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poration growth of SnSe thin films
for high-responsivity photodetectors

Sailakshmi Janga,†a Kurapati Kalyan,†a Shaik M. Abzal,a Arshad Ahamed A,a

Manve Rasik Ramesh,a Rajkumar Patel *b and Jatis Kumar Dash *a

In this work, tin selenide (SnSe) thin films were successfully synthesized using a cost-effective proximity co-

evaporation method within a chemical vapor deposition (CVD) system. The process involved a thermally

evaporated Sn thin film and selenium powder as precursors, arranged in a source-substrate-face-to-face

configuration to enable uniform and self-limiting lateral growth under an inert atmosphere. X-ray

diffraction (XRD) confirmed the formation of orthorhombic SnSe with high crystallinity and phase purity.

Field emission scanning electron microscopy (FESEM) and energy-dispersive X-ray spectroscopy (EDS)

revealed a uniform grain morphology and near-stoichiometric composition, while X-ray photoelectron

spectroscopy (XPS) confirmed the presence of Sn2+ and Se2− oxidation states. Optical studies revealed

a band gap of ∼1.15 eV, aligning well with the ideal range for optoelectronic applications. Electrical

measurements demonstrated ohmic contact behavior, and photoresponse analysis under white LED

illumination exhibited a significant enhancement in photocurrent, with a responsivity of 29.9 A W−1,

detectivity of 3.8 × 1011 Jones, and quantum efficiency of 67.45%. These results show that the fabricated

SnSe thin films could be suitable candidates for high-performance photodetectors and optoelectronic

devices.
1. Introduction

The emergence of two-dimensional (2D) atomic crystals has
opened new frontiers in materials science, owing to their
remarkable physical properties that differ signicantly from
their bulk counterparts.1,2 This has led to an expanding eld of
research into a variety of 2D systems, including layered metal
dichalcogenides,3–5 metal oxides,6,7 andMXenes,8,9 each offering
unique dimension-dependent physical and chemical
characteristics.2,10–13 These materials have a wide range of
applications, particularly in optoelectronics,14,15 electronics,16,17

sensing,18,19 and energy storage devices.20,21 Among the
emerging 2D systems, Group IV–VI monochalcogenides such as
MX (e.g., SnS, SnSe, SnTe) and MX2 (e.g., GeS2, SnS2, SnSe2)22

exhibit favorable electronic and photoelectronic properties.23–25

SnSe and SnSe2, in particular, are narrow-bandgap semi-
conductors with high carrier mobilities of 104 cm2 V−1 s −1 and
233 cm2 V−1 s −1 respectively.26 The bandgap of SnSe spans from
a direct transition at ∼0.9 eV to an indirect one at ∼1.3 eV.27–29

Due to its tunable band gap,29 material abundance, and low
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toxicity,30 SnSe is an attractive candidate for optoelectronics31,32

and photovoltaic devices.27,33 Also, its band gap falls within the
optimum range for solar cell applications.34,35

SnSe has a layered orthorhombic arrangement of atoms,
with lattice parameters a = 11.49 Å, b = 4.44 Å, and c = 4.135 Å,
which is similar to a bi-planar layered structure.35–37 This
structure can be thought of as a distorted version of a rock-salt
(NaCl) structure.38 The bulk SnSe exhibits a layered ortho-
rhombic structure that belongs to the Pnma space group. Its
anisotropic behaviour can be observed when viewed from
different directions, such as along the a, b, and c-axial direc-
tions. Several synthesis methods have been developed to fabri-
cate SnSe, ranging from solution-based routes like
solvothermal,39,40 hot injection,41 one-pot,41 and surfactant-free
synthesis,42 to vapor-phase techniques such as physical vapor
deposition (PVD) based thermal evaporation,43 inert gas
condensation,44 ash evaporation,45 hot wall epitaxy, molecular
beam epitaxy,46,47 sputtering,48 and chemical vapor deposition
(CVD) techniques.49,50 While many of these methods can yield
high-quality lms or nanostructures, they oen suffer from
drawbacks such as high temperature requirements, toxic
reagents, limited scalability, poor control over stoichiometry,
and signicant equipment and fabrication costs. To overcome
these challenges, we employ a proximity-assisted co-
evaporation technique integrated within a CVD system for the
controlled growth of thin SnSe lms. In this approach, a ther-
mally evaporated Sn thin lm and selenium powder are used as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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simple elemental precursors, and the growth substrate is placed
in close proximity to the Sn source, resulting in a short diffusion
path for the reacting species. This conguration enables effi-
cient and localized interaction between Sn vapor and Se species,
promotes self-limited vertical growth, and improves stoichio-
metric uniformity while minimizing secondary phase forma-
tion. Unlike conventional CVD or PVD processes that require
precise precursor ow control, high vacuum, or hazardous
chemicals, the present method operates under an inert atmo-
sphere using readily available precursors, making it cost-
effective, reproducible, and scalable. These features make the
proximity-assisted co-evaporation approach particularly attrac-
tive for the synthesis of high-quality SnSe thin lms for opto-
electronic applications.
2. Experimental details

The SnSe lms were grown by utilizing a physical vapor depo-
sition (PVD) method to deposit Sn thin lm and a chemical
vapor deposition (CVD) technique, utilizing Se powders & Sn
thin lm as precursors, to co-evaporate the materials.
2.1 Thin lm deposition using PVD

A 50 nm Sn thin lm was initially deposited onto a cleaned Si
(100) substrate using a thermal evaporation-based physical
vapor deposition (PVD) method. Tin granules (99.9%) obtained
Fig. 1 (a) Schematic of the thermal evaporation-based PVD setup used
applied during the CVD co-evaporation process, showing Se source at 30
Schematic diagram of the proximity-assisted CVD setup for growing SnSe
the quartz tube with a ∼1 mm gap between the precursor and target su

© 2026 The Author(s). Published by the Royal Society of Chemistry
from Loba Chemie Pvt. Ltd, served as the sourcematerial, which
were placed in a tungsten (W) boat inside the high-vacuum
chamber (base pressure ∼7 × 10−6 mbar). The deposition rate
was maintained at 0.6 Å s−1, monitored using a quartz crystal
microbalance (QCM) and the source-to-substrate distance was
xed at 15 cm. A schematic of the thermal evaporation setup is
depicted in Fig. 1(a).
2.2 Proximity co-evaporation inside CVD furnace

SnSe thin lms were synthesized via proximity evaporation in
a controlled chemical vapor deposition (CVD) system. The setup
consisted of a 1-meter-long quartz tube housed in a three-zone
temperature-controlled furnace equipped with a programmable
Eurotherm 3508 PID controller.

A 50 nm thick Sn thin lm, pre-deposited on Si (100)
substrate by thermal evaporation, was used as the Sn precursor
and placed in the central zone (zone-2) of the furnace. The
source material selenium (Se) powder (99.9%) was purchased
from Loba Chemie Pvt. Ltd A clean glass substrate was mounted
face-down over the Sn lm with a ∼1 mm gap, achieved by
inserting two quartz spacers (∼1 mm thick) at the edges of the
quartz plate (Fig. 1(c)).

This face-to-face proximity setup promoted self-limiting lateral
growth of SnSe thin lms. Se powder (700 mg) was loaded into
a quartz boat and placed in zone-1 of the furnace. The entire
system was purged with high-purity argon gas (99.99%) at 2000
for depositing Sn thin films onto Si substrates. (b) Temperature profile
0 °C and Sn precursor zone at 700 °C with a 50-minute dwell time. (c)
thin films, illustrating the placement of Se powder and Sn/Si film along
bstrate.
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sccm for 20 minutes to eliminate residual air and moisture.
During growth, the ow rate was decreased to 1000 sccm to
maintain an inert atmosphere. The Se powder in zone-1 was
heated to 300 °C, while the Sn/Si precursor stack in zone-2 was
heated to 700 °C andmaintained (dwell time) for 50minutes. This
temperature prole facilitated the efficient evaporation of Se and
its diffusion across the 1 mm gap, where it reacted with the
sublimated Sn, leading to the growth of SnSe thin lms on the
substrate. Aer the completion of growth, the furnace was allowed
to cool naturally to room temperature over approximately 2 hours
under continuous Ar ow, preventing oxidation or contamination.
The short gap conguration (∼1 mm) facilitated uniform, SnSe
lm growth with self-limited vertical stacking and improved
stoichiometry. A schematic of the temperature prole and CVD
setup used for the SnSe growth are shown in Fig. 1(b) and (c).
2.3 Characterization techniques

To obtain comprehensive insights into the properties of the as-
grown SnSe thin lms, a range of characterization techniques
was employed to examine their crystal structure, surface
morphology, optical absorption, and electrical performance. X-
ray diffraction (XRD) analysis was carried out using an EMPY-
REAN SERIES 3 diffractometer equipped with Cu Ka radiation (l
= 1.5405 Å) to determine the crystal structure, phase purity, and
preferred orientation. The scans were performed with a step size
of 0.013° and a scan time of 45 seconds per step. Surface
morphology and grain distribution were analyzed using eld
emission scanning electron microscopy (FESEM), while
elemental composition and stoichiometry were conrmed
through energy-dispersive X-ray spectroscopy (EDS) coupled to
the SEM system. Atomic force microscopy (AFM) was used to
measure the thickness of the SnSe lms. To investigate the
chemical states of Sn and Se, X-ray photoelectron spectroscopy
(XPS) was carried out, focusing on the Sn 3d and Se 3d core-level
spectra. The optical absorption properties were studied using
a Shimadzu UV-2600i spectrophotometer in transmission mode
over the wavelength range of 300–800 nm, with background
correction from a bare quartz substrate. Electrical measure-
ments and photoresponse behavior, were performed at room
temperature using a Keithley 2636 B sourcemeter. Photocurrent
measurements were carried out using silver two-probe contacts
spaced 1 mm apart, with illumination provided by a white LED
source spanning 550 nm. A voltage sweep ranging from −6 V to
+6 V was applied using gold probe tips connected to the Keithley
source meter. All measurements were conducted at room
temperature under ambient atmospheric conditions.
3. Results & discussion
3.1 X-ray diffraction: structural analysis

Tin selenide (SnSe) exhibits a layered orthorhombic crystal
structure belonging to the Pnma space group, which results in
anisotropic properties along the crystallographic axes, as shown
in Fig. 2(a). When viewed along the a-axis, the structure appears
as slabs, with two layers thick and strong Sn–Se bonds in the
b and c plane (plane of slabs) and weak bonds along the a-axis.
7856 | RSC Adv., 2026, 16, 7854–7862
The projection along the b-axis takes on a zigzag accordion-like
shape, while along the c-axis it displays an armchair-like projec-
tion.51,52 The unit cell of SnSe is made up of eight atoms arranged
in two adjacent layers perpendicular to the longest axis.53 Each tin
atom forms six heteropolar bonds: three nearest-neighbor bonds
within the same double layer, two next-nearest neighbor bonds in
the same layer, and one bond connecting to a neighboring
double layer. These bonds together form a distorted octahedron
around each Sn atom. This anisotropic bonding structure inu-
ences both the electrical and optical properties of SnSe. The
phase and crystallinity of the SnSe thin lms were conrmed by
X-ray diffraction (XRD) analysis performed at room temperature.
The XRD pattern of the as-grown SnSe lm, shown in Fig. 2(d),
exhibits well-dened peaks indexed to the (200), (210), (400),
(311), (221), (122), and (800) planes, with the (400) reection
being most prominent. These peaks are in excellent agreement
with the orthorhombic phase of SnSe, as per (JCPDS Card No. 32-
1382, (orthorhombic SnSe, Pnma)), and consistent with ortho-
rhombic SnSe reported in the literature.54–56

No additional peaks corresponding to unreacted tin or
selenium are detected, conrming the phase purity of the SnSe
lms. For comparison, the XRD patterns of thermally evapo-
rated Sn/Si lm (Fig. 2(b)) and selenium powder (Fig. 2(c)) show
distinct peaks that are absent in the nal SnSe lm.

To evaluate the microstructural quality of the SnSe lms,
crystallite size, dislocation density, and strain were calculated.
From the XRD data, the average crystallite size (DC) was calculated
using the Scherrer formula,DC= Kl/(b cos q), where K is the shape
factor (∼0.9), l is the wavelength (1.5405 Å), b is the full width at
half maximum (FWHM) of the diffraction peak in radians, and q

is the Bragg angle. The dislocation density (d) was determined as
d = 1/(DC)

2, and the microstrain (3) was estimated using the
relation 3 = b/(4 tan q). These calculations were summarized in
Table 1. When averaged across all measured planes, the SnSe thin
lm exhibits a crystallite size of 42.41 nm, a dislocation density of
6.30 × 1014 lines per m2, and a microstrain of 0.0029, indicating
a highly crystalline and well-ordered structure.
3.2 Optical band gap

The absorption capabilities of the synthesized SnSe thin lm
were studied using UV-vis absorption spectra. The optical band
gap was obtained using the equation (ahn)n = A(hn − Eg), where
a is the absorption coefficient, hn is is the photon energy, A is
a wavelength-independent constant, n is the type of transition
(n = 1/2 in this case for indirect bandgap), and Eg is the optical
energy band gap. A Tauc plot was constructed by plotting
(ahw)1/2 vs. E (hn), as shown in Fig. 2(e). The linear portion of the
Tauc plot was extrapolated to intercept the photon energy axis at
(ahw)1/2 = 0 and the estimated optical band gap of the SnSe thin
lm is ∼1.15 eV. This value falls within the typical range re-
ported for SnSe thin lms and nanostructures, which aligns
well with the reported values in previous studies 27–29.

To investigate the inuence of synthesis temperature on the
optical properties, UV-vis absorption measurements were
carried out for SnSe thin lms grown at 300 °C, 400 °C, 500 °C,
and 600 °C. The corresponding Tauc plots are provided in the SI
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Crystallographic projections of the orthorhombic SnSe unit cell along the a-axis, b-axis, and c-axis showing layered atomic
arrangements with Sn (red) and Se (green) atoms. (b–d) XRD patterns of Sn/Si thin film, Se powder and SnSe thin film grown on Glass substrate (e)
Tauc plot used to estimate the optical band gap (∼1.15 eV) from UV-vis absorption spectra.
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(Fig. S1). The extracted optical band gaps show a clear
temperature-dependent trend, decreasing from 1.9 eV (300 °C)
to 1.8 eV (400 °C), 1.4 eV (500 °C), and 1.2 eV (600 °C). This
progressive band-gap narrowing with increasing synthesis
temperature is attributed to the formation of phase-pure SnSe
and reduced structural disorder at higher temperatures.
Table 1 Calculated structural characteristics of SnSe thin films from XRD

SnSe (hkl)
orientations

Crystalline sizes (DC)
(in nm)

(200) 40.12
(210) 38.83
(400) 63.94
(311) 34.96
(221) 33.84
(122) 35.63
(800) 49.61
Average 42.41

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3 Scanning electron microscopy and atomic force
microscopy analysis

The surface morphology of the as-grown SnSe thin lms was
examined using FESEM. The FESEM images, shown in Fig. 3(a),
reveal that the lm surface is composed of densely packed
data

Dislocation density
(d × 1014 lines m−2)

Strain
(3)

6.22 0.0064
6.63 0.0039
2.44 0.0020
8.18 0.0030
8.73 0.0023
7.87 0.0018
4.06 0.0012
6.30 0.0029

RSC Adv., 2026, 16, 7854–7862 | 7857
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Fig. 3 (a) FESEM image of the SnSe thin film showing uniform granular morphology; the inset displays the corresponding EDS spectrum
confirming near-stoichiometric Sn and Se composition, alongwith the particle size distribution histogram. (b) AFM topography image of the SnSe
thin film with the corresponding height profile measured across the film edge, revealing a thickness of approximately 17 nm.
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grains with relatively uniform distribution. The inset in Fig. 3(a)
displays the grain size distribution histogram, from which the
average grain size was estimated to be ∼70 nm. This grain size
reects the aggregation of smaller crystallites into larger clus-
ters during the growth process. To investigate the elemental
composition and verify the stoichiometry of the thin lm,
energy-dispersive X-ray spectroscopy (EDS) was carried out in
conjunction with the SEM imaging. The EDS spectrum is pre-
sented in the inset of Fig. 3(a), with the inset showing the
quantitative atomic percentages of tin (Sn) and selenium (Se).
The analysis conrms the presence of both Sn and Se in near-
stoichiometric proportions, consistent with the expected
composition of SnSe. The absence of detectable impurity peaks
in the EDS spectrum suggests high purity of the grown lm. The
uniform grain morphology observed in FESEM, combined with
stoichiometric elemental composition veried by EDS, indi-
cates successful synthesis of high-quality SnSe thin lms using
the proximity evaporation-assisted CVD method.

To determine the lm thickness and validate the thin-lm
nature of the synthesized SnSe, atomic force microscopy (AFM)
measurements were performed. Fig. 3(b) shows a representative
Fig. 4 High-resolution XPS spectra of the as-grown SnSe thin film: (a) S
494.82 eV (Sn 3d3/2), consistent with Sn2+ oxidation state in SnSe. (b) Se
These results confirm the chemical bonding environment in SnSe.

7858 | RSC Adv., 2026, 16, 7854–7862
AFM height prole acquired across the lm edge. The corre-
sponding line-scan analysis reveals a thickness of approximately
17 nm, conrming the formation of a thin SnSe lm.

To further investigate the inuence of synthesis temperature on
surface morphology, SEM analysis was performed on SnSe thin
lms grown at different temperatures (300 °C, 400 °C, 500 °C, and
600 °C). The corresponding SEM micrographs are provided in SI
(Fig. S2). A clear temperature-dependent evolution of morphology
is observed, with ner grains at lower temperatures and progres-
sively larger, more densely packed grains at higher temperatures.
This trend is attributed to enhanced surface diffusion and ther-
mally activated grain growth at elevated temperatures.
3.4 Elemental composition analysis

The chemical composition and electronic states of the elements
present in the as-grown SnSe thin lms were analyzed using X-
ray photoelectron spectroscopy (XPS). High-resolution spectra
were obtained for the core levels of Sn 3d and Se 3d, as shown in
Fig. 4(a) and (b), respectively.

The Sn 3d spectrum in Fig. 4(a) exhibits two well-dened
peaks at binding energies of 486.36 eV and 494.82 eV,
n 3d core-level spectrum showing peaks at 486.36 eV (Sn 3d5/2) and
3d spectrum exhibiting a peak at ∼54.2 eV, indicating the Se2− state.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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corresponding to the Sn 3d5/2 and Sn 3d3/2 states, respectively.
The energy separation between these peaks is approximately
8.46 eV, which is characteristic of the Sn2+ oxidation state in
SnSe.49,57,58 Similarly, the high-resolution Se 3d spectrum
[Fig. 4(b)] shows a prominent peak at around 54.2 eV, corre-
sponding to the Se 3d core level, which indicates the presence of
Se2− states in SnSe. The binding energy values for both Sn and
Se are consistent with previously reported XPS studies of stoi-
chiometric SnSe thin lms and nanostructures.49,57,58

3.5 Electrical properties

3.5.1 Current–voltage measurements. To evaluate the
electrical transport characteristics of the SnSe thin lms,
current–voltage (I–V) measurements were carried out under
ambient conditions. The I–V curve for the as-grown SnSe thin
lm is shown in Fig. 5(a), indicating good ohmic contact
between the metal electrodes and the SnSe lm.

The silver electrodes used in the measurement have a work
function in the range of 4.26–4.73 eV, which closely matches
that of SnSe. This alignment facilitates efficient charge carrier
injection and separation, enabling low contact resistance and
effective extraction of photogenerated carriers. The I–V behavior
shown in Fig. 5(a) further conrms that the device exhibits
negligible Schottky barrier formation, which is desirable for
photodetector applications.

From the slope of the I–V curve, the resistance (R) of the SnSe
thin lm was calculated using Ohm's law, V = IR. The inverse of
Fig. 5 (a) I–V characteristics of the SnSe thin film under ambient cond
sentation of the two-probe photoresponsemeasurement setup under wh
conditions showing enhanced current under light exposure due to photog
including responsivity, detectivity, and quantum efficiency.

© 2026 The Author(s). Published by the Royal Society of Chemistry
the slope yields R = 2.09 × 105 U. This resistance can be
attributed to the polycrystalline nature of the lm, where grain
boundaries and surface roughness introduce scattering sites
that impede charge transport. The charge transport behavior is
also inuenced by the lm's microstructure. The granular
surface observed in FESEM and the nanocrystalline grain size
conrmed by XRD may introduce additional scattering centers.
However, the lm still supports stable and measurable current
conduction under applied bias. The I–V results conrm that the
SnSe thin lms possess sufficient electrical conductivity and
good electrode contact quality, forming a reliable platform for
optoelectronic applications such as photodetectors and photo-
voltaic devices.

3.5.2 Photoresponse measurements. To evaluate the opto-
electronic performance of the SnSe thin lm, photoresponse
measurements were performed under white LED illumination
(with a peak wavelength of 550 nm). The experimental setup is
illustrated schematically in Fig. 5(b). The I–V characteristics of
the device were recorded both in the dark and under illumi-
nation, as shown in Fig. 5(c).

Under illumination, the device exhibited a substantial
enhancement in current compared to the dark state, indicating
strong photoconductive behavior. The resistance of the SnSe
lm in the dark was measured to be 1.03 × 106 U, whereas
under white LED illumination, the resistance dropped signi-
cantly to 1.20 × 105 U. This decrease in resistance under illu-
mination is attributed to the generation of electron–hole pairs
itions, enabling calculation of sheet resistance. (b) Schematic repre-
ite LED illumination (550 nm). (c) I–V curves under dark and illuminated
enerated carriers. (d) Summary of extracted photodetector parameters
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Table 2 SnSe thin film-based photodetector comparison with other works

Material Morphology
Incident light
(nm)

Dark current
(amp)

Photodetector performance

Responsivity
(A W−1)

Detectivity
(jones)

QE
(%) References

SnSe Thin lm 10 600 2 × 10−5 0.16 3.9 × 107 Not
reported

59

SnSe Thin lm 404 28.3 × 10−6 277.3 7.6 × 1011 Not
reported

60

SnSe Thin lm 370–808 Not reported 5.5 6.0 × 1010 Not
reported

61

SnSe Bulk 760 Not reported 0.003 8 × 107 Not
reported

62

SnSe Thin lm 550 1.92 × 10−6 29.9 3.8 × 1011 67.45 This work
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when incident photons with energy equal to or greater than the
band gap are absorbed. The resulting photocarriers contribute
to increased conductivity by participating in charge transport
across the lm.

The photoresponse of the device was quantied using key
optoelectronic performance parameters such as responsivity
(Rl), detectivity (D*) & quantum efficiency (QE). Mathematically,
responsivity is dened as the ratio of the output photocurrent to
the incident light power density per unit area. A higher
responsivity indicates that the photodetector generates a larger
current for a given amount of incident light, making it more

sensitive to light.63 It is dened as Rl ¼ DI
PA

, whereDI represents

the difference between the photocurrent generated under illu-
mination and the dark current, P is the power density of the
light source, and A is the area of the sample exposed to the light
illumination 1 cm2.

The detectivity (D*) is another critical performance param-
eter, which is dened as the ability to detect optical signals. It is

represented as D* ¼ RlAd1=2

ð2eIdÞ1=2
, where Ad is the effective area of

the optical sensor, Id is the experimental dark current, and e is
the electronic charge.

Quantum efficiency (QE) is another key performance
parameter for characterizing optical sensors. It is dened as the
ratio of the number of charge carriers collected by the photo-
detector to the number of photons of a given energy incident on
the optical sensor.63 It is calculated by using the formula

QE ¼ hc
Rl

el
, where h is Planck's constant l is the exciting

wavelength, c is the speed of light, and e is the electronic charge.
Using these equations, the responsivity, detectivity, and

quantum efficiency of the SnSe thin lm under 550 nm light
illumination were calculated to be 29.9 A W−1, 3.8 × 1011 Jones,
and 67.45%, respectively. These values signify efficient photo-
carrier generation and extraction in the SnSe lm. The high
performance is likely attributed to a photoconductive gain
mechanism 64, where photogenerated holes are trapped at
defect sites, allowing electrons to circulate multiple times
before recombination. This leads to an amplied photocurrent
and consequently high responsivity.64
7860 | RSC Adv., 2026, 16, 7854–7862
To assess the device performance, Table 2 presents a compar-
ative analysis of the present SnSe photodetector with previously
reported devices based on SnSe thin lms or bulk crystals under
various illumination conditions.59–62 The responsivity and detec-
tivity achieved in this study are comparable to, or better than,
those reported previously, highlighting the effectiveness of the
proximity-assisted CVD growth method in producing high-quality
SnSe thin lms for advanced optoelectronic applications.
4. Conclusion

SnSe thin lms were successfully synthesized using a proximity-
assisted chemical vapor deposition (CVD) method, employing
thermally evaporated Sn lms and selenium powder as
precursors. X-ray diffraction analysis conrmed the formation
of orthorhombic SnSe with a dominant (400) peak. Surface
morphology observed via FESEM showed a uniform granular
texture with an average grain size of∼70 nm, while EDS and XPS
analyses conrmed the stoichiometric presence of Sn2+ and
Se2− ions, indicating the formation of a chemically phase-pure
lm. Optical measurements revealed a band gap of ∼1.15 eV,
aligning well with previously reported values and suggesting the
lm's suitability for visible to near-infrared optoelectronic
applications. Electrical I–V measurements exhibited ohmic
behavior, between the electrodes and the SnSe lm. Under
white light illumination, the device showed a signicant pho-
toresponse, with a calculated responsivity of 29.9 A W−1,
detectivity of 3.8 × 1011 Jones, and a quantum efficiency of
67.45%. These results conrm that the synthesized SnSe thin
lms exhibit promising optoelectronic properties, making them
suitable candidates for applications in photodetectors, sensors,
and next-generation photovoltaic devices.
Author contributions

J. K. D. and R. P. jointly conceptualized and supervised the
project. S. J. performed the thin lm synthesis. K. K., S. M. A., A.
A. and M. R. R. contributed to material characterization,
including X. R. D., F. E. S. E. M., UV-vis, and electrical measure-
ments. Data analysis and interpretation were carried out by S. J.
and K. K. under the guidance of J. K. D. The manuscript was
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08877a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
27

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
written by S. J. and K. K. with inputs from all authors. All authors
reviewed and approved the nal version of the manuscript.
Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.
Data availability

Data will be made available on reasonable request.
Supplementary information (SI): Tauc plots and FESEM

micrographs for the SnSe thin lms grown at different
temperatures. See DOI: https://doi.org/10.1039/d5ra08877a.
Acknowledgements

The authors gratefully acknowledge the partial nancial
support from UGC-DAE Consortium for Scientic Research
(CSR) under the Collaborative Research Scheme (Project ID:
CRS/2022-23/1092). We thank the SRM-IST SCIF and NRC
facilities for providing access to material characterization
instruments. J. K. D. and S. J. acknowledge support from SRM
University-AP for providing necessary consumables and
research facilities during this work.
References

1 K. S. Novoselov, V. I. Falko, L. Colombo, P. R. Gellert,
M. G. Schwab and K. Kim, Nature, 2012, 490, 192–200.

2 K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth,
V. V. Khotkevich, S. V. Morozov and A. K. Geim, Proc. Natl.
Acad. Sci. U. S. A, 2005, 102, 10451–10453.

3 S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev and
A. Kis, Nat. Rev. Mater., 2017, 2, 17033.

4 H. Zhang, M. Chhowalla and Z. Liu, Chem. Soc. Rev., 2018, 47,
3015–3017.

5 W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande
and Y. H. Lee, Mater. Today, 2017, 20, 116–130.

6 R. J. Clément, P. G. Bruce and C. P. Grey, J. Electrochem. Soc.,
2015, 162, A2589–A2604.

7 R. Uppuluri, A. S. Gupta, A. S. Rosas and T. E. Mallouk, Chem.
Soc. Rev., 2018, 47, 2401–2430.

8 M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall'Agnese,
P. Rozier, P. L. Taberna, M. Naguib, P. Simon,
M. W. Barsoum and Y. Gogotsi, Science, 2013, 341, 1502–1505.

9 J. Zhang, S. Seyedin, Z. Gu, W. Yang, X. Wang and J. M. Razal,
Nanoscale, 2017, 9, 18604–18608.

10 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147–150.

11 R. Ma and T. Sasaki, Adv. Mater., 2010, 22, 5082–5104.
12 J. A. Rogers, M. G. Lagally and R. G. Nuzzo, Nature, 2011, 477,

45–53.
13 M. X. Wang, C. Liu, J. P. Xu, F. Yang, L. Miao, M. Y. Yao,

C. L. Gao, C. Shen, X. Ma, X. Chen, Z. A. Xu, Y. Liu,
© 2026 The Author(s). Published by the Royal Society of Chemistry
S. C. Zhang, D. Qian, J. F. Jia and Q. K. Xue, Science, 2012,
336, 52–55.

14 J. Shim, H. Y. Park, D. H. Kang, J. O. Kim, S. H. Jo, Y. Park
and J. H. Park, Adv. Electron. Mater., 2017, 3, 1600364.

15 Y. Huang, K. Xu, Z. Wang, T. A. Shifa, Q. Wang, F. Wang,
C. Jiang and J. He, Nanoscale, 2015, 7, 17375–17380.

16 G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios,
D. Neumaier, A. Seabaugh, S. K. Banerjee and L. Colombo,
Nat. Nanotechnol., 2014, 9, 768–779.

17 S. Lee and Z. Zhong, Nanoscale, 2014, 6, 13283–13300.
18 X. Liu, T. Ma, N. Pinna and J. Zhang, Adv. Funct. Mater., 2017,

27, 1702168.
19 C. Anichini, W. Czepa, D. Pakulski, A. Aliprandi, A. Ciesielski

and P. Samor̀ı, Chem. Soc. Rev., 2018, 47, 4860–4908.
20 E. Singh, K. Kim, G. Y. Yeom andH. S. Nalwa, RSC Adv., 2017,

7, 28234–28290.
21 C. Zhang, H. Yin, M. Han, Z. Dai, H. Pang, Y. Zheng,

Y. Q. Lan, J. Bao and J. Zhu, ACS Nano, 2014, 8, 3761–3770.
22 X. Zhou, Q. Zhang, L. Gan, H. Li, J. Xiong and T. Zhai, Adv.

Sci., 2016, 3, 1600177.
23 J. Wang, Y. Wei, H. Li, X. Huang and H. Zhang, Sci. China

Chem., 2018, 61, 1227–1242.
24 Y. Liu, X. Duan, Y. Huang and X. Duan, Chem. Soc. Rev.,

2018, 47, 6388–6409.
25 X. Bao, Q. Ou, Z. Q. Xu, Y. Zhang, Q. Bao and H. Zhang, Adv.

Mater. Technol., 2018, 3, 1800072.
26 B. Wang, S. P. Zhong, Z. B. Zhang, Z. Q. Zheng, Y. P. Zhang

and H. Zhan, Appl. Mater. Today, 2019, 15, 115–138.
27 M. A. Franzman, C. W. Schlenker, M. E. Thompson and

R. L. Brutchey, J. Am. Chem. Soc., 2010, 132, 4060–4061.
28 W. J. Baumgardner, J. J. Choi, Y. F. Lim and T. Hanrath, J.

Am. Chem. Soc., 2010, 132, 9519–9521.
29 M. Zhou, X. Chen, M. Li and A. Du, J. Mater. Chem. C, 2017, 5,

1247–1254.
30 M. Zhou, X. Chen, M. Li and A. Du,Nano Res., 2015, 8, 288–295.
31 X. Zhou, L. Gan, W. Tian, Q. Zhang, S. Jin, H. Li, Y. Bando,

D. Golberg and T. Zhai, Adv. Mater., 2015, 27, 8035–8041.
32 G. Su, V. G. Hadjiev, P. E. Loya, J. Zhang, S. Lei, S. Maharjan,

P. Dong, P. M. Ajayan, J. Lou and H. Peng, Nano Lett., 2015,
15, 506–513.

33 H.-K. Jo, J. Kim, Y. R. Lim, S. Shin, D. S. Song, G. Bae,
Y. M. Kwon, M. Jang, S. Yim, S. Myung, S. S. Lee,
C. G. Kim, K. K. Kim, J. Lim and W. Song, ACS Nano, 2023,
17, 1372–1380.

34 S. Liu, X. Guo, M. Li, W. H. Zhang, X. Liu and C. Li, Angew.
Chem., Int. Ed., 2011, 50, 12050–12053.

35 P. D. Antunez, J. J. Buckley and R. L. Brutchey, Nanoscale,
2011, 3, 2399–2411.

36 C. Y. Oztan, B. Hamawandi, Y. Zhou, S. Ballikaya,
M. S. Toprak, R. M. Leblanc, V. Coverston and E. Celik, J.
Alloys Compd., 2021, 864, 157916.

37 E. Barrios-Salgado, M. T. S. Nair and P. K. Nair, ECS J. Solid
State Sci. Technol., 2014, 3, Q169–Q175.

38 A. Walsh and G. W. Watson, J. Phys. Chem. B, 2005, 109,
18868–18875.

39 K. Liu, H. Liu, J. Wang and L. Feng, Mater. Lett., 2009, 63,
512–514.
RSC Adv., 2026, 16, 7854–7862 | 7861

https://doi.org/10.1039/d5ra08877a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08877a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
27

:5
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
40 P. Ramasamy, P. Manivasakan and J. Kim, CrystEngComm,
2015, 17, 807–813.

41 J. H. Han, S. Lee and J. Cheon, Chem. Soc. Rev., 2013, 42,
2581–2591.

42 G. Han, S. R. Popuri, H. F. Greer, R. Zhang, L. Ferre-Llin,
J. W. Bos, W. Zhou, D. J. Paul, A. R. Knox, D. H. Gregory
and M. J. Reece, Chem. Sci., 2018, 9, 3828–3836.

43 R. Indirajith, T. P. Srinivasan, K. Ramamurthi and
R. Gopalakrishnan, Curr. Appl. Phys., 2010, 10, 1402–1406.

44 I. K. El Zawawi and M. A. Mahdy, J. Mater. Sci. Mater.
Electron., 2013, 24, 2106–2111.

45 G. H. Chandra, J. N. Kumar, N. M. Rao and S. Uthanna, J.
Cryst. Growth, 2007, 306, 68–74.

46 W. Shi, M. Gao, J. Wei, J. Gao, C. Fan, E. Ashalley, H. Li and
Z. Wang, Adv. Sci., 2018, 5, 1700602.

47 Y. F. Zhao, L. J. Zhou, F. Wang, G. Wang, T. Song,
D. Ovchinnikov, H. Yi, R. Mei, K. Wang, M. H. W. Chan,
C. X. Liu, X. Xu and C. Z. Chan, Nano Lett., 2021, 21, 7691–
7698.

48 J. Zhang, H. Zhu, X. Wu, H. Cui, D. Li, J. Jiang, C. Gao,
Q. Wang and Q. Cui, Nanoscale, 2015, 7, 10807–10816.

49 N. D. Boscher, C. J. Carmalt, R. G. Palgrave and I. P. Parkin,
Thin Solid Films, 2008, 516, 4750–4757.

50 V. E. Drozd, I. O. Nikiforova, V. B. Bogevolnov,
A. M. Yafyasov, E. O. Filatov and D. Papazoglou, J. Phys. D:
Appl. Phys., 2009, 42, 122001.

51 Z. Z. Luo, S. Cai, S. Hao, T. P. Bailey, X. Hu, R. C. Hanus,
R. Ma, G. Tan, D. G. Chica, G. J. Snyder, C. Uher,
C. Wolverton, V. P. Dravid, Q. Yan and M. G. Kanatzidis,
Nature, 2014, 508, 373–377.
7862 | RSC Adv., 2026, 16, 7854–7862
52 G. Shi and E. Kioupakis, Nano Lett., 2015, 15, 6926–6931.
53 B. Subramanian, T. Mahalingam, C. Sanjeeviraja,

M. Jayachandran and M. J. Chockalingam, Thin Solid Films,
1999, 357, 119–124.

54 L. Das, A. Guleria and S. Adhikari, RSC Adv., 2015, 5, 61390–
61397.

55 P. A. Fernandes, M. G. Sousa, P. M. P. Salomé, J. P. Leitão and
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