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In the current era, alternative but environment-friendly sources of energy have gained attention to meet
the growing energy demands. In particular, the focus of research has been solar energy and using it to
fulfill energy demands. Solar energy is either directly converted into electrical energy or stored for later
use. Solar cells are a practical way to turn solar energy into electrical energy. Various materials are being
investigated to manufacture solar cell devices that can absorb a maximum number of photons present
in sunlight. The present study reports thermally evaporated in situ Cu-doped SnS photon absorber
thin films with tunable physical properties. This study mainly explored the effects of changing Cu
concentrations on the physical features of light absorption of SnS thin films. The thin films were formed
by simultaneous resistive heating of Cu and SnS powders on glass substrates at 150 °C. The X-ray
diffraction patterns revealed pure SnS thin films having orthorhombic polycrystalline crystal structures
oriented preferentially along the (111) plane. Raman spectroscopy confirmed this phase purity.
Photoconductivity studies showed phase dependence on Cu content that improved with increasing
concentrations of Cu. The optical bandgap energy was also found to be dependent on Cu content and
was observed at 1.10-1.47 eV for SnS thin films with variation in the Cu content, i.e., 0-18%. According
to the hot probe method, all films displayed p-type conductivity for the substitution of Cu metal atoms.
These findings demonstrated that the prepared thin films are substantial candidates as low-cost, suitably
efficient, thin-film solar cells featuring environmentally-friendly active layers that absorb sunlight.

1. Introduction

Recent researches have been focused mainly on low-cost, non-
toxic and eco-friendly semiconducting materials, particularly
the graphene/hydroxyapatite nano-composite,* with direct rele-
vance to solar energy applications. As the world increasingly
shifts towards cleaner and more sustainable energy sources, the
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critical role of solar energy becomes evident. Within solar energy
systems, the need for efficient energy storage and conversion
methods is paramount. However, hydrogen is celebrated for its
clean and renewable nature that holds great potential. Enhancing
hydrogen production through innovative nano-composites advo-
cates for a holistic and environmentally conscious approach to
address global energy demands and enhance the feasibility of
solar energy integration. In a similar vein, recent research on
B-/N-codoped graphene quantum dots (GQDs) provides valuable
insights into optimizing materials for various solar energy
applications,” laying the foundation for potential improvements
in material design and optimization, ultimately enhancing the
efficiency of solar cells employing diverse semiconductor materials.
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When it comes to thin-film solar cells, the trend is to discover
an active and effective photon absorber layer. Tin sulfide (SnS) is a
chalcogenide semiconductor binary compound consisting of
group IV-VI earth-abundant nonpoisonous elemental materials
tin (Sn) and sulfur (S). Tin sulfide (SnS) is a chalcogenide semi-
conductor binary compound consisting of group IV-VI earth-
abundant nonpoisonous elemental materials Tin (Sn) and sulfur
(S). P-type semiconductors include SnS* and have a band gap* of
1 to 1.57 eV,” sometimes close to that of Si.° Because of this
optimum gap, the SnS absorber layer is used not only as an
alternative for photovoltaic applications but also for gas sensing
applications.” With varying bandgaps,® un-doped and doped SnS’
has an elevated absorption coefficient™® of about 10* cm™* and has
a suitable theoretical energy conversion efficiency'* of >25%.'

Although SnS thin-film solar cells have not reached their
theoretical energy conversion efficiency, they have achieved
a record efficiency of 44.36%.'° This difference prompts a
fascination to discover synthesis methods for more efficient
SnS thin films and to explore their physical properties for
credible light absorbent layers for solar cells. Different physical
properties like morphology, crystallinity, charge carrier nature
and band gap energy have a considerable influence on the
performance of SnS thin film solar cells. Moreover, the junction
properties present at the heterojunction affect the performance
and efficiency of SnS thin film solar cells (TFSCs). The stresses
present at the heterojunction impede transport within and
across the junction' and produce interface recombination"’
that reduces the efficiency of SnS solar cells.” To overcome these
limitations, doping is used in most semiconductor materials.
Different extrinsic doping elements have been investigated to
enhance the physical characteristics, like energy band gap, photo-
conductivity, etc., and to produce desired electrical characteristics.
These band gap modifications with external dopants affect the
discontinuities of both the valence and conduction bands. Sub-
stitutional external doping at Sn sites within the SnS crystal lattice
makes modifications in the acceptor densities, which further
improve the solar cell performance and efficiency.'® Optimization
of external dopants’ nature and concentration of external dopants
is essential to achieve the appropriate acceptance density of SnS
thin films.

Different dopants incorporated in SnS thin films including
silver,'® silver by sputtering,"” and spray pyrolysis,"® aluminum,®
nickel,”® indium-doped thin films** and nanoparticles,"
chlorine,* and copper-doped by spray pyrolysis>* and electro-
deposited®* have modified the physical features of SnS
thin films significantly. Cu-doped CdTe,* Zn-doped Cds,*
Bi-doped CdTe,*” and Al dope ZnS*® are some different exam-
ples of doping of binary compounds. Among these elements,
copper is a potential dopant that can enhance the collection of
charge carriers and stabilize the Fermi level in different semi-
conductor thin film materials. Therefore, the present research
work comprises an inclusive study of the effects of Cu doping
on the physical features of SnS thin films for light-absorbing
layers in photovoltaic applications.

Numerous deposition methods have been applied to prepare
doped SnS thin films, which include deposition in a chemical
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bath,* spin coating,®” spray pyrolysis,'® thermal evaporation,®
etc. The solution-based synthesis of SnS thin films involves the
preparation of two distinct precursors, known as precursor A
and precursor B.>' These precursors are created by dissolving
tin(n) 2-ethylhexanoate and tin(u) chloride dihydrate in appro-
priate solvents, respectively. Additional chemicals, such as
glacial acetic acid, thiourea, triethanolamine, and ethanola-
mine, are added to these precursors. After 24 hours of gentle
stirring at room temperature, transparent and uniform solu-
tions are obtained. Subsequently, thin films are fabricated by
dip-coating substrates in these solutions and subjecting them
to a vertical furnace. Regarding carrier type, SnS thin films
produced using tin(u) 2-ethylhexanoate as the starting chemical
exhibit p-type conductivity, while films prepared with tin(u)
chloride dihydrate as the starting chemical demonstrate n-type
conductivity under specific Sn/S ratios. P-type films have an
electrical resistivity on the order of 10° Q cm, whereas n-type
films exhibit a resistivity of around 10" Q cm.*'

The development of inexpensive deposition of thin films is
the most investigated part of the photovoltaic research field.
Therefore, the present study systematically investigates the
effect of Cu doping on the optical, photoconductive, and
structural properties of orthorhombic SnS thin films using
vacuum thermal evaporation as the oldest and simplest method
of deposition of thin films. For the first time, the effect of in situ
Cu doping on the physical properties of SnS thin films depos-
ited by co-evaporation of Cu and SnS under vacuum is reported
in this study. This investigation into the effects of in situ Cu
doping on the SnS thin films’ physical characteristics will be
useful in determining the best synthesis conditions to achieve
the physical properties needed to capture the majority of the
solar spectrum.

2. Experimental
2.1 Synthesis of Cu-doped SnS thin films

Cu-doped SnS thin films with a thickness of approximately
300 nm were deposited onto soda lime silicate glass substrates
measuring 75 x 25 mm. The deposition process involved
simultaneous thermal evaporation of Cu and SnS powder
precursors using an Alumnia crucible and a Molybdenum boat,
respectively. To ensure uniform thickness, the glass substrates
were placed on a substrate holder directly above the sources
and clamped securely with a spring-loaded strip (Fig. 1).
A crucial factor in achieving uniform thickness was maintain-
ing a consistent source-to-substrate distance, which was set at
21 cm for all depositions. This distance is significant as the
thin film deposition rate follows the Knudsen cosine rule.*?
The deposition rate is proportional to the ratio (cos 0/7*), where
‘r represents the radial separation from the source to the
substrate’s deposition point, and ‘0’ denotes the angle formed
by ‘r and the source’s normal in the direction of the substrate.
Additionally, the condition of the substrate’s surface signifi-
cantly influences the thin film structure and uniform deposi-
tion. Before deposition, all substrates underwent thorough
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Fig. 1 Adjustment of the substrate, thermocouple, heating halogen lamp
and quartz crystal on the substrate holder.

cleaning using a well-designed scheme to ensure the best
possible surface conditions.*

2.2 Post-deposition processing and Cu doping

Following the deposition process, the deposition rate was kept at
8.7 A s7* and thin films reached a thickness of 1 pm. The film
thickness was monitored using a quartz crystal thickness monitor
attached near the substrate (Fig. 1). A thermocouple was directly
attached to the substrate to measure its temperature during
deposition. The deposition occurred in a base vacuum of 2 X
10~ ° mbar, created using a combination of an oil diffusion pump
equipped with a liquid nitrogen trap and a rotary mechanical
vacuum pump. Throughout the deposition, the vacuum was
maintained in the range of 8 x 107° to 2 x 10~> mbar. All sub-
strates were kept at 150 °C by a halogen lamp placed directly
above the substrate in the support shown in Fig. 1. After deposition,
the samples were left at the same temperature (150 °C) for
20 minutes to cool down to room temperature. The Cu doping
percentage varied from 0 to 18%, as detailed in Table 1. To enhance
dopant diffusion and improve the physical properties,®* all the
prepared samples underwent a one-hour vacuum annealing pro-
cess at 350 °C.*® For this process, the thin films were placed in
evacuated Pyrex glass tubes, sealed at a pressure of about 10~ torr,
and heated in a furnace. This vacuum annealing step was essential
for optimizing dopant diffusion and achieving the desired physical
properties in the Cu-doped SnS thin films.

2.3 Material composition and structure analysis

Cu-doped SnS thin films underwent a thorough analysis to
uncover their material composition and structural properties,

Table1 Elemental analysis of (a) undoped and Cu-doped (b—e) SnS thin films

Elemental composition (%) Atomic ratio

Sample S Sn Cu (Sn + Cu)/s Sn/S
a 45 55 0 1.22 1.22
b 44 45 11 1.27 1.02
[¢ 42 43 15 1.38 1.02
d 42 42 16 1.38 1.00
e 41 41 18 1.44 1.00
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essential for their application in photovoltaics, particularly in
thin film solar cell devices.*® The analysis began with the use of
scanning electron microscopy (SEM) equipped with an EDAX
Genesis EDS system. This combination of techniques allowed
for a comprehensive examination of the material composition
of the thin films. Operating at a scanning electron acceleration
voltage of 20 kV,*” the SEM not only provided valuable insights
into the chemical composition but also allowed for a detailed
assessment of the surface patterning and construction of the
SnS thin films. In addition to SEM-EDX analysis, X-ray diffrac-
tion (XRD) was employed to investigate the crystal structure and
preferred plane orientation of the thin films. A panalytical X-ray
diffractometer, utilizing an incident Cu beam and Ko radia-
tions (1 = 1.5406 A), performed a 20 scan in the range of
20-80°.*® This meticulous structural analysis revealed crucial
information about the thin films’ internal structure. The
Scherrer formula as presented in eqn (1)*° was used to predict
the size of the crystallite (D).** Where D, 4, 0, f and k represent
the crystallite size, wavelength, diffraction angle, half-value
width, and Scherrer constant (0.9), respectively. To calculate
other structural parameters including the microstrain (¢) and
dislocation density () utilizing Williamson and Smallman’s
(WS) method, eqn (2) and (3) are used, respectively.**

kA
- pcos (1)
6= w 2)
1
0=17 3)

2.4 Optical and electrical property measurements

The measurement of optical and electrical properties is integral
to understanding the suitability of Cu-doped SnS thin films
for photovoltaic applications. Raman spectroscopy played a
vital role in structural characterization process. Employing a
Raman spectrometer with incident radiations of 530 nm wave-
length at ordinary temperature, gained insights into the struc-
tural characteristics of the films. Orthorhombic SnS with 8
atoms in each unit cell following 24 ordinarily vibrating modes
and the centre of the Brillouin having these modes is presented
in eqn (4).*

I = 4Ag + 2By + 4Byg + 2Bg + 2A, + 4By, + 2By, + 4Bs,
(4)

This technique provided detailed insights into the structural
characteristics and the presence of specific phases within the
films. In addition to Raman spectroscopy, spectral photo-
conductivity measurements were conducted to assess the light
sensitivity of the Cu-doped SnS thin films, performed in a
controlled environment with incident light wavelengths in the
range of 650-1100 nm. This technique offered valuable data on
how the thin films respond to light, a critical consideration for
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their application in photovoltaics.*> To further assess their
potential as light-absorbing layers, a PerkinElmer Lambda
950 UV-VIS-NIR spectrophotometer was used to measure trans-
mission spectra in the sample compartment environment. This
analysis provided insights into the optical properties of the thin
films, including their ability to absorb and transmit light in the
ultraviolet, visible, and near-infrared spectra.** The absorption
factor was determined by using eqn (5) as given by Baby et al.*®
Where “T” in the relationship stands for transmission and ““¢”
for thin film thickness. The absorption factor values were
used to calculate the band gap energy. The optical band gap
and transition were determined using the well-known Tauc’s
relation (eqn (6)).*°

(5)

ahv = B(hv — Eg)" (6)

where o, 4 and v denote the absorption factor, Plank’s constant,
and the frequency of incident light, respectively. The constant
number ‘n’ is dependent on the type of the transition nature
(n = 1/2, 3/2) or yields a linear relationship between (xAv)* and
hv for a smooth change from the valence to the conduction
band. Furthermore, the warm probe method was employed
to ascertain the conductivity type, one of the most significant
physical characteristics of a semiconductor. This technique
offered a means of understanding the electrical properties of
the thin films, contributing to a comprehensive characteriza-
tion of their optical and electrical behaviour.*”

3. Results and discussion
3.1 Compositional analysis

In this research, the impact of varying Cu concentrations on
the physical properties of SnS thin films was systematically
investigated. Most physical features of materials are intricately
tied to the composition and concentration of their constituent
elements. Through precise control of these elemental concen-
trations, the ability to manipulate the material’s physical
characteristics is gained. To discern the effects of different Cu
concentrations, an elemental analysis using Energy Dispersive
X-ray (EDX) was conducted on SnS thin films doped with Cu
and the elemental composition is detailed in Table 1. Notably,
pristine Sn/S and Cu-doped SnS ratios in thin films placed on
glass substrates exhibited a close alignment at approximately
~1. The EDX analysis has demonstrated the content of Cu in
SnS thin films, which were in situ doped by co-evaporation of
Cu metal and SnS powders at 150 °C substrate temperature. The
proportion of (Sn + Cu)/S is in line with Sn/S of pristine SnS thin
films. Furthermore, the variation in the profile of the metal
element in SnS thin films doped with Cu is in Fig. 2.
A comparison analysis of elements’ concentration (%) in these
thin films is given in Fig. 3. As the Cu concentration increased,

This journal is © the Owner Societies 2023

View Article Online

PCCP
20
—A—Cu —@—Sn 56
16
52
12 4
~~
e A o
S X
S 48 <~
= 8 =
Q 1)
* ]
4 - 44
0 -
L 40
a b c d e
Sample

Fig. 2 Composition of metallic elements in Cu-doped SnS thin films.
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Fig. 3 Histogram presenting a comparison of elemental concentration in
Cu-doped SnS thin films.

there was a noticeable reduction in the amount of Sn, suggest-
ing that Cu atoms effectively occupied Sn lattice sites through
substitutional doping. The continuous heating of the substrate
at 150 °C during deposition is facilitated substitutional doping
by providing sufficient energy for Cu atoms to settle within the
Sn lattice sites. These results underscore the profound influ-
ence of Cu concentration on the physical features of SnS thin
films, particularly in terms of their elemental composition and
structure.

To provide a broader context, it's noteworthy that Baby et a
and Reddy et al.*® conducted independent studies to explore the
implications of Cu-doped SnS thin films, shedding light on distinct
aspects of their potential in photovoltaic applications. Baby et al.*’
focused on compositional analysis, investigating the impact of
varying Cu concentrations in SnS thin films through EDAX
mapping and point analyses. Their findings unveiled a systematic

Z. 45
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increase in Cu concentration (atomic%) with the elevation of the
DC sputtering voltage. EDAX mapping further confirmed the
distribution of Cu dopant cations within the SnS film, and the
atomic percentage of Cu rose from 1.4 to 10.4% as the sputtering
voltage increased from 150 to 270 V. This increase in Cu content
correspondingly led to a reduction in the Sn/S atomic ratio.
Quantitative elemental studies were instrumental in evaluating
the presence and distribution of Cu dopant cations in the films,
providing clear evidence of their incorporation into the SnS
matrix. In contrast, the study by Reddy et al.*® delved into the
influence of varying Cu concentrations on phase formation. Their
comprehensive work demonstrated that higher Cu concentrations
favored the formation of single-phase tetragonal-Cu,SnS; thin
films, while both lower and higher Cu concentrations resulted in
the emergence of secondary phases. This thorough understanding
of the influence of Cu concentration on phase formation and
material properties contributes significantly to the potential of
Cu-doped SnS thin films in the realm of photovoltaic applications.

3.2 Structural analysis

The structure of pristine SnS and Cu-doped thin films was
studied with the help of the WIEN2K simulation program and
the structure obtained is orthorhombic. The crystalline nature,
modifications in crystalline nature, orientation of the planes,
phases and effect of dopants on these structural properties
were all thoroughly identified using X-ray diffraction and
Raman spectroscopy.

3.2.1 X-ray diffraction. The Cu-doped SnS thin films placed
on glass substrates were characterized by XRD to study the
crystallographic structure and phase identification according to
the concentration of the metal element Cu (%). XRD spectra
obtained for these Cu-doped SnS thin films prepared with
similar parameters but varying in Cu (%) are shown in
Fig. 4(A). All prepared thin films are polycrystalline and the
peaks in the XRD graphs in these patterns are indexed follow-
ing the orthorhombic phase of pure SnS (JCPDS Card No. 39-
0354). These peaks are assigned to (110), (120), (021), (111),
(040), (131), (141), (002) and (110) planes of SnS having an
orthorhombic crystal structure. All Cu-doped SnS thin film
samples exhibit preferential orientation along the (111) plane.
It is detected that the peak intensity improved and became
stronger with increasing Cu concentration that is in line
with the literature.*® This behaviour is better for photovoltaic
applications®® because TFSCs based on an SnS absorbent
layer®* showed better efficiencies with films having preferential
orientation along the (111) plane.*> No elemental Cu or Sn
peaks or any other phases were observed in these doped thin
films, indicating the development of a pure single phase of a
binary compound of SnS as a host, and effective doping of the
Cu cation into SnS>* at substitutional lattice sites.>* The strong
and sharp peak for the (111) plane of the prepared SnS doped
with Cu crystalline thin films and crystallinity improved with
increasing dopant concentration due to the creation of new
nucleation centers.

Fig. 4(A) shows that the rising concentration of Cu doping in
SnS thin films leads to an increase in peak intensity present at
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31.96° corresponding to the (111) plane. This became the
preferred peak with increasing Cu concentration indicating
the good diffusion of elemental Cu dopant. Fig. 4(B) and (C)
shows the magnified images of two peaks corresponding to the
(021) and (111) planes and the observed peak shift exhibited
different behaviour. The co-evaporation of Cu and SnS powders
at 150 °C confirmed the doping of Cu in SnS thin films on
substitutional or interstitial sites by detecting the shifting trend
of these various peaks. Fig. 4(B) shows a rise in the reflection
peak intensity for the (111) plane with increasing Cu concen-
tration that clearly reveals the successful substitutional Cu
atom doping on Sn lattice sites. The atomic radius of Cu (128
pm) is smaller than Sn (140 pm), then for substitutional
doping, it should result in a decrease®* in the lattice parameters
of SnS. Furthermore, Fig. 4(B) shows the peak position of the
(111) plane shifted towards a higher diffraction angle, which
confirmed the incorporation of Cu atoms as substitutional
doping at Sn sites in the SnS crystal lattice. In addition, this
shift in the preferred peak’s position towards a higher angle 26
increasing the Cu concentration indicates compression in the
crystal lattice with doping and reveals the successful doping of
Cu at substitutional sites, which is confirmed by the
literature.>

Furthermore, for these planes, a decrease in the interplanar
spacing (dux) was observed in the SnS crystal lattice on an
increase in Cu concentration, as the ionic radii of the Cu*™
(0.73 A) dopant metal element are smaller than Sn** (0.93 A). In
the case of substitutional doping, the lattice spacing between
adjacent planes should be decreased.’® The interplanar spacing
(dnw) values corresponding to the Cu doped SnS thin films of
orthorhombic crystal structures were calculated using Bragg’s
law nA = 2dsin 6, using diffraction order n = 1, then “d = 4/
2sin 0” is the interplanar spacing value, where the wavelength
of X-ray radiations is equal to 1.5406 A, and the obtained values
of “dj;,’ are given in Fig. 5(a). This decrease in dj, is due to its
inverse dependence on Bragg’s angle. However, Fig. 4(C) shows
that the peak position of the (021) plane shifted, with varying
lower intensity, towards a lower diffraction angle end with
an increase in Cu concentration, elucidating that the incorpo-
rated Cu®* ions may be settled in both substitutional and
interstitial sites.

However, the intensity of this peak became lower compared
to an increase in Cu concentration, which shows that inter-
stitial doping is decreased. The interstitial doping could be
avoided by providing sufficient kinetic energy during deposi-
tion by increasing the substrate temperature to facilitate the
substitutional Cu doping at Sn sites®> due to the variation in
their ionic radii.’” In this work, we deposited all thin films at
150 °C substrate temperature to minimize the doping at inter-
stitial sites. The crystallite size, micro strains, dislocation
density and d-spacing obtained are shown in Table 2. Crystallite
size first increased with Cu doping, but then decreased from
30.5 to 22 nm with increasing Cu concentration in SnS thin
films. This reduction in crystallite size is due to the integration
of Cu™ ions into the Sn'" sites in the SnS crystal lattice.
Variation in crystallite size is shown in Fig. 5(b). A similar
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Fig. 4 (A) XRD spectra of pristine and Cu-doped SnS thin films having different Cu concentrations, (B) magnified peaks for the (111) plane and

(C) magnified peaks for (021) planes.

trend was observed by other researchers for metal ion doping
in sulfide binary compounds.® Initially, a decrease in these
microstructural parameters was observed but then an
increase was noticed with increasing Cu concentration that
decreased lattice imperfections like defects and gaps. These
microstructural parameters of the thin films characterized
are shown in Table 2. The results obtained confirmed results
already reported for metal ion doping in sulfide binary
compounds.®®

3.2.2 Raman spectroscopy. Raman spectroscopy is a suita-
ble technique for diagnosing the crystal structure and investi-
gating the phases present in synthesized materials. It facilitates
the analysis of phonon band vibrations and the positions of

This journal is © the Owner Societies 2023

spectral peaks. Raman spectral peaks exhibit high sensitivity to
the arrangement, length, and strength of these chemical bonds
in the sample material, and they are dependent on the
chemical composition. Consequently, this efficient and highly
sensitive characterization technique allows for the identifi-
cation of the growth of any impurity phase. In the study, Raman
scattering measurements were conducted on undoped
and doped SnS thin films with varying Cu concentrations at
ordinary temperatures. Fig. 7 illustrates the Raman spectrum of
these SnS thin films, which were obtained in the 10-700 cm™*
wavelength range.

In these spectra, a prominent SnS characteristic peak located
at approximately 160 cm™ " was observed, corresponding to the
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dislocation density (9).

Table 2 Microstructural parameters of (a) undoped and (b—e) Cu-doped SnS thin films

Microstructural parameters

Sample Interplanar spacing dj (A) Crystallite size D (nm) Microstrain () x10* Dislocation density (5) x 10" (lines m?)
a 2.80856 12.5 4.99 27.185
b 2.79609 30.5 1.25 1.240
[¢ 2.79880 23.5 1.55 1.825
d 2.79804 22.1 1.67 2.160
e 2.79719 22.0 1.44 2.100

distinct vibrational Raman dynamic mode B;, of orthorhombic
SnS.*® The peak position varied with Cu concentration in Cu-
doped SnS thin films, which confirms the settlement of Cu atoms
at Sn sites in the SnS lattice crystal. Notably, not phase-related
peaks were observed, further confirming the absence of Cu-
related phases such as SnS, and Sn,S;. These results confirmed
the preparation of pure SnS thin films doped with Cu metal. As
shown in Fig. 6, upon initial Cu doping, the peak intensity
decreased and gradually improved with increasing Cu concen-
tration. This modification in peak intensity supported the
presence of Cu in these films. Furthermore, Fig. 6 shows a red
shift in the peaks for increased Cu concentration. This shift may
be attributed to phonon localization within nanostructure bound-
aries, possibly induced by defects and spatial confinement.
From these results, it can be deduced that the relationship
between the intensity of the SnS characteristic peak and Cu
concentration can be attributed to physical mechanisms asso-
ciated with the incorporation of copper into the SnS thin films.

31732 | Phys. Chem. Chem. Phys., 2023, 25, 31726-31740

Initially, the introduction of Cu disrupts the crystal lattice,
introducing disorder and defects, resulting in a lower intensity
of the SnS characteristic peak. This disruption influences the
phonon vibrations and, consequently, the Raman spectrum,
causing a reduction in peak intensity. However, as the Cu
concentration increases, more Cu atoms become integrated
into the SnS lattice, leading to an improved crystal quality
and structural order. This gradual recovery of the crystal
structure enhances phonon vibrations and, subsequently,
increases the peak intensity. The observed red shift in the peak
position with increasing Cu concentration suggests changes
in the material’s crystal structure or phonon dynamics.®
In summary, the presence of Cu initially disrupts the crystal
lattice, causing a decrease in peak intensity. However, the
gradual improvement is a result of enhanced crystal quality
and phonon vibrations as Cu concentration increases, making
the SnS characteristic peak a valuable indicator of Cu concen-
tration and its impact on the material’s properties.
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3.3 Surface morphology

Scanning electron microscopy (SEM) is a fantastic tool for
researching the surface morphology of thin films. SEM provides
essential information about the shape of particles, their size
and distribution. Surface morphology has a prominent impact
on physical properties that influence photovoltaic and other
optoelectronic applications of these thin films. As-prepared and
Cu-doped SnS thin films were characterized using SEM with
low magnification and are shown in Fig. 7(a)-(e). The energy of
the incident electron beam, magnification and scale were
20.0 kV, x1000 and 20 pum, respectively, and are shown in
Fig. 7(a)—(e). These SEM images made it abundantly clear that
the Cu-doped SnS thin films are well compacted and have a
consistent surface morphology in their as-deposited state.
It can also be seen that these thin films are made up of uniform
particles. However, compact morphology and homogeneous
settlement of particles after the Cu doping remained intact.
This evocative revelation draws parallels to the pioneering
work of Mathews and colleagues,®" who ventured into the world
of TiO, thin films through the sol-gel dip coating technique.
Their findings showcased uniformity and strong adhesion,
where film thickness grew with the number of deposition
cycles, eventually reaching an average of 650 nm after four
cycles. Interestingly, annealing at 400 °C led to a reduction in
thickness. In a different vein, researchers have laid bare the
effects of Cu doping on the grain size and overall morphology
of SnS thin films. Jain et al’s study®® unveiled the complex
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relationship between grain size, film thickness, annealing
temperature, and band-gap alterations. These alterations are
indicative of Cu doping’s influence on crystal potential and,
consequently, grain size. Bommireddy et al®® further under-
scored the profound effects of Cu doping on the crystalline
state of SnS thin films. Here, it was observed that increasing the
Cu doping concentration initially augmented the grain size,
followed by a subsequent reduction with further doping
increases. This variation in grain size can be attributed to
lattice dilatation, engendered by Cu doping. The significance
of discussing these surface changes by referencing pertinent
literature cannot be overstated.

Notably, our exploration into the impact of Cu doping on
thin film morphology aligns with Mathews et al’s work,®
where Cu doping similarly left the morphology of TiO, thin
films largely untouched. The journey to creating these
Cu-doped SnS thin films involved the simultaneous resistive
heating of Cu and SnS powders to 150 °C, with varying Cu
content, and their application to glass substrates. The SEM
images, a testament to our methodology, showcased remark-
able compactness and seamless distribution of crystallites.
Furthermore, these images were devoid of any agglomerations,
islands, voids, or cavities, affirming the formation of uniform
thin films. This endeavour in in situ substitutional Cu doping at
SnS crystal lattice sites was underpinned by the precise manip-
ulation of substrate temperature, ensuring that dopant atoms
found their designated sites while preventing interstitial
doping or the emergence of unwanted additional phases.*

3.4 Optical analysis

For investigation of optical parameters like % transmission,
absorption coefficient, and SnS thin films with undoped and
Cu-doped optical bandgap, transmission spectra of these sam-
ples were used. All thin films’ optical measurements were
performed at room temperature. The UV-VIS-NIR transmission
measurements were made in the 280-3300 nm range. Fig. 8
shows the variation in transmission spectra against the inci-
dent wavelength (nm) of the Cu-doped SnS films. These spectra
revealed that the transmission, absorption edge and quality of
the thin films depend on Cu concentration. The excellent
quality and homogeneity of these thin films are manifested
by the appearance of interference fringes and the presence of
maxima and minima in the transmission spectra with increas-
ing Cu concentration confirming dependency on Cu concen-
tration. Fig. 8 clearly shows that these films have a low
transmission for the incident light in the wavelength scope of
280 to 1250 nm. This behaviour indicates that these films are
good for absorption of the sunlight in this region of the solar
spectrum.

Furthermore, the absorption edge moved to a lower wave-
length, demonstrating the ability of the deposited thin films to
absorb the high-energy portion of the solar spectrum. For the
optical band gap, the curves of («#2)* and light energy hv were
plotted in this work and reproduced as seen in Fig. 9. A linear
behaviour was shown for the low energy photons of incident
light by all the curves. As shown, the Tauc’s relation holds good
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for these SnS and Cu-doped SnS thin films when ‘n = %’. The

results support that these thin films’ optical transition is,
therefore, direct transition. By extending the linear portion of
the absorption curve, the direct band gap energy value has been
determined by its intercept to the energy axis (x-axis), ie.,
(in eqn (6) hv = E, for absorption factor « = 0), as shown
in Fig. 9. The calculated values of E, are given in Table 3.

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp04332k

Open Access Article. Published on 03 November 2023. Downloaded on 7/31/2025 10:44:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Values of energy for band gaps for different concentrations of Cu
doping in SnS

Sample Cu (%) (eV)
a 0 1.10
b 11 1.18
¢ 15 1.33
d 16 1.39
e 18 1.47

These obtained results showed that the value of E, is dependent
on Cu concentration. Doped semiconducting materials having
a direct bandgap are active and useful for optoelectronic
devices.®* Thus, doped-SnS is a better candidate for solar cell
uses of light absorption. The results reported in this work are in
agreement with previously reported literature for doped® and
undoped SnS.*®

Fig. 10 shows the variation of E, with an atomic percentage
of Cu concentration in the Cu-doped SnS thin films. Fig. 10 and
data given in Table 3 showed that the E, value is higher for
higher Cu concentrations. SnS thin films’ optical bandgap
energy increased with increasing Cu content. As a result, a blue
optical bandgap energy shift has been observed in SnS thin
films and is attributed to Cu doping. That there are no deep
defect states created during doping was confirmed by the
observed shift in the optical bandgap on Cu doping. The same
pattern was reported by Patel et al.>” for SnS thin films prepared
by the compressed air-assisted chemical spray pyrolysis (CSP)
and ex situ SnS thin films doped with Cu by pulsed Direct-
Current magnetron sputtering, where E, increased from 1.44 to
1.66 eV. Furthermore, a similar blue shift response was
observed in Pb-doped SnS thin films, where E, has risen from
1.22 to 1.32 eV on doping. In addition, similar observations
were reported previously,"> where the E, increased from 1.34 to
1.43 eV after Ag doping in SnS thin films. The same trends®’
have been observed for Cu-doped SnS thin films by other
researchers.®® A reduction in E, and red shift was also observed
by Sebastian et al.® for Al doping in SnS thin films, where the
value of E; reduced from 1.5 to 1.29 eV. The reason could be the
smaller ionic radius of AI’** (53 pm) in comparison to the ionic
radii of Cu* (77 pm), Ag* (115 pm) and Pb** (119 pm) along with
shallow levels in the band gap region.

3.5 Conductivity-type determination

The conductivity type is a fundamental property of semi-
conductor materials that plays a crucial role in various applica-
tions. Different techniques are employed to determine the
conductivity type. The intercalation technique, for instance,
introduces Cu atoms into SnS thin films, causing the s-orbital
electrons of Cu atoms to extend into conduction bands of SnS.
This effectively reduces the bandgap and induces p-type semi-
conductor behaviour. In addition to intercalation, several
chemical doping techniques have been developed to enhance
the electrical and optical properties of SnS thin films. These
methods involve processes such as absorbing NO, molecules,
depositing potassium (K), applying organic molecular films,
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Fig. 10 Dependence of bandgap energy on doped Cu concentration in
SnS thin films.

immersing in organic solutions, and treating the surface with
organic superacids, all of which effectively dope the films and
enhance their electrical and optical performance. Furthermore,
alloying SnS with copper (Cu) using various synthesis methods
like mechanical exfoliation, physical vapour deposition (PVD),
and chemical vapour deposition (CVD) can modify the charge-
conductive states of SnS thin films, resulting in p-type semi-
conductor behaviour.”® For this study, the hot probe method
was used to identify the conductivity type. One of the advan-
tages of the hot probe method compared to other techniques is
its non-destructive nature. Unlike some methods that may
require altering the material or involving chemical processes,
the hot probe method can provide valuable information about
the conductivity type without introducing any significant
changes to the sample.”* This makes it a practical and mini-
mally invasive choice for conductivity-type determination in
semiconductor materials. All the Cu-doped SnS thin films
showed the conductivity type to be p-type. The hot probe set-
up used during characterization is shown in Fig. 11.
To determine the conductivity type and to examine the photo
response, circular contacts of Molybdenum (Mo) were depos-
ited on the top of the film surfaces at the chamber ambient
temperatures by DC magnetron sputtering. Every contact
deposited has an area of 3.14 mm® and was separated by a
distance of 3 mm. Researchers prepared SnS thin films doped
with Cu by different methods and provided different treatments
after doping, as presented in Table 4. This comparison demon-
strated how the deposition and doping processes affect the
physical properties of these thin films.

3.6 Spectral photoconductivity

Spectral photoconductivity measurements were used to exam-
ine the application of the prepared Cu-doped SnS thin films as
light-absorbing layers, providing valuable insights into newly
synthesized semiconductor materials.”” This technique allows
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for p-type Cu-doped SnS studied.

Table 4 Cu doping in SnS thin films by different methods

Crystallite Band gap  Conductivity
SnS thin film deposition method Cu doping method Cu doping (%) size (nm)  energy (eV) type Ref.
Chemical spray pyrolysis method (CSP), CuCl,-2H,0 used in precursor Cu fixed 4% of Sn — 1.3-1.7 n-type 61
(Sn:S)=0.1:0.1,0.1:0.2,0.1:0.3 and  solution concentration
0.1:0.4.
Electrodeposition CuCl, content of 0.00625, 0.0125, 1.31-0.97 62
0.025, and 0.05 mM
Spray pyrolysis 0.05 M CuCl,-2H,0 aqueous 4%, 8% 22.9-19.8  1.83-1.90  p-type 63
solution was added to spray
solution
Ultrasonic spray pyrolysis (USP) (SnCl,-2H,0) precursor was [Cu]/[Sn] = 2%, — 1.82-2.2 — 64
technique dissolved in deionized water 5% and 10%
Thermal evaporation technique Cu films were deposited on 5.7, 15, 45.95, 1.49, 1.38, p-type 65
the SnS films 23 atom % 68.91, 1.71
78.74
DC-RF magnetron co-sputtering DC-RF magnetron co-sputtering 4.8% 26 1.33 p-type 51
technique technique
Thermal evaporation Co-evaporation, in situ doping 18% 22 1.47 p-type Present
work

for precise assessment of photoconductive behaviour within
the spectral range of 650 to 1100 nanometers (nm). The maximum
photoconductive response, corresponding to the band gap of the
thin films, was consistently observed at around 900 nm, showcas-
ing sensitivity to both incident light energy and the band gap
of the material. The band gap energy was established as Cu

31736 | Phys. Chem. Chem. Phys., 2023, 25, 31726-31740

concentration-dependent. Increasing the concentration of Cu in
the SnS material led to a noticeable reduction in the band gap
energy. This reduction is attributed to the introduction of Cu
atoms, which effectively alters the material’s electronic structure,
requiring less energy for charge carriers to transition from the
valence band to the conduction band (Fig. 12).
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This relationship between band gap energy and the observed
photoconductive response is closely intertwined. The photo-
conductive response represents the material’s capacity to
generate and transport charge carriers when exposed to light.
In Cu-doped SnS thin films, a decreased band gap energy,
resulting from higher Cu concentrations, fosters more efficient
charge carrier generation upon light absorption, evident in the
enhanced photoconductive response. Addressing the low
photosensitivity observed in dopant-free SnS thin films and
those with lower Cu concentrations, this phenomenon can be
linked to the scarcity of generated charge carriers. Dopant-free
SnS thin films, with limited Cu content, exhibit a lower number
of free charge carriers due to their wider band gap, necessitat-
ing higher energy input for electron transitions upon exposure
to light.

Conversely, increased Cu content in SnS thin films narrows
the band gap, leading to a higher concentration of charge
carriers excitable by incident light, ultimately enhancing photo-
sensitivity. The correlation between band gap energy, Cu
concentration, and the number of generated charge carriers
is pivotal in understanding the observed photoconductive
behaviour in Cu-doped SnS thin films.””> Additionally, it’s
important to note that band gap energy is influenced not only
by Cu concentration but also by grain size and grain boundaries
(Fig. 12). Smaller grain sizes and well-defined grain boundaries
contribute to alterations in the material’s electronic properties,
impacting the band gap. This intricate relationship among
band gap energy, Cu concentration, grain size, and grain
boundaries is crucial in comprehending the observed photo-
conductive behaviour in Cu-doped SnS thin films.

4. Conclusion

Cu-doped SnS thin films were successfully deposited on
glass substrates at a controlled temperature of 150 °C by
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co-evaporating Cu and SnS powders, with varying Cu content.
The resulting films exhibited a polycrystalline structure with a
preferential orientation along the (111) plane. Quantitative
X-ray diffraction analysis revealed an increase in peak intensity
with higher Cu concentrations, particularly relevant for photo-
voltaic applications. Thin-film solar cells with (111) plane
orientation in the SnS absorptive layer have shown improved
efficiency. Raman spectroscopy confirmed the purity of the
samples, with no other phases detected besides SnS. Scanning
electron microscopy revealed compact and uniform surface
morphology in both undoped and Cu-doped SnS films. The
in situ Cu-doping process did not disrupt the films’ homoge-
neity. The photoconductivity response correlated directly with
Cu content, with optimal response occurring at 900 nm, align-
ing with the most intense part of the solar spectrum. The direct
bandgap of SnS films depended on Cu content, ranging from
1.10-1.47 eV for Cu concentrations from 0 to 18 at%. These
quantitative results highlight the significant influence of Cu
doping on the films’ optical properties. All samples consistently
displayed p-type conductivity, both before and after doping,
confirmed by the hot probe method. These comprehensive
studies on Cu-doped SnS thin films provide strong evidence
of enhanced physical properties through Cu doping. This
enhancement positions them as a promising choice for an
active photon-absorbing layer in solar cell materials. In the
broader context of solar cell materials, these findings hold
profound implications, offering a pathway to improve the effi-
ciency and viability of thin-film solar cell technologies. This
advancement contributes to the progress of sustainable and
renewable energy sources.
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