Y (D) =
b̌Y (B ∪ D).
Hence b̌X and b̌Y are Čech closure operators. �

Proposition 20. If (X, c1) and (Y , c2) are two Čech closure
spaces, then (X, Y , č) where č : ℘(X) × ℘(Y ) → ℘(X) ×
℘(Y ) is given by č(A, B) = (c1(A), c2(B)), is a binary Čech
closure operator.

Proof. č(φ, φ) = (c1(φ), c2(φ)) = (φ, φ), since c1 and c2

are Čech closure operators.
Let A ⊆ X and B ⊆ Y . Then A ⊆ c1(A) and B ⊆ c2(B).
⇒ (A, B) ⊆ (c1(A), c2(B)) = č(A, B).
Let (A, B), (C, D) ∈ ℘(X) × ℘(Y ). Then A, C ⊆ X and
B, D ⊆ Y .
So c1(A)∪c1(C) = c1(A∪C) and c2(B)∪c2(D) = c2(B ∪
D).
Now

č(A, B) ∪ č(C, D) = (c1(A), c2(B)) ∪ (c1(C), c2(D))

= (c1(A) ∪ c1(C), c2(B) ∪ c2(D))

= (c1(A ∪ C), c2(B ∪ D))

= č(A ∪ C, B ∪ D)

= č[(A, B) ∪ (C, D)]

Thus č is a binary Čech closure operator. �

Proposition 21. Let (X, Y , b̌) be a binary Čech closure
space and b̌X and b̌Y be the associated Čech closure opera-
tors (as in Proposition 19)in X and Y respectively. Then the
binary Čech closure operator b̌XY obtained from b̌X and b̌Y

(as in Proposition 20) need not be same as b̌.

Proof. In Example 12, b̌X(φ) = φ, b̌X(X) = X, b̌X({0}) =
{0, 1}, b̌X({1}) = {1}, b̌X({2}) = {2}, b̌X({0, 1}) =
{0, 1}, b̌X({1, 2}) = {1, 2}, and b̌X({0, 2}) = X.
b̌Y (φ) = φ, b̌Y (Y ) = Y , b̌Y ({a}) = {a}, b̌Y ({b}) = Y

Then b̌XY ({1, 2}, b) = ({1, 2}, Y )
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ABSTRACT 

 

In this paper we define and study the concept binary morphism, binary 

continuity in Binary Č ech Closure Spaces. Also we distinguish the concepts of 

morphism and continuity in Binary Č ech Closure Spaces. We further define Binary 

Linear Č ech Closure Spaces. 
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Keywords: Binary Č ech closure spaces, binary morphism, binary continuity, binary 

linear Č ech closure space. 

 

1.  INTRODUCTION 

 

Closure spaces were introduced by E.Čech1 and then studied by many authors. He 

introduced the concept of continuity in closure spaces. T. A. Sunitha3 renamed the continuity 

as morphism. In10 we, Tresa and D. Susha introduced and studied the notion of Linear Čech 

closure spaces. P. Thangavelu and Nithanantha Jothi introduced the concept of binary 

topology5. In11 we extended the concept of Čech closure spaces to Binary Čech Closure Spaces 

and in9 we studied the concept of binary linear topological spaces(BLTS) and their properties. 

In this paper we define binary morphism and binary continuity in Binary Čech closure spaces 

and establish the difference between the two concepts. Also we combine the concepts of binary 

Čech closure and Linear Čech closure and introduce Binary Linear Čech Closure Space. 

This paper is divided as follows: Section 2 contains the pre-requisites for the work. In 

section 3 we introduce binary morphism and mention its relevant properties. In section 4 we 

define binary continuity and establish the relation that every binary morphism is binary 
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continuous. Also we prove that binary continuity neednot imply binary morphism. We define 

and introduce the concept and properties of Binary Linear Čech Closure Spaces in section 5. 

 

2.  PRELIMINARIES 

 

Definition 1 [1] Let 𝑋 be a set and ℘(𝑋) be its powerset. A function 𝑐: ℘(𝑋) → ℘(𝑋) is called 

a Čech closure operator for 𝑋 if   

1.  𝑐(𝜙) = 𝜙  

2.  𝐴 ⊆ 𝑐(𝐴)  

3.  𝑐(𝐴 ∪ 𝐵) = 𝑐(𝐴) ∪ 𝑐(𝐵), ∀𝐴, 𝐵 ⊆ 𝑋  

Then (𝑋, 𝑐) is called Čech closure space or simply closure space.  

If in addition  

4.  𝑐(𝑐(𝐴)) = 𝑐(𝐴), ∀𝐴 ⊆ 𝑋,  
the space (𝑋, 𝑐) is called a Kuratowski (topological) space.  

If further  

5.  for any family of subsets of 𝑋, {𝐴𝑖}(𝑖∈𝐼), 𝑐(∪𝑖∈𝐼 𝐴𝑖) =∪𝑖∈𝐼 𝑐(𝐴𝑖), the space is called a total 

closure space.  

A subset 𝐴 of a closure space (𝑋, 𝑐) will be closed if 𝑐(𝐴) = 𝐴 and open if its complement is 

closed, i.e. if 𝑐(𝑋 − 𝐴) = 𝑋 − 𝐴.  

If (𝑋, 𝑐) is a closure space, we denote the associated topology on 𝑋 by 𝑡. i.e. 𝑡 = {𝐴𝑐: 𝑐(𝐴) = 𝐴}.   
 

Definition 2 [3] A map 𝑓: (𝑋, 𝑐) → (𝑌, 𝑐′) is said to be a 𝑐 − 𝑐′ morphism or just a morphism 

if 𝑓(𝑐(𝐴)) ⊆ 𝑐′𝑓(𝐴).   
 

Definition 3 [3] A homeomorphism is a bijective mapping 𝑓 such that both 𝑓 and 𝑓−1 are 

morphisms.   
 

Definition 4 Let 𝑉 be a vector space and 𝑐 be a closure operator on 𝑉 such that 

1.  𝑐(𝐴) + 𝑐(𝐵) ⊆ 𝑐(𝐴 + 𝐵), ∀𝐴, 𝐵 ⊂ 𝑉  

2.  𝜆𝑐(𝐴) ⊆ 𝑐(𝜆𝐴), ∀𝐴 ⊂ 𝑉 and 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑠𝑐𝑎𝑙𝑎𝑟𝑠 𝜆  

Then 𝑐 is called a linear Čech closure operator and (𝑉, 𝑐) is called a linear Čech closure space 

(LČCS).   
 

Definition 5 Let 𝑋 and 𝑌 be two sets. A function �̆�: ℘(𝑋) × ℘(𝑌) → ℘(𝑋) × ℘(𝑌) is called 

a binary closure (monotone) operator if  

�̆�(𝜙, 𝜙) = (𝜙, 𝜙)(𝐴, 𝐵) ⊆ �̆�(𝐴, 𝐵)(𝐴, 𝐵) ⊆ (𝐶, 𝐷) ⇒ �̆�(𝐴, 𝐵) ⊆ �̆�(𝐶, 𝐷). 

Then (𝑋, 𝑌, �̆�) is called a binary closure (monotone) space. The binary closure operator is a 

Binary Čech Closure Operator(BČCO) if it satisfies the property  

�̆�[(𝐴, 𝐵) ∪ (𝐶, 𝐷)] = �̆�(𝐴, 𝐵) ∪ �̆�(𝐶, 𝐷). Then (𝑋, 𝑌, �̆�) is called a Binary Čech Closure 

Space(BČCS).    
 

Definition 6 A set (𝐴, 𝐵) ∈  ℘(𝑋) × ℘(𝑌) is �̆�-closed if �̆�(𝐴, 𝐵) = (𝐴, 𝐵) and a set (𝐶, 𝐷) is 

�̆�-open if �̆�(𝑋\𝐶, 𝑌\𝐷) = (𝑋\𝐶, 𝑌\𝐷).   
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Throughout this paper we consider vector spaces over the same field K.  

 

3. BINARY MORPHISM 

 

Definition 7 A binary mapping is a map 𝑓: (𝑋1, 𝑌1, �̆�1) → (𝑋2, 𝑌2, �̆�2), given by 𝑓(𝐴, 𝐵) =
(𝑓𝑋(𝐴), 𝑓𝑌(𝐵)) where 𝑓𝑋 is a mapping from 𝑋1 to 𝑋2 and 𝑓𝑌 is a mapping from 𝑌1 to 𝑌2. It is 

denoted by 𝑓 = (𝑓𝑋, 𝑓𝑌).  

For (𝐶, 𝐷) ⊆ (𝑋2, 𝑌2), 𝑓−1(𝐶, 𝐷) = (𝑓𝑋
−1𝐶, 𝑓𝑌

−1𝐷). In other words 𝑓−1(𝐶, 𝐷) = {(𝑥, 𝑦) ∈
(𝑋1, 𝑌1): 𝑓(𝑥, 𝑦) ∈ (𝐶, 𝐷)}   
 

Definition 8 Let 𝑓 = (𝑓𝑋, 𝑓𝑌) be a binary mapping of a BČCS (𝑋1, 𝑌1, �̆�1) into a BČCS 

(𝑋2, 𝑌2, �̆�2). Then 𝑓 is a binary morphism if  

𝑓[�̆�1(𝐴, 𝐵)] ⊆ �̆�2𝑓(𝐴, 𝐵), ∀ (𝐴, 𝐵) ⊆ (𝑋1, 𝑌1)    
 

Proposition 1 Let 𝑓: (𝑋1, 𝑌1, �̆�1) → (𝑋2, 𝑌2, �̆�2). Then 𝑓 is a binary morphism if and only if for 

all (𝐶, 𝐷) ⊆ (𝑋2, 𝑌2), �̆�1[𝑓−1(𝐶, 𝐷)] ⊆ 𝑓−1[�̆�2(𝐶, 𝐷)].   

Proof. Assume that 𝑓[�̆�1(𝐴, 𝐵)] ⊆ �̆�2𝑓(𝐴, 𝐵), ∀ (𝐴, 𝐵) ⊆ (𝑋1, 𝑌1).  

Now let (𝐶, 𝐷) ⊆ (𝑋2, 𝑌2) and (𝐸, 𝐹) = 𝑓−1(𝐶, 𝐷). 
Then  

 𝑓[�̆�1(𝐸, 𝐹)] ⊆ �̆�2𝑓(𝐸, 𝐹) 

 = �̆�2𝑓[𝑓−1(𝐶, 𝐷)] 
 = �̆�2(𝐶, 𝐷) 

 ⇒ �̆�1(𝐸, 𝐹) ⊆ 𝑓−1[�̆�2(𝐶, 𝐷)] 

 i. e. �̆�1𝑓−1(𝐶, 𝐷) ⊆ 𝑓−1[�̆�2(𝐶, 𝐷)] 
 Conversely assume that �̆�1[𝑓−1(𝐶, 𝐷)] ⊆ 𝑓−1[�̆�2(𝐶, 𝐷)], ∀ (𝐶, 𝐷) ⊆ (𝑋2, 𝑌2). 

Let (𝐴, 𝐵) ⊆ (𝑋1, 𝑌1), (𝐶, 𝐷) = 𝑓(𝐴, 𝐵) and (𝐴′, 𝐵′) = 𝑓−1(𝐶, 𝐷). 

Then �̆�1(𝐴′, 𝐵′) = �̆�1[𝑓−1(𝐶, 𝐷)] ⊆ 𝑓−1[�̆�2(𝐶, 𝐷)] 

⇒ 𝑓[�̆�1(𝐴′, 𝐵′)] ⊆ �̆�2(𝐶, 𝐷) = �̆�2𝑓(𝐴′, 𝐵′) 

Now since (𝐴, 𝐵) ⊆ (𝐴′, 𝐵′), �̆�1(𝐴, 𝐵) ⊆ �̆�1(𝐴′, 𝐵′) and  

𝑓[�̆�1(𝐴, 𝐵)] ⊆ 𝑓[�̆�1(𝐴′, 𝐵′)]. 
Hence  

 𝑓[�̆�1(𝐴, 𝐵)] ⊆ 𝑓[�̆�1(𝐴′, 𝐵′)] 
 ⊆ �̆�2𝑓(𝐴′, 𝐵′) 

 = �̆�2𝑓(𝐴, 𝐵)  
 

Corollary 1 Every binary mapping from a discrete BČCS into any BČCS is a binary morphism 

and every binary mapping of any BČCS into an indiscrete BČCS is a binary morphism.   

Proof. Let 𝑓: (𝑋1, 𝑌1, �̆�1) → (𝑋2, 𝑌2, �̆�2) be a binary mapping where (𝑋1, 𝑌1, �̆�1) is the discrete 

space. 

Then �̆�1(𝐴, 𝐵) = (𝐴, 𝐵), ∀(𝐴, 𝐵) ⊆ (𝑋1, 𝑌1). 


