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The performance of photodetectors can be significantly enhanced by incorporating a suitable
transport layer, where the work function and density of states (DOS) are critical parameters in material
selection. MXenes, with their tunable work functions, offer versatility for integrating diverse active
materials in device architectures. In this work, we investigate the photodetection performance and
piezophototronic effect of three tin monosulfide (SnS)-based device configurations, validated through
band structure analysis. SnS was integrated with Ti;C,Tx and Mo, TiC,Tx MXenes and benchmarked
against a reference SnS/Ag device. The fabricated devices—SnS, SnS/Ti;C,Tx, and SnS/Mo,TiC,Tx—
exhibited responsivities of 7.67 A/W (5.86 A/W), 15.07 A/W (12.41 A/W), and 89.23 A/W (57.42 A/W)
with (without) strain, respectively. Density functional theory calculations revealed enhanced DOS at
the Fermi level for both MXenes, highlighting their bipolar transport nature. A comprehensive
comparison is provided in terms of Schottky barrier height, DOS, and piezophototronic modulation.

The current research on transport-layer-based broadband photodetectors is
increasing because of the prominent role played by the transport layer in the
performance of any photodetector. The mobility of the carriers was greatly
enhanced by introducing a transport layer in the photodetector device
delivering instant photocurrent at shorter rise times'~. The transport layer,
apart from being conductive, allows the rapid charge migration to its
respective electrodes at low carrier lifetime and less recombination, resulting
in high responsivity in photodetector devices"’. However, it is important to
consider the work function of the transport layer that creates the desired
barrier height, surface states, traps, etc., for feasible carrier transportation
across the device interface to deliver high photocurrent®”. Furthermore, the
wide range tunability® (~6.04 eV) of the work function makes the transport
layer preferable to many active materials in having the desired properties at
the interface for effective charge migration®’. Thus, there is a need to
modulate the work function of transport layers to make many active
material systems adaptable in device fabrication for various optoelectronic
applications in different fields.

MZXenes, as transition-metal carbides, nitrides, or carbonitrides, are
one of the growing family of two-dimensional (2D) materials that have
garnered interest due to their unique electronic properties, such as high
mobility”, reliability (performance accuracy), better environmental

stability, tunable work function (4.0-6.6 eV)", and mechanical flexibility"’.
All these properties make MXene a promising transport layer material in
optoelectronic applications, including light-emitting diodes, photovoltaics,
phototransistors, and photodetectors”. MXenes' (titanium carbide,
Ti;C,T,) work function is notably higher than (~1.3 times for SnS) many
active materials (many semiconductor TMDs, including MoS,, ReS,,
WS,)"*"%, which helps in achieving many electronic properties, making
effective charge migration at the interface. The work function of MXene can
be modulated in many ways, which include selective doping, synthesis
procedures, creating defects, etc.”". As the work function is the most
distinguished parameter in deciding the barrier height, trap energy levels,
and carrier migration across any interface, the wide range tunable work
function makes MXene suitable in many transport-layered-based
photodetectors™*. Double transition-metal MXene (such as molybde-
num titanium carbide, Mo, TiC,T,) could be preferred over mono-metal
MXenes (such as titanium carbide, Ti;C,T,)** as Mo,TiC,T, has been
predicted to be a semiconductor (and its semiconductor-like behavior*)
when compared with metallic properties of Ti;C,T, counterpart™”. In
addition, the photodetector performance can be greatly enhanced by the
work function variation of the transport layer. The tuneable work function
of Mo, TiC, T, (transport layer) allows the barrier height to be considerably
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high, making effective charge migration at the interface. In addition, a higher
density of states (DOS) of Mo, TiC,Tx makes it a suitable candidate as a
transport layer in both photodetector and photovoltaic applications™™".

Tin monosulfide (SnS), a most promising p-type 2D transition-metal
monochalcogenide, has received more attention in recent years due to its
large abundance with low cost, tunability in its bandgap, greater sensitivity,
high absorption, and piezoelectricity’>”. In the past few years, researchers
have reported various optoelectronic applications of SnS and its perfor-
mance as a photodetector’””, suggesting SnS is one of the best choices as an
active material in transport layer-based photodetector devices. Because of
the SnS considerable conversion efficiency (~40.5%), a heterojunction is
needed, as pristine Sn$ suffers from a recombination problem resulting in
poor responsivity when subjected to external light/strain”**. Apart from
previously published works on transport-layer-based photodetector devices,
extracting band structure and analyzing the piezophototronics effect were
the least explored. The piezophototronic effect is a combination of the
piezoelectric effect, semiconductor physics, and photoexcitation of
carriers”™*'. Accordingly, when piezoelectric semiconductor material (SnS)
is subjected to external strain (compressive strain), its barrier height will
increase, which increases depletion region width, and improves the internal
electric field and photoresponsivity™.

In this study, SnS was incorporated with suitable transport materials
like Ti3C, T, and Mo,TiC,T, to enhance carrier separation and transpor-
tation to improve responsivity. We used two isostructural MXenes with
different compositions (Ti;C,T, and Mo,TiC,T,) and demonstrated the
photodetection performance of SnS, SnS/Ti;C,T,, and SnS/Mo,TiC,T,
device configurations and their band structure variations to understand the
piezophototronic effect. The band structures of the SnS, Ti;C,T,, and
Mo, TiC,T, were extracted by calculating their work functions using density
functional theory (DFT) studies. Ti;C,T,** and Mo,TiC,T, MXenes are
selected as efficient transport layers due to their variable work functions as
well as bipolar nature. The DFT calculations suggest the bipolar nature of the

transport layer because of the higher DOS at the Fermi level. Hence, both the
contacts for all the configurations were fabricated on MXenes. The carrier
generation and migration, and the band alignment at the interface of all
device configurations were studied upon subjecting devices to visible light
with/without external strain. The fabricated photodetector devices SnS, SnS/
Ti;C,T,, and SnS/Mo, TiC, T, exhibited responsivities of 7.67 A/W (5.86 A/
W), 15.07 A/W (12.41 A/W), and 89.23 A/W (57.42 A/W) with (without)
strain, respectively. Among all the device configurations, the highest
responsivity was noted for the SnS/Mo,TiC,T, device under external strain.
This was due to the easy transport of photogenerated electrons and holes
from SnS to Mo, TiC,T, (in SnS/Mo,TiC,T, device) compared to SnS to
Ti3C,T, (in SnS/Ti;C, T, device). The Schottky barrier for photogenerated
electrons created at the interface of the SnS/Ti;C,T, device configuration is
comparatively higher than SnS/Mo,TiC,T, device. Due to this, the
recombination in SnS/Ti;C,T, configurations increases. The detailed ana-
lysis and study of the MXene transport layer pave the way for its use in
optoelectronic systems, including photovoltaic.

Results

Characterization of SnS

X-ray diffraction (XRD) was used to analyze the crystal structure and
crystallinity of the synthesized SnS material. The peaks at 22.16°, 26.16°,
27.6° 30.65° 31.73°,39.17°, 42.68°, 45.62°, 48.68°, 51.45°, 53.31°, 56.8°, 64.3°
and 66.7° are in the SnS XRD pattern shown in Fig. la. These XRD dif-
fraction peaks correspond to the following orientations: (171), (212), (042),
(231), (112), (211), (002), (210), (131), (111), (101), (021), (120), and (110),
respectively, which are orthorhombic structures of SnS, JCPDS # 39-
0354"4° The lattice parameters (a, b, ), crystallite size, micro strain, and
dislocation density from the XRD data were estimated. The crystallite size
was calculated using the Debye-Scherrer equation from the most intense
diffraction peak, while the micro strain and dislocation density were derived.
The obtained values indicate nanocrystalline domains with slight lattice
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Fig. 1 | Structural and chemical characterization of SnS, Ti;C, T, and Mo,TiC,T,. a XRD pattern of SnS; b, ¢ narrowband spectra of Sn 3d and S 2p; d XRD pattern of
Ti3C,T,. e, f Narrowband spectra of Ti 2p and C 1s. g XRD pattern of Mo, TiC,T,. h, i Narrowband spectra of Mo 3d and Ti 2p.
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distortions, consistent with the observed peak broadening. These structural
constants further support that defects and strain-induced distortions play a
role in tuning the optoelectronic properties of SnS and its heterostructures.

Further, XPS (X-ray photoelectron spectroscopy) measurements were
carried out to confirm the chemical composition and oxidation state of the
synthesized SnS. The survey spectra of XPS confirmation of the presence of
Sn and S components are shown in Fig. Sla of SI (supplementary Infor-
mation). Oxygen is present in the survey spectra due to the partial oxidation
of SnS, and carbon is present due to the stub used during the XPS analysis.
The two distinctive peaks in the high-resolution Sn 3d XPS spectrum, which
are centered at binding energies of 495.2 eV and 486.5 eV, related to Sn**
3ds/,and Sn** 3ds,,, respectively*”**, are shown in Fig. 1b. Two strong peaks,
centered at 161.2 eV and 160.1 eV in the high-resolution spectra of S 2p, can
be attributed to S*~ 2p;,, and $*~ 2ps,, shown in Fig. lc. These character-
ization results are in agreement with the previously reported literature of
SnS*. Raman spectrum analysis™ was used to examine the structural phases
of the prepared SnS. Raman modes are seen at 214cm™', 184.7cm ™",
156.6 cm™",95 cm ™', and 64 cm ™, as depicted in Fig. S1b of SI. These modes
correspond to the various optical phonon modes of SnS. A, longitudinal
optical mode is represented by the peak at 184.7 cm ™', while A, transverse
optical mode is represented by the peak at 95 cm™". The B, mode is iden-
tified by the peak detected at 156.6 cm ™!, while the By and Ag modes of SnS
are represented by the peak observed at 64 cm™'. The Raman spectrum
investigation verifies that SnS does not include any impurity phases, such as
SnS,, Sn,S;, which typically exhibit strong peaks at 312cm™' and
308 cm™ 7.

The surface morphology of the SnS was observed by field emission
scanning electron microscopy (FESEM) analysis. Low magnification of the
FESEM image of SnS (Fig. S1c) confirms the uniform deposition of SnS on
ITO-coated PET substrate. Additional FESEM images are shown in Fig. 52
of the SI. We also conducted elemental mapping with energy dispersive
X-ray spectroscopy (EDX), which shows the presence of Sn and S, shown in
Fig. S3 of SI.

Characterization of TizC.T, MXene

Figure 1d shows the XRD pattern of the Ti;C,T, film, which indicates the
successful selective etching of its precursor with peaks at 6.25° (002), 12.3°
(004), 19.05° (006), and 26.17° (008) and no sharp peaks of its precursor
(Ti3AlC,). The XRD pattern of the corresponding MAX is shown in Fig. S4
of SI with all the peaks indexed after pre-HCl acid wash®**’. The XPS survey
spectra of the Ti;C,T, MXene film are shown in Fig. S1d where the binding
energies of Ti 3p, Ti 3s, C 1s, Ti 2p, O 1s, and Ti 2s are expected to be
36.03eV, 60.61eV, 285.33eV, 455.72eV, 530.16eV, and 562.70 eV,
respectively. Two of the four doublet peaks of Ti 2p, namely Ti 2p'” and Ti
2p™, are fitted to the core level in Fig. le. The area ratio of Ti 2p1/2 and Ti
2p*?is 1:2, and the binding energy between each doublet is around 6 V. Ti-
X refers to titanium carbides or titanium oxy-carbides. Ti-C (Ti"), Ti-X
(Ti*"), Ti,O, (Ti’*), and TiO, (Ti*") were identified as the components of Ti
2p”” at 455.37 eV, 456.49 eV, 457.58 eV, and 459.49 eV, respectively™.
Minor oxidation of the Ti;C,T, films after deposition is indicated by the
existence of the TiO, signal at 459.49 eV*". Figure 1f illustrates the core level
fitting of C 1 s with 5 components, Ti-C, C-C, -CH, and -CH,, C-O, and
-COOQ, at 281.96 eV, 284.38 eV, 285.26 eV, 286.63 eV, and 289.19¢V,
respectively™. The surface morphology of the MXene thin film was char-
acterized by FESEM. Figure S1e shows FESEM images of the MXene film in
its layered structure. Besides FESEM images indicating the thickness of
Ti;C, T, with SnS on top, the elements of the synthesized Ti;C,T, MXene,
EDX, and elemental mapping are shown in Fig. S5 of the SL

Characterization of Mo,TiC,T, MXenes

Figure 1g shows the XRD pattern of Mo, TiC,T, with peaks at 5.9° (002),
11.9° (004), and 17.7° (006), indicating the successful formation of
MXene"**. In the XPS survey of Mo,TiC, T, in Fig. S1f, the Mo 3d, C 1s, Ti
2p, and F 1s are assigned binding energies of 229.08 eV, 284.83 ¢V,
455.72 eV, and 685.08 eV, respectively. Carbon is present potentially due to

the stub used during the XPS analysis. The two distinctive peaks in the high-
resolution Mo 3d XPS spectrum, which are centered at binding energies of
231.88 eV and 228.78 eV are related to Mo 3d;/, and Mo 3ds,,, respectively
(Fig. 1h). Two strong peaks, centered at 460.58 eV and 454.68 €V in the
high-resolution spectra of Ti 2p, can be attributed to Ti 2p,,, and Ti 2ps,
shown in Fig. 1i. These characterization results are similar with the pre-
viously reported literature of Mo,TiC,T,”". The surface morphology of
Mo,TiC,T, MXene multilayered stacked flakes and single-to-few-layer
flakes was observed by FESEM analysis (Fig. S6a, b of SI). To further ensure
the elements of synthesized Mo,TiC,T, MXene, EDX, and elemental
mapping have been done, which confirms the presence of Mo, Ti, and C
shown in Fig. S7 of SI. The quantitative EDAX results with atomic weight
percentages of the constituent elements where shown in Fig. S8. EDAX
analysis of Ti;C,T, and Mo,Ti,T, MXenes confirmed the expected pre-
sence of Ti, Mo, and C along with surface terminations (O/F), consistent
with previously reported literature.

Photodetection measurements. The photodetection measurements
were performed in a dark condition using a source meter (Keithley 2450)
at room temperature. For the measurement, a 555 nm wavelength light
beam was utilized, which was controlled by an LED Power meter (Hol-
marc Opto-Mechatronics Ltd, India) as shown in Fig. S9. We have fab-
ricated all three device configurations with identical device dimensions
(1.5 % 0.5 cm) with a biasing voltage of 1 V, as shown below in Fig. S10.
Photodetection experiments were carried out by subjecting all the device
configurations to external strain under visible light (555 nm) to estimate
the performance parameters. We would like to state that the intention
was to study the bipolar nature of the transport material with piezo-
phototronic effect with only one wavelength (555nm), where the
absorption is higher, and the motive was not to demonstrate the
broadband nature of the SnS, which is already well reported in the
literature””. We took extra care to avoid interaction of the device with
external light by keeping the device in the dark box prior to the experi-
ment. Figure S11a-f shows the current-voltage (I-V) characteristics of
devices SnS, SnS/Ti;C,T,, and SnS/Mo,TiC, T, (with and without strain),
respectively. The I-Vs of all the devices resemble linear curves, which
results in ohmic contact formation due to the work function difference of
the materials used in respective device configurations™. The reason for
fabricating the silver electrodes on MXene was decided based on the
charge transport studied from the band diagram. When the electron-hole
pair is generated in the active material (SnS), both the photogenerated
electron and hole are transported to MXenes (both of them) because of
the bipolar nature of the transport layer. This necessitates the need for
having both the silver electrodes on the transport layer itself. It was noted
that the device showed an increase in photocurrent with an increase in the
intensity of incident light, indicating effective carrier generation. Also,
the temporal response of all the device configurations (SnS, SnS/T1;C,T,,
and SnS/Mo,TiC,T, with and without strain) was carried out by con-
stantly switching the light source ON and OFF. During the ON and OFF
tests, when the light source was switched ON, an instant increase in
device current was observed, and it reached the initial dark current value
in a step manner when the light source was switched OFF. This reveals a
promising response of the device upon external stimuli, as can be seen in
Fig. 2a—c. Furthermore, the temporal response of all the device config-
urations SnS, SnS/Ti;C,T,, and SnS/Mo,TiC,T, (with and without
strain) under variable light intensity was carried out by switching the light
source ON and OFF with variable intensity. We observed an increase in
photocurrent according to the increase in the intensity of incident light
when the light source is ON and reaching the initial value when the light
source is OFF, giving a staircase pattern as can be seen in Fig. 2d-f. In
addition, the device behavior was examined with different increasing
strains (under the constant intensity of light at 0.17 mW/cm?). We sub-
jected the devices to different increasing strains from the pristine state
(unstrain = 0%) to 5%, 7%, and 10% strains. The strain measurements
were calculated based on the extracted formula and also published
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Fig. 2 | Temporal photoresponse of SnS and SnS/MXene devices under strain and
light variation. a SnS unstrain and strain. b SnS/Ti;C,T, unstrain and strain. ¢ SnS/
Mo, TiC, T, unstrain and strain. Graphs showing the temporal response when
subjected to varying light intensity. d SnS unstrain and strain. e SnS/Ti;C, T,

unstrain and strain. f SnS/Mo,TiC,T, unstrain and strain. g-i Temporal response
when subjected to constant light intensity 0.17 mW/cm” and increasing strains of
0%, 5%, 7% and 10% for the devices SnS, SnS/Ti;C,T,, and SnS/Mo,TiC,T,,
respectively.

previously in one of our reports™. Accordingly, the percentages of strains
were derived as 5%, 7%, and 10%. Also, the digital image of the tensile
bending strain sensing setup is shown in Fig. S12. Also, the device
repeatability for equal intervals of 5 days was examined and observed
consistent results, as in Fig. S13b. Also, the measurements are conducted
with increasing strain, and observed that as the strain (tensile) increases,
the responsivity increases, which might be attributed to the increment in
the barrier height, which increases the electric field. The barrier height
would not have the opposite effect unless the strain applied is reversed
(i.e., compressive). Similarly, the reproducibility of devices was also
examined by making three devices of each configuration and measuring
the responsivity with/without strain. Wherein the authors noticed con-
sistent results all the time, as shown in Figs. 2 and S13c, d. Our results
show an increase in photocurrent for all three device configurations with
an increase in strain percentages, as shown in Fig. 2g—i, respectively.

Responsivity, external quantum efficiency, and detectivity, which

determine the performance of any photodetector, are mathematically given

as Egs. 1-3 shown below**,

R = L,

N _A*Px (1)
EQE = hc * (R, /e * X) * 100 2)
D* = (R, VA)/\/2 % q* Ly 3)

Where, I, P, A, I 3, ¢ and )\ are photogenerated current, incident source
power, active area of the device, dark current of the device, charge of an
electron, wavelength, respectively.
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Fig. 3 | Photodetection performance of SnS and SnS/MXene devices under strain.
Graphs showing a responsivity, b EQE, and ¢ detectivity of SnS, SnS/Ti;C,T,, SnS/
Mo, TiC, T, devices with and without strain, respectively. Graphs showing
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Ti3C,T,, and SnS/Mo, TiC, T, devices, respectively. when subjected to constant light
intensity 0.17 mW/cm” and increasing strains of 0%, 5%, 7% and 10%. g Graph
compares the responsivity of the proposed device configuration with other devices’
reported values in the literature.

The combined graphs of responsivity, EQE, and detectivity for all
device configurations SnS, SnS/Ti;C,T,, and SnS/Mo,TiC,T, are shown in
detail in Fig. 3a—c, respectively. The individual graphs of responsivity, EQE,
and detectivity of SnS, SnS/Ti;C,T, and SnS/Mo,TiC,T, device config-
urations were shown in Fig. S14 of SI as a-c, d-f, and g-i, respectively. To
understand the effect of strain, the photodetection measurements were
carried out to examine the piezophototronic effect on all three device
configurations with/without the application of strain in parallel with
external light. We found that the photoresponsivity of each device under
external strain is higher when compared to the responsivity of the device
without strain. The increase in responsivity under strain could be due to an
increase in barrier height at the interface because of the piezophototronic
effect. Furthermore, out of the three device configurations, the values of
responsivity, EQE (%), and detectivity were measured to be high for SnS/
Mo, TiC,T, compared to other devices under strain, at 89.23 A/W (15.07 A/
W for SnS/Ti;C,T, and 7.67 A/W for SnS device), 199.74 (33.74 for SnS/
Ti;C,T, and 17.16 for SnS device), and 1.86 x 1013 Jones (6.41 x 10 Jones
for SnS/TisC,T, and 3.26 x 10" Jones for SnS device), respectively. This
might be due to higher carrier lifetime and the existence of surface states
(compared to other device configurations) for the SnS/Mo,TiC,T, device,
with the barrier height further increasing upon application of strain due to
the piezophototronic effect.

At 10% strain, a considerable increase of 2.22%, 2.35%, and 2.5% in
responsivity, EQE, and detectivity, respectively, were noticed for SnS/
Mo, TiC,T, as shown in Fig. 3d-f. The comparison study was done with the
responsivity of the fabricated SnS/MXene devices with previously reported
devices involving 2D materials such as graphene, MoS,, and Ti;C,T,
MXene as in Fig. 3g.

We compared the responsivity of the fabricated SnS/MXene devices
here with previously reported devices with other 2D materials such as
graphene, MoS,, and Ti;C,T, MXene™® as shown in Fig. 3g and the table
for the same can be found in supplementary information as Table S1. While
numerous reports were observed on fabricating different transport layer-
based photodetectors, utilizing MXenes (Ti;C,T, and Mo,TiC,T,) as a
transport layer, and extracting the real band structure under piezo-
phototronic effect was not explored. In addition, SnS devices with
Mo,TiC,T, MXene as a transport layer (SnS/Mo,TiC,T,) delivered the
highest responsivity compared to many transport layer-based device con-
figurations reported earlier. The highest responsivity is attributed to the
highest barrier height for holes at the interface of the SnS/Mo, TiC, T, device,
along with the action of the piezophototronic effect.

Photodetection mechanism with theory

To design any electronic and optoelectronic devices, a major parameter is
the work function, which is the minimum energy required to free electrons
from the Fermi level to the vacuum level™. DFT studies were performed to
extract the band structures of SnS/Ti;C,T, and SnS/Mo,TiC,T, device
configurations. In order to validate the experimental outcome of work
function tunability of different MXene surfaces, we have theoretically per-
formed a series of electronic structure calculations under the framework of
DFT. All the geometry optimization and electronic structure calculations
are carried out under the framework of spin-polarized DFT’*"" using Vienna
Ab initio Simulation Package™”. In order to describe the interactions
between ion cores and electrons, the projector augmented wave method™
has been used, while the exchange correlation part has been approximated
using Perdew-Burke-Ernzerhof type” generalized gradient approximation
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(GGA) functional. A kinetic energy cut-off of 500 eV for the plane-wave
basis set has been maintained throughout all the calculations. The 2D
Brillouin zone sampling during geometry optimization has been done using
the Monkhorst-Pack’® scheme of k-points with 5 x 5 x 1 grids, and a higher
k-mesh of 9 x 9 x 1 has been used during the DOS calculations for better
accuracy. For all the total energy calculations, the self-consistency criterion
has been maintained to 1 x 10~* eV. On the other hand, to minimize the
Hellman-Feynman forces using the conjugate-gradient method, the con-
vergence threshold has been set to 0.01 eV/A. Since GGA-type semi-local
approximations cannot accurately describe the weak van der Waals inter-
actions in the layered structure, we have implemented DFT-D3 type dis-
persion correction as explained by Grimme’””*. While making the slab
model, a vacuum of more than ~20 A has been used in order to avoid the
spurious interaction between the adjacent images. Our method for calcu-
lating the work functions is mainly based on the electrostatic potential
analysis along a certain direction (normal to the surface plane). The work
function can be writtenas & = E, ., — Ep> whereE, ... is the vacuum
potential corresponding to the MXene surface and Ej, is the Fermi energy.
The simulation cells for Ti;C,T, and Mo,TiC,T, MXene surfaces are
depicted in Fig. S15. To mimic the experimentally synthesized structure, in
our theory calculation, we have also considered two different terminations
of Ti;C,T, MXene with (X: F and OH). Figure S15¢ shows the relaxed
geometry of the surfaces of Mo, TiC,T,. The slab models are designed along
the (001) plane, where a vacuum of more than ~15 A is used to avoid the
interaction between the periodic images. Accordingly, the work functions of
both Ti;C,T, and Mo,TiC,T, were calculated as 6.75eV and 6.18 €V,
respectively, as shown in Fig. 4a, b. The extraction of work function for SnS
(4.47 eV) by means of ultraviolet photoelectron spectroscopy plot and its
detailed explanation was shown in Fig. S16. The schematic of the SnS device
made by drop-casting of solution-processed SnS on ITO/PET substrate with
both the silver (Ag) contacts taken on SnS (Fig. 4c-i). For configurations
with MXenes, the MXene solution (Ti;C, T, and Mo, TiC,T,) was deposited
on ITO/PET substrate, followed by drop-casting of SnS on MXene along

The band structure of three device configurations was extracted by
work function values calculated from DFT studies. The devices were sub-
jected to external light in addition to with/without external strain applied.
Figure 4d shows the band structure of the SnS device, when isolated and
contacted with both the Ag contacts taken on SnS. As SnS is p-type, the
majority of carriers will be holes that are in the valence band of SnS. When
both contacts are taken on SnS, the valence band energy of SnS will decrease
to align the Fermi level uniformly throughout the device. Therefore, for the
SnS/Ag device configuration, the valence band energy of SnS is lower than
that of Ag. The charge (holes) migration will happen from the valence band
of SnS to Ag, giving considerable photocurrent. Furthermore, upon sub-
jecting the SnS/Ag device to external strain, the piezophototronics effect
takes place, which further decreases the valence band energy of SnS (as
shown in the undotted line) and further improves hole migration, resulting
in enhanced photocurrent. Figure 4e, f shows the band structure of the SnS/
TizC,T, (SnS /Mo,TiC,T,) device, when isolated and contacted with both
the Ag contacts taken on Ti;C, T, (Mo, TiC,T,) (acts as the transport layer).

Due to the work function difference between SnS and TizC,T,,
(Mo, TiC,T,), the conduction and valence band energies of SnS will decrease
to align the Fermi-level uniformly throughout the device. Therefore, for
SnS/Ti;C, T, (SnS /Mo, TiC,T,) device configuration, as the valence band
energy of SnS is lower than the energy of Ti;C,T, (Mo, TiC,T,), the charge
(holes) migration will happen from the valence band of SnS to Ti;C,T,
(Mo,TiC,T,). In this device configuration, Ti;C,T, (Mo, TiC,T,) acts as a
transport layer in addition to both the contacts being taken on it for effective
carrier collection, giving considerable photocurrent. Furthermore, upon
subjecting the SnS/Ti;C,T, (SnS/Mo,TiC,T,) device to external strain,
piezophototronics will take place, which will further decrease the valence
band energy of SnS (as shown in undotted lines) to the transport layer
(Ti;C,T,, Mo,TiC,T,) and further improve the transportation charge
(holes), resulting in enhanced photocurrent.

To have a more profound understanding of the electronic properties,
we have also calculated the atom-projected density of states for both surfaces
under consideration, which shows the element-wise contribution near the
Fermi level. All the surfaces are found to show metallic nature with major
contributions either from Ti or Mo-d orbitals near the Fermi level. This
suggests that both Ti;C,T, and Mo, TiC,T, are excellent electron and hole
transport layers. And hence, the contacts were fabricated on Ti;C,T, and
Mo, TiC,T, for all the configurations. Having considered Ti;C,X Mxene
being (X: F), Mo, TiC,X being (X: OH), and comparing the DOS of pristine
with doped surfaces, it has been observed that F-terminated pristine Ti;C, T,
have higher states at the Fermi level than the OH-terminated Mo, TiC, T,
surface, as in Fig. 4g, h.

Out of all the device configurations tested, the highest photocurrent
and responsivity were noted for the SnS/Mo,TiC,T, device, which is
attributed to the following reasons. The work function difference between
SnS and Ti;C,T, is higher when compared to SnS and Mo, TiC,T,, which
creates a barrier for the photogenerated electron transport from SnS to
Ti3C,T, and comparatively easier for the photogenerated electrons to
transport from SnS to Mo,TiC,T,. This trapping of the photogenerated
electrons in Ti;C,T, leads to the recombination with the holes in the
Ti;C, T, (being p-type), which results in lower photocurrent in the SnS/
Ti;C, T, configuration. In contrast, Mo,TiC,T, exhibits a moderate DOS
near the Fermi level, with dominant contributions from Mo and Ti d
orbitals. This moderation limits the formation of recombination centers and
suppresses trap-assisted Shockley-Read-Hall recombination at the interface.
Although Mo,TiC,T, may have a slightly lower work function (6.18 eV), it
still aligns well with the valence band maximum (VBM) of p-type SnS
(~5.2-5.4 €V), particularly under interfacial dipole modulation or slight
doping. Moreover, the reduced DOS mitigates Fermi level pinning, enabling
better band alignment flexibility and lower effective Schottky barrier heights
for holes under practical device operating conditions.

When p-type SnS is subjected to tensile bending strain, its barrier
height increases, which then increases photoconductivity, resulting in
responsivity increase. The responsivities of SnS/Mo,TiC,T,, SnS/Ti;C,T,,
and SnS/Ag are noted as 89.23 A/W, 15.07 A/W, and 7.67 A/W, respec-
tively, suggesting that under strained conditions, the responsivity of SnS/
Mo, TiC,T, is higher than SnS/Ti;C,T, and SnS/Ti;C,T, is greater than
SnS. Also, electrical measurements were performed with increasing strain,
and observed that as the strain (tensile) increases, the responsivity increases,
which is attributed to the increment in the barrier height, which increases
the electric field.

The piezophototronic effect in SnS arises from its intrinsic non-
centrosymmetric orthorhombic crystal structure, which enables piezo-
electric polarization under mechanical deformation. To demonstrate the
piezoelectric nature of the synthesized SnS, piezoelectric force microscopy
measurements were performed, and the same has been appended in the
supplementary information as Fig. S18. Figure S18 depicts the amplitude
versus bias voltage loop for SnS, which demonstrates a butterfly-shaped
curve that is typical of an optimal strain-bias setup. This amplitude response
directly reflects the local strain at the cantilever tip. The butterfly loop found
in the SnS is caused by the opposite piezoelectric effect, and its retracing can
be attributed to residual polarization. Local PFM switching spectroscopy
loop further confirms the robust piezoelectricity of SnS. The piezoelectric
coefficient (d33) was computed by evaluating the slope of the linear section
of the butterfly loop under an applied electric field, and the value of d33 was
calculated to be ~3.43 pm/V. This confirms that the synthesized SnS pos-
sesses piezoelectric properties. When tensile strain is applied, particularly
along the in-plane polar axes, a strain-induced piezoelectric potential is
generated that results in the decrement of the valence band maxima energy
and carrier dynamics at the SnS/transport-layer interface. At the SnS/
Ti;C,T, interface, although the high work function of Ti;C,T, supports
favorable band alignment for hole injection, its inherently high DOS at the
Fermi level results in strong free-carrier screening. This metallic behavior
suppresses the penetration of the piezoelectric field into the contact region,
thereby diminishing the effectiveness of piezophototronic modulation. In
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Fig. 4 | DFT analysis of electronic structure and interfacial band alignment.

a Ti;C,T,, b Mo, TiC,T,, and ¢ schematics of all the device configurations. d Band
structure of SnS with Ag contacts, both when isolated and contacted. e Band
structure of SnS and Ti;C,T,, both when isolated and contacted. f Band structure of

SnS and Mo, TiC,T,, both when isolated and contacted. g, h Atom-projected density
of states plots for Ti;C,F and Mo, TiC,O surface. The black dashed line shows the
Fermi level in each case.

contrast, Mo,TiC, T, exhibits a moderate DOS near the Fermi level and a
slightly lower work function, which is compatible with the valence band
maximum of p-type SnS. The reduced DOS in Mo,TiC, T, leads to weaker
screening of the piezoelectric potential, allowing strain-induced polarization

fields to effectively modulate the interfacial band bending and enhance the
internal electric field for charge separation. This results in improved hole
selectivity, reduced recombination, and a more pronounced strain-tunable
photocurrent response.
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Discussion
Precisely, the reasons for the higher responsivity for SnS/ Mo, TiC,T, are as
follows

1. Due to the lesser work function difference between the SnS and
Mo, TiC,T, compared to that of SnS/Ag and SnS and Ti;C,T,, the
photogenerated electrons experience less barrier height and are easily
transported to Mo,TiC,T,. This causes a larger number of
electron-hole pairs to be easily transported to Mo,TiC,T,, thereby
increasing the photocurrent.

2. The larger DOS in Ti;C,T, at the Fermi level, when compared to
Mo,TiC,;T,, acts as a recombination center for the photogenerated
electron/hole pair, and hence a larger portion of the photogenerated
electron/hole pair recombines when SnS is coupled with Ti;C,T,,
when compared to SnS being coupled to Mo, TiC,T,.

3. To verify point 2, the response time is calculated for each of the con-
figurations as shown in Fig. S17. As observed response (SnS/Ag) > SnS/
Ti;C, T, > SnS/ Mo,TiC,T,. The reason for the higher response time
for SnS/Ti;C,T, when compared to SnS/ Mo, TiC,T, is due to the
higher DOS, wherein those states act as recombination or trapping
centers, which increases the time taken for the electron/charge carrier

to reach the electrode. Also, the photogain = Recombination time/
transit time. Lower transit time/response time increases the photogain,
and since the response time of SnS/ Mo,TiC,T, is the least among the
other configurations, the responsivity is higher for SnS/ Mo,TiC,T,.
These combined reasons allow for the explanation of the improvement
in the responsivity value for SnS/ Mo, TiC,T, when compared to SnS/
Ti,C, T,

The comparative study of SnS-based photodetectors with different
transport layers—Ag, Ti;C,T,, and Mo,TiC,T, MXenes—clearly estab-
lishes the superior performance of the SnS/Mo,TiC,T, device. The fabri-
cated configurations exhibited responsivities of 7.67 A/W (5.86 A/W),
15.07 A/W (12.41 A/W), and 89.23 A/W (57.42 A/W) with (without) strain
for SnS, SnS/Ti;C,T,, and SnS/Mo,TiC,T,, respectively. DFT calculations
confirmed the bipolar nature of both MXenes due to the higher DOS at the
Fermi level, which facilitates ambipolar carrier transport. However, the
lower work function difference between SnS and Mo, TiC,T, results in a
reduced Schottky barrier, enabling efficient electron-hole pair separation
and transport. In contrast, TisC,T,, despite its high DOS, introduces sig-
nificant recombination and trapping centers, thereby increasing response
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time and reducing photocurrent. The shorter response time and enhanced
photogain in SnS/Mo,TiC,T, ultimately lead to its markedly higher
responsivity. These findings demonstrate that Mo,TiC,T, serves as an
efficient bipolar transport layer for SnS, offering a compelling route toward
high-performance piezophototronic photodetectors.

Methods

Synthesis of SnS, Ti;C,T, MXene and Mo,TiC,T, MXene

To synthesize SnS, a similar procedure was followed as reported previously
by our group. SnS was synthesized using the solvothermal method”. One
millimole of stannous dichloride dihydrate (SnCl,.2H,0) and 2.5 mmol of
sodium sulfide nonahydrate (Na,S.9H,0) were mixed with 30 ml of ethy-
lene glycol to create a nutritional solution. Then the solution was vigorously
stirred for 15 min using a magnetic stirrer at 700 rpm. Later, the solution was
transferred to the 50 mL Teflon container and kept in a hot air oven for 20 h
at 200 °C. Subsequently, the resultant solution was washed several times
with IPA (isopropyl alcohol) and DI (deionized) water and finally dried in
an oven for 12 h at 70 °C, as shown in Fig. 5a.

To synthesize Ti;C,T, MXene®, 1 g of optimized Ti;AlC, MAX was
first washed using 9 M HCl for 18 h to remove intermetallic impurities and
then mixed with an etchant solution (6:3:1 mixture (by volume) of 12 M
HCl, deionized water (DI water), and 50 wt % Hydrofluoric acid (HF)
(Across International)). The etching reaction was set up for 24 h at 35°C
with continuous stirring at 400 rpm. The etched Ti;C,T, MXene was
washed with deionized water via repeated centrifugation at 3234 RCF (4-5
cycles with ~200 mL of deionized water) until the supernatant reached pH
~6. For delamination, the etched multilayered Ti;C,T, MXene sediment
was then added to a lithium chloride (LiCl) solution, typically 50 mL/per
gram of starting etched powder. The mixture of LiCl and multilayer MXene
was then stirred at 400 rpm for 1 h at 65 °C under constant argon gas flow.
The mixture was then washed with deionized water via centrifugation at
3234 RCF for 5, 10, 15, and 20 min. Then, the final mixture was vortexed for
30 min followed by centrifugation at 2380 RCF for 30 min to ensure the
Ti;C,T, MXene solutions were single-to-few-layered flakes as shown in
Fig. 5b.

To synthesize Mo, TiC,T, MXene, 1 g of Mo,TiAIC, MAX phase was
mixed with 10 mL of hydrofluoric acid (HF, 49-51 wt%, Fisher Scientific)
solution as an etchant in a high-density polyethylene bottle, and stirred at
300 rpm for 96 h at 55 °C. The etched multilayered Mo, TiC,T, MXene
flakes were washed with deionized water through repeated centrifugation
and decantation in an Eppendorf centrifuge at 3234 RCF (4-5 cycles with
~200 mL of deionized water) until the supernatant reached pH~6. To
delaminate, the etched multilayer Mo, TiC, T, MXene sediment was added
to 5 mL of tetramethylammonium hydroxide (TMAOH) solution (25 wt%
stock, Fisher Scientific) in 15 mL of deionized water per gram of MAX. The
mixture of TMAOH and etched multilayered MXene was then stirred at
300 rpm for 4h at 55°C. After delamination, the Mo,TiC,T, MXene
solution was washed to neutral pH via repeated centrifugation and decan-
tation in the Thermo Scientific centrifuge at 21,913 RCF (4 cycles with
~200 mL of deionized water). Thereafter, the final mixture was re-dispersed
in 15 mL of deionized water and vortexed for 15 min. The suspension was
then centrifuged in the Thermo Scientific centrifuge at 2795 RCF for 30 min
to ensure the Mo,TiC,T, MXene solutions were single-to-few-layered
flakes, as shown in Fig. 5c.

Fabrication of SnS, SnS/Ti;C,T, and SnS/Mo,TiC,T,

The fabrication of the SnS device was done by simple drop-casting of SnS on
the ITO/PET substrate by taking silver contacts on SnS, followed by the
drying process. The fabrication of the SnS/Ti;C,Tx and SnS/Mo,TiC,T,
device was carried out by drop-casting Ti;C,T, and Mo,TiC,T, on ITO/
PET substrate. We dissolved 2 wt% of TisC, T, and Mo, TiC,T, MXenes in
DI water, followed by drying. Finally, SnS was drop cast on Ti;C,T, and
Mo,TiC,T, after taking Ag contacts on Ti;C,T, and Mo,TiC,T,, as can be
seen in Fig. 5d. The film thickness was controlled by optimizing the con-
centration of precursor solutions (2 wt.% MXene dispersion, ~5 mg/mL SnS

suspension) and the drop-casting volume (~20-30 pL per deposition), fol-
lowed by drying at 70 °C to ensure uniform films. The drop-casting was
repeated to achieve a consistent film thickness of ~200-250 nm, confirmed
by FESEM cross-sections. To ensure reproducibility, all devices were fab-
ricated under identical conditions, and over ten devices were tested, which
consistently exhibited similar I-V characteristics and responsivity values
with <5% variation. Furthermore, the contacts on the devices were taken
using silver paste. The reason for that is that for SnS/Ti;C,T, and SnS/
Mo, TiC,T,, MXene acts as a transport layer as well as a contact, and silver
paste is utilized to have the connection to the external circuitry with cop-
per wires.

Data availability

All data supporting the findings of this study are included in the paper. The
corresponding author can also provide additional data upon reasonable
request.
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