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Enhancement of optical absorption and dispersion
characteristics of nanocrystalline In,Se; films: impact
of y-ray irradiation
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Diffraction (XRD) and scanning electron microscopy (SEM) were used to
© The Author(s) 2023 investigate the crystalline and morphological structure of In,Se; thin films,

respectively. The results revealed that powder has a polycrystalline structure,
whereas pristine and irradiated thin films are amorphous. The computed
absorption coefficient indicates that direct transition is allowed for the as-de-
posited and y-irradiated thin films, and the value of the measured energy gaps
increases when the dose is increased from 10 to 50 kGy. Using single-oscillator
models to obtain the dispersion parameters, the spectral dependency of the
refractive index in the higher wavelength area was studied. The effect of irra-
diation on dielectric constants and dispersion characteristics suggests that the
examined films are highly sensitive to appropriate irradiation dose. The non-
linear optical susceptibility has improved, making it appropriate for a variety of
device applications.

1 Introduction random access memory (PRAMSs), solid-state batter-

ies, and solar cells [1-3]. Some studies involved the
The III-VI semiconductors have caused a great deal fabrication of In,Se; as an optoelectronic material
of study owing to the unique electrical and optical and/or a memory material compatible with comple-
properties and potential applications in electronic mentary metal-oxide semiconductor (CMOS) tech-
and optoelectronic devices such as phase-change  nology which are taken into account. Then the
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perfectly deposited state In25e3 layer can be placed
inside the carved slot. The lens can be shifted
between the -state and the -state via thermal
annealing, electrical current injection, and optical
excitations [4].

In,Sej; is a defective tetrahedral bonding configura-
tion with one-third of the sites unfilled, forming a
screw array along the c axis. Because In,Se; has so
many distinct crystalline phases, growing high-quality
In,Se; with a single phase is challenging. High-quality
thin films of In,Se; epilayers were prepared using
thermal evaporation approach [5, 6], Bridgman-
Stockbarger Method [7, 8], and metal-organic chemical
vapor deposition (MOCVD) [9-11]. Environmentally
friendly III-VI semiconductor thin films with specified
characteristics are required for modern technological
applications. I[II-VI semiconductor thin films are made
using chemical or physical processes. One of the most
precise procedures in the manufacturing of these films
is thermal evaporation under vacuum.

Due to their direct band gap features, which show
a higher photon emission and absorption efficiency
compared to indirect semiconductors, group II-V
materials are generally ideal for optoelectronic devi-
ces in light-emitting/absorbing devices, such as
LEDs, lasers, and detectors. Thus, Si-based III-V
devices and III-V photoelectric devices can signifi-
cantly increase the data transmission speed and
amount by taking advantage of the superior features
of III-V compounds, which substantially reduces
integrated electricity and power consumption [10].
The III-VI semiconductor materials, including
indium selenide (In,Se;), have drawn a lot of interest
for use in solar cells. In,Se; can be utilized as a
window material or buffer layer for solar devices
since it has the best physical features. It is an n-type
semiconductor that can be successfully deposited
using soft methods, and its band gap can change
depending on the composition, ranging from 2.0 to
2.45 eV. Most based cells may use thin films of In,Se;
as a window material [11].

The effect of irradiation on II-VI semiconductor
thin films, on the other hand, has piqued curiosity.
The effect of radiation on nanomaterials can help
with appropriate design of material characteristics for
a variety of prospective applications. Radiation has
the potential to change the characteristics of a sub-
stance in a single step. Radiation can produce new or
different defect states to form as well as changes in
trapped charge at defect sites, carrier densities, and
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increased oxidation of thin films [10, 11]. When
employing electronic equipment in high-depend-
ability applications in severe environments, this
irradiation can also assist forecast reliability [12]. The
effect of irradiation on inorganic semiconductor thin
films in regard of modifying their physical charac-
teristics has been widely investigated and analyzed.
However, a technical issue in the optical properties of
the In,Se; thin films is still needs further investiga-
tions to be able to improve their optical properties of
the compound, and the full coverage has not been
completed by further authors. Thus, the present
study concerns easily prepared method for preparing
thin films, unique optical parameters, and adapt-
able optoelectronic features of the In,Se; films
enabled them to be one of the key alternatives com-
pared to the well-known silicon-based traditional
solar cells.

The focus of this research is to see how gamma
irradiation affects the structural and optical features
of In,Se; thin films before and after they have been
exposed to dosages of (10, 20, 30, 40, and 50) kGy.
There is no extensive examination of the influence of
gamma irradiation on the described behavior of In,.
Ses films made by the thermal evaporation process
that we are aware of in the literature. As a result, a
thorough investigation of the structural and optical
features of In,Se; thin films is necessary. In this
paper, a high-quality In,Se; thin film was created
utilizing a thermal evaporation approach in a high-
vacuum environment to investigate the film’s struc-
tural and optical features in considerable depth. The
XRD and SEM were used to evaluate the film’s key
microstructural properties. The spectrophotometric
approach was used to investigate optical absorption
and transitions in the UV-Vis region for In,Se; thin
films under the influence of various irradiations. The
dispersion of refractive index was also analyzed and
described using a single-oscillator model over a
broad wavelength range, and the nonlinear optical
characteristics were also investigated.

2 Experimental techniques

2.1 Thin-film preparation
and characterization of In,Se;

The Leybold Heraeus GmbH organization provided
In,Se; with a purity of 99.999 percent (5 N), which
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was utilized without additional purification. Using a
typical thermal evaporation technique, type Edwards
Co. model E 306A, England, on completely clean
glass and quartz substrates, In,Se; thin films were
deposited. Using a thickness monitor made of quartz
crystal, the thickness of the prepared films was
investigated. A quartz crucible heated by a tungsten
coil was used to evaporate In,Ses.

The microstructures of material powder and thin
films were investigated using a SHIMADZU X-ray
diffractometer with CuK, radiation =1.540 and
operating at 30 mA and 40 kV. The morphology and
the crystalline structure of powder and thin films of
In,Se; were investigated using SEM and XRD,
respectively.

In a ®°Co irradiator chamber, the thin films were
bombarded with y-rays (Indian cell GC 4000). A
concentric source permanently wrapped in a lead
shield and a cylindrical drawer that slides up and
down along the center axis make up the irradiated
unit. A compartment in the drawer holds the samples
to be irradiated at a dosage rate of 0.96 kGy/h. To
avoid the heat generated by irradiation, a cooling
system was added to the cell.

The transmittance, T(1), and reflectance, R (1), of
In,Ses thin films at normal incidence in the wave-
length range 200-2500 nm were measured using a
double-beam spectrophotometer (JASCO model
V-670 UV-Vis-NIR) with 10 nm intervals.

2.2 Optical calculation procedure

The absolute values of T(1) and R(4) can be computed
by correcting the absorbance and reflectance of the
Quartz substrate, which is provided by the following
formulae [13]:

T= G—;‘) (1-R,), (1)

where I¢ and I; are the intensities of light passing
through the film-quartz system and that passing
through the reference quartz, respectively. R, is the
reflectance of the quartz substrate and

R= Gi) R (1+ [1-Ry?) = TR,, 2)

where I,,, is the intensity of light reflected from the
reference mirror, Iy is the intensity of light reflected
from the sample, and R,y is the mirror reflectance.

Page 3 of 14 382

The values of the absorption coefficient, «, and
optical constants (n and k) were estimated using the
following relationships [14, 15]:

O () )

(3)
oA
K=, 4)
12
4R 1+R
n:<(1—R)2_K2> +(1+—R> ®)

where d represents the film thickness, T represents
the measured transmittance, and R represents the
measured reflectance. The computational technique
[16] is used to estimate the experimental errors. R and
T computations were determined to be 0.1%, film
thickness measurement to be 2.2%, refractive index to
be 3%, and extinction coefficient to be 2.5%.

3 Results and discussion

3.1 Structural and morphological
investigations

The XRD pattern of In,Se; in powder form is shown
in Fig. 1(a). According to Shirly et al.[17], Miller
indices for each diffraction peak in XRD were calcu-
lated on the pattern using the Crysfire Program. As
shown in the picture, a polycrystalline nature with
varied preferred orientations was discovered. The
XRD patterns of the In,Se; thin film, as shown in
Fig. 1(b), are amorphous, with no evident preferred
orientations.

Figure 2(b) shows the effect of y-irradiation with
varied dosages of 10, 20, 30, 40, and 50 kGy on the
XRD of In,Se; film. The diffraction hump is observed
for all films, and this is followed by an increase in full
width at half maximum, as well as a modest shift in
the hump toward higher 20 values. This implies that
the structural characteristics of the films changed
because of the y-irradiation treatment.

The surface morphology of In,Se; films before and
after 40 kGy y-irradiation (as a representative exam-
ple) may be assessed using SEM. Figure 2(a) depicts a
thick microstructure with indeterminate forms and
almost uniform distribution, as well as an accumu-
lation of partially overlapping or merged grains (a).

@ Springer
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Fig. 1 a X-ray diffraction pattern of powder and b X-ray diffraction of pristine and y-irradiated thin film of In,Se;
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Fig. 2 SEM micrographs of In,Se; a pristine film, b Irradiated thin films of 40 kGy gamma dose, ¢ roughness of irradiated film, and
d Grain size distribution of irradiated thin film of 40 kGy gamma dose

As a result of the y-irradiation, irregular flattened
forms were discovered, as shown in Fig. 2(b). Fur-
thermore, by increasing the y-irradiation dosage from
10 to 50 kGy, the diameters of these flattened forms
were reduced, and a highly random grain distribu-
tion throughout the whole surface was increased (not
shown here). The roughness is also estimated using
the line profile distribution given in Fig. 2(c) and
found to be in the 10-20 nm range. Consequently, the
average grain size is predicted to be around 20 nm in
the first range and 110 nm in the second range based
on the histogram of the grain size distribution shown
in Fig. 2(d). The grain size achieved is more than
20-120 nm due to the sample’s aggregation
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properties. The nanoparticle element is confirmed by
SEM examination.

3.2 Optical characterization

For the prepared and irradiated surfaces, typical
visual and near-infrared transmittance, T(1), and
reflectance, R(4), in the range (10-50 kGy) for In,Se;
thin films are shown in Fig. 3(a, b). The transmittance
and reflectance curves are consistently changed by -
irradiation, as shown in these figures. In the absorp-
tion range (300-750 nm), the transmittance spectra of
the irradiation films are moved to longer wave-
lengths (redshift) and have lower transmittance than
the as-deposited film. Changes in the optical gap of
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irradiated films cause these changes. While in the
transparent area (750 nm < 4 < 2500 nm), the as-de-
posited film exhibits greater transparency than the
pristine films (96%) than the irradiated film (89%)
with dose of 50 kGy. These modifications in optical
transmission and reflectance of In,Se; thin films may
be associated to structural modification that is
induced by influence of vy-irradiation. Fig-
ure 4(a) shows the spectrum behavior of the real, (1)
and imaginary parts of the indices, k(1) (not shown
here) of pristine and y-irradiated In,Se; thin films.
Moreover, Fig. 4(b, c¢) shows the influence of y-irra-
diation on the values of n and k of In,Se; thin film
which decreases with the increase of dose values. The
polarizability of the structure might explain the sig-
nificant variation in the values n and k[18].

The spectrum behavior of the absorption coeffi-
cient, o for the as-deposited and y-irradiated In,Sej
thin films is shown in Fig. 5. The intensity and
absorption edge of In,Se; are significantly changed
when the y-irradiation dose is raised.

The following equation was used to identify the
type of electron transition and the value of the optical
energy gap by examining the absorption coefficient
around the onset and fundamental absorbing
edge[19]:

(ohv) = B(hv — E,)’, (6)

where E; is the optical energy gap, f§ is a constant,
and r is a constant related to the type of transition
(i.e., r =2 and 1/2 for indirect and direct permitted
electronic transitions, respectively).
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r =2 and 1/2 for indirectly and directly allowed
electronic transitions, respectively, E; is the optical
energy gap, and f is the constant related to electronic
conductivity. The type of electronic transition that is
allowed is a direct transition that is determined by

the best fit of data plot of (av)* versus (hv). Fig-
ure 6(a, b) depicts the variation between (ahv)? vs.
(hv) for the pristine and y-irradiated In,Se; thin films,
respectively. The extrapolated linear regression of the
curve obtained from a plot of (sthv)? vs. (hv) is used to
determine the direct band gap. The values of the
optical gap for the as-deposited and v-irradiated
films are obtained by extrapolating the straight-line
graphs (a¢hv)® = 0.

The extrapolated linear regression of the curve
obtained from a plot of (hv)* versus photon energy
(hv) is used to determine the direct band gap. The
values of the optical gap for the as-deposited and v-
irradiated films are obtained by extrapolating the
straight-line graphs (ohv)® = 0. Figure 6 shows the
change of the energy gaps of the pristine and the -
irradiation that indicated a shift in the fundamental
band gap energy from 2.48 to 1.67 eV, which is ben-
eficial for solar cells. The degree of crystallinity effect
in the In,Se; thin films after exposure to y-irradiation
might explain the reduction in optical band gap. As a
result of the increased disorder in the amorphous
material caused by y-irradiation, changes in the
optical characteristics of the thin film occur. The
computed energy gap values for the as-deposited
thin films and irradiated with various y-ray dose
films with various doses are listed in Table 1. The
findings show that optical energy gaps are affected
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g. 3 Plot of the influence of y-ray irradiation on the spectral distribution of a T(4), and b R(A) for pristine In,Se; thin film
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Fig. 5 The plots of o versus E for In,Se; thin films before and
after y-irradiation

by the dosage of y-irradiation. Furthermore, the
fluctuation in the optical gap may be explained in
terms of the increasing disorder and number of
deformities in the structural bonding and crystal field
induced by the structural flaws of gamma interaction
with the thin films investigated [20]. The optical band
gap reduces with more radiation doses, and this
alteration has been related to the introduction of
newly found electronic levels within the energy band
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gap and the reduction because of structural rear-
rangements. This new energy level might be an
acceptor near the valence band’s apex or a donor
lower in the conduction band, lowering the energy
required to transfer the charge carrier from the
valence band to the conduction band as discussed by
Maity and Sharma [21]. Sharma [5] discovered that
when gamma radiation dose increases, the optical
band gap of tellurium dioxide thin films decreases.
Aziz [22] discovered that exposing CdO thin films to
radiation doses improves their behavior, as the val-
ues of optical characteristics rise with increasing
radiation dosage owing to extra generation of energy
levels inside the designated space between the
equivalency and conduction band. Refaei et al. [23]
found that the E; values of CdSe thin films before
irradiation (1.74) eV and the energy gap increased
after irradiation; the rise in the gap is thought to be
attributable to the rise in particle sizes. Stojilovic et al.
[24] have found that radiation affects the optical
properties resulting in a reduction of the optical band
gap of the irradiated polymers. Obasi et al. [25] dis-
covered that when the wavelength is increased, the
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Table 1 The optical gap and

dispersion parameters In,Ses Film condition E, (eV) E, (eV) Eq4(eV) Ey(eV) €00 N/m" (10°)m>/kg
tf}‘:irnﬂ%ehirslsune and y-irradiated (e 225 0.32 24.65 1.47 1017 48

10 kGy 222 031 31.1 1.79 1006 2.16

20 kGy 4.11 0.29 21.03 131 996 7.1

30 kGy 1.97 031 18.66 1.23 990  6.65

40 kGy 1.82 0.29 33.72 1.32 724 82

50 kGy 1.67 0.26 29.24 1.716 885  7.15

transmittance increases while the absorption coeffi-
cient falls, and as a result, the energy band gap of the
sample reduces.

The Urbach energy may also be determined from
the low-energy tail of the absorption coefficient. The
linear response of the natural logarithm of absorption
coefficient on photon energy is shown in Fig. 7(a).
The Urbach energy is calculated by taking the inverse
of the slope, as shown in Table 1 and Fig. 7(b) for
varied y-irradiation effect on the values of E,. A
decrease in the value of the Urbach energy was
observed with an increase in the irradiation dose that
is consistent with the change in the value of the gap
energy explained above.

Furthermore, the refractive index values of In,Se;
show abnormal dispersion in the region 650 nm and
normal dispersion in the range > 650 nm. Before and
after y-irradiation, the dispersion spectra in the
transparent region (> 650 nm) were studied using the
single-oscillator model given by Wemple and DiDo-
menico [26] as follows:

1 E, 1

- 0 hy)?
21 E EE "™

(7)

where E, is the oscillator energy and Eq is the oscil-
lator strength or dispersion energy. Figure 8(a) shows
the plot of (n*~1)"" versus (hv)® for the pristine and
irradiated In,Se; thin films. The slope and intercept
on the vertical axis were used to get the values of E,
and E4. Table 1 summarizes the E, and Eg4 of the
pristine and irradiated In,Se; thin films and are
illustrated in Fig. 9(a). The higher values of both E,
and E4 were observed for the dose of 10 kGy while it
reaches to its lower values for the dose of 30 kGy.
These findings indicate that y-irradiation induces
material structure.

For the dosage of 10 kGy, larger levels of E, and E4
were obtained, whereas for the dose of 30 kGy, lower
values were obtained. This change suggests that y-
irradiation causes material disorder that increases
with increasing the dose value.

Furthermore, the refractive index can be resolved
to get the high frequency dielectric constant (e..). In
the region of applied normal dispersion, the rela-
tionship between the actual dielectric constant and
the wavelength is as follows [27]:

@ Springer
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(1 SR

where ¢ and ¢, are the lattice dielectric constant and
the permittivity of free space, respectively. N/m’ is
the ratio of free carrier concentration to its effective
mass.

The change of n” for pristine and y-irradiated In,.
Se; thin films is shown in Fig. 8(b). In Table 1, the
computed values of ¢, and N/m" and are presented.
After y-irradiation treatment, the ¢, increases with
the increase in the dose, as well as N/m’ values, but
decreases at the dose of 40 kGy and then increases as
shown in Fig. 9(b).

The frequency dispersal of complex dielectrics
offers information on the material’s electronic

@ Springer

structure, and the dielectric characteristics are asso-
ciated with the crystals’ electro-optic properties,
making it crucial for the design of highly efficient
optoelectronic devices. The acquired refractive and
absorption indices allowed the real and imaginary
parts of the complex dielectric constant to be calcu-
lated using the following relationships [28, 29]:

VELF = 2 9)
e+ 18

g =n® — Kk (10)

& = 2nk (1 1)

Figure 10(a, b) depicts the spectrum of real, &, and
imaginary, &, components of the dielectric constant.
As can be seen in this figure, the ¢; has a higher value
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Fig. 9 a Plot of E, and E4 vs. dose, and b Plot of ¢, and N/m” vs. dose for In,Se; thin film of various irradiation doses

than the value of ¢;. Moreover, the dielectric constant,
& displays a considerable rise at low energies and
peaks at roughly 1.5 eV, and this peak moves toward
increase as the irradiation value of the samples
increases (blue shift). While ¢, has a distinct pattern,
with a sharp reduction at low energies and a broad-
ening rise at around 3.2 eV. This rise is moved to
higher energy by increasing the irradiation dosage,
and then the values of & decrease. The effect of
increasing photon energy on dielectric functions was
also investigated. Figure 11(a, b) depicts the change
in the value of the ¢, at photon energies of 2.31 eV, as
well as the change in the value of & at 2.31 eV. It is
obvious that the highest values of both,e; and e,
occur for the pristine films and that the values fall
irregularly as the dose irradiation value increases.

The volume, VELF and surface energy loss func-
tions, VELF and SELF, are linked to the real and
imaginary portions of the dielectric constant by the
following relationships [30]:

_ &
VELF = (12)
SELF=_— 2 (13)

& Z+82
1754

The distribution of volume (VELF) and surface
(SELF) energy loss of the as-deposited and irradiated
films as a function of photon energy is shown in
Fig. 12(a, b). It is worth noting that the VELF value is
larger than the SELF value, indicating that the energy
loss inside is greater than the film’s surface. Fur-
thermore, for a given photon energy, the values of

E(eV)

40
(@) - ]
: ::Dose— o
30- ) o
20
10 4
Fig. 10 a Plot of & vs. E, and b &, vs. E for In,Ses thin film of various irradiation doses
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Fig. 11 a Plot of ¢; vs. dose, and b Plot of ¢, vs. dose for In,Se; thin film of various irradiation doses

each VELF and SELF rise erratically, resulting in
wide peaks at doses of 40 kGy (Fig. 13).

4 Nonlinear optical investigations

It is well known that the interaction of low-intensity
radiation, such as conventional light, with the mate-
rial is a linear function that creates linear optical
results, but the interaction of high-intensity radiation,
such as laser, is a nonlinear function that produces
nonlinear optical results. The interaction of the
induced polarization with the electric field utilized
might cause the latter. The linear function can be
achieved under influence of low-intensity field, but
the nonlinear feature can be proven when for high
field density [31].

0.12 1

0.08 +

VELF

0.04 -

hU (eV)

The linear optical susceptibility of a material is
calculated using the following relationship[31]:

w_ -1

e (14)

X

However, the third nonlinear order susceptibility
7?, a key concept in a number of applications,
depending on both the linear refractive index, n and

7 can be represented as follows:[31]

A
2 =AY =2 ot -

(4n)2 1)4’

(15)
where A is a constant of 1.7 x 107'° esu, and #*®
denotes the limit of hv — 0 (n = n,).

Figure 14 (a, b) demonstrates the photon energy
dependence of xVand ), respectively. Clearly, the
two parameters have a peak at lower photon energy
and saturate at greater photon energy to lower

0.08

()

0.06 4
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e=50KGy
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7]
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0.00 - T
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ho (eV)

Fig. 12 a Plot of VELF vs. photon energy, hv and b Plot of SELF vs. photon energy, hv for the pristine and y-irradiated In,Ses thin films

@ Springer



] Mater Sci: Mater Electron (2023) 34:382

E=2. \"%
(a) = 05e
0.018
p 0.0164
—
w
> - .
0.014 4
0.012
(] 10 20 30 40 50
Dose(KGy)

SELF

Page 11 of 14 382

Fig. 13 a Plot of VELF vs. Dose, and b plot of SELF vs. Dose for the pristine and y-irradiated In,Ses thin films

3.0

=fl=Pristine
=@-Dose=10KGY
= Dose=20KGY
Dose=30KGY
Dose=40KGY
==Dose=50KGY

(a)

2.51

E(eV)

(3)

Fig. 14 a plot of " vs. photon energy, hv and b Plot of ¥

values. This high photon energy dependency is more
easily understood for nonlinear optics applications.
Clearly, the two parameters have a peak at lower
photon energy and saturate at greater photon energy
to lower values. This high photon energy depen-
dency is more easily understood for nonlinear optics
applications. The values of 3® diminish when the
irradiation dosage is increased as shown in Fig. 15 (a,
b). The reduction in third-order nonlinear features for
the samples tested may be attributed to a decrease in
nonlinear refractive index. Because molecules with
low 7 have a large loss owing to two-photon
absorption, they are suitable candidates for all optical
switching applications[31].

3
X()

0.0104 (®) E=2.21eV
0.009 -
0.008 -
0.007 - - -
0.006 -
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9.0x10° D st
6.0x10° -
3.0x107°
0.0 Y } Y Aqe
1 2 3 4 5 6
E(eV)

vs. photon energy, hv for the pristine and y-irradiated In,Se; thin films

5 Conclusion

The thermal evaporation process produces nanos-
tructured In,Ses films. Thin films of In,Ses; are sensi-
tive to y-irradiation of 10-50 kGy, indicating that they
might be used in a variety of medical applications.
According to the absorption study, the In,Se; films as
deposited and irradiated exhibit a direct permitted
band gap. The Urbach energy was computed and is
shown to be sensitive to the impact of irradiation
doses, and the dependency of energy band gaps on
irradiation dosage may be related to an increase in
structural disorder when the dose is increased. This
investigation was successful since it was able to
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Fig. 15 a Plot of " vs. Dose, and b plot of »® vs. Dose for the pristine and y-irradiated In,Ses thin films

extract and demonstrate how irradiation had an
effect on the linear and nonlinear optical properties.
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