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Abstract

Undoped and aluminum-doped In,S3 chalcopyrite semiconductor thin films are deposited
on glass substrates using the thermal evaporation process under a vacuum of 1.6x10™ mbar,
achieving a thickness of 500 nm. This study examines the impact of varying Al ratios of 0.0,
0.02 and 0.04 on properties of Al-doped In,S; thin film. The structural characteristics of
In2S3 thin films were studied by X-ray diffraction (XRD) and atomic force microscopy
(AFM), revealing that the In2S3 film exhibits a polycrystalline structure and stable tetragonal
B-In2S3, with a preferred orientation of (109) at 26 = 27.3. Furthermore, AFM is examining
the exterior morphology of the film, revealing that both surface roughness and average
diameter escalate with higher Al ratios, hence augmenting the crystallite size of the thin
films. The UV/Vis spectrophotometer analyzed the optical properties of In,S; films, revealing
a maximum absorbance of 90% in the visible spectrum and a minimum transmittance. The
films exhibited a bandgap that decreased by 0.04 for each ratio of Al, ultimately reaching a
minimum value of Semiconductors In2S3 possess straight band gaps of 2.05, 1.98, and 1.95
eV, respectively. The computed optical constant encompasses the refractive index and the
extinction coefficient. Real and imaginary components of the dielectric constant.
Keywords: Chalcopyrite semiconductors, n- In,S3, Al Doped Thin film, XRD, AFM, Band
gaps In2S3, Thin film.

1. Introduction

Indium sulfide (In,Ss) is a chemical compound represented by the formula In,Ss;,
distinguished as a red powder with a purity of 99.999%. It is an n-type binary semiconductor
recognized for its significant optical transparency within the visible light spectrum (1).
Indium Sulphide (In,S3), a prominent member of the group IlI-V chalcogenide
semiconductors, is a leading candidate for optoelectronic applications due to its exceptional
characteristics, including strong photosensitivity, significant absorption coefficient,
appropriate bandgap, low toxicity, and stability. Recently, In,S3 has attracted considerable
interest owing to its distinctive features and its efficacy as an optical window material in
photovoltaic solar cells. It is eco-friendly and non-toxic, rendering it a safer and more
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sustainable substitute for conventional materials like cadmium sulfide (CdS) (2,3). Indium
sulfide exhibits three polymorphic phases (a, B, v), with the beta phase being the most stable
and predominantly employed in thin-film applications. This phase demonstrates a lattice
parameter of (a = 7.619 A) and (c = 32.329 A), contingent upon temperature at atmospheric
pressure (4,5).

The qualities of In,S3, along with its ecologically benign properties, make it a versatile
material that may be produced by numerous procedures for diverse applications (6). In,S;
exhibits a broad bandgap of 2.0 to 2.9 eV, which can be adjusted by altering the material
composition or via doping (7). It functions as a principal optical window material in solar
cells for photovoltaic applications and is utilized as an active element to improve the efficacy
of semiconductor batteries. Moreover, In,S; is employed in photoelectrochemical cell
applications that necessitate heightened sensitivity to light energy (8).

Prior scientific investigations have thoroughly examined the characteristics of In,Ss,
especially when applied as thin films. These films have been produced with modern
processes, including such as chemical bath deposition (3,9). vacuum thermal evaporation (10)
spray pyrolysis (11) ultrasonic dispersion, physical vapor deposition (12) sputtering (13)
electrodeposition (14) atomic layer deposition (ALD) (15) n-type semiconductor indium
sulfide (In,S3) (5,16). This study studies the impact of Al doping ratio on the optical, XRD,
AFM, and the relationship between these parameters, both with and without aluminum
doping. The results collected are detailed and discussed below.

2. Materials and Methods

This study utilized In,S; in the form of a red powder with a purity of 99.99% and
stoichiometric weight ratios (2:3), Aluminum powder (Al) was employed as a dopant at
concentrations of 0%, 2%, and 4% to modify In,S;. Generally, there exists a threshold for the
quantity of dopant that can be introduced without jeopardizing the material's characteristics.
X-ray diffraction (XRD) analysis employing Cu-K radiation 1.5418 A was performed on a
Malvern Panalytical Aeris system (UK) to describe the structural properties of In,S; powder
and thin film. The surface morphology of materials was examined utilizing atomic force
microscopy (AFM; Flex AFM, Switzerland). The investigations indicated that the films
exhibit a distinct crystalline structure. The crystalline dimensions were determined using the

Scherrer equation, yielding accurate insights into the material's structural features (17, 18).
0.914

C.§S = Beoso Q)

The symbol B represents the (FWHM) full widths at half maximum of the diffraction peak,

which is a measure of the peak's broadening. The size of the crystallite (C.S.) can be

determined using this parameter along with the Bragg angle (6\theta), which corresponds to

the diffraction peak position. The lattice constants a and c for the tetragonal structure are

determined using the following equation (19):
4sin®0 _ h*+k* 1P

12 g2 + c2 (2)
The microstrain (€) for the fabricated thin films from calculated using the following equation:
€ = f cosB (3)

4
The dislocation density () is the ratio of the lengths of the dislocation line to the volumes of

the crystal. This can be calculated by the following (20):

1
6= (C.5)2 (4)
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Optical transmittance of thin film was measured across the wavelength ranges of 300-1100
nm to ascertain the energy bandgap (Eg). The transmittance and absorption spectra in this
spectral range were examined, yielding insights into the optical properties of the produced
film. Direct energy bandgap (E;) was determined from the absorption spectra, utilizing
Lambert's law and Tauc's equations. This relationship delineates the correlation between the
absorption coefficient (@) and the photon energy (hv) as articulated by the subsequent
equation (21, 22):

a=2303% )

ahv = D (hv - E5)" (6)
Exact value of temperature-dependent constant D. The absorption coefficient is represented
by the letter a, the energy of the incident photons is hv, and r is a parameter that indicates the
type of optical transition. Absorption (A) and thickness (t). The subsequent relationships can
be employed to compute optical constants, encompassing the extinction coefficient k, the
refractive index n, and the real component €., the imaginary parts €, of the dielectric constant,

and the reflection R (23-25):
al

k=22 )
41T
_ 4R _ 2 1/2 _ (1+R)
=l TR -0 ®)
& = 2nk (9)
& =n?-k? (10)

3. Results and Discussion

The incorporation of aluminum (Al) into In,S; thin films is a substantial advancement in
improving their crystallographic and physical characteristics. Figure (1) displays the XRD
pattern for In,Ss thin film with (Al = 0.0, 0.02, and 0.04) at RT and a thickness of 500
nanometers. This Figure shows that the In,S; thin films have a polycrystalline stable
tetragonal B-1n,S3, with (109) preferred orientation at 26 =~ 27.3,and this agrees with the
study (26). Figure (1) illustrates that the crystalline peaks in the XRD patterns display minor
shifts with aluminum incorporation, signifying its effect on the lattice strain inside the crystal
structure. This phenomenon is ascribed to the replacement of aluminum atoms at designated
lattice positions within the In,S; crystal. Table (1) indicates that the measured diffraction
angles and interplanar spacings align well with the standard values documented in the ICDD
card (00-025-0390). This alignment verifies that the addition of aluminum does not adversely
affect the phase stability of the In,S; crystal structure. The incorporation of aluminum
diminished the full widths at half maximum of the diffraction peaks, indicating an
enhancement in crystallite size. This enhancement is ascribed to the diminished crystal strain
and improved homogeneity in the crystalline structure and the values of lattice constants
a=7.619 A and c=32.329 A is very close to researches (16). Aluminum also facilitated a
reduction in crystal strain (¢) and dislocation density (&), indicating enhanced crystalline
quality. The alleviation of strain further improves the structural efficacy of the thin films.
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Figure 1. XRD patterns of In2S3 and In2S3 doped with (0.0, 0.02, 0.04) Al.

Table 1. X-ray diffraction data from experiments for In,S; thin film at Al 0.0, 0.02, and 0.04.

200, FWHM 3*10"

Al ratio exp. deg. deg (hkI) deg. C.Snm lines/m? €107
IS, 3.262847 27.3 (109)
(Al = 00) 2.695323 33.199 (0012) 0.4674 18.2703 2.9958 1.98
1.905073 47.68 (2212)
IS, 3.274615 27.2 (109)
(Al =0.02) 2.703158 33.1 (0012) 0.4131 20.66747 2.3411 1.75
1.908088 476 (2212)
IS, 3.281719 27.14 (109)
(Al = 0.04) 2.705542 33.07 (0012) 0.3541 24.10803 1.7206 15

1.913162 47466  (2212)

The computations for micro-strain & dislocation density have been completed and are
displayed in Table (1). Reduction in micro strain and dislocation density becomes evident
with rising Aluminum ratios. The observed phenomena are due to a positive association
between the strain of micro and the full widths at half maximum (FWHM) of the principal
peak, with a negative correlation between dislocation density and crystallite size. The noted
decrease in defects in In,S; (Al = 0.0, 0.02, and 0.04) thin films with rising Aluminum ratios
indicates an improvement in their crystalline structure.

The examination of atomic force microscopy (AFM) data for In,S; thin films doped with
different aluminum (Al) concentrations uncovers significant insights into the influence of
aluminum on surface structure and characteristics. Figure (2) and Table (2) illustrate that an
increase in aluminum content within the thin films led to a significant elevation in surface
roughness relative to undoped films. This behavior demonstrates that aluminum significantly
alters the surface structure of the material. These alterations augment the interaction between
the surface and the ambient environment, consequently enhancing the optical and electrical
properties of the material. The augmentation of aluminum concentration resulted in an
elevation of the root mean square (RMS) roughness and grain size. This impact underscores
aluminum’s influence on modifying the crystallization pattern and grain distribution, hence
enhancing the material's physical qualities.

These structural modifications indicate the development of more consistent nanoscale
architectures, which boost material performance across many technical applications. The
In,S3 sample (Al = 0.04) exhibits a significant magnitude. This tendency can be attributed to
enhanced atomic mobility, resulting in the aggregation of particles, especially bigger ones.
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This aggregation finally signifies an enhancement in the texture of the films. These

observations validate the XRD results.

Table 2. AFM data for In2S3 thin film doped (0.0, 0.02, 0.04) Al.

Thickness (500 nm) Average diameter nm

Roughness average nm

Root means square

In2Ss (Al = 0.0) 39.28
In,S; (Al = 0.02) 47.69
In,S; (Al = 0.04) 48.57

3.969
11.01
21.36

6.005
21.84
35.34
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Figure 2. AFM images of undoped 1n,S3(0.0) and In,S; doped with (0.02, 0.04) Al.
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Based on the absorbance and transmittance values throughout the range of 300-1100 nm, the
transmittance relationship is illustrated according to the wavelength shown in Figure (3),
indicating the findings for In2S3 (0.0) and In2S3 doped with (0.02, 0.04). All films exhibit a
high absorbance rate of approximately 90% in the 300-550 nm spectral range. When doped
with 0.02 and 0.04 Al, a decrease in transmittance values is observed, accompanied by an
increase in absorbance and a shift of the fundamental absorption edge toward longer
wavelengths (lower energy). This behavior can be ascribed to the use of X-ray diffraction
(XRD) and atomic force microscopy data to know the correlations between surface
morphology and observed increase in absorbance (27, 28). This indicates that after adding the
Al procedure, the absorbance value of these thin films demonstrates an increasing tendency.
This rise is due to the absorption of photons by free carriers, resulting in a decrease in
transmittance. Alternatively, it may be associated with the evolution of crystallite dimensions
(29,30). Therefore, the capacity to absorb low-energy photons is feasible.
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Figure 3. The transmittance and absorption spectrum of In,S; doped with (0.02, 0.04) Al.

Figure (4) illustrates the variations of the absorption coefficient as a function. For In2S3
(0.0) and In2S3 doped with (0.02, 0.04) Al, we observe a gradual increase in the absorption
coefficient with rising photon energy. This pronounced increase facilitates the determination
of the fundamental absorption edge. The results indicate that elevating the addition of Al
significantly enhances the absorption coefficient values, particularly at lower energies.
Figure (4) indicates this. As the absorption edge approaches, the fundamentals shift towards
lower photon energy. The absorption coefficient for all instances exceeds 1074 in the high
energy range, signifying direct electronic transfers, consistent with the findings of research
(3). The energy gap was ascertained utilizing the Tauc equations. Figure (4) illustrates the
variation of E, In2S3 (0.0) and In2S3 doped with (0.02, 0.04) Al. The transition of the In2S3
film was calculated to be directly permitted, ranging from 2.05 eV to 1.95 eV, in strong
agreement with (1,16).

Table 3. Optical factors (E;™", o, n, k, & & &) In,S; with (doped with (0.02, 0.04) Al where (Cutoff

wavelength)L = 520 nm.

Thickness (500 nm) ~ Eg*'(eV) @ x 10*(cm™) n K £, g
In,S; (Al = 0.0) 2.05 2.88 2.57 0.119 6.59 0.614
In,S5 (Al = 0.02) 1.98 3.36 2.07 0.139 4.29 0.579
In,S5 (Al = 0.04) 1.95 4.04 1.566 0.167 2.43 0.44
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Figure 4. The fluctuation in the optical factors (refractive index, Extinction coefficient, and real & imaginary
components for dielectric constants) with wavelength of In,S; doped with (0.02, 0.04) Al.

The extinction coefficient was determined based on the calculated absorption coefficients
using relationship (7). The attenuation of electromagnetic radiation intensity signifies the
energy absorbed by the thin layers. The extinction coefficient demonstrates a gradual increase
with rising photon energy, followed by a sharp increase at elevated photon energies,
indicating enhanced absorption, which subsequently results in an increased absorption
coefficient at the Al doping ratio. The curves consistently exhibit similar behavior as
previously described, with the absorption edge shifting towards lower photon energies, so
confirming that the Al doping ratio significantly enhances the extinction coefficient (31).
Figure (4) illustrates the variation of refractive index with the wavelengths of In,S; doped
with (0.02, 0.04) aluminum film. The refractive index curve closely mirrors the
characteristics of reflection. According to the link about the refractive index and reflection,
Table (3) presents the refractive index values for all films at a constant wavelength of 520
nm (within the visible spectrum). The decline in n values during doping with Al is due to the
decrease in corresponding reflections caused by structural and compositional alterations that
transpire during the doping process. This discovery aligns with prior research (1). The
correlation between the real (¢.) and imaginary (g;) components of the dielectric constants is
affected by the values of n and k. At a wavelength of 520 nm, the values of €, and &; diminish
due to the analogous behavior between €. and n; the behavior of ¢; closely mirrors that of Kk,
which is mostly contingent upon the k value. The value of g; is less than that of the thin film,
signifying minimal dielectric loss. The best optical aluminum doping ratio was observed at
0.04.
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4. Conclusion

This research yielded numerous conclusions: The potential for In2S3 films with the
thermal evaporation technique yields polycrystalline films, and an increase in Al doping ratio
leads to little shifts in the diffraction spectrum towards higher angles. All films exhibited
allowed direct electronic transitions, with the energy gap diminishing as the Al doping ratio
increased. The evaluation of all films revealed an energy range of 2.05-1.95 eV, signifying
their potential for junction formation in solar cells. An increase in the Al doping ratio resulted
in a shift of the transmittance and absorption peak towards lower photon energies, indicating
enhanced absorbance. The extinction coefficient rises as a result of an elevated absorption
coefficient.
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