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Abstract Metal chalcogenide and chalcopyrite thin films

have attracted great deal of attention due to their exciting

photoelectrical characteristics. Indium selenide thin films

have been deposited by computerized chemical spray py-

rolysis technique on amorphous glass substrates. The as

deposited films are characterized for wide range of prop-

erties including structural, surface morphological, optical

and electrical, Hall effect and thermo-electrical measure-

ments. X-ray diffraction study revealed that indium se-

lenide thin films are polycrystalline with hexagonal crystal

structure irrespective of substrate temperature. Surface

morphology and film composition have been analyzed us-

ing atomic force microscopy and energy dispersive analy-

sis by X-rays. Nearly stoichiometric deposition of the film

at 350 �C was confirmed from EDAX analysis. Optical

absorption measurements show that the deposited films

possess a direct band gap value of 1.78 eV. The Hall effect

study reveals that the films exhibit n-type conductivity.

1 Introduction

World energy demand is continually increasing inexorably

in the last ten decades connected to population growth and

infinite industrial development. This ever-increasing global

energy demand combined with growing concerns about

environmental problems and increasing crude oil prices,

illustrate the urgent need for a transition towards alternate

renewable energy sources [1–3]. The combination of a

technologically advanced modern society and predictions

of a future global energy crisis demands the implementa-

tion and design of new low-cost, extremely efficient

frameworks for solar energy conversion [4, 5]. Today,

silicon single crystal based solar cells are dominating the

marketplace in the photovoltaic energy field. Nevertheless,

semiconductor-compound based devices are also one of the

primary topics of solar cell research [6–10]. In order to

maintain lower costs, it would be of interest to obtain the

photoconductive material in thin film form by using simple

and inexpensive technique.

Metal chalcogenide films have attracted significant re-

search attention during the past few decades because of their

exciting photoelectrical characteristics. With a general for-

mula of A2B3; indium selenide is a promising semiconductor

material in the applications of solar cells, polymer Schottky

diodes, capacitors and batteries, due to its suitable proper-

ties. In2Se3 belongs to the III–VI compound family. It ex-

hibits many structural modifications and a complicated

phase diagram. Also In2Se3 (Indium Selenide) is a direct

band gap n-type semiconductor having a high absorption

coefficient, with potential for utilization in photovoltaic cells

and other optoelectronic devices [11–13]. According to

previous research, In2Se3 has many polymorphic phases,

including the layered structure (a-phase), rhombohedral

structure (b-phase), defect wurtzite structure (c-phase) and
anisotropic structure (k-phase). The identification of these

polymorphs, as well as their crystal structures and physical

properties, remain controversial. The controversy arises

primarily due to the coexistence of multiple polymorphs in

samples, often with similar structures, and sometimes in-

completely characterized structures [14, 15].
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Generally, the deposition of metal selenide thin films is

a challenge to precisely control the grain size, shape and

the stoichiometric composition of deposit material. Many

groups have contributed to the development of In2Se3 thin

films by various deposition techniques including vacuum

[16], modified chemical bath deposition [17, 18], metal-

organic chemical vapor deposition (MOCVD) [19], mole-

cular beam epitaxy [20], sputtering [21, 22], electrodepo-

sition [23, 24], thermal evaporation technique [25, 26],

spray pyrolysis [27, 28] etc.

Yan et al. [21, 22] have prepared In2Se3 films by

magnetron radio-frequency (RF) sputtering technique

and subsequently analyzed these films by various char-

acterization techniques. Their analysis showed that c-
In2Se3 nanostructures can be successfully grown with a

direct band gap 1.94 eV. However, their analysis indi-

cated that film properties strongly depend on the process

parameters and there is possibility of using In2Se3 thin

film in various next-generation photoelectric and optical-

memory device applications. Looking forward to Yong

Yan et al.’s study, we got motivation and hence tried to

study the electrical and optical properties of In2Se3 thin

films deposited by using a different technique (spray

pyrolysis).

A very few reports are available on synthesis of indium

selenide thin films by spray pyrolysis. Spray pyrolysis of-

fers a number of advantages, the main ones being its

simplicity, capability to produce large areas of highly

sensitive films of uniform thickness and the low energy

needs for operation. Doping of semiconductor film is

simple, since it is accomplished by mere addition of the

dopant to the spray solution [29, 30]. Considering all these

aspects efforts have been made to deposit indium selenide

thin films at different substrate temperatures and addi-

tionally its effect on optical, compositional and electrical

properties has been studied.

2 Experimental details

Indium selenide thin films are deposited onto glass sub-

strates by a computerized spray pyrolysis method [31]. The

substrate temperature was varied from 300 to 400 �C at the

interval of 25 �C. Aqueous solutions equimolar (0.05 M)

of Indium chloride (InCl3) and selenourea (H2NC (Se)

NH2) were used as starting materials in the ratio 2:3. Well

cleaned glass microslides of the size 7.5 9 2.5 cm2 were

used as substrates. The various preparative parameters used

were optimized with photoelectrochemical (PEC) tech-

niques. The substrate temperature was controlled by an

iron–constantan thermocouple. A spray rate employed was

of 3–4 cc min-1. The nozzle to substrate distance was

28 cm. After deposition, the films were allowed to cool at

room temperature. The adhesion of the films onto the

substrate was quite good.

The as deposited indium selenide thin films at different

substrate temperatures were characterized for structural,

morphological, compositional, optical, electrical, thermo-

electric properties and Hall effect measurements. The film

thickness of the as-deposited films was measured by a well

known gravimetric weight difference method using sensi-

tive microbalance and assuming bulk density of In2Se3.

The structural characterization of the films was carried out

by using Philips PW-3710 X-ray diffractometer with Cu-

Ka radiation, within the 2h range of angles between 10�
and 80�. Atomic force microscopy (AFM) was carried out

to study surface morphology in air at ambient condition

(300 K) using Nanoscope III from Veeco. A UV–Vis

spectrophotometer (SHIMADZU UV-1700) was used to

record the optical absorption spectra of the samples in the

wavelength range 350–850 nm. Electrical resistivity and

thermo electric power measurements were done using D.C.

two point probe method. Hall effect setup supplied by

Scientific Equipments, Roorkee, India was used for mea-

surements of electrical parameters like carrier concentra-

tion (n) and mobility (l) at room temperature. Vander

Pauw technique [32] was used for this.

3 Results and discussion

3.1 Growth mechanism

The variation in film thickness with substrate temperature

for spray deposited indium selenide thin films is shown in

Fig. 1; relatively higher thickness of 650 nm was observed

for film deposited at 350 �C. It reflects that the film

thickness increases with increasing substrate temperature

from 300 to 350 �C, attain maximum value at 350 �C
(650 nm), beyond that it decreases. This behavior can be

explained as follows: Initially, at lower substrate tem-

peratures e.g., 300 �C, the temperature may not be suffi-

cient to decompose the sprayed droplets of In3? and Se2-

ions from the solution and this result in a lower thickness.

At a particular substrate temperature 350 �C, decomposi-

tion occurs at the optimum rate resulting in terminal

thickness. A noticeable decrease of the film thickness with

increasing the substrate temperature is observed after

350 �C. This decrease may be attributed to re-evaporation

of film material after deposition or to thermal convection of

the sprayed droplet during the deposition process or both.

Another cause which may account for thickness decrease is

water loss or removal of interlayer water with consequent

formation of the compact film [33]. The thickness values

for films at various substrate temperatures are given in

Table 1.
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A simple reaction mechanism for deposition of indium

selenide thin films can be written as follows:

In the present case, In3? ions are released into by the

dissociation equilibria presented by;

InCl3 þ 3Hþ ! In3þ þ 3HCl ð1Þ

The selenide ions are released due decomposition of

selenourea as,

NH2

NH2-C= Se + OH- CH2N2 + H2O + HSe-
ð2Þ

HSe� þ OH� ! Se2� þ H2O ð3Þ

In presence of metal indium ions the reaction will be,

In3þ þ Se2� ! indium selenideþ volatile products: ð4Þ

3.2 Structural studies

The crystal structure of indium selenide thin films was

studied by X-ray diffraction with Cu-Ka radiation

(1.5406 Å). Figure 2 shows X-ray diffraction patterns of

indium selenide film deposited at various substrate tem-

peratures. It was observed that the high intensity reflection

peaks occur at 2h = 25.668 (1 0 0) plane, 2h = 27.268 (1 0

1) plane, 2h = 31.708 (1 0 2) plane and 2h = 45.348 (1 1

0) plane for In2Se3 thin film which indicates that the

growth of the thin films occurred preferentially in the di-

rection perpendicular to the sample’s surface. All peaks

match to the standard indium selenide pattern fairly well,

indicating a polycrystalline hexagonal crystal structure

without any noticeable secondary phases. It is also easy to

see that despite the difference in substrate temperature the

all films exhibit a preferred (1 0 2) orientation, with nearly

matching XRD patterns [34].

No peaks correspond to oxide phases, which demon-

strates that the [Se]/[In] ratio (2:3) we employed avoided

formation of undesirable oxide phases. This finding is

supported by the absence of any oxide-related diffraction

peaks. The intensity of main peak (1 0 2) produced by

In2Se3 thin film increased with the substrate temperature up

to 350 �C, but it decreased slightly after 350 �C. Therefore,
the film deposited at 350 �C had the highest intensity and it

exhibited better crystallization. Initially, there were many

crystallites present in the as-deposited films that exhibited

less intense peaks and when the layers were deposited at a

particular substrate temperature (350 �C) the small crys-

tallites grew into larger ones with an improved crys-

tallinity. The observed structural changes were attributed to

the coalescence induced grain growth during high tem-

perature deposition process where smaller nuclei could

easily rotate compared to the larger nuclei in order to

minimize the interfacial energy. At optimum substrate

temperatures, the atoms have sufficient thermal energy to

move into stable positions, so that structural reorientation

occurs, leading to a significant increase in the intensity of

(1 0 2) plane. Extended crystalline phases represent a

prerequisite in photovoltaic applications [35]. After re-

finement, the cell constants were calculated to be

a = b = 4.014 Å and c = 9.64 Å; which are consistent

with the reported data [36].

The effect of substrate temperature on the orientation of

polycrystalline In2Se3 thin films was investigated by

evaluating the texture coefficient (Tc(hkl)) of the (hkl)

plane using the formula given by Klug and Alexander [37],

TcðhklÞ ¼
IðhklÞ=I0ðhklÞ

ð1=NÞ
P

N

IðhklÞ=I0ðhklÞ
� � ð5Þ

where Tc(hkl) is the texture coefficient of the (hkl) plane, I

is the measured intensity and I0 is the JCPDS standard

intensity, N is the number of diffraction peaks. From the

above Eq. (5), it is seen that the value of texture coefficient
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s 
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m
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Fig. 1 Plot of film thickness versus substrate temperature for spray

deposited indium selenide thin films

Table 1 Values of thickness, crystallite size and surface roughness

for spray deposited In2Se3 thin films

Substrate

temperature

(8C)

Thickness

(nm)

Crystallite

size (nm)

Surface roughness

(RMS value) (nm)

300 523 18 7.09

325 578 21 4.73

350 650 26 2.85

375 617 24 3.67

400 568 22 4.12
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approaches unity for a randomly distributed powder sam-

ple, while Tc (hkl) is greater than unity when the (hkl)

plane is preferentially oriented.

Figure 3 shows the variation of texture coefficient for (1

0 2) plane with respect to substrate temperature of poly-

crystalline In2Se3 thin films. From Fig. 3; it is clear that the

lower value of texture coefficient represents that the films

have poor crystallinity and the crystallinity is found to be

improved by increasing substrate temperature from 300 to

350 �C. Further increase in substrate temperature above

350 �C, the value of texture coefficient slightly decreases.

Hence, it is concluded that In2Se3 thin films obtained at

350 �C have better crystallinity as well as better adherence

to the substrates.

Crystallite size was estimated by using Scherrer’s for-

mula given by the equation;

D ¼ kk
b � cos h ð6Þ

where k varies from 0.89 to 1.39. But in most of the cases it

is closer to 1. Hence for grain size calculation it is taken to

be one, k is wavelength of X-ray, b is the full width at half

of the peak maximum in radians and h is Bragg’s angle.

The crystallite size was estimated for the standard (1 0 2)

reflection. The crystallite size for indium selenide thin

films was found to be in the range of 18–26 nm. The

crystallite size increases with temperature up to 350 �C
(reaching a maximum of 26 nm), followed by a slight

decrease, with further increase in the substrate temperature.

However, higher temperatures may yield lattice stress,

defects formation and increases non-stoichiometry. The

values crystallite sizes are plotted in Fig. 3.

3.3 Surface morphological and compositional

studies

The surface morphology of indium selenide thin films was

investigated using AFM technique. AFM is a well known

characterization technique commonly used to study sur-

face morphology with very high, sometimes even mole-

cular or atomic resolution. The AFM system used in these

studies is the Nanoscope III multimode scanning probe

microscope, produced by the Digital Instruments, Veeco

Metrology Group, USA. The detailed analysis of all ob-

tained AFM data was performed with the help of the

WSxM 4.0 (Nanotec electronica S.L.) software. This

software allows us to extract the basic topographic in-

formation. The surface morphology was studied by AFM;

root mean square (RMS) roughness of the films was ex-

tracted from AFM data.

Figure 4(a–e), shows typical two-dimensional (2D) and

three-dimensional (3D) AFM images of 2.0 9 2.0 lm2

size of the indium selenide thin film deposited at various

substrate temperatures. The AFM micrographs (Fig. 4a–e)

show that the films adhered well to the substrate, compact,

and homogeneous, thereby making them suitable for pho-

tovoltaic applications, with a small grain size, particularly

the samples produced at 350 �C. The sample roughness

measurements indicate that the sample deposited at a low

substrate temperature (300 �C) was rougher than the oth-

ers, which can be explained by the segregation of small

grains to form irregular large grains with boundaries.

Table 1 shows the surface roughness measurements ob-

tained by AFM. The surface roughness is unavoidable due

to three-dimensional growth of the film [38, 39].

The quantitative analysis of the films was carried out

by using the EDAX technique for the as-deposited films at

different substrate temperatures to study the stoichiometry

of the indium selenide films. Figure 5 shows the typical
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Fig. 2 X-ray Diffraction patterns of indium selenide thin films

deposited at various substrate temperatures

300 320 340 360 380 400
0.4

0.6

0.8

1.0

1.2

1.4

Substrate Temperature (oC)

Te
xt

ur
e 

co
ef

fic
ie

nt
 T

c 
(1

02
)

16

18

20

22

24

26

28

crystallite size (nm
)

Fig. 3 Plot of texture coefficient (Tc) and crystallite size versus

substrate temperature for spray deposited indium selenide thin films
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EDAX pattern for spray deposited indium selenide thin

film at a substrate temperature of 350 �C. The elemental

analysis was carried out only for In and Se; the average

atomic percentage of In: Se was 37.03:62.97. It is close

to 2:3 for as-deposited In2Se3 film at 350 �C. Similar re-

sults for In2Se3 were reported by Afzaal et al. [40] using

EDAX. Table 2 Shows the compositional analysis of

spray deposited In2Se3 thin films at different substrate

temperatures.

3.4 Optical studies

The optical absorption spectra of the sprayed In2Se3 films

grown at various substrate temperatures were studied by

using UV–Vis spectrophotometer (SHIMADZU UV-1700)

in the wavelength range 350–850 nm. All the films have

comparable absorbance in the visible spectral range and

initially the absorbance increases with substrate temperature

up to 350 �C decreases thereafter for further increase in

(a) 300°C 

2 μm0 μm
0 μm

2 μm 153.12 nm

0.00 nm

(b) 325°C 

2 μm0 μm
0 μm

2 μm
188.26 nm

0.00 nm

(c) 350°C 

153.12 nm

0.00 nm2 μm0 μm
0 μm

2 μm

Fig. 4 Two-dimensional (2D)

and three-dimensional (3D)

AFM images of indium selenide

thin films deposited at various

substrate temperatures
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temperature. This can be explained by the slight decrease in

the thickness of the films deposited at higher temperatures as

result of the densification process, forming larger grains [35,

41]. The absorbance significantly decreases in the IR spec-

tral range (beneficial fact in the photovoltaic conversion),

proving that these optical parameters are morphology-re-

lated, and could be corroborated with the multiple scattering

on the small-sized grains that lead to a more efficient ra-

diation trapping in UV and Vis [42].

The absorption coefficient, optical band gap and type of

transition involved were determined from the absorption

data. The value of absorption coefficient is found to be of

the order of 104 cm-1. The optical band gap (Eg) values

were determined from the commonly known equation:

(d) 375°C 
2 μm0 μm

0 μm

2 μm 168.93 nm

0.00 nm

(e) 400°C 
2 μm0 μm

0 μm

2 μm 137.90 nm

0.00 nm

Fig. 4 continued

Fig. 5 EDAX spectrum of

indium selenide thin films

deposited at a substrate

temperature 350 �C
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ahm ¼ A hm� Eg

� �n ð7Þ

where A is a constant related to the effective masses of

charge carriers, h is the Planck constant, Eg is the band gap

energy, hm is the incident photon energy, and n is the ex-

ponent that depends on the nature of the optical transition

(n = 2 or � for indirect or direct transition respectively).

The optical band gaps of the indium selenide thin films

deposited at various substrate temperatures were evaluated

based on the linear form of Eq. (7), Fig. 6a. The plot of

(ahm)2 versus (hm) for spray deposited indium selenide thin

film at different substrate temperatures is linear at the ab-

sorption edge, indicating a direct allowed transitions. The

straight line portion was extrapolated to the energy axis and

when (ahm)2 = 0, the intercept gives the bandgap energy

of In2Se3. The band gap values (1.78–1.98 eV) are in good

agreement with the values obtained by other researchers

[43] and the temperature effect on Eg confirms recent re-

ports [44]. The variation of bandgap energy Eg with the

substrate temperature depicted in Fig. 6b. It is found that

bandgap energy Eg decreases with a substrate temperature

reaches a minimum value 1.78 eV at 350 �C and further

increases with increase in substrate temperature. The var-

iation in the Eg values could be correlated with (a) the

reduction of the density of band tail states, i.e. reduced

localized disordered regions in the bandgap and/or (b) sig-

nificant deviations from stoichiometry of the In2Se3 com-

pound as observed from EDAX and smaller grain sizes

[45]. These results suggest that the optical band gap of

In2Se3 thin films can be controlled more precisely by

controlling the substrate temperatures.

3.5 Electrical and thermo electrical studies

The temperature dependence electrical resistivity of spray

deposited In2Se3 thin films was studied in the temperature

range of 300–500 K. The variation of log (resistivity) with

reciprocal of temperature for a cooling cycle of spray

deposited indium selenide thin films at various substrate

temperatures is shown in Fig. 7. It shows that spray de-

posited indium selenide film is semiconducting and

Table 2 Compositional analysis and electrical properties of spray deposited In2Se3 thin films at various substrate temperatures

Substrate temperature (�C) Atomic percentage Room temperature Carrier concentration(n) Mobility (l)
Resistivity q

In Se (X-cm) 9 104

91016 cm-3 910-3 cm2 V-1 s-1

300 36.17 63.83 2.79 5.14 4.53

325 36.96 63.04 4.35 7.02 6.58

350 37.03 62.97 0.53 8.27 14.4

375 36.99 63.01 0.88 7.65 9.29

400 36.48 63.52 1.55 7.57 5.32
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Fig. 6 Plot of a (ahm)2 versus hm of indium selenide thin films

deposited at various substrate temperatures and b bandgap energy

versus substrate temperature for indium selenide thin films

5422 J Mater Sci: Mater Electron (2015) 26:5416–5425

123



nonlinear nature of the plots shows the presence of many

defect levels in the films. The room temperature electrical

resistivity of the indium selenide thin films is found to be

2.79 9 104 X-cm for film deposited at 300 �C substrate

temperature, which decreases to 0.53 9 104 X-cm for film

deposited at 350 �C substrate temperature, and further in-

creases with increase in substrate temperature. The initial

decrement in resistivity with substrate temperature may be

associated with crystallite size of developed film. It was

observed from XRD data that with increase in the substrate

temperature of the film from 300 to 350 �C, crystallite size
of developed film increases. As a result of this, inter

crystalline barrier decreases, and hence charge carriers

have to cross minimum number of crystalline boundaries

during the electrical charge flow. Therefore, resistivity

decreases. However, it was also found that for substrate

temperature greater than 350 �C, crystallite size somewhat

decreases, which causes the appearance of more number of

crystalline boundaries. As a result of this, charge carriers

have to face maximum number of grain boundaries during

charge flow, hence resistivity increases. The resistivity

results of the thin films are consistent with other studies

[24, 26].

The values of activation energies (Ea) were determined

by Arrhenius equation given by [46]

q ¼ q0 exp
Ea

kT
ð8Þ

where q and q0 electrical resistivity’s, k is the Boltzmann

constant and T is the absolute temperature. From Fig. 7 the

variation indicated two distinct temperature zones with two

characteristic regions. The first region from room tem-

perature up to 370 K is identified with low temperature and

extends upwards as far as the impurity exhaustion

temperatures. This region is identified with the extrinsic

conductivity of semiconductor due to the ionization of

impurity atoms. The second region from 370 up to 500 K is

identified with the transition to intrinsic conduction in

semiconductor. Within this region, the density of carriers is

equal to that of intrinsic carriers. The Ea is found to be in

the range between 1.07 and 7.59 meV in the low tem-

perature region and 10.6–18.2 meV in the high temperature

region. The values of the activation energy indicate that the

prepared samples are semiconductors. Similar results were

obtained by Bindu et al. [47] for chemically deposited

In2Se3 thin films.

The type of conductivity exhibited by the spray deposited

In2Se3 thin films is determined from TEP measurement.

Figure 8 shows variation of thermoemf with temperature

difference (T) for spray deposited indium selenide thin film

deposited at various substrate temperatures. The polarity of

thermo-emf was positive towards hot end with respect to

cold end, which confirms the fact that In2Se3 films are of

n-type. The thermoemf is of the order of mV.

3.6 Hall effect analysis

From the Hall effect measurements, the positive polarity of

Hall coefficient, it was evident that the as-deposited indium

selenide films are n-type semiconductor. The variation of

film carrier concentration (n) and room temperature mo-

bility (l) plotted against substrate temperatures shown in

Fig. 9. Carrier concentration increases with a substrate

temperature up to 350 �C and decreases thereafter. The

increase carrier concentration observed at 350 �C can be

related to both the observed improvement in crystallinity of

the indium selenide thin films without any residual amor-

phous content and to a pin hole free surface due to the fact

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
1.5

2.0

2.5

3.0

3.5

4.0

4.5

lo
gρ

1000/T (k-1)

 300oC

 325oC

 350oC

 375oC

 400oC
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that these films grown at the optimal temperature mediated

a CVD process. The values of carrier concentration and

mobility for the film deposited at 350 �C are

8.27 9 1016 cm-3 and 14.4 9 10-3 cm2 V-1 s-1; respec-

tively with n-type conductivity. The values of carrier

concentration and mobility for indium selenide thin films

deposited at various substrate temperatures are given in

Table 2 and are in good agreement with reported data [48,

49].

4 Conclusions

In2Se3 thin films can be deposited by chemical spray py-

rolysis technique. Polycrystalline nature with hexagonal

crystal structure was revealed for all compositions from

X-ray diffraction studies. Films with crystallite size in the

range of 18–26 nm can be obtained. The surface mor-

phology of the material is uniform. EDAX study confirmed

nearly stoichiometric deposition of In2Se3 thin films. The

absorbance significantly decreases in the IR spectral range

(beneficial fact in the photovoltaic conversion), proving

that these optical parameters are morphology-related, and

could be corroborated with the multiple scattering on the

small-sized grains that lead to a more efficient radiation

trapping in UV and Vis. The absorption spectra of these

composites showed a high coefficient of absorption with

direct allowed type of optical transitions with band gap of

1.78 eV. All films are semiconducting in nature with

n-type conductivity. Finally it is concluded that the im-

provement in the crystalline nature and decrease in the

optical band gap are important physical properties of the

material that can play a crucial role for effective harnessing

the solar energy.
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