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Abstract: Indium sulfide thin films were prepared by chemical bath deposition method on glass substrates for about

40 min as deposition time and 60 �C as deposition temperature. The films were post-annealed at different temperatures

such as 100 �C, 200 �C, 300 �C and 400 �C, for about 1 h. Structural and optical properties of In2S3 thin films after post-

annealing process have been investigated. The crystallinity and nanostructures of the films were studied by using X-ray

diffraction, scanning electron microscopy, energy-dispersive X-ray spectroscopy and atomic force microscopy analysis.

Optical reflectance and transmittance of layers were measured in the wavelength of 300–1100 nm by spectrophotometer

instrument. Kramers–Kronig relations were used to calculate the optical constants. The X-ray diffraction measurements

showed transformation of an amorphous nature to a crystalline structure by increasing the annealing temperature. The

atomic force microscopy images showed by increasing the annealing temperature, the roughness of the thin films increased.

The scanning electron microscopy images revealed that growth rate increased consistently with the increase in annealing

temperature and well-dispersed quasi-spherical nanoparticles with high agglomeration rate are formed at 400 �C. The
energy-dispersive X-ray spectroscopy results show reduction in the S/In ratio from 1.61 to 1.49 when annealing tem-

perature increased. Optical results showed the highest optical band gap of 3.65 eV was achieved at the highest annealing

temperature (400 �C).
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1. Introduction

Indium sulfide (In2S3) is an III–VI semiconductor material

with an n-type electrical conductivity. This semiconductor

has a direct and large band gap that can be varied from 2 to

3.25 eV [1–3] by the addition of some elements such as

oxygen or Na. Because of its good photoconductive prop-

erties, high transparency in the visible spectral region and

chemical stability, In2S3 was appeared to be suitable to use

in photovoltaic industries, optoelectronic and photoelectron

chemical solar cell devices [4]. The electrical and optical

properties of a b-In2S3 single crystal are stable at normal

temperatures, and its band gap energy is about 1.98 eV [5].

In2S3 can exist in several polymorphs; thus, it is expected

that the physical properties of In2S3 films significantly are

dependent on the preparation conditions.

In2S3 thin films have been prepared by different methods

such as physical vapor deposition (PVD), photochemical

deposition (PCD) technique [6], spray pyrolysis [7], atomic

layer epitaxy [8], atomic layer deposition [9], reactive

evaporation [10], ionic layer gas atomic reaction (ILGAR),

thermal evaporation [11, 12], modulated flux deposition

[13] and chemical bath deposition (CBD) [14]. Chemical

bath deposition is a promising method to deposit semi-

conductor films, such as CdS and In2S3, on different sub-

strates at low temperature [15]. CBD has unique

advantages such as low temperature deposition and uni-

form and stoichiometric films over large areas. CBD is also

a useful and effective method that can be easily scaled up.
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In this study, effects of post-deposition annealing on

deposited In2S3 thin films by CBD method were studied.

The structural and optical properties of prepared thin films

were systematically investigated as a function of annealing

temperature.

The material properties can be enhanced by annealing

processes. Post-annealing process causes improvement in

the film’s crystallinity and increases the grain size.

Therefore, annealing of the films at optimized conditions

could improve the film’s quality with reduced surface

roughness and defects present in the films [16]. In fact, the

values of surface roughness and grain size can be con-

trolled by adjusting the annealing temperature.

By studying the reflectance spectra of the deposited

films on solid surfaces, optical constants (real and imagi-

nary part of refractive indexes n and k) can be determined

[17]. There are many different methods for determining the

optical constants of materials. One of the most common

techniques that have been used to determine the optical

constants over the whole measurement range is Kramers–

Kronig analysis [18].

The deposited films have been characterized by different

techniques such as X-ray diffraction (XRD), scanning

electron microscopy (SEM), energy-dispersive X-ray

spectroscopy (EDS), atomic force microscopy (AFM) and

optical spectra by spectrophotometry. (The optical param-

eters are calculated by Kramers–Kronig relations.)

Deposition conditions significantly have effect on the

physical properties of In2S3 films. These results could help

in controlling the structural parameters according to suit-

able morphological properties requirements for photo-

voltaic and other applications.

2. Experimental details

In2S3 thin films were prepared by CBD method on glass

substrates. Prior to deposition, all glass substrates were

ultrasonically cleaned in acetone and then ethanol. Aqu-

eous solution containing thioacetamide (TA) and indium

chloride (InCl3) was used as sources of S2- and In3?, re-

spectively, and acetic acid was used as complex agent of

the In3?. The resulting solution was diluted to 100 mL with

water distillated. Deposition parameters were: [InCl3] =

25 mM; [TA] = 350 mM; acid acetic = 300 mM. During

the deposition, the bath temperature was constant at 70 �C
and deposition time was 45 min. After deposition, the films

were annealed at different temperatures such as 100 �C,
200 �C, 300 �C and 400 �C under vacuum for about 1 h.

Phase structure of the deposited In2S3 films was identified

using an X-Ray X’ pert MPD diffractometer (CuKa radi-

ation, k = 0.15 406 nm) in the range of 10� to 80� with

step size of 0.02. Nanostructures were investigated by SEM

(S-3400, Hitachi, Japan). Surface physical morphology was

obtained by means of AFM (Dual Scope TM DS, 95-200/

50). Reflectance of the films was determined with UV–Vis

spectrophotometer (Hitachi, U-3310) instrument. Kramers–

Kronig relations were derived to calculate optical proper-

ties such as a, n, k and optical band gap energy.

3. Results and discussion

3.1. Structural analysis

3.1.1. X-ray diffraction analysis

Figure 1 shows the XRD patterns of as-grown and

annealed In2S3 films at different annealing temperatures

such as 100 �C, 200 �C, 300 �C and 400 �C, respectively.
In2S3 crystallizes in three phases, namely a, b and c. The c-
In2S3 phase is stable at temperatures above 754 �C, a-In2S3
phase is stable at temperatures between 420 and 754 �C
while b-In2S3 is stable at temperatures below 420 �C [19].

b-In2S3 crystal is a defect spinel lattice with a large number

of vacancies [20], which can be seen as a quasi-ternary

compound consisting of S, In and vacancies.

It is seen that the as-grown film has an amorphous

structure. No characteristic peaks show up in the XRD

patterns of the as-deposited samples. It is due to the low

thermal energy, which is insufficient for significant crys-

tallization [21].

Diffractogram of as-deposited In2S3 thin film depicts

amorphous nature even after annealing at 100 �C and
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Fig. 1 XRD patterns of In2S3 thin films produced by CBD method at

different annealing temperatures: (a) as deposited, (b) 100 �C, (c)
200 �C, (d) 300 �C and (e) 400 �C
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crystalline structures at 200 �C, 300 �C and 400 �C under

vacuum.

For the annealed sample at 200 �C, the crystallization

begins. The amorphous structure transforms to crystalline

structure which indicates the arrangement of atoms into

volume. X-ray diffraction pattern shows a low-intensity

peak at 2h = 31.78� related to the (300) crystalline plane of

the tetragonal In2S3 phase.

According to X-ray diffraction pattern for the annealed

film at 300 �C, few minor peaks are observed at

2h = 15.23�, 33.75� and 48.33� that are related to the

(101), (220) and (440) orientations, respectively, corre-

sponding to tetragonal b-In2S3.
The crystallization is more evidence for the annealed

film at 400 �C. The new peaks obtained at 2h = 12.08�,
13.51�, 15.09� and 25.21� are corresponding to crystallo-

graphic orientations of (111), (103), (101) and (109),

respectively, which are related to tetragonal b-In2S3 phase
(JCPDS: 73-1366) with (101) plane as its preferred

orientation.

It seems that the intensity of X-ray diffraction peaks

increases with annealing temperature. This may be due to

thermal energy increase enough for crystallization and the

grain growth.

3.1.2. Energy-dispersive X-ray spectroscopy

The elemental analysis of as-grown and annealed In2S3 thin

films was carried out by employing energy-dispersive

spectroscopy (EDS). The EDS analysis revealed that the

annealing temperature had a significant influence on the

stoichiometry of the grown films (Fig. 2). The data showed

the presence of In and S elements and other impurity

elements.

All films were nearly stoichiometric, and the S/In ratio

decreased from 1.61 to 1.49 (bulk In2S3) with the increase

in annealing temperature. The presence of Si and O ele-

ments in all samples was a sign of glass substrates in our

experiments. The S/In ratio of annealed sample at 400 �C
shows that the film is sulfur-deficient. The strongly

decreasing sulfur content is due to its high volatility. In

fact, the improvement in crystallinity of this film could be

attributed to a rapid reaction of S vapor with In which

would lead to b-In2S3 phase.
The post-annealing process carried out in vacuum is

leading to additional loss of sulfur due to re-evaporation

from the film [22, 23].

3.1.3. Scanning electron microscopy analysis

Figure 3 shows scanning electron microscopy of In2S3 on

glass thin films produced by CBD method at different

annealing temperatures such as 100 �C, 200 �C, 300 �C

and 400 �C, respectively. As shown in Fig. 3(a), nucleation
sites of the In2S3 grains were observed. After 1-h anneal-

ing, small grains are visible on the surface of the film. By

increasing the annealing temperature to 200 �C and 300 �C
(shown in Fig. 3(b, c)) and increasing the ion energy,

nucleation increased and grain growth occurred. Small

spherical nanoparticles were coalescence and clusters

formed. At 400 �C annealing temperature (Fig. 3(d)), there

was a noticeable increase in the grain size. At this tem-

perature, in addition to the nucleation and growth, coales-

cence and re-nucleation appear which has led to the

formation of cavities.

3.1.4. Atomic force microscopy analysis

AFM data provide a high-magnification three-dimensional

image of a solid surface and can examine the film mor-

phology, roughness and grain size.

Figure 4 shows atomic force microscopy images of

In2S3 on glass thin films at different annealing temperatures

such as 100 �C, 200 �C, 300 �C and 400 �C, respectively.
The as-deposited In2S3 thin films are continuous and

homogeneous and show a slight roughness. It is observed

from the images that the average height of the roughness

profile increases with annealing temperature because of

correlation between smaller particles.

However, in the case of the annealed films at different

temperatures, the surface had a completely different mor-

phology. The films annealed at higher temperature have a

granular surface morphology. The morphology became

coarser, and the height of distribution has changed when

the annealing temperature was increased. It can be seen

that the surface roughness increases with the increase in

annealing temperature. The average roughness of as-de-

posited thin films was * 1.8 nm, but after annealing at

400 �C, the average roughness increased to * 4.19 nm. It

seems due to aggregations of smaller crystallites.

4. Optical properties

It is common knowledge that the Kramers–Kronig relations

connect real and imaginary parts of an analytic function

describing some causal physical processes [23, 24]:

The complex reflectivity r in polar form is given by:

rðxÞ ¼ R1=2ðxÞeihðxÞ; ð1Þ

where R is the normal incidence reflectance and h is the

phase angle, which at energy E0 can be calculated

rigorously from the Kramers–Kronig integral:
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hðEÞ ¼ E

p

ZE2

0

LnRðEÞ � LnRðE0Þ
E2 � E2

0

dE; ð2Þ

where E is the photon energy, provided that the reflectance

R(E) is known for all energies. However, since R is not

known over the entire energy range, it is necessary to

extrapolate R(E) to infinite energies, usually by a power

law. One can use an extrapolation which will force the

optical or dielectric constants to agree with some

independent measurements at a particular energy. For

example, ellipsometric measurements on metals will yield

e1, e2 or n, k directly. In order to calculate h(x) from

Eq. (2), the following procedure can be adopted. At very

low energies, we assume that the reflectance at zero energy

approaches unity. At high energies, when the incident

photon energy is higher than certain energy E2, the

reflectance is determined from free electron asymptotic

limit [25]:

RðEÞ ¼ RðE2Þ �
E2

E

� �4

E[E2

ð3Þ

Substituting Eq. (2) in K–K Eq. (3), we have:

hðEÞ ¼ �E

p

ZE2

0

lnRðEÞ � lnRðE0Þ
E2 � E2

0

dE

þ 1

2p
ln

RðEÞ
RðE2Þ

� �
ln

E2 þ E

E2 � Ej j

þ 1

p

X1
n¼0

4
E

E2

� �2nþ1
" #

ð2n þ 1Þ

ð4Þ

Hence, if E2 is known, the h(E) can be calculated. If the

film thickness is taken as a known parameter, then for

Fig. 2 EDS images of In2S3 on glass thin films produced by CBD method at different annealing temperatures: (a) 100 �C, (b) 200, (c) 300 �C
and (d) 400 �C
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calculation of the real and the imaginary parts of the

reflective index of the thin film (n2, k2), two equations at

one frequency are required. By substituting the known

values of h(E) and R(E) in Eq. (1), the reflectance index

r(E) can also be determined with reference to the

reflectance equation for a thin film [23] as:

r ¼ r12 þ r23e2id2 þ r31e2iðd2þd2Þ þ r12r23r31e2id3

1þ r12r23e2id2 þ r12r31e2iðd2þd3Þ þ r23r31e2id3
; ð5Þ

where r1, r23, r31, r12, r23 and r31 are Fresnel reflectance

indices [24] for air film, film–substrate and substrate–air

boundaries and d2 and d3 are the film and the substrate

thicknesses, respectively. In the case of normal incidence,

we have:

R1=2ðEÞexp cos hðEÞexp � Re rðn2ðEÞ; k2ðEÞ; d2Þ½ � ¼ 0 ð6Þ

R1=2ðEÞexp sin hðEÞexp � Im rðn2ðEÞ; k2ðEÞ; d2Þ½ � ¼ 0 ð7Þ

The complex refractive index of any layer is written as

n ¼ n þ ik ð8Þ

Here, the real part n is the refractive index and specifies

the phase velocity, while the imaginary part j is called the

extinction coefficient or mass attenuation coefficient that

shows the amount of attenuation when the electromagnetic

wave propagates through the material.

When the real and imaginary parts of the refractive

index are determined, one can calculate the other optical

constants. The results for optical properties are as follows:

Figure 5(a) shows the reflectance curves of In2S3 films

deposited on glass substrates at different annealing tem-

peratures such as 100 �C, 200 �C, 300 �C and 400 �C. As
it can be seen, the increase in annealing temperature

completely affects the reflectance spectra. It is seen that by

increasing the annealing temperature, reflectance decrea-

ses. That is because of the formation of voids by increasing

the annealing temperature. Experimental absorption coef-

ficient is given as:

a ¼ 2E

�hc
kðEÞ ð9Þ

where c is the velocity of light and k(E) is the imaginary

part of refractive index.

The absorbance coefficient curves of indium sulfide

films annealed at different temperatures are shown in

Fig. 5(b). With the increase in annealing temperature,

transmittance increases and absorbance decreased. This

decrease is because of the formation of more voids on the

films. The lowest absorbance coefficient belongs to film

Fig. 3 Scanning electron

microscopy of In2S3 on glass

thin films produced by CBD

method at different annealing

temperatures: (a) 100 �C, (b)
200, (c) 300 �C and (d) 400 �C

Effect of annealing on structural and optical properties 1549



that annealed at 400 �C temperature. Figure 6(a) shows

real part of refractive index (n), for In2S3 thin films at

different annealing temperatures and other same deposition

conditions. Here different curves correspond to different

annealing temperatures. General trend of all curves is the

same. By increasing the annealing temperature and for-

mation of porous layers, real part of refractive index

(n) decreased. In Fig. 6(b), we depict the imaginary part of

refractive index (k), for In2S3 thin layers of different

annealing temperatures. By increasing the annealing tem-

perature, the surface of the layers becomes full of void

fractions so a rough surface appears which leads to a

decreasing trend for the imaginary part of refractive index.

Figure 7 illustrates calculations of the optical band gap

energy (Eg) for the layers in this work, which has been

obtained by:

a ¼ ðht� EgÞm ð10Þ

where m is the frequency, Eg is the optical band gap and

m (= 2) is a constant. The optical band gaps calculated for

annealed samples at different temperatures are shown in

Table 1.

Fig. 4 Atomic force microscopy images of In2S3 on glass thin films produced by CBD method at different temperatures: (a) 100 �C, (b) 200, (c)
300 �C and (d) 400 �C
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Increasing the annealing temperature leads to the

increase in band gap energy that means more semicon-

ductor films are produced. The increase in the optical band

gap shows that the conductivity decreases with the increase

in annealing temperature.

It is believed that the increase in band gap energy can

contribute to the scattering [26].

It is also dependent on the morphology of the nanos-

tructures [27].

It is found that the crystalline film was rougher than the

amorphous film because of its grain growth at higher

annealing temperature. The surface roughness causes

reduction in mean free path lengths of scattered electrons

[28].

Fig. 5 Reflectance for In2S3 layers with different annealing

temperatures

Fig. 6 Real part of refractive index for In2S3 layers with different

annealing temperatures

Fig. 7 Band gap energy of In2S3 layers with different annealing

temperatures

Effect of annealing on structural and optical properties 1551



5. Conclusion

In this work, thin In2S3 films on glass substrates were

prepared by chemical bath deposition (CBD) method, at

different annealing temperatures such as 100 �C, 200 �C,
300 �C and 400 �C for about 60 min. The influence of

annealing temperature on structural and optical properties

and the relation between nanostructures and optical prop-

erties of In2S3 thin layers were investigated.

The XRD spectrums revealed that the films are amor-

phous in nature and exhibited improved crystallinity with

tetragonal structure after annealing. The SEM images

showed good uniformity and enhanced grain size with the

increase in annealing temperature.

Morphology of films was changed by increasing the

annealing temperature. RMS roughness of layers was

increased by increasing the annealing temperature. The

lower S/In ratio at higher annealing temperature (400 �C)
shows that the film is sulfur-deficient, resulting from the

evaporation of sulfur from the film.

The optical parameters of produced films were calcu-

lated by Kramers–Kronig relations on reflectivity curves in

UV–Vis light wavelength range and correspondence

energy range. By increasing the annealing temperature,

reflectance decreases because of the formation of undesir-

able voids under deposition conditions. Optical band gap

energy increases by increasing the annealing temperature

that means more semiconductor films are produced.
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Table 1 Values of band gap energies

In2S3/glass Annealing temperature Band gap energy (eV)

I 100 1.9

II 200 3.2

III 300 3.6

V 400 3.65
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