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Enhanced Photodetectivity and responsivity of Bi-S
films for visible light photodetectors: an

experimental and density functional theory study

L. Mahapatra,® D. Kar,?° B. Mohanty,® Prabhukrupa C. Kumar,

® D. Alagarasan,©
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Thermal annealing provides a facile method for tuning the optoelectronic response of semiconductor thin
films. In this work, ~700 nm-thick Bi,Ss thin films prepared by thermal evaporation were subjected to
annealing in the range of 100-200 °C, and their structural, optical and photodetection properties were
studied. Annealing brings about changes in the crystallinity, surface morphology, and wettability,

resulting in a decrease in the bandgap from 1.022 to 0.766 eV with increasing temperature. Crystallinity

improves at moderate annealing temperatures (100-150 °C) but worsens at higher temperatures (200 °

C) because the lattice becomes more disordered. The refractive index and nonlinear optical parameters,

such as nonlinear refractive index and nonlinear absorption coefficient, are found to increase with an

increase in the annealing temperature. Photodetector response studies reveal an increase in the
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responsivity from 0.129 to 0.822 A W™ and an increase in the specific detectivity from 5.17 x 10° to 1.34

x 10%° Jones with increasing annealing temperature. The results of density functional theory (DFT)
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1. Introduction

Among the various compounds of chalcogenides, metal
chalcogenide-based semiconductors are promising candidates
for numerous useful applications. These include strong-
absorption solar cells, photovoltaics, electrodes for
photoelectrochemical reactions for fuel generation, photode-
tectors, supercapacitors, and other components." Among such
materials, Bi,S; has gained considerable attention due to its
suitable properties. It is basically an n-type V-VI semiconductor
with a direct bandgap energy of 1.3-1.7 eV.° Bi,S; is a non-
hazardous, inexpensive material due to its great natural abun-
dance and high absorption coefficient (~10> cm™%). It also has
a high carrier mobility (ue = ~200 cm® V' s'), which is suit-
able for complete light absorption and efficient photogenerated
carrier collection at a high thickness.” The important
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calculations are also presented, which support the experimental results. It is conclusively shown that
annealed Bi,Ss thin films can be employed as sensitive visible-light photodetectors.

applications of Bi,S; include thermoelectric devices, photodi-
odes, infrared detectors, hydrogen sensors, and
photovoltaics.*** Using low-cost Bi,S; thermoelectric materials,
it is possible to fabricate an environmentally friendly and cost-
effective high-performance thermoelectric hydrogen sensor.'*
Bi,S; films in a nanocrystalline form have potential applications
in photoelectrochemical (PEC) water splitting.*> Bi,S; films act
as potential electrodes with a specific capacitance of 289 F g~*
in a supercapacitor.” The Bi,S; film photodetector deposited at
350 °C is good for commercial optoelectronic applications. This
photodetector exhibits a responsivity of 1.58 x 10~* AW ™" and
a detectivity of 9.75 x 10° Jones. Its external quantum efficiency
(EQE) is 50.8% with response/decay times of 0.3/0.4 s, respec-
tively." The Bi,S; film prepared on a fluorophlogopite mica
substrate through chemical vapour deposition possesses
a response range from 365 to 940 nm. The long-term stability of
the Bi,S; photodetector has also been verified by storing it for 6
months in air and then measuring its instantaneous on/off
behaviour over 500 cycles.”® The Bi,S; film prepared by the
chemical deposition method exhibits variations in optical
properties with the thickness. The 50 nm-thick film exhibits
a V. of 440 mV and a J,. of 0.022 mA cm™>.'® The pulsed laser-
deposited Bi,S; films exhibit n-type conductivity at room
temperature. The film prepared at a substrate temperature
between 150 °C and 200 °C exhibits very good characteristics for
optoelectronic applications.” The Bi,S; thin films synthesized
through an economical and simply modified SILAR method
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demonstrate an improvement in crystallinity and a high
absorption strength in the visible range."®

The different applications of Bi,S; rely on the kind of
deposition or preparation method used. These can be achieved
through various physical and chemical synthesis processes,
including hydrothermal," SILAR," spray pyrolysis,* sol-
vothermal,* electro-deposition,* thermal evaporation,* chem-
ical vapour deposition,> dip coating,” and chemical bath
deposition.?® For large-scale production with industrial and low-
cost requirements, thermal evaporation is a cost-effective,
simple, and scalable method. Further improvements are
required in the optical, structural, electrical and other proper-
ties of thin films. For this purpose, various post-synthesis
treatments have been employed, including heavy ion irradia-
tion, thermal annealing, laser irradiation, gamma-ray irradia-
tion, and proton irradiation.>** Among the various methods,
thermal annealing is a very simple, low-cost, and environmen-
tally friendly way to modify the layer properties of the films.
Annealing depends on the heat treatment duration, the amount
of heat, annealing conditions, and other factors.*> In general,
the postdeposition annealing of a film through heat treatment
induces structural relaxation, leading to the equilibrium state in
the film and variations in its electrical and optical behaviour.
This is because the unannealed film has a very high relaxation
time at room temperature.* The variables, such as the anneal-
ing duration and annealing temperature, affect the stress in the
film, along with the defects and the dopant atoms present. This
influences the carrier dynamics and bandgap of the film.** The
crystallinity increases with heat treatment, resulting in
improvements in transport and optical behaviour as well as
surface modification, which is favourable for many applica-
tions. The Bi,S; films prepared by the chemical bath deposition
method exhibit improved crystallinity and increased conduc-
tivity upon annealing.”® A report is available on the improved
performance of Bi,S; films deposited at increased substrate
temperatures.'*

However, there is no report on the annealing temperature-
dependent modification of Bi,S; films prepared by thermal
evaporation. The present study focuses on the behavior of
thermally evaporated Bi,S; films under different annealing
temperatures, such as 100 °C, 150 °C, and 200 °C. While
thermal evaporation is a scalable and cost-effective technique,
systematic investigations of annealing temperature effects on
such films are largely missing. Most reports focus on isolated
properties (e.g., only optical or structural), and a unified study
linking structural, wettability, optical, nonlinear, and photo-
detection properties is lacking. Previous works do not suffi-
ciently explain bandgap modulation and defect-induced
changes through controlled annealing. There is a lack of
combined experimental and theoretical validation using density
functional theory (DFT) to explain the electronic and optical
behavior of the material. This work is novel because it system-
atically studies how annealing changes multiple properties of
thermally evaporated Bi,S; thin films. This is done through
a combination of experiments and DFT analysis, which greatly
improves the performance of photodetectors.
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The prepared Bi,S; films were annealed at different
temperatures and characterised using various experimental
techniques to observe the changes in the film after annealing
compared to the unannealed state. The optical (linear and
nonlinear) behaviour was probed through UV-visible spectros-
copy, while the surface wettability was investigated through
contact angle analysis. Morphological changes were observed
using FESEM, and structural changes were detected by XRD.
The electrical conductivity was measured using a Keithley 2450
source meter.

2. Details of the experimental process

2.1. Thin film deposition

Bi,S; films of ~700 nm thickness were deposited from high-
purity (99.999%) Bi,S; ingots purchased from Sigma-Aldrich.
The Bi,S; thin films were synthesized using a physical vapor
deposition method, specifically via a thermal evaporation
process with a Smart Coat 3 HHV instrument. Before deposi-
tion, the glass substrates were cleaned with a standard method
that included washing with detergent, rinsing with deionized
water, and drying. The deposition took place at room temper-
ature, and a steady, high vacuum (about 10~> Torr) was main-
tained the whole time. The normal room temperature was
maintained inside the chamber during deposition by circu-
lating water through the chiller. The film coating was deposited
at a 5 A s7' rate. To achieve uniformity in thickness, the
substrate was continuously rotated by a small-speed motor. The
film thickness was monitored using a thickness monitor
attached to the coating unit. The prepared films were cut into
pieces for annealing purposes. The films were thermally
annealed at various temperatures, including 100 °C, 150 °C, and
200 °C, for 2 hours. The annealing process was carried out in
ambient air using a conventional furnace without a controlled
atmosphere. The schematic of annealing is shown in Scheme 1.

2.2. Characterisation of the films

The annealed and as-deposited Bi,S; films were characterised
by various techniques to understand their behaviour. The
structure of the films was obtained from XRD data analysis. The
XRD data were recorded using the D8 Advance Bruker instru-
ment with a CuK,, source with A = 0.1541 nm. The data in the 26
range from 10° to 60° were recorded at a 0.03° sec " step size
with a glancing angle of 1°. Further structural information was
collected from HRTEM. The TEM and SAED images at various
magnifications were obtained using the JEOL HRTEM unit. The
film thickness was further double-checked through cross-
section FESEM images. The presence of the elements in the
film was studied by EDX. The change in the film's surface
morphology after annealing was observed by an FESEM
instrument (JEOL-JSM-7610F). The wettability behaviour was
measured by a contact angle meter (DMe-211 Plus make). A 0.5
uL deionized water drop was employed to collect the data at 2-3
positions to minimize the error. The transmission spectra were
recorded using a UV-visible spectrophotometer (JASCO V-770)
within the 500-2500 nm wavelength range. The resolution of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematics of the annealing process and /-V measurement set-up.

the spectrometer was 0.5 nm. A Kratos Analytical Axis Ultra
spectrometer was used to obtain the XPS core-level spectra of
the 200 °C annealed film. The AlKa X-ray source (1486.6 eV),
operating in an ultrahigh vacuum of approximately 2 x 10°
Torr, was used for the observations. The current-voltage varia-
tion was probed by a Keithley 2450 source meter. The applied
voltage was from —10 V to +10 V. A 9 W white LED bulb was used
to obtain the photocurrent data. The dark and light currents
with a step size of 0.03 V were measured. The dark current was
initially measured, followed by the measurement of the light
current. Scheme 1 illustrates the I-V measurement setup.

3. Results with discussion

3.1. XRD, FESEM, and TEM

The XRD patterns of Bi,S; films are illustrated in Fig. 1(a). The
XRD peaks match well with the standard bismuthinite phase
(ICSD code: 00-002-0391). The samples exhibit characteristic
reflections corresponding to the (200), (101), (220), (021), (411),
and (321) planes corresponding to 26 values of approximately
15.69°, 23.07°, 23.11°, 27.23°, 38.03°, and 39.93°, respectively,
confirming the formation of a polycrystalline structure.
Annealing leads to two primary changes in the diffraction
patterns: (i) peak intensity and (ii) peak full-width half-
maximum (FWHM). The as-deposited film shows four prom-
inent peaks at different planes, as indexed in Fig. 1(a). The
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diffraction peaks of the film annealed at 100 °C are more
intense and sharper than those of the as-deposited film. This
enhancement indicates improved crystallinity, increased long-
range atomic ordering, and a reduction in structural
defects.*>*® After annealing at a temperature of 150 °C, there is
a gradual decrease in these parameters due to the broadening of
the peak width.

The FWHM values show a decrease for 100 °C and 150 °C
annealed film as compared to the as-deposited film, signifying
grain growth, a reduction in microstrain, and the relaxation of
internal stresses. Finally, for the 200 °C annealed film, the peak
intensity decreases slightly for some planes and certain peaks
broaden again, suggesting disturbed structural ordering at
higher temperatures.

The calculated parameters (crystallite size, lattice strain,
dislocation density, and crystallite number density) highlight
the strong influence of thermal energy on the crystallisation
behaviour, which is summarised in Table 1. The crystallite size
and lattice strain were estimated using the Debye-Scherrer
equation provided below.***” The Debye-Scherrer equation was
used to determine the size of the crystallites, but it did not
consider the broadening of the instruments. As a result, the
values are only rough estimates. However, because all the
measurements were taken under the same conditions, the
trends we observed are still useful for comparison.

30 b
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&
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24 4 9 6.5
o L 6.0
\o/
22 T r T T 55
As-deposited 100 °C 150 °C 200 °C
Samples

(a) XRD spectra and (b) comparison of D and ¢ of the samples annealed at 100 °C, 150 °C, and 200 °C.

RSC Adv, 2026, 16, 21925-21941 | 21927


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01732k

Open Access Article. Published on 27 April 2026. Downloaded on 6/15/2026 6:43:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 1 Computed structural data of Bi,Ssz thin films
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Peak position =~ FWHM Crystallite Average crystallite  Lattice strain  Dislocation density  Crystallites per unit
Samples  (degree) (degree)  size (D) (nm)  size (C) (nm) () (x107%) (0) (x107®) (nm™>)  volume (N.) (x10~°) (nm~?)
Asp 22.37 0.425 19.89 25.86 6.34 1.49 46.25
23.07 0.304 27.85
27.24 0.2677 31.87
38.007 0.3683 23.82
100 °C 15.69 0.2466 33.95 29.13 5.76 1.18 32.36
23.11 0.2896 29.23
27.23 0.2371 35.99
38.03 0.2805 31.27
39.93 0.5807 15.19
150 °C 15.69 0.2532 33.06 28.11 6.09 1.26 36.02
27.26 0.2992 28.52
38.07 0.3857 22.75
200 °C 15.69 0.2183 38.35 25.21 8.97 1.57 49.93
27.44 0.8958 9.53
38.05 0.3162 27.74
0.92 to rapid atomic vibration or lattice mismatch during renuclea-
" Bcosd (12) tion.*® Fig. 1(b) presents the variation of D and ¢ with the
annealing temperature.
e= g8 . (1b) Dislocation density is defined as the total length of disloca-
tan

The XRD pattern was used to calculate the Bragg angle, 6,
and the FWHM, g, which are listed in Table 1. In this case, 1 is
equal to 1.54 A (the wavelength of CuKa). The as-prepared film
shows an average crystallite size of ~25.86 nm. After annealing
at 100 °C and 150 °C, the crystallite size slightly increases to
29.13 nm and 28.11 nm, respectively. This suggests that thermal
energy facilitates grain growth by reducing microstrain and
promoting the coalescence of smaller crystallites.® After
annealing at 200 °C, the average crystallite size decreases to
~25.21 nm, primarily due to the broadening of the peak at
27.44°, which may arise from agglomeration, local strain accu-
mulation, or the re-nucleation of smaller crystallites at higher
temperatures. The observed structural degradation at 200 °C is
corroborated by increased peak broadening, elevated lattice
strain, and an increased dislocation density, suggesting that
excessive thermal energy causes lattice distortion, defect
formation, and the potential renucleation of smaller crystal-
lites. Chalcogenide thin films have been reported to exhibit this
kind of nonmonotonic annealing behavior, where moderate
annealing makes the crystals better, but higher temperatures
make the structure less stable.

The microstrain decreases from 6.34 x 10 ° (the as-
deposited film) to 5.76 x 10> (the 100 °C annealed film),
indicating effective thermal relaxation. At this stage, annealing
enables trapped defects, dangling bonds, and microstresses to
reorganise or annihilate, resulting in a more uniform crystal
lattice. After annealing at 150 °C, the strain slightly increases
(6.09 x 107%), suggesting interactions between grain growth
and residual stress redistribution. After annealing at 200 °C, the
strain rises sharply to 8.97 x 10>, showing that excessive
thermal energy introduces new lattice distortions, possibly due

21928 | RSC Adv, 2026, 16, 21925-21941

tion lines per volume, and it is a key indicator of the defect
concentration within a crystal. These dislocations, which arise
from lattice irregularities or mismatches, typically originate due
to the strain or imperfections introduced during film growth or
material synthesis.*® The dislocation density (0) was determined
using eqn (1c).

0= el (1¢)

It follows the inverse trend of the crystallite size, ie., the
minimum 6 is observed at 100 °C (1.18 x 10~ * nm™?), where the
crystallite size is the largest, and the maximum § is observed at
200 °C (1.57 x 107° nm™?), reflecting a reduced crystallite size
and increased disorder. This confirms that annealing improves
the crystal quality up to 100-150 °C, while higher temperatures
introduce imperfections. The crystallite number density (N.)
was deduced from eqn (1d).*

N = (1d)

o
Here, d is the film thickness, which is 700 nm. It is found that N,
increases systematically with the annealing temperature. The
decrease at 100-150 °C corresponds to grain growth (larger
crystallites), while the sharp increase at 200 °C indicates the
formation of smaller crystallites or renucleation, consistent
with increased strain.

The XRD study reveals that controlled annealing has
a significant influence on the structure of the films. Annealing
at temperatures up to 100-150 °C enhances crystallinity by
increasing the crystallite size, reducing the dislocation density,
and decreasing macrostrain. However, annealing at 200 °C
leads to structural degradation, as evidenced by increased

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FESEM images of the (a) as-deposited, (b) 100 °C annealed, (c) 150 °C annealed, and (d) 200 °C annealed Bi,Sz films.

strain, a higher dislocation density, and a reduction in the
crystallite size.

The cross-sectional view of the as-prepared Bi,S; film indi-
cates a thickness of ~700 nm (Fig. 2(a)). This thickness is
further verified and is consistent with the value measured
during the deposition process using the thickness monitor.
Additionally, there is no change in the thickness upon anneal-
ing, as shown in Fig. 2(b-d). However, annealing induces
a change in the morphology, which can be clearly seen by
comparing the images in Fig. 2(a-d).

© 2026 The Author(s). Published by the Royal Society of Chemistry

The surface morphological changes with annealing are
visible in FESEM images, as presented in Fig. 3. The unannealed
film's morphology is shown in Fig. 3(a), which clearly indicates
a uniform particle distribution over the surface. The particle
size increases with increasing annealing temperature up to
100 °C (Fig. 3(b)) and then decreases with a further increase in
the temperature, as illustrated in Fig. 3(c and d). This obser-
vation is well supported by its average crystallite size evaluated
from XRD.

RSC Adv, 2026, 16, 21925-21941 | 21929
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Fig. 4

o (a) ASP

Intensity

231 KeV2s

(@) TEM image at 100 nm magnification, (b) HRTEM fringe pattern and (c) SAED pattern of the 200 °C annealed film.

Fig. 5 EDX image for the (a) as-deposited film. Element distribution of (b) S, (c) Bi, and (d) Bi-S in the Bi,Ss film.

The TEM image at a 100 nm scale implies the particulate
nature of the film morphology. Fig. 4(a) reveals well-dispersed
nanostructures with a uniform morphology. The HRTEM anal-
ysis presented in Fig. 4(b) provides deep insights into the
structure of the material with the presence of different planes.
The planes are illustrated by the distinct lattice fringes with
interplanar distances, d. The (021) plane with d = 2.91 A, the
plane (321) with d = 2.75 A, and the plane (200) with d = 2.41 A
are well matched with the SAED pattern, as shown in Fig. 4(c). It

21930 | RSC Adv,, 2026, 16, 21925-21941

presents a series of distinct circular rings (diffraction), which
imply the polycrystallinity of the films. The diffraction features
are in close agreement with the XRD results, thereby validating
the presence of multiple crystalline phases.

3.1.1. Composition study by EDX and XPS analyses.
Fig. 5(a) shows the EDX spectra of the Bi,S; film in its as-
prepared condition, which illustrates the presence of Bi and S
with peaks at specific energy levels. The other peaks are due to
carbon (C) and gold. The low-intense peak near 0.277 keV is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) S 2p (b) Bi 5d core-level XPS spectra of the 200 °C annealed film.

attributed to carbon, which arises from the carbon coating
applied for charge neutralisation during imaging. The peak
located around 0.51 keV is the characteristic X-ray emission line
of gold (Au). The uniform distribution of S and Bi in the as-
prepared film is presented by elemental mapping, as shown
in Fig. 5(b and c), respectively. The combined elemental
distribution in the film is illustrated in Fig. 5(d).

Further verification of the film's elemental composition was
conducted using XPS, which is a surface analytical technique for
investigating the surface properties of materials. XPS analysis
was conducted on the 200 °C annealed sample due to some
instrumental limitations. This sample exemplified the extreme
annealing condition, and compositional uniformity across
other samples was corroborated by EDX analysis. Fig. 6(a)
illustrates the S 2p core-level spectrum of the Bi,S; film in the
158-167 eV binding energy range. The S 2p core-level spectrum
consists of two subpeaks corresponding to S 2py/, and S 2p3,
states. This can be found from the deconvoluted spectrum. The
peak at 162.1 €V corresponds to the S*>~ state. The core-level
spectrum of Bi 5d shows a peak at 25.6 eV and two subpeaks
corresponding to Bi 5d;, and Bi 5ds, of the Bi*" oxidation state,
which can be obtained after the deconvolution of the main
peak.*

(a) As-pre.d

(b) 100'

(c) 150°C (d) 200°C

—— =

Fig.7 Contact angle data of the (a) as-prepared, (b) 100 °C annealed,
(c) 150 °C annealed, (d) 200 °C annealed Bi,Ss films.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.2. Surface wettability analysis

The behaviour of any film surface towards liquid is probed
through a surface wettability study. It links the surface
morphology between liquid and solid surfaces in contact. It is
analysed through contact angle data. If the contact angle (6.) is
less than 90°, the surface is hydrophilic, whereas if it is more
than 90°, the surface is hydrophobic.*>** A hydrophilic film
attracts water molecules, whereas a hydrophobic film repels
them.

As shown in Fig. 7(a), the 6. of the as-prepared film is 32°,
indicating the hydrophilic nature of the film. The value of 6. is
found to increase upon annealing and is found to be 89 °C for
the 200 °C annealed film (Fig. 7(d)). The 6. values of the 100 °C
and 150 °C annealed films are 47 °C and 60°, respectively. This
indicates a reduction in hydrophilicity as the contact angle
value increases upon annealing. The surface wettability
becomes hydrophobic one. The interaction strength between
the solid and liquid surfaces was calculated using the surface
free energy (vse). It was evaluated by the Young equation:**

Yw(1 + cosfc)?
Yse = 4

tension). The calculated v, are listed in Table 2. Another
important wettability parameter, the work of adhesion (W),
was computed using the Young-Dupre relation, Wy = v,(1 +
cos f¢). The values are listed in Table 2, indicating a decrease in
the work of adhesion. The decreased hydrophilicity results in
decreased surface roughness, making the surface water-
repellent. Hydrophilic surfaces are highly useful in various
applications, including biomedical applications, antifogging
devices, and self-cleaning surfaces.**¢

, where v, = 71.99 Nm m ™' (water surface

Table 2 Surface wettability parameters of Bi,Ss films

Samples 0c (degree) Yee (MN M ™) Wg (mN m™)
Asp 32 61.466 133.041
100 °C 47 50.917 121.087
150 °C 60 40.494 107.985
200 °C 89 18.631 73.246
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Fig. 8 (a) Transmittance, (b) absorption, (c) bandgap of Bi,Ss films annealed under different conditions.
3.3. Optical study transmission is due to the increased number of defect states in

For optoelectronic device fabrication, one of the key factors is
the optical properties of the films. The tuning of optical prop-
erties by thermal annealing makes it more useful for optoelec-
tronic application. Optical transmission is a basic property that
represents the transmitting power of light through a film.
Fig. 8(a) illustrates the optical transmission of the Bi,S; films
after annealing under different conditions, as well as the as-
prepared film. The highest transmission at 2500 nm of the as-
prepared Bi,S; film is ~43%, which systematically reduces
upon annealing. The 200 °C annealed film shows a trans-
mittance of ~8%."® The reason for this reduction in

band gap region, which prevents light from passing through.*®
The absorption edge is found to shift to a longer-wavelength
regime, showing a reduction in the energy gap (E,). The
reduction in transmission is also due to increased light
absorption, as evident from the enhanced absorption coeffi-
cient (@), as illustrated in Fig. 8(b). The « value was calculated

. . 1 1
using the equation.at = (;) In (?) .Y Here, t refers to the film

thickness, and T stands for transmission. The E, was deter-
mined from the Tauc equation at larger « values using the
following equation:

Table 3 Optical parameters of Bi,Ss films annealed under different conditions

Optical parameter As-prepared 100 °C 150 °C 200 °C
Eg (eV) 1.022 0.938 0.861 0.766
Tauc parameter (x10'°, cm ™" ev)? 3.14 2.96 2.75 2.63
Urbach energy (E,, meV) 519 532 563 581
a(x107?) 4.981 4.859 4.591 4.449
Sep 13.384 13.721 14.521 14.984
Nopt 1.661 1.651 1.640 1.626
€o 11.269 11.847 12.453 13.329
o 3.357 3.442 3.529 3.651
x* (esu) 0.817 0.863 0.912 0.981
x> (x107"" esu) 7.574 9.429 11.761 15.744
n, (x107'° esu) 8.501 10.322 12.557 16.248
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(ahv) = C(hv — Ep) (2)

The exponent y in eqn (2) indicates the type of transition
occurring between the valence and conduction bands. The value
of y = 2, 1/2 is for indirect allowed and direct allowed transi-
tions. Y = 3/2 and 3 refer to direct and indirect forbidden
transitions, respectively. In the present case, y = 1/2 fits well
with the experimental data, which indicates a direct allowed
transition occurring in the films. Thus, the optical bandgap was
determined using the Tauc relation assuming a direct allowed
transition (y = 1/2), and the bandgap (E;) values of the films
were obtained from the linear region (x-intercept of the fitting)
of the (ahw)? vs. hv plot, as shown in Fig. 8(c) and presented in
Table 3. The bandgap of the as-prepared Bi,S; film is well
supported by the DFT calculations (~0.9823), close to the
experimental value. The E, value decreases from 1.022 eV for the
unannealed film to 0.766 eV for the 200 °C annealed film. It is
explained by Davis and Mott, the so-called “density of state
model]”.*

The reduction in the Eg value is due to the annealing-induced
structural modification in the film, as evident from the XRD
data. The constant C in eqn (2) is the Tauc parameter. It eval-
uates the degree of disorder/order in the films. The values also
decrease upon annealing, as depicted in Table 3. This signifies
increased disorder in the film upon annealing. The change in E,
by disorder or defect states was well measured using the Urbach
energy (E,) using the relation:*

a = aexp (g—fj) (3)

The observed lower bandgap, in contrast to bulk Bi,S; (1.3—
1.7 eV), is ascribed to defect-induced band tailing, non-
stoichiometry, and annealing-induced structural disorder, as
indicated by elevated Urbach energy and lattice strain, which
create localized states within the bandgap. The obtained E,
values for the different film samples are presented in Table 3.
The as-deposited Bi,S; film has an E, value of 519 meV, which
increases to 581 meV upon annealing at 200 °C. The increased
disorder is clearly from the increased value of E,, upon anneal-
ing. The relatively high E, values (519-581 meV) show that the
films have a lot of structural disorder and defect-induced band
tailing. This is because thermally evaporated thin films have
a nanocrystalline structure, grain boundary defects, and
possibly nonstoichiometry, which causes a high density of
localized states in the bandgap.

The other two E,-dependent parameters, o (steepness
parameter) and S._,, (electron-phonon interaction strength), are
evaluated as follows:*

KT
Ey

2
and S._, = Iy (4)
o

The reduction in o from 4.981 x 1072 to 4.449 x 10> pres-
ents a steeper absorption edge, which is seen from Fig. 8(b). At
the same time, the S._, value increases from 13.384 to 14.984

© 2026 The Author(s). Published by the Royal Society of Chemistry
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after 200 °C annealing (Table 3). The variation is presented in
Fig. S2. It implies that electron-phonon coupling is strength-
ened by annealing. The improved S., presents optimised
lattice vibration.

The skin depth (6) is associated with « by the equation 6 = 1/
a. It is the depth at which the photon density decreases to 1/eth
of its surface value. It is strongly related to the electrical
conductivity of semiconducting materials, and its influence is
also observed in the increased photocurrent value after
annealing, as discussed in the following section. As depicted in
Fig. 9(a), the skin depth decreases with increasing annealing
temperature. The lower skin depth of the annealed film is due to
its higher absorbance and reduced light transmittance, allow-
ing less light to penetrate. In contrast, the as-prepared film
shows higher transmittance and thus a larger skin depth.*?

The energy lost by electromagnetic waves while moving
through the film is represented by the extinction coefficient (k).
It represents the amount of optical loss within the sample. It is

A
computed by the formula.k = Z—ﬂf“ The combined effect of

incident photon absorption and reflection at a particular 2 is
measured through this parameter. Fig. 9(b) illustrates the
change in k with the wavelength. The k value decreases with the
wavelength and increases with annealing temperatures.

The optical density (OD) is a measure of the extent to which
light is absorbed by a film. It is directly related to the film
thickness (¢) and determined using the equation OD = « x ¢.*!
Fig. 9(c) illustrates the change in the OD with the wavelength at
different annealing states. The OD value decreases with the
wavelength and increases with the annealing temperatures.

The refractive indices (n) of these samples were evaluated
theoretically from E, values using various models, as presented
in Fig. 9(d). The different theoretical models used for the
calculations are as follows:

2
Ny -1 Eg
=1- 5
no? + 2 20 (52)

by Dimitrov-Sakka ref. 53.

np=173x(1 + 1.9017 x ¢~ 339 < &) (5b)

by Tripathy ref. 54.

95 1/4
m=(z) =
by Moss ref. 55

nr = 4.084 — 0.62 x E, (5d)

by Rabindra ref. 56

136\’
=4/1 -

v * (Eg n 3.47) (5¢)

by Herve and Vandamme.”
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Fig. 9

The n values obtained from these models are presented in
Fig. 9(d), which indicates an increase in n with decreasing E,.
This increase in n implies enhanced optical performance,
including extended photon path lengths, light trapping,
reduced reflection losses, and suitability for integration in
advanced tandem solar cell architectures.®® Additionally, the
optical electronegativity (nopt) was calculated using the

1/4
formula  nq, = (n_> , and the values decrease upon
0

annealing compared to their as-prepared state. The high-
frequency dielectric constant was evaluated from the static
refractive index using the relation e, = n,>. The dielectric
constant is found to increase with the annealing temperature.

3.4. Nonlinear optical property analysis

The nonlinear optical properties shown by chalcogenide thin
films are remarkable. This is due to their high refractive index,
low phonon energy, and large third-order susceptibility. The
nonlinear optical response of a material becomes evident under
sufficiently intense irradiation and is strongly influenced by the
applied electric field. This induces nonlinear effects within the
films. The electronic polarizability, which occurs when the
interaction between the electric field and the atomic nuclei
takes place, results in modifications to bond lengths. The
polarisation density, P, is expressed as a power series of the
applied electric field:*®

P =eox” = eoxVE + xXPE + XVE

(6a)

21934 | RSC Adv, 2026, 16, 21925-21941

Bandgap (eV)

(a) 6, (b) k, (c) OD and (d) refractive index of Bi»Ss films annealed under different conditions.

Here, E denotes the electric field intensity, while x represents
the linear response of the material. The coefficients X(Z) and X(S)
correspond to the second and third-order nonlinear suscepti-
bilities, respectively. For optically isotropic materials with
centrosymmetric structures, the second-order nonlinear
susceptibility term, @, becomes zero.® It makes the third-
order susceptibility, xm, a dominant contributor to nonlinear
effects. Hence, the values of x(l) and x(3) for the semiconductor
films were determined using Miller's rule® as follows:

2
M — ”047r (6b)
ne? — 1\* 4
X :A( - > =A(x") (6¢)

Here, A = 1.7 x 10 *® esu, and n, represents the static refractive
index at iv — 0. The values of x and x'® are presented in
Table 3. It is evident that both y™ and ¥ increase with the
annealing temperature, which can be attributed to an increase
in ny. Miller's rule was employed to estimate the third-order
nonlinear susceptibility, as Bi,S; is a centrosymmetric semi-
conductor where x* dominates, and the rule provides a reliable
approximation based on the experimentally obtained refractive
index. Generally, higher optical susceptibility is associated with
a reduced band gap, increased polarizability, and a higher
material density.* The enhancement in nonlinear susceptibility
indicates the potential of these materials for application in

compact, low-power photonic and telecommunication

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Photoresponse characteristic parameters of Bi>Sz thin films
Photosensitivity Responsivity Detectivity (D)
Samples I, (4) In (A) L-Ip (A) (%) R AW (Jones)
Asp 6.42 x 107* 4.82 x 107* 1.60 x 10°* 24.95 0.129 5.17 x 10°
100 °C 2.29 x 1073 1.91 x 1073 3.74 x 107* 16.34 0.458 9.25 x 10°
150 °C 3.23 x 1073 2.72 x 1073 5.15 x 10* 15.93 0.647 1.09 x 10*°
200 °C 411 x 1073 2.94 x 1073 11.8 x 107* 28.58 0.822 1.34 x 10"°

devices.” The variation of E; and me as illustrated in Fig. S3,
shows an inverse relationship with the annealing temperature.
Table S1 depicts the comparison of x®) values for Bi,S; or
similar chalcogenides, showing that the obtained x® values are
comparable to the reported values.

According to the relation proposed by Ticha and Tichy,” the
nonlinear refractive index (1) is expressed in terms of x® and
ny as follows:

_ Ray®
-

(6d)

ny

The improved behaviour is attributed to enhanced polariz-
ability, which leads to higher refractive index values.®® The
improvements in nonlinear parameters are attributed to
increased material homogeneity, polymerisation, and local
structural modifications induced by thermal annealing. Such
improvements highlight the suitability of the studied films for
photonic applications, including high-performance electro-
optic switches and related devices.

The optical parameters obtained through semiempirical
models are inherently approximate and depend on simplifying
assumptions. Thus, the derived values ought to be regarded as
qualitative assessments beneficial for comparative analysis
rather than precise quantification.

3.5. Photoresponse behaviour

To design and develop optoelectronic devices and to under-
stand the electrical behaviour of materials, photo-response
studies are essential. The I-V change of the films under study
is shown in Fig. 10. The I-V plots under dark (Fig. 10(a)) and

© 2026 The Author(s). Published by the Royal Society of Chemistry

illuminated (Fig. 10(b)) conditions exhibit nearly linear and
symmetric behaviour for all samples, indicating ohmic contacts
between the electrodes and the thin films. This confirms effi-
cient charge injection and transport without significant
Schottky barriers. The as-deposited film possesses the lowest
dark current, whereas the annealed samples show a systematic
increase in the dark current with increasing annealing
temperature. A similar behaviour is also seen under the illu-
mination condition. However, upon illumination, all samples
exhibit a pronounced increase in the current compared to the
dark condition, as illustrated in Fig. S4, confirming good pho-
toresponse behaviour. The photocurrent increases significantly
with the annealing temperature, with the highest response
observed for the 200 °C annealed film. Such an enhancement
stems from the efficient generation of electron-hole pairs,
reduced recombination losses, and improved carrier transport
resulting from light-matter interactions.** The difference
between illuminated and dark currents (I—Ip), which repre-
sents the net photogenerated current, shows a continuous rise
from 1.60 x 10~ * A (the as-prepared film) to 11.8 x 10~* A (the
200 °C annealed film). This confirms that annealing facilitates
better charge transport. The parameters for measuring the
photodetection properties of a material are photosensitivity (S),
detectivity (D), and responsivity (R). These parameters were
derived from the maximum values of the dark current (Ip) and
light current (L) by the following equations (eqn (7))*°® and are
tabulated in Table 4.

Iy, —Ip

Photosensitivity(S%) = x 100

(7a)

L
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.. I
R R) = 7
esponsivity(R) T P (7b)
Detectivity(D) = R A (7¢)
At VTS

In this case, e stands for the elementary charge of an elec-
tron, Py, is the incident light power density (20 mW cm?), and
A is the sample area, which is roughly 0.25 cm 2.

Although the photosensitivity initially decreases at 100 °C
and 150 °C, it reaches a maximum of 28.58% at 200 °C, indi-
cating that higher annealing temperatures enhance light-matter
interactions and carrier mobility.

Responsivity is a crucial parameter for evaluating the
performance of photodetectors and optoelectronic devices, as it
determines how efficiently the device translates the incident
optical power into the corresponding electrical output signal. A
similar trend is observed in the responsivity (R), which
increases markedly from 0.129 A W' (the as-prepared film) to
0.822 A W' (the 200 °C annealed film). This nearly seven-fold
improvement signifies that the annealed films convert inci-
dent photons into an electrical signal much more efficiently.

Detectivity is a crucial parameter for evaluating a photode-
tector's performance, as it indicates the device's capability to
sense weak optical signals with noise. The detectivity also
increases steadily, reaching 1.34 x 10'° Jones at 200 °C, con-
firming reduced noise levels and an improved signal-to-noise
ratio. The rise in detectivity indicates superior sensitivity to
weak optical signals in the annealed samples. Overall, the I-V
characteristics demonstrate that annealing significantly
improves the photocurrent, responsivity, and detectivity,
establishing the 200 °C annealed film as the most efficient
photodetector among the studied samples. These results
suggest that optimised thermal treatment enhances responsiv-
ity and detectivity, making the films suitable for photodetector
applications.

—
)]

E — Efermi (€V)

100
PDOS (states/eV)

150

Fig. 11
charge density map of the Bi,Ss layer structure.
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4. Density functional theory analysis

4.1. Computational methods

DFT calculations, based on the full-potential linearised
augmented plane wave (FP-LAPW) method, as implemented in
the MedeA-VASP framework, were performed to investigate the
structural stability, electronic structure, and optical response of
the layered Bi,S; structure.®®” A slab model of layered Bi,S; was
constructed by cleaving the crystal along the (112) crystallographic
direction, with a 15 A vacuum spacing along the z-axis to avoid
interactions between periodically repeated layers. The structural
model was generated and cleaved using the VESTA visualization
software.” The influence of the exchange-correlation was
preserved by generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) function.”” A plane-wave cutoff
energy of 600 eV and a 4 x 4 x 1 Monkhorst-Pack grid were
employed to ensure convergence of the total energies and elec-
tronic properties. Structural optimizations were performed until
the forces on each atom were below 0.001 eV A™* and the total
energy converged to 10°° eV.”® The self-consistent field (SCF)
calculations were considered converged when the total energy
difference between successive iterations was less than 10~° eV. To
improve convergence near the Fermi level, Gaussian smearing
with a width of 0.005 eV was applied.

4.2. Electronic structure

The electronic properties of layered Bi,S; were examined via
band structure and density of states analyses, as shown in
Fig. 11(a). The calculated band structure along the high-
symmetry path F-I'-B-G-T" reveals a bandgap of 0.9823 eV,
indicating a semiconducting nature. Projected DOS indicates
that the valence band is dominated by S 3p states, while the
conduction band primarily arises from Bi 6p orbitals. The two-
dimensional charge density contour map further illustrates the
distribution of electronic charges in the Bi,S; layered structure.
These analyses provide a clear understanding of Bi,S;3's elec-
tronic behaviour, underpinning its potential for optoelectronic
applications. Defect states caused by structural disorder and
nonstoichiometry create localized energy levels within the
bandgap. This lowers the effective bandgap by making it easier

+0.0000
+0.0000
+0.0001
+0.0016
+0.0394
+0.9860

(a) Calculated band structures and corresponding density of state of the Bi,S3 layer structure. (b) Two-dimensional contour plot for the
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Fig. 12 Optical characteristics of the Bi,Ss layered structures: (a and b) real and imaginary parts of the dielectric function, (c) absorption
coefficient, (d) optical conductivity, (e) extinction coefficient, (f) attenuation coefficient, (g) refractive index, and (h) reflectivity.

for electrons to move between bands, which was seen in
experiments. A contour map of the charge density plot is shown

© 2026 The Author(s). Published by the Royal Society of Chemistry

in Fig. 11(b), indicating that more charges are concentrated in
the Bi atoms.
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4.3. Optical properties

The optical response of Bi,S; was systematically investigated
within the framework of density functional theory by first
evaluating the frequency-dependent complex dielectric func-
tion. All other optical parameters were subsequently derived
from this frequency-dependent dielectric function. The
frequency-dependent variation of these dielectric components
in the photon energy range of 0-20 eV is illustrated in Fig. 12(a-
h). The real part of the dielectric function, Re(¢), as shown in
Fig. 12(a), represents the dispersive response of the material to
an external electromagnetic field and provides information on
the polarisation behaviour. The static dielectric constant
represents the low-frequency dielectric response and reflects
the inherent polarisation of the material, which is calculated to
be 8.418 for the Bi,S; structure. The significant value of the
static dielectric constant implies enhanced polarisation, which
is favourable for device performance. The Re{e(w)} value
increases in the low-energy region and reaches a peak value of
10.447 for Bi,S;, signifying enhanced polarisation at low
frequencies, followed by a gradual decline as the photon energy
increases. The imaginary part of the dielectric function, I,,(e),
arises from interband electronic transitions between occupied
and unoccupied states. The features observed in the imaginary
part of the dielectric function correspond well with the elec-
tronic density of states, as shown in Fig. 11(a). The main peaks
in I(e) originate from interband electronic transitions identi-
fied in the DOS. Consequently, the major peaks in I,(¢) origi-
nate from optical transitions between S 3p valence states and Bi
6p conduction states, confirming the electronic origin of the
optical absorption process. The absorption coefficient, «a(w),
derived from the complex dielectric function, measures the
extent to which incident photons are absorbed within the
material. It increases sharply with the photon energy, reaching
a peak before gradually decreasing, as fewer electronic states are
available for transitions at higher energies (Fig. 12(c)). Fig. 12(d)
shows the optical conductivity spectra, o(w), with a peak value of
3.948 at a lower photon energy value. The extinction coefficient,
k(w), and the attenuation coefficient, a(w), in Fig. 12(e and f),
respectively, together provide insights into optical losses and
energy dissipation inside the Bi,S; structure, which are critical
for designing efficient optical and photonic devices. The Bi,S;
layered structure shows a pronounced refractive index, indi-
cating significant optical polarisation and a relatively high
electronic density of states near the Fermi level (Fig. 12(g)). The
reflectivity spectra (Fig. 12(h)) provide information on the
fraction of incident light reflected by the material surface. The
Bi,S; structure exhibits a maximum reflectance of 23.7% at
a photon energy of 0 eV. These optical properties clearly connect
the electronic structure to light-matter interactions.

5. Conclusion

The Bi,S; film with a ~700 nm thickness exhibited significant
changes in various properties upon thermal annealing at
different temperatures. The average crystallite size reduced to
25.21 nm upon 200 °C annealing, which enhanced the lattice
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strain to 8.97 x 10 from 6.34 x 10 >. The dislocation density
increased to 1.57 x 10~% upon annealing. The presence of bi-
smuthinite phases with the (321), (021), and (200) planes was
seen in the XRD pattern, which is well supported by the SAED
pattern and HRTEM fringes. The cross-sectional FESEM images
confirmed the change in the surface morphology with anneal-
ing, and the decrease in the particle was also evident from the
FESEM images. The XPS study indicated the oxidation states of
Bi** and $*>” in Bi,S;, along with elemental confirmation, which
is also supported by the EDX spectra. The contact angle
increased from 32° to 89° upon annealing, indicating a reduc-
tion in the hydrophilicity of the annealed film. The bandgap
reduction from 1.022 eV to 0.766 eV upon annealing at 200 °C
resulted in an increase in the refractive index from 3.357 to
3.651 and a decrease in the optical electronegativity from 1.661
to 1.626. The third-order nonlinear susceptibility increased by
two-fold (from 7.574 x 10~ " esu to 15.744 x 10~ "' esu) as along
with a two-fold increase in the nonlinear refractive index (from
8.501 x 107 '° esu to 16.248 x 10 '° esu). The photocurrent,
which was found to be in the mA range, also increased upon
annealing, and the photodetectivity increased from 5.17 x 10°
to 1.34 x 10'° Jones with a simultaneous increase in the
responsivity from 0.129 to 0.822 A W™ " upon 200 °C annealing.
The theoretical study provided strong support for the experi-
mental findings in terms of their electronic structure and other
optical parameters. The observed properties, including linear,
nonlinear, and other structural and morphological character-
istics, are suitable for various optoelectronic devices and white-
light photodetectors.
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