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1. Introduction

High photo detectivity and responsivity under
time-dependent laser-irradiation of Cu4oSb40S20
thin films for photodetector application

Laxmikanta Mahapatra,®” Prabhukrupa C. Kumar, €2° P. Pradhan,® D. Alagarasan,®
C. Sripan® and R. Naik (2 *°

The emerging ternary Cu—Sb-S materials, belonging to the |-V-VI semiconductor family, with p-type
conductivity are considered alternative absorber materials due to their tunable band gap energy in the
0.5-2 eV range and large absorption coefficient. Herein, we report the laser irradiation-induced optical,
structural, and surface wettability changes in Cu40Sb40S20 thin films at different lasing times. As observed
from XRD data, the reduction in crystallite size upon laser irradiation increased lattice strain and
dislocation density. The elemental composition of the film was verified using EDS spectra and elemental
mapping. The surface structure changed with laser treatment, as probed from FESEM images, making
the film more porous. The hydrophobicity of a laser-irradiated film decreased with increased surface
energy, as confirmed by contact angle data. Microstructural changes were observed in Raman spectra,
and defect density decreased, as revealed by photoluminescence spectra. Such a reduction in structural
defects resulted in an increase in the energy gap to 1.792 eV from 1.596 eV upon 60-minute laser
irradiation. Transparency is also enhanced, thus decreasing the extinction coefficient and optical density
with illumination. The decrease in refractive index thus reduced optical nonlinearity in terms of third-
order nonlinear susceptibility and nonlinear refractive index. Increased photosensitivity increased
detectivity of the 60 min laser-illuminated film to 4.81 x 107 Jones from 1.7 x 10° Jones of the
unirradiated film, which is beneficial for photodetection in the UV region.

instant and localized energy. This brings nonequilibrium con-
ditions in the electronic and thermodynamic states. The heat

The optical, electrical, structural, and morphological properties
of thin films are greatly affected by any type of surface mod-
ification in their internal arrangements. Many external energy
treatments on such films modify their different properties and
are used for various optoelectronic applications. The methods
used for providing external stimuli to the films include swift
heavy ion irradiation, proton irradiation, gamma ray irradia-
tion, thermal annealing, and laser irradiation." Films are
subjected to various laser irradiations, including exposure to
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generated from the incident laser intensity could be localized in
space and time. The intensity of laser light at different irradia-
tion times enables good control over the manipulation of film
properties.® Modification of the properties of materials by laser
irradiation is a powerful technique nowadays.” The method has
some unique advantages as compared to conventional thermal
annealing, such as reduced thermal exposure of the sample,
rapid local heating, flexible management, and low influence on
substrate temperature.®

The laser annealing of the sample also resulted in crystalline
phase formation within a very short time upon irradiation.
Surface morphology and electrical behavior are changed by
such a process.’ For many practical applications of chalcogen-
containing materials, the tuning of their properties by laser
irradiation is now a subject of systematic research.'® Properties
such as optical absorption and large optical reflectivity result
from the transformation of the amorphous phase to the crystal-
line phase by laser irradiation."* For quick light-matter inter-
action, laser irradiation is now a substitute for the conventional
thermal annealing method. In the laser illumination process,
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the area of interaction is very small compared to the total area
of the sample. For this purpose, either pulsed laser or contin-
uous laser irradiation is preferred. Hence, a very simple, low-
cost solid-state laser is utilized for irradiation on a Cu,(Sb4S,0
thin film.

The availability of lone pair electrons in chalcogen-containing
compounds is highly susceptible to laser-irradiated changes. It
facilitates the formation of localized states by the excited carriers
generated from light-matter interactions.'” There are different
magnitudes of changes in the structural, morphological, surface
wettability, and electrical properties found in different chalcogen-
containing compounds. The laser irradiation process basically
strikes the photon energy from the light source on the film
surface. The incident energy is responsible for the change in
electrical, structural, optical, and morphological properties of
materials. Such a process has advantages in the selection of a
localized, selective, and fast material for the crystallization of
chalcogenides.™®

The decrement in energy gap and increment in absorption
power and refractive index in Ga;5Seg;In, and Ga;sSe,oIng films
by laser treatment are suitable for photovoltaic devices.'* The
enhanced microstructural order by laser irradiation in
SbipS40Seso thin films over its as-deposited condition indicates
that the laser-irradiated film is more microstructurally disordered
than the as-prepared film due to the improved crystallinity by
densification of films."”” The large change in absorption coeffi-
cient in laser-irradiated Se,sS,s_,Cd, is suitable for optical disc
applications.'® The observed changes in Ga,sSe,,Ag; chalcogenide
thin films are due to light-matter interactions through lone-pair
electrons, resulting in a change in the band gap. By the increase in
laser irradiation time scale, the activation energy is found to
decrease with increased dc conductivity for such films."”
The femtosecond laser treatment-induced enhanced photostabil-
ity in Ge-S thin films is very useful for the manufacture of micro-
nano nonlinear photonic devices. These substrates are capable
of functioning at high pumping power.'® The enhancement in
electrical conductivity with reduced activation energy in Segy_,-
Hg,S1o films was observed with increased lasing time. The laser
treatment decreased the density of defect states after irradiation
due to the easy movement of photo-generated carriers.”> The
surface structuring through laser treatment is a prominent
method for precise and localized material synthesis. The micro-
structure fabrication by femtosecond pulses on As,Se; and
As,S; films might be used for photonic devices like fiber
lasers, waveguides, and photonic crystals.>® The formation of
diffraction gratings from As,Se;, As,S;, GeSe,, GeS,, and GeSe;
films is possible by illumination through a 213 nm deep ultra-
violet nanosecond pulsed laser.” The change in morphology
and structure by laser irradiation on the Sb,S; film led to
improved electrical and optical properties with increased
photoconductivity.**

The pulse duration of the excitation laser influences a
number of effects on chalcogenides. Photobleaching and
photodarkening are the two dominant phenomena observed
in continuous wave illumination. This occurs through the
homopolar to heteropolar bond conversion process.>* Hence,
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the laser irradiation at different time frames brings insight into
the kinetics of changes in the film behavior. The increased
nonlinear absorption coefficient in quaternary Ag,,In;5S155€s0
films decreases the nonlinear susceptibility and nonlinear
refractive index.>® The 532 nm laser heating in the Sby,S;s-
In;sSeqo film at different time scales decreased the energy gap
from 1.73 eV to 1.27 eV. The photodarkening phenomenon
results in an enhanced refractive index, leading to an increased
third-order nonlinear susceptibility and nonlinear refractive
index that are suitable for different photonics devices.>®> The
illumination effect under different lasing times in Bi;5In,;Sess
thin films leads to decreased E, and enhanced nonlinearity.
It enables the improvement in two-photon absorption, making
it suitable for photonic devices.”® The Ag;oTe;oAs,oSeqo film
under laser treatment at different time frames by a 532 nm
continuous laser showed an increase in transparency in the IR
region, leading to an increased energy gap from 1.73 eV to
2.01 eV after a 90-min irradiation. The resulting changes in
different physical quantities make them suitable candidates for
optoelectronic applications.?” The intermixing of Ag,S and
As,Se; layers from the Ag,S/As,Se; heterostructure results in
the Ag-S-Se-As solid solution under laser irradiation at differ-
ent time frames. There is a decrease in electrical susceptibility
with enhanced optical conductivity and laser irradiation time
duration.”® Thus, by looking at the tuning in different para-
meters of the thin films at different lasing times, the present
study relies on the time-dependent laser irradiation on
Cuy0Sb40S,0 thin films. The prime objective of the investigation
is to observe the structural changes in terms of crystallinity,
morphological modifications at the surface structure, changes
in surface wettability properties, and various linear and non-
linear changes by laser irradiation at various time scales. The
important aspect of this study is to observe the large change in
photodetectivity and photoresponsivity upon laser irradiation
for possible photodetector applications.

2. Experimental details

2.1. Thin film deposition and laser irradiation

The required bulk material for preparing the thin film was
synthesized from the melt-quenching process. The appropriate
amount of Cu, S, and Sb purchased from Sigma Aldrich with
99.999% purity was weighed and placed inside the ampoule at
the required vacuum. The closed tube was kept in the furnace
at 1100 °C for 24 h. For better mixing of the elements, the tube
containing the ampoule inside the furnace was rotated con-
tinuously. The melt of the three elements was then quenched
by liquid nitrogen very quickly by transferring the ampoule to
LN,. The ampoule was broken to collect the bulk sample, which
was ground to make the powder form. The obtained powder
sample was placed on a molybdenum boat inside the thermal
coating unit chamber (Smart Coat, 3, HHV) 10> Torr (high
vacuum). The voltage was increased slowly to start the deposi-
tion process, and the vapors from the melt of the powder
sample were coated on the precleaned glass substrate attached

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Laser irradiation setup.

to the substrate holder inside the chamber. The slow motion of
the motor of the substrate holder ensures the film deposition
is uniform and smooth. The rate of deposition was very low,
~5 A s~ The thickness controller attached to the instrument
regulates the deposited thickness, and the deposited film is
~800 nm thick.

In order to study the laser treatment modifications in the
deposited CuyoSb,S,0 thin films, the pristine film was cut into
several pieces and marked accordingly. The 532 nm DPSS laser
source (Model: PSU-III-LED, C192055) of energy 2.33 eV with
an intensity of 58 mW c¢m > was used to illuminate the cut
film pieces at different time scales, such as 5, 10, 30, and
60 minutes. The irradiation process, which was done in dark
conditions, is shown in Scheme 1, and the illuminated spot was
0.5 x 0.5 cm? in size. The temperature at the laser incident spot
was calculated to be ~8-10 K (negligible) as per the
procedure.?**° Such small heat is not enough to create any
thermal change on the film surface. The observed changes are
solely due to photon energy.

2.2. Characterization techniques

Various experimental techniques were adopted to extract the
different properties and changes in the irradiated films
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compared to the as-deposited condition. The film thickness
was cross-verified by a cross-sectional field emission scanning
electron microscope (FESEM). The images were captured at
high vacuum conditions with an operating voltage of 1-15 kV.
The surface morphology images of the film were captured at
different magnifications and in various positions. The elemental
mapping, along with the constituent elements in the films, was
obtained using energy-dispersive X-ray spectroscopy (EDS). The
structure of the studied film was probed through X-ray diffrac-
tion (XRD) using a D8 Advance Bruker diffractometer. The 20
angle scan on the films was done from 10-90° with a scan rate of
0.05° s~ . The glancing angle for this purpose was 1°. The X-ray
source is CuKa (4 = 0.1541 nm). The microstructural changes
were probed through Raman and PL spectra. The data acquisi-
tion was carried out through a Renishaw (RE 04) microscope.
The light excitation was done using a 532 nm laser, and the
spectral resolution of the instrument was 0.5 nm. The core-level
XPS spectra of the 60-minute laser-irradiated film were obtained
using an Axis Ultra instrument (Kratos Analytical, UK) with an Al
Ko X-ray source (1486.6 €V) under a vacuum of 2 x 10~° Torr.
The data was obtained in the backscattering mode through the
CCD camera. The pendant drop method was used to measure
surface wettability at room temperature through the DMe-211
Plus contact angle meter. The 1 pL-sized water droplet was

9W LED Bulb

CuySbyoS;o

Glass Substrate

Scheme 2 Photodetection study through the Keithley 2450 source meter.
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placed on the film, and the software measured the corresponding
angle between the tangent to the liquid-vapor interface and the
solid surfaces. The data was taken at 3—4 places to avoid any errors.
The optical data was measured by a UV-visible spectrophotometer
(JASCO V-770) from 500-2500 nm range. The different optical
parameters were determined through appropriate relations.

The photoresponse of the studied films was recorded using
a 2450 Keithley source meter with a 9 W LED bulb. The IV data
were recorded from —10 V to +10 V with 0.05 V increments. The
IV data were recorded in both dark and light conditions from a
sample size of 5 x 5 mm® The schematic of the IV measure-
ment is illustrated in Scheme 2.

3. Results and discussion

3.1. Morphology study by FESEM and EDX

Fig. 1(a) shows the cross-sectional image of the as-deposited
CuyoSb4pS,o thin film, which shows a thickness of ~810 nm
(~800 nm as observed from the thickness controller). However,
after 60 minutes of laser irradiation, the film thickness was

(b) 60 min

(a)As-Prepared

Fig.1 Cross-sectional FESEM images of (a) the un-irradiated and
(b) 60-minute laser illuminated films.

(b)As-Prepared
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found to be ~820 nm (Fig. 1(b)). The small increase might be
due to laser-induced expansion in the film by prolonged laser
excitation. The image clearly demonstrates that the laser
annealing of the film changes the surface morphology, as there
is a clear change in the structure of the film.

The FESEM images of the film surface of all the 60-minute
irradiated films, along with the as-deposited one, are presented
in Fig. 2 at different magnification scale bars. The as-deposited
CuyoSby40Ss0 film surface structure looks smooth at a 1 pm scale
(Fig. 2(a)), but clear crystallite morphology can be seen at the
100 nm scale (Fig. 2(b)). However, after a prolonged laser
irradiation of 1 hour, the surface morphology clearly infers
the change as pores can be clearly visualized in Fig. 2(i). The
100 nm scale image in Fig. 2(j) shows the magnified pores
that were developed from laser irradiation. Such changes in the
film morphology affect the porosity of the film and surface
wettability, which will be discussed later. The FESEM images
of all other films at two different magnifications are shown in
Fig. 2(c-h). The 532 nm laser irradiation provides localized
photon energy, which can lead to bond rearrangements within
the film. The breaking of weaker homopolar bonds and sub-
sequent reformation into heteropolar bonds introduces a
slight lattice expansion, reflected as an increase in thickness.
The FESEM surface images (Fig. 2) clearly show that prolonged
irradiation induces pore formation, increasing the surface
roughness and modifying the microstructure. Such morpholo-
gical changes can also contribute to an apparent increase in
film thickness in cross-sectional imaging. Thus, the reported
increase in film thickness after 60 minutes of irradiation is
consistent with laser-induced microstructural reorganization,
bond rearrangement, and morphological expansion.

(¢) 5 min

Fig. 2 FESEM pictures of (a and b) the as-prepared, (c and d) 5-min, (e and f) 10-min, (g and h) 30-min, and (i and j) 60-minute laser irradiated films.
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Fig. 3 Elemental mapping of individual elements (a) Cu, (b) Sb, and (c) S; (d) combined mapping; and (e) EDX spectra of the as-deposited film.

The confirmation regarding the presence of elements and the
film composition was determined from the EDX data, as shown in
Fig. 3. The elemental mapping showing the distribution of Cu, Sb,
and S in the as-deposited film individually and combined is shown
in Fig. 3. The EDX spectra show elemental peaks at their respective
energy values. The EDX spectra of other films are presented in
Fig. S1. The unassigned peaks are for the C and Au peaks, as they
were used for charge correction. The elemental mapping of elements
for the 60-minute laser-irradiated film is shown in Fig. S2.

3.2. Surface wettability study

The interaction of the film surface with liquids is probed by
contact angle measurements, which indicate the nature of the
film surface. If the film surface repels the water molecules, then it
is called hydrophobic (water repelling), and the contact angle (0.) is
generally greater than 90°. However, if the film surface attracts the
water droplets, then the film possesses a hydrophilic nature (water-
loving). In this case, the contact angle value is generally below 90°.
For the low specific energy surface, the attraction of water is not
strong enough, so the contact angle will be higher. Hence, a low
surface energy surface becomes hydrophobic.>' The contact angle

(a)As-Prepared

(b) 5 min

measurement was performed on various laser-irradiated films,
showing the hydrophobic nature illustrated in Fig. 4. It was noticed
that the contact angle value slightly decreased upon laser irradia-
tion on the film surface. The as-deposited film 6, is 100.6°, which
became 96.3° for the 60 min laser annealed film.

Such a decrease in the 0. value upon laser irradiation is
attributed to surface modification. The surface energy was

(1 +cos0)?

calculated using Young’s equation, y,, = , where

7w is the water surface tension (71.99 Nm m %),** and is
presented in Table 1. The surface energy is found to increase
with annealing, as shown in Table 1. The work of adhesion
(Wg1), which presents the degree of binding strength between
the film surface and water drop, is calculated by33 We = pw(l +
cos 0.). The W value increased with annealing, along with the
increase in surface energy. The hydrophobic nature of the films
is very useful for self-cleaning activities.***

3.3. Structural study by XRD, Raman, and XPS

Fig. 5a shows the XRD pattern of the Cu,(Sb,0S,0 thin film. The
distinct XRD peak at a glancing angle of 44.67° corresponds to

(¢) 10 min

(d) 30 min

(e) 60 min

Fig. 4 Contact angle images of the laser-irradiated films at different time scales.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Estimated parameters from contact angles of the films
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Table 2 Structural parameters obtained from XRD data

Parameters/film  As-prepared 100 °C 150 °C 200 °C 250 °C
Oc (degree) 100.6 99.1 98.4 96.9 96.3
Vse (MN mfl) 11.98 12.75 13.12 13.93 14.26
Wy (mN m ™) 58.74 60.71  61.47  63.34  64.09

the (220) crystallographic plane of the Cu,S cubic phase. This
matches well with the ICSD file number 00-012-0175. The
other two minor peaks at around 64.69° and 82.10° are due
to the crystallographic planes (640) and (752). These planes
correspond to the cubic phase of Cu;,Sb,S;3. This matches
well with the ICSD reference file number 01-088-0282. The
fullwidth at half maximum (FWHM) for the (220), (640),
and (752) reflections was taken into consideration when
estimating the crystallite size (D), micro-strain (¢), the number
of crystallites per unit surface area (N.), and dislocation
density (0).>® The evaluated parameters are listed in Table 2.
The ‘D’ value of the as-prepared sample is 21.66 nm. After
treatment with LASER, the crystallite size decreased. The
distribution and concentrations of crystal defects, such as
dislocations, vacancies, twin faults, stacking faults, and lattice
distortions, are brought on by mechanical stresses. In many
instances, techniques other than diffraction cannot readily
and statistically guarantee that such information is
available.>” The interference of various crystal lattices is the
sole factor we need to take into account. This is because
Bragg’s law only applies to an ideal crystal or a crystal
structure with an infinite lattice that repeats. Actual measure-
ments of the crystal do not exhibit this characteristic. Scherrer
initially derived the Scherrer equation, which is the relation-
ship between the crystal grain size and the FWHM of the
diffraction peak, as given below.*®

k.

Crystallitesize (D) = Feos(0)

)

Here, ‘k’ = 0.9 (Scherer constant), £ = 1.54 A (X-ray wavelength).
p is FWHM. 0 is the glancing angle. The number of dislocation

Laser Average Dislocation
irradiation crystallite density Micro-strain N, x 10>
time size (D) (nm) (§) x 1073 (nm™?) (¢) x 107  (nm™?)
Asp 21.66 2.131 91.94 24.97
5 19.97 2.507 110.04 30.13
10 19.52 2.624 127.77 15.44
30 18.58 2.896 140.51 26.61
60 16.49 3.677 225.57 14.22
lines per unit volume of the crystal is given by*°
. . . 1
Dislocation density (J) (2)

D

The lattice strain is the deformation of the regular geome-
trical arrangement of atoms in a crystalline sample.*°

Lattice strain (¢) = #51(0) (3)
o . . d
Number of crystallites per unit surface area (N,) = o (4)

Here, d = 810 nm, which is the thickness of the film.

Raman spectroscopy is generally a complementary method
to obtain information regarding the phases associated with
microstructural changes within the sample. The Raman spectra
of unirradiated and illuminated samples are presented in
Fig. 5(b). They show different peaks associated with the vibra-
tional modes. It shows an intense peak at 353 cm ™' along with
minor humps at 116, 146, 252, and 321 cm ™ *. The main peak at
353 cm ™ is assigned to the cubic tetrahedrite Cu-Sb-S.*" The
decrease in peak intensity is observed with irradiation time
scale, showing the decrease in defect state density. The peak
observed at 321 cm ™ refers to the symmetric bending mode of
the cubic tetrahedrite.””> The Raman shifts at 252 cm™" origi-
nated from Sb,S;, whereas the low-intensity peaks at 116 and
146 cm™ ! are also due to the CuSbS, phase, as reported in the
literature.****

XPS was employed to confirm the chemical composition and
bonding states of the constituent elements in the deposited
CuyoSb4oSyo thin films. The survey scans of individual core

(a) (cubic)* Cu,S
Y (cubic) ¢ Cu,,Sb,S,,
(-] —_ —_—
o N (=] o
- (60 min) S Jl\ S 2o
'E vel! 008 y N
: .
a (30 min)
—
Lo
_g- (10 min) l‘
N P irnna]
[
S | (5 min) A
(=
£ ~ A
(asp) L
e _4._A. .
T T T T T T T
10 20 30 60 70 80 9

40 50
20(degree)

Fig. 5 (a) XRD pattern and (b) Raman spectra of the thin films at different
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Fig. 6

levels shown in Fig. 6 clearly reveal the presence of Cu, Sb, and
S, consistent with the target stoichiometry. The Cu 2p region
(Fig. 6(a)) shows two main peaks at ~932.6 eV (Cu 2p;,,) and
~952.5 eV (Cu 2py,,). The separation of 19.9 eV between these
two peak positions indicates a +1 oxidation state of Cu, typically
observed in copper sulfide systems.*® The absence of strong
satellite features indicates that Cu is predominantly in a stable
sulfide environment. The Sb 4d region displayed in Fig. 6(b)
demonstrates a distinct Sb 4d;,, peak that appeared at ~33.8
eV, which is characteristic of Sb*" in sulfide compounds,
confirming the chemical bonding of antimony with sulfur.*®
Fig. 6(c) shows the S 2ps,, peak centered around ~161.5 eV,
which corresponds to $>~ in metal sulfides, providing direct
evidence that sulfur is chemically incorporated into the thin

Binding Energy (eV)

Binding Energy (eV)

Core level XPS spectra of constituent elements of the Cu40Sb40S20 thin film: (a) Cu, (b) Sb, and (c) S.

film rather than segregating to the surface. Overall, the XPS
analysis validates the successful incorporation of Cu, Sb, and S
into the thin film in their expected chemical states, thereby
confirming the formation of a sulfide-based compound. These
results support the compositional claims made from EDX
analysis and further rule out significant sulfur loss or surface
migration during film deposition. Together with the EDX
results, these findings validate the successful chemical incor-
poration and stoichiometric distribution of all constituent
elements within the thin film.

3.4. Optical study by UV-visible and PL

Optical transmission of the studied films towards the electro-
magnetic radiation is shown in Fig. 7(a). It is evident that there
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(a) Transmission%, (b) absorption coefficient, and (c) extinction coefficient of the films.
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is a gradual increase in transmission with laser irradiation
time. The unirradiated film has ~55% transmission power,
which gradually increased to ~97% for the 60-min laser-
irradiated film. Such an increase in transmission upon laser
irradiation is because of decreased defect states/scattering
centers, which makes the film more transparent. Such a type
of observation is also found for the other films with laser
irradiation.”®*® An absorption edge shift to a low wavelength
regime also indicates an optical bandgap increase. In order to
calculate the absorption strength, it is essential to determine
the absorption coefficient («), which is determined from the
transmittance value with the relation,*®

Absorption coefficient (a) = %(ln lT) (5)
Here, d = 810 nm (film thickness), and T is the transmittance.

The observed decrease in the ‘o’ value is evident from
Fig. 7(b). Such a decrement with laser irradiation time scale
is for the bond rearrangement mechanism with photon energy.
Homopolar or wrong bonds generally break down with incident
energy, and heteropolar bond creation occurs at the cost of
such bonds.” The decrease in defect states resulted in a
decrease in the absorption capability of the samples.

The loss in absorption is also depicted from another physi-
cal parameter, the so-called extinction coefficient (k). It is
evaluated from the relation k = «4/4n. This quantity measures
light loss occurring from scattering and absorption per unit

View Article Online
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distance of the medium. From Fig. 7(c), it is noticed that the k
value decreased with irradiation time, supporting the decrease
in absorption capability.

The optical density (OD) is also related to the absorption
measurement of film thickness. It is associated with the film
concentration at different thicknesses and the surface mor-
phology of the samples. The value of OD is the product of ‘o’
and ‘@’ (OD =« x d). The OD value is less for the laser-irradiated
film, as seen in Fig. 8(a). It is almost saturated at the higher
energy side (lower wavelength), which implies the saturation
of absorption capability after a certain length scale inside
the film.

The most important optical parameter that infers the transi-
tion probability of the electrons from the valence to the con-
duction band is the bandgap (E,). It is generally evaluated from
the dependency of the absorption coefficient on incident energy
(hv) within the strong absorption regime. The Tauc relation is
used to determine the value of E, through the relation,””

ahv = B(Eg — hv)* (6)

Here, the different types of transitions are inferred from the
value of the exponent factors. It carries different values for
different types of optical transitions. For allowed optical transi-
tions, s is equal to 1 and 2 for direct and indirect transitions.
The s value of 3/2 and 3 is for direct and indirect forbidden
transitions.*®*° For the present case, the transition is found to
be a direct allowed one with s = 1/2. The band gap was
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(a) Optical density, (b) bandgap, and (c) variation of Eg and E,, of the films.
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calculated from the x-intercept of the linear plot between (xav)>
vs. hv as shown in Fig. 8(b). The individual bandgap calculation
plots for all the films are shown in Fig. S3. The direct optical
bandgap is found to increase from 1.596 eV (un-irradiated) to
1.792 eV for the 60-minute laser-irradiated film. The E, values
are close to the bulk band gap of the Al-Sb alloy overlayers.>°
This increased value of the band gap is due to decreased
surface dangling bonds, caused by particle agglomeration due
to laser irradiation. Hence, the defects are reduced, and the
lattice is undisrupted in highly polycrystalline films. Thus,
because of laser irradiation, the localized state concentration
in the band structure steadily decreased. The localised state
change is for the decrease in the number of dangling bonds
and defects. Consequently, the energy width of the localized
states shrank, increasing the optical energy gap.’®®' The
increase in E, value is associated with the increased value of
B> (Tauc parameter). It is inversely related to the disorders,
which can be found in the slope of the linear fitting of eqn (6).
The obtained values, as given in Table 3, infer the increased
value of B, depicting the decreased nature of the disorder and
increased crystallinity that decreased the localized states and
ultimately increased the gap value.

The other important parameter measuring the disorder
strength is the Urbach energy measured from the region of o
< 10" em™ . It established an exponential relation with the
absorption coefficient through the Urbach equation,’®

o = o exp (Z—Z) 7)

0 is a constant, referring to the value at the bandgap point, and
Ey is the Urbach energy. It measures the width of the tails of the
localized states in the gap regime.**** Consequently, both the
oo and Ey values for films are calculated by plotting (In«) as a
function of v and are listed in Table 3. The E, value decreased
with increased laser irradiation time, thus inferring a decrease
in the width of the localized states and disorder value. This
decrement in the width of the localized state leads to broad-
ening of the absorption band, and hence the increase in the
band gap. The change in E, with E, at different irradiation
times is presented in Fig. 8(c). The primary cause of this is
exciton-phonon interaction or electron-phonon interaction,>
which can be expressed as the electron-phonon interaction
strength (Se_p). This parameter characterizes the expansion and
growth of lattice constants. The lattice dimensions increase
when this parameter increases, and vice versa. The electron-
phonon interaction strength depends on the steepness para-
meter (o), which defines the stiffness and sharpness of the

Table 3 Optical parameters for the laser-irradiated films
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absorption edge. The value of ¢ and S._, were calculated using

the following equations,’®>”
kT 2
=— Se,=— 8
7 EU ’ er 30 ( )

Here, kg is the Boltzmann’s constant and T is the absolute
temperature. The increased ¢ value corresponds to a decrease
of S._,, as shown in Table 3. The decreased value of S._; leads
to a decrease in lattice dimension through an increase in the
energy gap. The change in the value of ¢ and S, at different
irradiation time scales is presented in Fig. 9(a).

Light dispersion in different propagation media is deter-
mined through the refractive index (7). It has both the linear
and nonlinear components based on the light intensity and is
expressed as n(I) = n + ny(I). The linear component ‘»’ is
independent of light intensity, but the nonlinear component
‘n,’ depends on light intensity. The relationship between the ‘n’
value and E, of the film is given by the Dimitrov and Sakka
relation:>®

n*—1 E,
T 1 —4/=8
n?+2 20 )

The obtained values, as presented in Table 3, indicate a
decrease with an increase in the laser irradiation time. It is
found that ‘»’ decreased from 2.935 (unirradiated) to 2.832
upon a 60-min irradiation. This reduction in ‘n’ value is related
to the increase in ‘Ey’ by Moss rule (E,n* = constant).” The
refractive index values are close to and in the range of 2 to 3 for
the undoped and In** doped Cuy,Sb,S;; thin films.®® The
change in crystallinity is the cause for such changes in both
parameters. There are various other models that establish the
relationship between the bandgap and the refractive index.
Further modification of the Moss formula with the constant
value taken as 108 eV is expressed as,®'

4+/108

E (92)

nv =

This relation, on further simplification by considering the
difference between the average and the optical energy gap, is
written as®

ng = 4.084 — [0.62 X Eg] (9b)

However, this relation is valid for the semiconducting material
with a bandgap of less than ~4 eV. For the present study, this
relation holds well as the bandgaps of all the films lie below
4 eV, as presented in Table 3. Herve-Vandamme formulated
another relation for the low bandgap materials with the help of

Sample  E, (eV) B*(x10)  E,(meV) n, &L P AP (x10 M esu)  m (107 esu)  fope (0 X 1073 Sep

0 min 1.59 6.22 411 2.93 8.61 0.60 2.30 2.95 1.71 6.28 10.61
5 min 1.62 6.42 385 2.92 8.52 0.59 2.19 2.83 1.71 6.71 9.92
10 min 1.65 7.13 374 2.90 8.42 0.59 2.08 2.70 1.72 6.91 9.64
30 min 1.69 8.55 365 2.88 8.31 0.58 1.95 2.55 1.72 7.08 9.41
60 min 1.79 9.13 353 2.83 8.02 0.55 1.66 2.20 1.73 7.32 9.11
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 7479-7493 | 7487
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oscillator theory, as®

A4\’
2 _
w1 <Eg+B) (9¢)

with A = 13.6 eV, (~hydrogen ionization energy), and B =
3.4 eV is the difference in energy between the UV resonance
energy and E,. The relation is rewritten as follows: considering
these values, the above relation becomes

13.6 \?
=/1 7
V) * (Eg T 3.47) (o)

Tripathy relation shows the exponential decay of ‘n’ for
semiconductors as®®

ny =173 x [1 +1.9017 x e °>39%%] (9¢)

This relation is valid for a wide frequency range and also fits
with the experimental results proposed by various authors.
Fig. 9(b) shows the refractive index of all the films by various
models, as discussed above. The lattice dielectric constant (e,
is determined through &, = n* (Table 3). The ¢; value is found to
be decreasing from 8.619 to 8.022 upon laser irradiation. The
high-frequency dielectric constant is associated with a free
charge carrier that influences the polarization in the material.
The values of optical conductivity (1) are estimated from the

equation,
o\ V4
Hopt = (%) (9f)

The #op values are tabulated in Table 3. It is found that the
Nope Values increased gradually with laser irradiation; however,
the change is very small.

3.5. Nonlinear optical study

The high intensity of electromagnetic radiation incident on the
material surface changes the bond size, nuclear interaction,
electronic polarization, and other associated quantities.®” The
observed changes by such processes are helpful in many areas,
like soliton propagation in optical telecommunications fibers,
modulators, signal processing devices, switching -circuits,

7488 | Mater. Adv., 2025, 6, 7479-7493

etc.°®®® The polarization density (P) in such cases is

expressed as,
P = eorE = eo[yVE + yPE? + O, .. (10a)

Here, y is the net susceptibility, and ¢, represents the electrical
permittivity of free space. E is the electric field intensity. The
nonlinear susceptibility, y = 7 + ™) holds the linear part as
7™ =y and the nonlinear part as y™ = & + ;@ Here %, 2,
and > are 1st, 2nd, and 3rd-order susceptibilities. However, the
contribution from y” is zero due to the centro-symmetric nature
of chalcogenides. The relationships connecting ' and »®

are,”®

2 2 4
(e L — l) and #® = AL i) 10b
x y x ) (10Db)

with A = 1.7 x 107'° esu, the () and (**)) values decreased
with laser irradiation, as found in Table 3. It is found that both
7" and (1) values vary inversely with E,. Generally, it is
considered that the y value decreases with an increase in E,
and a decrease in the density of states. Such a change is
observed for the studied thin films. The cause of such a laser-
irradiated susceptibility change is homogenization and poly-
merization due to crystallization. Fig. 10(a) infers the change in
both n, and #® at different laser illumination conditions.

According to Ticha’s and Tichy’s relation,” n, is related to
7® and static refractive index (1,) by the equation,

_ 12733

(10c)
1o

ny

The n, value decreased with irradiation for the Cu,oSb,yS20
thin films from 2.302 x 10~ esu to 1.661 x 10~ " esu for 60 m
irradiation. The obtained values of n, for various films are given in
Table 3. The enhanced structural ordering in irradiated films
causes a reduction in the density of defects, which later accounts
for the reduced value of nonlinearity by annealing, and thus, it is
suitable for solid-state lasers and UV nonlinear materials.”*

The photoluminescence (PL) spectra were taken for all
CuyoSbyoSy films within the wavelength range of ~550-
850 nm using 532 nm laser excitation. PL signifies the recom-
bination of the hole-electron pairs, leading to photon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Change in z*¥ and n; at different laser irradiation times. (b) PL spectra of all the films.

emission. The PL spectra of all the films are presented in
Fig. 10(b). It was found that the peak appeared at 730 nm for
the unirradiated film with high intensity. However, the inten-
sity decreased with laser irradiation, as evident from Fig. 10(b).
The decreased PL intensity signifies the decreased defect states.
The peak position shifted towards a lower wavelength, inferring
an increase in the bandgap. The PL peak for the 60-minute
laser-irradiated film is ~677 nm. Such a shift in the PL spectra
is due to the laser-induced changes by improved carrier mobi-
lity that change the electron-hole recombination dynamics.”>”?

3.6. Photo response study by I-V measurements

The CuySb4S,o films were scraped on both sides to leave an
undamaged film portion of 5 mm x 5 mm on the glass substrate
for IV measurement. For conductive connections, Ag paste was
applied on the two opposing faces of the film. The two created
probes from the sample surface were then attached to a Keithley
2450 Source meter. A 9 W white LED bulb was used for the
photodetection measurement, which was carried out in ambient
settings. To minimize the possible effects of excessive local
heating, white light sources were used to cover the whole visible
spectrum. The I-V characteristic curves of all the irradiated and
un-irradiated films under both dark and light conditions are
illustrated in Fig. 11(a and b). Fig. S4 shows the individual I-V
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Fig. 11
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plots for each sample, which clearly show a larger current value
under light conditions than dark conditions due to the absorp-
tion of more photons.”*”” This enhancement in photocutrent is
ascribed to light-material interactions along with charge separa-
tion. From the data in Fig. S4, the maximum current values
under illuminated (I) and dark (I) conditions were extracted
and are summarized in Table 4. The photosensitivity of the thin
films was calculated using the equation mentioned below.”®””
The key performance metrics for photodetectors, such as photo-
responsivity (R) and detectivity (D*), which are essential for
assessing the photodetector efficiency, were calculated using
specific mathematical relations and are also listed in Table 4.

. I — 1
Photo sensitivity = ——2 x 100% (11a)
D
Responsivity (R) = L (11b)
PRSIV A = Py
Detectivity (Dx) = R 4 (11c)
y o 261])

Here, A represents the photodetector active surface area, ie.,
0.25 cm®. Py, is the power density of the incident light, which is
~20 mW cm 2,

60
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|-V characteristic plots of all the CusoSb4oS20 films under (a) dark and (b) light conditions.
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Table 4 The figure of merit of the irradiated and unirradiated films

Sample I, (nA) I (nA) I, — Ip (nA) Photo sensitivity (%) Responsivity (R) (A W) Detectivity (D*) (Jones)
0 min 0.211 0.175 0.036 20.57 4.22 x 1078 2.81 x 10°

5 min 0.08 0.069 0.011 15.94 1.6 x 1078 1.7 x 10°

10 min 3.01 1.06 1.95 183.96 6.02 x 1077 1.63 x 107

30 min 21.56 6.34 15.22 240.06 4.31 x 10°° 4.78 x 107

60 min 44.06 25.56 18.5 272.37 8.81 x 10°° 4.81 x 107

The photo response properties of the CuyoSb4¢S,0 film upon
laser irradiation were analysed using I-V characteristics and
performance metrics, such as photosensitivity, responsivity,
and detectivity. The I-V plots reveal that dark current remains
relatively low and stable across all irradiation times. On the
other hand, the photo current increased significantly with
prolonged irradiation, and was found to be higher for the 60-
minute irradiated film. This indicates the improved photo-
generated carrier transport. Table 4 shows that photosensitivity
increased consistently from 20.57% (0 min) to 272% (60 min).
It shows a drastic increment in photo response. Respon-
sivity, although fluctuating slightly, reached around 8.81 X
107° A W' for the 60-minute laser-treated film from 1.6 x
107® A W' of the un-irradiated film. Similarly, the detectivity
improved from 1.7 x 10° Jones initially to 4.81 x 107 Jones after
60 minutes of laser irradiation. This indicates enhanced signal-
to-noise performance.

The increasing laser irradiation time period plays an impor-
tant role in shaping the photoresponse properties of
Cuy,oSby,S, films, in particular on the bandgap of the material.
As the laser irradiation time is enhanced, it typically induces
structural reorganization, which often leads to an increase in
the optical bandgap of the films. A widening bandgap generally
enhances the selectivity of the material to incident photons of
specific energies, suppressing thermally activated carriers that
contribute to dark current. This explains the observed
reduction in dark current (I) with prolonged irradiation, as
seen in Fig. 11(a). The low value of dark current expands the
signal-to-noise ratio, a key factor reflected in the increased
detectivity (D*) values.

At the same time, a larger bandgap can reduce the number
of absorbed photons, enhance the efficiency of carrier separa-
tion, and reduce recombination of the film’s internal order.
Thus, the increase in bandgap acts as a double-edged factor: it
narrows the light absorption window slightly but sharpens the
film’s ability to distinguish between light and dark conditions,
leading to more reliable photodetection behavior.

In summary, the higher bandgap values at higher irradiation
times tune the balance between photon absorption and carrier
concentration. It reduces the dark currents and improves the
photosensitivity and detectivity of laser-irradiated films. It
creates fewer traps and better carrier mobility, which is essen-
tial for high-performance photodetectors.”® The observed
results suggest that laser annealing, particularly at longer
durations (60 minutes), significantly enhances the optoelectro-
nic quality of Cu,Sb4oSy0 films by improving carrier separation
and defect management. Consequently, the films exhibit stron-
ger photodetector characteristics with higher photosensitivity

7490 | Mater. Adv., 2025, 6, 7479-7493

and detectivity, making them more suitable for sensitive photo-
detection applications in the UV-visible region.

4. Conclusion

The time-dependent laser irradiation results from the
Cu,0Sb40Sy0 film show a significant improvement in photode-
tectivity, 4.81 x 10’ Jones, and responsivity by three-fold,
compared to the un-irradiated film. The thermally evaporated
CuySb,0S; films were subjected to laser irradiation at different
time scales, inferring the change in crystallinity as observed
from the XRD analysis. The average crystallite size decreased
from 21.66 nm to 16.49 nm, along with an increase in disloca-
tion density from 2.131 x 10* t0 3.677 x 10°> nm~> and lattice
strain. The surface of the films gets modified with higher
porosity with laser illumination. The hydrophobicity quality
remained unchanged, with a slight decrease in the contact
angle value, even after laser irradiation, which is very useful for
self-cleaning. The Raman spectra intensity change revealed
microstructural modification with laser treatment. The shift
in the PL peak with decreased intensity implies a decrease in
defect states, thus increasing the bandgap. The increase in
transmittance from 55% to 97% upon laser illumination brings
down the absorption capability, making the film more trans-
parent. The extinction coefficient and optical density decreased
with the increase in the laser annealing time. The optical
bandgap increased from 1.596 to 1.792 eV upon 60-minute
irradiation. The Urbach energy decreased, implying the struc-
tural order. The static refractive index thus decreased with a
reduction in optical nonlinearity in terms of the 3rd-order
susceptibility from 2.302 x 10~ esu to 1.661 x 10~ ! esu after
60-minute laser treatment. The corresponding nonlinear refrac-
tive index decreased from 2.955 x 10~ '° esu to 2.209 x 10~ *°
esu. However, the optical conductivity increased from 1.717 to
1.732 upon 60-minute irradiation. The obtained changes in the
films with laser treatment are useful for optoelectronic applica-
tions. The noticed changes in the photo response parameters

are very useful for photo detection in the visible range.
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