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ABSTRACT

Indium selenide (InSe) thin films were prepared by electron beam evaporation technique
onto glass substrate at a pressure of ~8x10”° Pa. The deposition rate of the InSe thin films
is ~8.30 nms™'. The XRD and SEM study reveal that InSe thin films are amorphous before
phase-transition while they become polycrystalline after phase-transition. The Energy
Dispersive Analysis of X-ray (EDAX) analysis shows that InSe thin fiims are non-
stoichiometric. The change in electrical conductivity of InSe thin films with temperature
shows a semiconducting behavior. The optical properties of both the virgin and phase-
transited InSe thin films have been studied in the wavelength range 360<A<1100nm,
respectively at room temperature. The study of absorption coefficient of virgin InSe thin
films shows a direct type transition with a band gap of =1.65 eV which agrees well with
the reported values. The variations of refractive index and dielectric constant of the films
were also calculated and discussed in relation with film re-crystallization after heat
treatment. The integrated values of luminous and solar transmittance as well as of
reflectance suggest that InSe is a potential candidate for the application in selective
surface devices.
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1. INTRODUCTION

Indium selenide (InSe) is a layered semiconductor which has attracted much attention to be
a new class of materials for solar energy conversion applications. The transport properties of
InSe thin films have been widely investigated in the past years [1,2]. The near band-edge
optical and electrical properties of strongly anisotropic crystals are subject of considerable
technical interest. InSe thin film is of particular interest because the material has a variety of
applications in optoelectronic devices [3], solar cells [4], and solid state batteries [5].
Literature reports indicate that InSe thin films have been prepared by a number of
techniques by a number of researchers. These include vacuum evaporation [6-8], flash
evaporation [9], molecular beam deposition [10], electro deposition [11], sol-gel method [12],
etc. Despite of several studies on the growth and characterization of InSe thin films
deposited by different methods there is a lack of understanding concerning the structure,
optical and electrical properties which highly influence the device performance.

It is very important to study the optical properties of InSe thin films when these are to be
used in devices particularly solar cells. In this paper, we discuss about the optical properties
of InSe thin films prepared by electron beam evaporation technique onto glass substrate and
compare the results with other researchers’ works.

2. EXPERIMENTAL

Indium selenide (InSe) thin films were prepared by e-beam evaporation technique onto glass
substrate at a pressure of ~8x10° Pa from InSe granular powder (99.999%) obtained from
Materials by Metron, USA. All the films were deposited at room temperature. A detail of the
sample preparations is reported elsewhere [13]. The film thickness was measured by the
Tolanasky interference method with an accuracy of £5nm [14].

3. RESULTS AND DISCUSSION
3.1 X-ray Diffraction (XRD) Study

The X-ray diffraction of the InSe thin films was done using a diffractometer, PHILIPS model
“X’Pert PRO XRD System” [15]. The X-ray diffractograms of all the samples was recorded
using monochromatic CuK,, radiation (A=1.54187 A), scanning speed 2 degree/min, starting
from 8° and ending at 50° to confirm the information of the sintered product’s single phase

nature. The peak intensities were recorded with respect to their 20 valyes.

The XRD patterns of the InSe thin films of thickness 300 nm are shown in Fig. 1 (a) and (b),
respectively. It is observed from these patterns that the virgin films are amorphous in nature,
while a number of remarkable peaks present in the phase-transited InSe films. So it is
concluded that InSe thin films are amorphous before phase transformation while they
become polycrystalline after structural transformation. These phenomena were also
observed by other researchers [7,16,17].

The dy values were calculated from the intensity peaks of the XRD spectra for InSe thin
films [13]. These calculated values are compared with ASTM card’s dyy values, and their
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corresponding planes are (101), (420), (221), (100), (510) (1010). The XRD study reveals
that the InSe thin films have polycrystalline hexagonal structure with the lattice parameters:
a=19.20 A, b=19.20 A and ¢c=4.00 A, respectively.

From XRD data, the crystallite size and dislocation densities are calculated [13]. It is
observed that the crystallite size varies from 18.034 to 109.025 nm, dislocation densities
varies from 0.84x10'* to 30.746x10"“lin/m* and strain varies from 0.337x10° to 2.306x10°
lin®.m™ in the InSe thin films.

3.2 Scanning Electron Microscopy (SEM) and EDAX Study

Figs. 2(a) and (b) show the SEM images of the virgin and phase-transited InSe thin films of
thickness 300 nm, respectively. These SEM images indicate that there is no sign of grains in
the virgin films and the surfaces are almost smooth and uniform. While in the phase-
transited InSe thin films the surfaces are rough.

The analysis of the elemental compositions for the InSe thin films of various thicknesses
were estimated by using the method of Energy Dispersive Analysis of X-ray (EDAX). The
EDAX spectra of the virgin and phase-transited InSe thin films of thickness 240nm is shown
in Figs. 3 (a) and (b), respectively.
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Fig. 1. XRD spectra for (a) virgin and (b) phase-transited InSe thin films of thickness

300nm

Table 1 shows the elemental composition of InSe thin films of thicknesses of 240 and 300nm
respectively. The result of EDAX study shows that InSe thin films are non-stoichiometric [13].
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Fig. 2. The SEM images of (a) virgin and (b) phase-transited InSe thin films of
thickness 300nm

(b)
Fig. 3. The EDAX spectra for (a) Virgin and (b) Phase-transited InSe thin films of
thickness 240 nm

Table 1. The elemental composition of InSe thin films of different thicknesses

Thickness (nm) EDAX Results Remarks
In(%wt) Se(%wt)
240 70.68 29.32 Virgin
70.75 29.25 Phase-transited
300 70.05 29.95 Virgin
70.58 29.42 Phase-transited

3.3 Electrical Properties of InSe Thin Films

The change in the electrical conductivity was investigated for the virgin InSe thin films [13].
The electrical conductivity was measured as a function of temperature T in the 305-475K
range. The conductivity was measured by applying a d. c. 0-15 V bias across the films with
silver contact and recording the current and voltage simultaneously by using a standard four-
probe van-der-Pauw technique. It was seen from the study that the conductivity increases
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continuously with temperature and there is a sharp increase in conductivity at a temperature
within the range which slightly varies with film thickness. This phase change in conductivity
was observed to be irreversible, i.e., it did not return to the initial state. The irreversible
temperature dependence of electrical conductivity reveals the changes in the film structure
during heat treatment and improvement in the crystallinity of the film [7,16,17].

3.4 Optical Properties of InSe Thin Films

The transmittance and reflectance of virgin and phase-transited InSe thin fiims of
thicknesses 175, 240 and 300nm are shown in Fig. 4 and 5, respectively [15].
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Fig. 4. Variation of transmittance with wavelength of (a) virgin and (b) phase-transited
InSe films of different thicknesses

It is observed from the above figures that the transmittance tends to zero in the ultra-violet
region and increases with wavelength in the visible range. This may happen due to the fact
that when the photon energy is equal or greater than the band gap energy of the InSe thin
films photons are highly absorbed by the films. From the figure it is also seen that the
absorption edge shifts towards the higher wavelength side with increase in the film thickness
with exception for 300nm, which may happen due to surface imperfections. This indicates
that the band gap value decreases with increase of film thickness. Like transmittance,
reflectance is relatively low in the ultra-violet region and in the visible and IR regions values
vary due to interference.
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Fig. 5. Variation of reflectance with wavelength of (a) virgin and (b) phase-transited
InSe films of different thicknesses
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Figs. 6 (a) and (b) show the variation of absorption coefficient with photon energy for both
the virgin and phase-transited InSe thin films respectively. It is found that the absorption
coefficient increases at higher energy (>1.5 eV). This increased absorption near the
absorption edge is caused by the transition of electron from the valance band to conduction
band.
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Fig. 6. Variation of absorption coefficient with photon energy of (a) virgin and (b)
phase-transited InSe thin films of different thickness

3.4.1 Optical band gap

In the high absorption region, absorption coefficient (%) can be represented by the relation
as Tauc [18] and Pankove [19], respectively,

ahv=Ahv-E,)" )

where, A is constant depending on the transition probability, E4 is the optical band gap and n
is an index that characterizes the optical absorption process and is theoretically equal to 2,
1/2, 3 or 3/2 for indirect allowed [20], direct allowed, indirect forbidden and direct forbidden
transitions, respectively. The usual method for determining the value of the band gap Ej is
obtained from a graph of (ahv)'" versus photon energy, hV . If an appropriate value of n is

used to obtain a linear plot, the value of Eg will be given by the intercept on the hV axis. Fig.
7 shows the plot of (oxhv)2 vs. hv for (a) virgin and (b) phase-transited InSe thin film of
thickness of 300nm. Table 2 shows the variations of direct band gap with thickness the InSe
thin films [15].

Table 2. The optical band gap of InSe thin films

Thickness, t (hm) Virgin thin films Phase-transited thin films
Direct band gap (eV) Direct band gap (eV)
175 1.65 1.92
240 1.64 1.76
300 1.60 1.68
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Fig. 7. The plot of (o(hv)2 vs. hv for (a) virgin and (b) phase-transited InSe thin film of
thickness of 300nm

The calculated values of direct band gap (Eg) for different thickness of virgin InSe samples
vary between 1.60 to 1.65 eV which agrees well with early reports [7,21,22]. It is shown from
the table that band gap slightly decreases with thickness. This decrease of band gap with
thickness may be attributed to the presence of unstructured defects, which increase the
density of localized states in the band gap and consequently decrease the energy gap [23].
The calculated values of direct band gap (E,) for different thickness of phase-transited InSe
samples vary between 1.68 to 1.92 eV.

Fig. 8 shows the variation of direct band gap of both the virgin and phase-transited (after
heating the samples) InSe thin films with thickness. The observed change of band gap of the
virgin and phase-transited films can be partially explained- on the basis of the model of the
density of states in amorphous solids proposed by Mott and Davis [24]. According to this
model, the width of the localized states near the mobility edges depends on the level of
disorder and defects present in the amorphous structure. In particular, it is known that
unsaturated bonds together with some saturated bonds are produced as a result of non-
stoichiometry of the components in the amorphous films. In the process of heated films (i.e.
in polycrystalline films), the unsaturated defects are gradually annealed out producing a
large number of saturated bonds. The reduction in the number of unsaturated defects
decreases the density of localized states in the band structure, consequently increasing the
optical band gap [13,25].

3.4.2 Refractive index and dielectric constant

The refractive index and dielectric constant can be calculated from the transmittance (T)
data using Murman theory [26]. Figs. 9 (a) and (b) reveal the dependence of refractive index
on wavelength of virgin and phase-transited InSe thin films. It is seen from the figures that
for the virgin films refractive index ranges from 1.3 to 2.13 and for the phase-transited films it
ranges from 1.22 to 1.71. At lower wavelength (400nm) region, the refractive index increases
and at higher wavelength (800nm) region it decreases. The increase of refractive index in
the lower wavelength region may be due to the strong effect of surface and volume
imperfections on the microscopic scale [7].
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Fig. 9. Dependence of refractive index on the wavelength for (a) virgin and (b) phase-
transited InSe thin films

The dependence of dielectric constant on wavelength for both the virgin and phase-transited
InSe thin films of different thicknesses is shown in Fig. 10 (a) and (b), respectively. It is seen
from the graphs that for the virgin films dielectric constant ranges from 1.58 to 4.30 and for
the phase-transited films it ranges from 1.5 to 2.9.

3.4.3 Urbach tail calculation for InSe thin films

According to Tauc [18], it is possible to separate three distinct regions in the absorption edge
spectrum of amorphous semiconductors. The first weak absorption tail, which originates
from defects and impurities; the second is the exponential edge region, which is strongly
related to the structural randomness of the system and the third is the high absorption region
that determines the optical energy gap. Below 2.0 eV, the absorption coefficient %indicates
a long band tail in the absorption curves, which may cause due to defects and impurities of
the samples [27].
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Fig. 10. Dependence of dielectric constant on the wavelength for (a) virgin and (b)
phase-transited InSe thin films

In the exponent edge where the absorption coefficient a lies in the absorption region of
3.08x10°<0<20.85x10° m™ (From Figs. 6(a) and 6(b)), the absorption coefficient is governed
by the relation as Urbach law [28].

a=a,exphv/E)) @)

where a, is a constant, hv is incident photon energy and E. is the width of the band or
Urbach tail. Using equation 2, the obtained data of In®has been plotted as a function of
photon energy hV | which is shown in Fig. 11. The calculated Urbach tail of InSe thin films of
different thicknesses is shown in Table 3.
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Fig. 11. The plots of In(a) vs. photon energy for (a) virgin and (b) phase-transited InSe
thin films of different thicknesses
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Table 3. Urbach Tail of InSe Thin Films

Film thickness (nm) Urbaich tail, E.(eV)
Virgin films  Phase-transited films
175 0.52 0.73
240 0.33 0.77
300 0.47 1.40

3.4.4 Photoluminescence (PL) study of InSe thin films

The photoluminescence (PL) spectra of different InSe thin films have been measured at an
excitation wavelength of 400nm whose corresponding energy is well above the band gap of
the samples.

Figs. 12 (a) and (b) indicate the PL spectra of virgin and phase-transited InSe thin films of
various thicknesses. It is observed from the figures that the PL spectra are very sharp with a
narrow band of about 25nm. It is evident from the figures that the peak shifts depending on
the film thickness. This peak shifting may occur due to the decrease of band gap with
thickness of the InSe thin films.
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Fig. 12. Thickness dependency of PL peak position and peak height of (a) virgin
and (b) phase-transited InSe thin films of different thickness
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3.4.4.1 Band gap determination from the PL spectra

The energy band gap of InSe thin films has been calculated from the PL spectra at room

temperature. In the case of indirect transitions, the radiation intensity can be described by

equation [29].

. (hv-E!)

I(hv) = vz(hv -E, )2 exp[-——-
) SPTTR p

(3)

i
where, | is the radiation intensity, v is the light frequency, h is the Plank constant, ¢ is the

K

indirect band gap of InSe, B is the Boltzmann constant, T is the absolute temperature.
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For direct transitions, the spectrum of intrinsic radiation has a form [29].
(hv —Ej)

I(hv) = vi(hv - E%)"? exp[-

(hv) ( g) p K,T
d

where ~ ¢ is the direct band gap of InSe.

Attempts have been taken to calculate both the indirect and direct band gap using equation
3 and 4, but the best fit has been observed for direct band gap.

The band calculated according to equation 4 has been shown in Fig. 13 for virgin thin films
of thicknesses 240 and 300nm, respectively. As there is no peak shift between virgin and
phase-transited film of same thickness, band calculation is not shown for phase-transited
films. The direct band gaps of virgin InSe thin films calculated from PL spectra are shown
Table 4.
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Fig. 13. Comparison of PL spectra with calculated spectra of virgin InSe thin films of
240 and 300nm, respectively

Table 4. The band gap of virgin InSe thin films from PL Spectra

Film thickness (nm) Direct band gap (eV)
60 1.60
175 1.57
240 1.56
300 1.55

It is seen from the table that the band gap values range between 1.55 and 1.60, respectively
which closely agrees with the band gap obtained from the optical study. A similar
observation on PL spectra of InSe thin films has been done by V.M. Katerynchuk et al. [30]
with a slightly different band gap.

3.4.5 Selective surface study

For measuring the performance of coating in selective surface applications, it is convenient
to introduce certain integrated optical quantities. These are especially the luminous (lum)
and solar (sol) properties obtained from
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Jae,x)

X,="—" "
P
[dae,2) -

Where X denotes transmittance or reflectance. The luminous quantities are obtained by

P =D, . » . —
setting ~ * “" equal to the standard luminous efficiency function for photooptic vision
[31] as specified CIE (Commission International de I'Eclairage). For solar quantities, one can

useq)p q)wl, according to the tabulated AM2 irradiance spectrum [32]. This calculation
has been done for different film thicknesses. The integrated values of luminous and solar
transmittance as well as reflectance were calculated [15]. The calculated %Tg,, %Rso and
% Tium, %Rium are tabulated in Table 5.

Table 5. %Tso1;, %Rso1; %Tiums and %R,m values for virgin and phase-transited InSe

thin films

Film thickness (nm) Solar Luminous Remarks

°/°Tsol °/°Rsol %Tlum °/°R|um
175 20.35 38.49 3.32 37.74
240 14.42 3790 1.97 38.80 Virgin films
300 19.20 33.77 3.60 35.02
175 38.14 25.78 18.16 23.25
240 2197 27.42 3.31 22.78 Phase-transited
300 26.49 40.04 14.34 16.97 films

It is seen from the table that the integrated luminous and solar transmittance and of
reflectance vary anomalously with increasing film thicknesses. Appreciable order of
transmittance and reflectance indicate its potential candidacy for the application in selective
surface devices.

4. CONCLUSION

InSe thin films were prepared by electron beam evaporation technique onto glass substrate.
The deposition rate of the films was ~8.30 nms™. The XRD study shows that the virgin films
are amorphous in nature while they transform to polycrystalline nature after heat-treatment.
The SEM study of InSe thin films shows that before phase-transition there are no grains in
the films and the surfaces are almost smooth while the surfaces are rough after phase-
transition. The EDAX study shows a non-stoichiometric InSe thin film. The electrical
conductivity of the films shows a semiconducting behavior. The optical study shows a direct
band gap of =1.65 eV of the films which is well agreed with the other reported values. It is
also noticed that the band gap increases in the phase-transited films as compared to the
virgin films. Notable order of luminous and solar transmittance and reflectance indicate the
potential candidature of the InSe thin films for application in the selective surface devices.
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