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ABSTRACT: Two-dimensional ternary materials are attracting widespread _ 3 PMMA
q 3nq ” . SiO2 Substrate

interest because of the additional degree of freedom available to tailor the

material property for a specific application. An In; ,Sn Se phototransistor 2 oTs

possessing tunable ultrahigh mobility by Sn-doping engineering is

demonstrated in this study. A striking feature of In; ,Sn Se flakes is the SiO2 "
reduction in the oxide phase compared to undoped InSe, which is validated 0 2 4 6 8 10 olEL__

by spectroscopic analyses. Moreover, first-principles density functional Sn Concentration (%) Device supstrate
calculations performed for the In;_ . Sn .Se crystal system reveal the same ﬁglmfytmm
effective mass when doped with Sn atoms. Hence, because of an increased o A
lifetime owing to the enhanced crystal quality, the carriers in In;_,Sn,Se have
higher mobility than in InSe. The internally boosted electrical properties of
In,_,Sn,Se exhibit ultrahigh mobility of 2560 + 240 cm® V™' s™! by
suppressing the interfacial traps with substrate modification and channel
encapsulation. As a phototransistor, the ultrathin In, ,Sn,Se flakes are highly
sensmve with a detectivity of 10'* Jones. It possesses a large photoresponsivity and photogain (V 40 V) as high as 3 X 10° A
W' and 0.5 X 10 respectively. The obtained results outperform all previously reported performances of InSe-based devices.
Thus, the doping-engineered In;_,Sn, Se-layered semiconductor finds a potential application in optoelectronics and meets the
demand for faster electronic technology.
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B INTRODUCTION

The field-effect phototransistors using two-dimensional (2D)
materials are revolutionizing the field of optoelectronics in
recent years. It began with the discovery of graphene, a
monolayer form of graphite, which initiated great anticipation
among the researchers to supersede the silicon-based
electronics because of their intriguing electronic and
mechanical properties.”” Though graphene was reported to
have high carrier mobility as the electrons behave as massless
Dirac fermions, the lack of band gap limited their usage in
phototransistors.” This limitation routed by transition-metal

effective mass. Despite several attempts like using a high k
dielectric for top-gating and encapsulating MoS,, reducing the
barrier height, and suppressing the interfacial impurities to
enhance the mobility of MoS,, the maximum mobility of MoS,
reported is ~500 cm® V7' s7L.°7'* Alternatively, black
phosphorus has grasped the attention with a high mobility of
about 1000 cm® V™' s7! but its highly unstable nature is a
major drawback.'® Hence, in recent years, there has been
growing interest in group III monochalcogenide InSe because
of its low electron effective mass (m; = 0.131m, my =
0.081m,)"® which results in high mobility.

The first study on a few-layered InSe phototransistor by

dichalcogenides (TMD) which possess a sizable band gap
along with excellent electronic properties advanced 2D
material-based optoelectronic fields.”> Among the TMDs,
MoS,, WS,, and WSe, have been widely studied by
researchers.” " Although they exhibit a high photoresponse,
their mobility remains low because of their large carrier
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Figure 1. Characterization of the few-layered InSnSe crystals. (a) Crystal structure of the as-grown InSnSe single crystal. (b) X-ray diffraction
pattern of the InSnSe crystal. (c) Iy,— V, characteristic curves measured by scanning V, from —80 to 80 V at Vg, = 0.1 V for different concentrations
of Sn in the In,_,Sn Se crystal. The 1nset represents the schematic of the InSnSe field effect transistor. (d) The plot depicts the estimated mobility

as a function of Sn concentration in the In;_ Sn Se crystal.

on an SiO,/Si substrate.'” Subsequently, Feng et al. and
Sucharitakul et al. tried to reduce the carrier scattering because
of the Coulomb impurities at the interface and achieved a
room temperature mobility of about 1055 and 1250 cm® V™!
s71, respectively.'®'” However, a systematic study carried out
by Ho et al. highlighted the surface issue of InSe and revealed
that the formation of surface oxide in InSe upon exposure to
air greatly affects the carrier-transport property.”’ They
reported a mobility of 423 cm® V™! s7' with a dry oxide
formed on InSe.”” A key problem with much of the literature
on improving the mobility of InSe points out that the trap
states at the InSe/substrate interface and the oxidation of InSe
in ambient condition greatly affect the -carrier-transport
properties. A more practical solution for this problem is to
upgrade the internal properties of the InSe crystal by doping a
ternary element.

For the present work, we have chosen tin (Sn) as the doping
element to engineer the In;_,Sn,Se crystal as Sn atoms behave
as a shallow donor in InSe without deteriorating their
property.”** The electrical measurements for In;_,Sn,Se
ultrathin flakes with different concentrations of Sn from 0 to
10% reveal that 1% Sn doping enhances the mobility greatly.
We demonstrated the effect of different substrates in the carrier
transport of In;_,Sn,Se phototransistors. A systematic spectral
analysis and theoretical calculations were performed to study
the underlying mechanisms, which can be realized with the
reduction in oxide states and band dispersion of the In;_,Sn Se
crystals. Furthermore, the gate tunable In, ,Sn,Se photo-
transistor featuring high sensitivity and optical %am outper-
forms all the previously reported InSe devices.'””

B EXPERIMENTAL SECTION

InSnSe Single-Crystal Growth. Bridgman technique was used
for In,_,Sn,Se single-crystal $rowth similar to the 1% Sn-doped InSe
crystals prev10us1y reported.”’ The molar mixture of 99.999% pure Sn
(1,5, 10%), In, and Se compounds purchased from Sigma-Aldrich was
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placed in evacuated (107* Pa) conical quartz ampoules. It was heated
to 600 °C for 48 h in a horizontal furnace for the synthesis of single
crystals following batch homogenization. Before pulling, heat-
treatment was carried out for the ampoules and the melt at 850 °C
for 24 h. When the ampoule tip was filled with the melt, the ampoule
was lowered through a temperature gradient of 1 °C at a rate of 0.1
mm h™". The as-grown In,_,Sn,Se single crystal with different Sn
concentrations was 3 cm long and 1.2 cm in diameter.

Device Fabrication. The In,_.Sn,Se flakes were prepared by
mechanical exfoliation technique using Scotch tape. Polydimethylsi-
loxane (PDMS) was used for a clean transfer of the exfoliated flakes
on the desired substrate. Optical microscopy (Olympus, BX S1M)
furnished with a Leica, DFC495 charge-coupled device (CCD) was
used to examine the flakes. Atomic force microscopy (AFM) was used
to determine the thickness of the flakes. A transmission electron
microscopy copper grid was used as a shadow mask and fixed exactly
on the flakes using a custom-designed micromanipulator for electrode
deposition. The Cr/Au electrodes with a thickness of 7/70 nm were
deposited using a thermal evaporator. The poly(methyl methacrylate)
(PMMA) encapsulation was carried out by spin-coating PMMA A2
on the flakes at 4500 rpm and baking at 150 °C for 20 min. In order
to perform surface modification with octadecyltrichlorosilane (OTS),
the SiO,/Si substrate was cleaned with acetone and isopropanol and
dried with pure N, gas prior to oxygen plasma treatment. After
exposing the SiO,/Si wafer to oxygen plasma for 10 min (50 W), the
wafer is immersed in the OTS/toluene solution and allowed to soak
for 1 day. The wafer is rinsed with pure toluene at least five times and
ultrasonicated in toluene for 20 min to obtain a cleaner surface.

Characterization Details. An X-ray diffractometer (X'Pert PRO-
PANalytical) with Cu Ka radiation was employed to record the X-ray
diffraction (XRD) pattern of InSnSe flakes in the 26 range from 10°
to 80° at room temperature. The electrical measurements were
recorded using a Keithley 2400 electrometer and an Agilent 4156C
semiconductor parameter analyzer. A 633 nm wavelength He—Ne
laser was used for photoresponse measurements. A Jodson
spectrometer equipped with a Horiba Syncerity detector was used
to record the photoluminescence (PL) spectrum (excitation energy,
E. = 2.33 V). Ultrafast optical pump-probe measurements were
conducted by using a home built setup. The detailed configuration
can be found elsewhere.”® The photon energy and power of the pump
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Figure 2. Transfer characteristics of the field-effect transistor on different substrates. (a—c) are the schematic depiction of the PMMA-encapsulated
InSnSe FET on SiO,/Si, OTS-modified SiO,/Si and PMMA/SiO,/Si substrate, respectively. (d—f) are the I4,—V, characteristic curves of the
device measured at different Vy, in the dark condition on SiO,/Si, OTS-modified SiO,/Si and PMMA/SiO,/Si substrate, respectively.

were ~1.57 eV and ~12 mW. The photon energy and power of the
probe were ~1.60 eV and ~4 mW. The spot sizes were ~700 nm. A
Jodson micro-Raman spectrometer equipped with an Olympus CX41
optical microscope and Jobin Won Horiba S Drive-500 Syncerity
detector (E,, = 2.33 eV, grating = 1800 g mm™") were used to record
the Raman spectra of the In;_,Sn.Se flakes. The spectrometer was
calibrated to the Si peak at 520 cm™" prior to the spectral acquisition.
X-ray photoelectron spectroscopy (XPS) spectra were measured using
ESCALAB 250, VG Scientific, coupled with a monochromatic X-ray
source (1486.6 eV Al Ka). The XPS spectra were calibrated against
the binding energy of the adventitious hydrocarbon C 1s signal at
284.8 eV prior to spectral processing. The XPS spectra were
processed using CASA XPS software (v.2.3.17, Casa Software Ltd.,
Wilmslow, Cheshire, UK.), in which the spectral background
subtraction was made by the Shirley-Sherwood method. The
quantitative elemental composition was calculated by integrating the
intensity of the In 3ds,,, Sn 3d;,, and Se 3d;,, peaks by taking their
respective atomic sensitive factors into account. The atomic sensitivity
factors used were 4.359 for In 3ds,,, 4.72S for Sn 3d;,, and 0.427 for
Se 3ds,,,

Theoretical Method. To understand the dramatic mobility
enhancement in the 1% Sn-doped InSe, first-principles density
functional calculations are performed using the accurate projector
augmented wave method as implemented in the Vienna Ab initio
Simulation Package.””*® The generalized gradient approximation
(GGA)? is used for the exchange—correlation potential. A large
plane-wave energy cut-off of 400 eV is used in all the calculations. For
the Brillouin zone (BZ) integrations, a k-point mesh of 10 X 10 X 10
is used. The Sn-doped y-In,_.Sn,Se is modeled using virtual crystal
approximation, that is, in the self-consistent electronic structure
calculations, and the number of conduction electrons is increased by
0.01 and 0.02 per formula unit, respectively, for the 1 and 2% Sn-
doped InSe.

B RESULTS AND DISCUSSION

The In,_,Sn,Se crystals with different concentrations of Sn (x
=0, 1, S, and 10%) were grown by Bridgman technique as
detailed in the Experimental Section. The layered crystal
structure of y-In;_ Sn Se with a hexagonal lattice is shown in
Figure la. The XRD pattern with their respective strong
diffraction peaks (Figure 1b) confirms the rhombohedral phase
of the y-In,_,Sn,Se preferred oriented crystal.21 According to
the standard data file (JCPDS PDF 71-0447) of InSe, the
lattice constants were determined to be a = b = 0.4 nm and ¢ =
249 nm. A few layers of In;_,Sn,Se crystals (x = 0, 1, S, and
10%) were obtained by mechanical exfoliation and transferred
on the SiO,/Si substrate using PDMS. The uniform
distribution of In, Sn, and Se elements in the InSnSe was
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confirmed by field emission scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy as shown
in Figure S1. The electron probe micro-analysis was used to
verify the atomic ratio of In, Sn, and Se elements in the as-
grown In;_.Sn Se crystals as in Table S1. The In;_,Sn,Se flakes
with a thickness of ~20 nm were chosen for device fabrication
using AFM as shown in Figure S2. The Cr/Au electrodes (7/
70 nm) with a channel length of 12 ym was deposited on the
flakes using thermal evaporation technique. The transfer curve
measured for the few-layered In,_,Sn Se flakes with different
Sn concentrations in a back-gated field effect transistor
configuration (inset of Figure 1c) at Vy = 0.1 V is depicted
in Figure 1c. The field effect mobility, s, was determined from
the transfer curve using the equation'’

L | dr,
WCV,| dV,

/le =
(1)

where L is the channel length, W is the channel width, C is the
capacitance per unit area of the dielectrics (C = &¢,/d, e,—
permittivity of free space, &—relative permittivity of the
dielectric and d—thickness of the dielectric). Figure 1d
representing the calculated mobility y, as a function of Sn
concentration indicates that mobility enhances for 1% of Sn
doping but decreases for 5 and 10%. The same trend in
mobility is observed for the ultrathin In;_,Sn,Se flakes (x = 0,
1, S, and 10%) as shown in Figure S3. The In;_,Sn,Se (x = 1%,
hereafter mentioned as InSnSe) crystal which exhibits nearly
10 times enhancement in mobility when compared to InSe
without doping (at the same conditions) is chosen for further
studies.

There are three major parameters which affect the
performance of InSnSe-based devices such as (i) surface
oxidation, (ii) substrate effect, and (iii) thickness of the
flakes."*~*%*° The pure InSe readily adsorbs the atmospheric
moisture and forms stable oxides affecting the carrier transport
in the material”>’' Thus, the mobility of electrons might
decrease, resulting in the low performance of the device. In
order to prevent surface oxidation, a thin layer of (PMMA) is
spin-coated on the device encapsulating the InSnSe flakes
(Figure 2a—c). The oxide dielectric like SiO, has hydroxyl
groups naturally formed on the surface with oxygen and water
in the atmosphere.'®** These hydroxyl groups act as charged
impurities and carrier scattering centers, increasing the surface
roughness.'®'”**** Ultimately, the carrier mobility is greatly
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Figure 3. PL, transient reflectivity measurements, and Raman spectra of the exfoliated In,_,Sn Se crystal. (a) PL spectra for different Sn
concentrations in the In,_,Sn,Se crystal. (b) Relaxation times of transient reflectivity as a function of Sn concentration. The inset shows the
representative transient reflectivity measurements for 1% (in red dots) and 5% Sn (in blue dots). The fitting curves are shown by solid lines. (c)
Raman spectra of the In;_,Sn,Se crystal with different Sn contents. (d) FWHM of the Raman modes as a function of Sn concentration. The inset
depicts the schematic of the different vibrational modes in the InSnSe crystal.

reduced because of the trap states in the interface between the
substrate and the material. Hence, we measure the InSnSe
flakes on surface-modified SiO, using a self-assembled OTS
monolayer and PMMA coating as depicted in Figure 2b,c,
respectively. As the ultrathin flakes suffer extensive carrier
scattering because of the close interaction of the carriers with
the trap states,”® the thickness of the InSnSe flakes was chosen
to be ~20 nm. The I4—V, characteristic curves of the device
measured from —80 to 80 V at different Vy, on SiO,/Si, OTS/
SiO,/Si, and PMMA/SiO,/Si substrate with flakes encapsu-
lated with PMMA is presented in Figure 2d—f, respectively.
The mobility estimated using eq 1 for a number of InSnSe
devices on the SiO,/Si substrate with increased flake thickness
and PMMA encapsulation is 281 + 24 cm? V=1 s71, This value
is further enhanced for the InSnSe devices on OTS/SiO,/Si
and PMMA/SiO,/Si encapsulated with PMMA as 1303 + 67
and 2560 + 240 cm® V™! s7, respectively. The parameters
length, width, and the slope used in estimating the mobility are
clearly defined in Figure S4 and Table S2. The mobility
enhancement is almost twice on the PMMA substrate when
compared to pure InSe previously reported'®'” at the same
conditions (Table S3). The n-type transport behavior of
InSnSe crystals was observed on all the three dielectrics used,
including the h-BN-encapsulated device as shown in Figure SS.
The reason for such an improvement in mobility for 1% Sn-
doped samples when compared to pure InSe, S and 10% Sn
doping can be explained on the basis of crystal quality as
follows.

The PL spectra of In;_,Sn.Se flakes with different Sn
concentrations (x) are shown in Figure 3a. The PL peak
intensity of 1% Sn doping increases almost three times
compared with the other samples (Figure S6a). Ultrafast
optical pump-probe measurements were conducted to study
the carrier lifetimes. The representative transient reflectivity
curves for 1 and 5% Sn doping are shown in the inset of Figure
3b. The relaxation time of 1% Sn-doped InSnSe is longer than
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that of the 5% one. This reveals the longer carrier lifetime in
the In;_ Sn.Se crystal with 1% Sn doping as the reflectivity
changes of the optical probe could indicate the carrier
density.”> All experimental traces were fitted with an
exponential decay function and a constant function to obtain
the time constants of exponential relaxation. The average
carrier lifetimes of each sample with different Sn concen-
trations are summarized in Figure 3b. The longer carrier
lifetime of 1% Sn doping results in a stronger PL intensity as
shown in Figure 3a. The full width at half-maximum (FWHM)
of the PL peaks as a function of Sn content represented in the
inset of Figure S6a marks the narrowing of the PL peak for x =
1% and broadening for x = 5, 10%. The broadening of the PL
peak with 5 and 10% Sn doping can be attributed to the
formation of defect states in the In;_,Sn,Se with Sn doping.36
However, the narrowing of the PL peak and increase in
intensity signifies the reduction of defects and longer carrier
lifetime in the In; ,Sn,Se crystal with 1% Sn doping. To affirm
the interpretation, the Raman spectrum was recorded for
In;_,Sn,Se (x = 0, 1, S and 10%) samples with wavenumber
range from 90 to 250 cm™" (Figure 3c). The prominent Raman
peaks centered at 115.4, 178.9, and 227.5 cm™" correspond to
the Aig, E%g, and A%g phonon modes confirming the y-
In,_,Sn,Se polytype.”” A substantial red shift is observed in the
Aig mode because of Sn doping in In;_,Sn,Se (Figure S6b).
The FWHM of the observed phonon modes plotted as a
function of Sn doping shown in Figure 3d evidently signifies
the narrowing of peaks for 1% Sn doping which broadens for 5
and 10%. However, the E%g mode shows a significant change in
the FWHM when compared to other modes because of the
bond stretching involved in the vibration pattern as illustrated
in the inset of Figure 3d. Thus, the FWHM of PL and Raman
peaks with respect to Sn doping validates that there is a
reduction of defect states in 1% Sn-doped InSnSe crystals. As
the In;_,Sn Se crystal is an n-type semiconductor as observed
from the transfer curves (Figures lc and 2d—f), there is a
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Figure 4. XPS spectra of InSe (top) and InSnSe (bottom) crystals show the doublets caused by the 3d spin—orbit couplings in (a) In (b) Se and
(c) Sn. (d) The deconvoluted spectral components of the O 1s peak show the oxidation behavior of InSe and InSnSe crystals.

possibility of more In atoms in the crystal at interstitial sites
acting as the electron source. In such a case, the most stable
defect in the crystal is an Se vacancy because of the low
enthalpy of vaporization for Se atoms.”*’ These Se vacancies
are the home for the chemisorbed oxygen atoms as the process
is energetically favored and forms an In—O-—Se bond. This
disturbance in the lattice causes weakening of the neighboring
In—Se bond and more chemisorbed oxygen atoms replace Se
atoms, resulting in the formation of a stable In,O; phase. The
localized distortion in the crystal lattice leads to a further
oxidation process as reported by Shi et al.** This In,O; formed
acts as a hole doping to the crystal, degrading the carrier
transport and obvious mobility of the electrons.””*” However,
in our study because of Sn substitutional doping for In, the
formation of In,O; may be reduced as the phase equilibrium is
disturbed.***°

To validate the above interpretation, XPS studies were
carried out for InSe and InSnSe crystals as shown in Figure 4.
The XPS analysis revealed the constituent elements in InSe
and InSnSe crystals along with an insight into their oxidation
states. The Indium 3d,, and 3d;,, doublets were observed at
445.6 and 453.2 eV in pure InSe, whereas a 0.4 eV low binding
energy location was observed for InSnSe at 445.2 and 452.8
eV, respectively (Figure 4a). Similarly, Se doublets 3d;,, and
3d;/, were identified at 55.4 and 56.2 eV for InSe and with a
0.7 eV lower binding energy for InSnSe at 54.7 and 55.7 eV
(Figure 4b). The doublets at 482.6 and 491.3 eV showed the
presence of Sn3ds;, and Sn3d;;, peaks in InSnSe, which are
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absent in the InSe crystal (Figure 4c). The red shift in the
component peaks of InSnSe can be attributed to the binding
energy shift as a result of the incorporation of Sn in the InSe
crystal structure. Figure 4d shows the comparative O 1s peak
of InSe and InSnSe samples, where both the spectra showed an
asymmetric peak line shape, which was deconvoluted into four
Lorentzian components (Figure 4d). In the case of InSe, the
components in the lower energy tail at 529.2 and 5314 eV
were attributed to the In,0,*"* ~and In,05,,” """ peaks along
with the central maximum at 532.6 eV and higher energy tail
peaking at 534.4 eV correspond to the C—O and hydroxide
bonds, respectively. Comparatively, InSnSe possessed all these
component peaks with a red shift of 0.3 eV but with much-
reduced intensities. Moreover, the Lorentzian line shape fitting
of the components showed that the InSe has a 12.5%
concentration of In,O;,, whereas the Sn-doped InSe
accounted for a lower value of 2.3%, strongly supporting the
suppressed oxide formation in InSnSe samples. Hence, the
decreased defect states leading to increased carrier lifetime is
one of the possible reasons for the increased mobility in 1% Sn
doping in In;_,Sn,Se, and the increase in Sn doping (S and
10%) can have more Sn interstitials, which behave as scattering
centers affecting the reduced mobility.

To uncover the microscopic mechanism of the dramatic
mobility enhancement in the 1% Sn-doped InSe, first-
principles density functional calculations for pure, 1 and 2%
Sn-doped InSe are carried out (see the Theoretical Method
and Supporting Information Note 4 for details), and the
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Figure 6. Photoresponse of the few-layered InSnSe phototransistor. (a) I—Vj, curves of the InSnSe phototransistor at Vg = 0V with a laser
excitation of 633 nm wavelength at different power densities. (b) Photocurrent as a function of incident laser power density at Vy, = 10 V and Ve=

0V. (c) Responsivity (R) as a function of applied drain—source voltage at different laser power densities with

V, = 0V. The inset represents the R

vs V plot at a laser power density of 0.007 mW cm™>. (d) Responsivity as a function of incident laser power density at Vg, = 10 V and Ve=0V.

calculated band structures are plotted in Figure 5. Pure InSe is
found to be a direct band gap semiconductor with the electron
pocket at the Z-point in the BZ (Figure S). The shape of this
electron pocket is unaffected by the Sn doping, and
consequently, the calculated effective masses for all three
systems are identical (see Table S4). Within the semiclassical
Boltzmann transport theory, the conductivity for an electron-
doped semiconductor can be written® as ¢ = ney = ne’r/m*
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and p = er/m*, where 7 and n are, respectively, the electron
lifetime and concentration, that is, 6/7 « n and p 7 if the
effective mass m™*is constant. Using the GGA band structure
(Figure S), we calculate ¢/7 as a function of n (see Supporting
Information Note 4). Indeed, we find that 6/7 « n (see Figure
S9). Therefore, we can conclude that the enhanced electron
mobility in the 1% Sn-doped InSe samples is caused by an
increase in the carrier lifetime because of the improved crystal
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Figure 7. Performance of the few-layered InSnSe phototransistor. (a) Detectivity (D*) and photogain (#) as a function of laser power density at
Vg=10Vand V,=0V. (b) Photo-switching characteristics of the device at V4 = 1 V and laser power density of 0.431 mW cm ™. (c) Responsivity
(R) and Photogaln () as a function of applied gate voltage (V ) at Vg =5 Vand P = 42.95 mW cm™2 (d) Photo-switching stability of the device at

different V, with V4, = 1 V.

quality and the reduced oxide phase compared to undoped
InSe.

On the basis of the above study, few-layered InSnSe devices
fabricated on the SiO,/Si substrate with PMMA encapsulation
have been employed as a high-performance phototransistor.
The thickness of the flake chosen for phototransistor
measurement is ~13 nm as determined with AFM as shown
in Figure S10a. The optical microscopy image of the InSnSe
device is depicted in Figure S10b. The effective area of the
phototransistor is ~115 ym’. The linear change in drain—
source current (I;) for the applied bias at a different gate
voltage (Vg) from 0 to 80 V (Figure Slla) assures a good
ohmic contact amidst the InSnSe flakes and Au electrodes. The
transfer curve measured by sweeping V; from —60 to 60 V at
Vg = S V under dark and laser illumination (4 = 633 nm) in
the back-gate transistor configuration is represented in Figure
S11b. It indicates a high on/off ratio as ~10® (Figure S11c)
and the increased drain—source current under laser illuminated
condition manifests the potential of InSnSe flakes as a
phototransistor.” To explore the photodetecting properties of
InSnSe device in detail, we measured the drain—source current
for the applied voltage bias under different power intensities of
633 nm laser without the application of gate voltage as shown
in Figure 6a. The I4—Vy, curve increases with an increase in
laser power intensity and stays marginally nonlinear without
saturation at a higher voltage bias (Figure 6a). The
photocurrent (I, = Ijgy — lga) generated plotted as a
function different laser power intensity is presented in Figure
6b. Fitting to the power law, I}, o P the value of & obtained is
0.62, which is less than 1, signifying that photocarrier
generation and recombination involve trap states in the
device."* However, at a higher laser power intensity >1 mW
cm™, the power law fitting yields a, which is larger than 1,
emphasizing the superlinear power dependence of the
photocurrent (Figure S12). This superlinear behavior of the
photocurrent can be due to the quasi-Fermi levels shifting at
higher laser power with an increase in photocarriers. As the
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quasi-Fermi levels shift to the conduction and valence band
states, the recombination rate becomes slower, which results in
an enhanced carrier lifetime and shows a superlinear
photoresponse.”**® The photoresponsivity (R) of the InSnSe
devices was calculated using the following equation

Iph _ Ilight - Idark
PxS PxS )

where P is the laser power intensity and S is the illuminated
area of the device. Figure 6¢ shows the responsivity of the
device as a function of the applied drain—source voltage for
different laser powers and the inset represents the R—Vy, plot
for a laser power of 7.021 yW cm™2. The photoresponsivity
increases with increase in applied voltage bias, which can be
attributed to the reduction in carrier transit time (z,) with
enhanced drift velocity accordmg to the relation, V,, = L*/ur,
where 4 is the carrier mobility.® The photoresponsivity of the
device as a function of laser power at constant Vy is plotted in
Figure 6d. The responsivity increases with a decrease in laser
power, asserting that the high photosensitivity of the detector
and the maximum photoresponsivity of the device without gate
voltage at V= 10 V (P = 7.021 yW cm ™) is 5.7 X 10* AW™".

Another parameter which signifies the device sensitivity is
detectivity (D*), which is inversely related to noise equivalent
power (NEP) according to the equation”’

(SAf)?

D* =
NEP (3)

where § is the active area of the device and Afis the measuring
bandwidth and is inversely related to the response time. NEP is
the minimum optical illumination that a photodetector can
distinguish from noise and is proportional to the root mean
square noise current, NEP = I /R. Noise current (I,) is related
to the dark current (Igq) as I,> = 2elg,Af where e is the
electronic charge.”” D* plotted as a function of illuminated
laser power as shown in Figure 7a specifies the maximum
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detectivity of the device to be 1 X 10" Jones at V= 10 V and
P = 7.021 W cm™>. The parameters used in calculating D*
have been elaborated in Supporting Information Note 6. In the
metal—semiconductor—metal device, surface band bending
occurs in the metal—semiconductor junction because of the
difference in the Fermi level energy and work function between
the semiconductor and metal. When the semiconductor is
illuminated with energy above the band gap, the generated
photocarriers are spatially separated with the potential barriers
caused by the surface band bending, giving a large photo-
conductive gain.48 In addition, the longer carrier lifetime (z) of
the InSnSe crystal caused by Sn doping aids in increasing the
photoconductive gain,* which results in the high photo-
responsivity (R),"” and in turn reduces the NEP. Con-
sequently, the high detectivity was obtained in the device at
633 nm. The highest detectivity estimated for the InSnSe
device when compared to the previous reports of InSe
photodetectors'”>****° and vertical heterostructures”' >
manifests the better photodetecting performance of the InSnSe
devices with low NEP.

Photogain (77) defined as the number of electrons detected
per incident photon can be estimated using the equation

Rhc

= a

(4)
where R is the photoresponsivity, h is Planck’s constant, c is the
speed of light, e is the electronic charge, and A is the
wavelength of the incident light.”" Figure 7a illustrates the
photogain of the InSnSe device as a function of laser power at
V4 = 10 V and the maximum photogain obtained is 1.1 X 10°,
which is high compared to previously reported InSe-based
photodetectors.'” The enhanced photogain of the InSnSe
device (Figure S13) shows higher optical absorption of the
InSnSe flakes with fewer trap states and reduced recombina-
tion rate.” The time-resolved photoresponse of the InSnSe
device under pulsed illumination of 633 nm laser (Vg =1V, P
= 0431 mW cm) shown in Figure 7b demonstrates the
photoswitching characteristics of the device. It indicates the
stable current flow in the photodetector at both on/oft laser
illumination. Figure S14 shows the photoexcitation and de-
excitation of carriers at laser on and off states, respectively. The
photoresponse time and recovery time of the device are
estimated to be 25 and 10 ms, respectively. The InSnSe
phototransistor also responds to infrared laser illumination as
shown in Figure S18.

The responsivity and photogain of the InSnSe device (633
nm laser) with the application of back-gate voltage at
constantly applied bias were estimated using eqs 2 and 4,
respectively, as shown in Figure 7c. A back-gate voltage of 60 V
enhanced the value of R and # by seven times at V= 5 V and
P = 42.95 mW cm™? (Figure 7c). The stable photoswitching
characteristics of the InSnSe device at different back-gate
voltages are shown in Figure 7d. It again validates the increase
in photocurrent of the device with back-gating. The maximum
photoresponsivity obtained for the InSnSe device at V, =40 V
and Vy = 5 V with a laser power of 7.021 4W cm™ is 3 X 10°
A W' (Table SS), which is coméparable to the other 2D
material-based phototransistors.”*~>° When the gate voltage is
not applied or it is less than the threshold voltage of the
phototransistor, there can be a Schottky barrier formed
between the Au electrode and InSnSe because of the difference
in their Fermi levels. When the gate voltage is greater than the
threshold voltage, thermionic current along with the tunneling
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and photocurrent reduces the barrier height by reducing the
depletion region between Au and InSnSe. Therefore, more
photocurrent is extracted effectively, leading to the enhanced
photoresponsivity of the InSnSe device.'”*’

B CONCLUSIONS

In conclusion, we have presented a detailed study on
enhancing the intrinsic mobility of In, ,Sn Se-layered flakes
with atomic doping. The electrical transport study of
In;_,Sn,Se (x = 0, 1, S and 10%) ultrathin flakes on an
SiO,/Si substrate suggests that 1% Sn-doped In,_.Sn.Se
(InSnSe) flakes exhibit higher mobility intrinsically. Further
electrical measurements of InSnSe devices with PMMA
encapsulation and surface modified substrates (OTS,
PMMA) show enhancement in mobility up to 2560 + 240
cm?® V™! 57, The PL and Raman spectral studies of In;_,Sn,Se
(x=0,1,S,and 10%) emphasize the narrowing of the peak for
1% Sn-doped flakes, indicating the reduction in intrinsic
defects in the crystal. XPS spectra of In,_,Sn,Se (x = 0 and
1%) crystals confirm the oxide reduction in 1% Sn-doped
flakes. Moreover, the theoretical calculation reveals that the
electron effective mass m* is unaffected by the Sn-doping.
Taken together with the transient reflectivity measurements,
the results suggest that the longer carrier lifetime because of a
reduction in the oxide phase and also the improved crystal
quality of the 1% Sn-doped InSe samples cause the enhanced
mobility of InSnSe thin flakes. The simplified device of InSnSe
flakes with PMMA encapsulation has been demonstrated as a
highly sensitive gate-tunable phototransistor with maximum
photoresponsivity and photogain as 3 X 10° A W' and 0.5 X
10, respectively, at Vg = 40 V. The detectivity of the InSnSe
was estimated to be 1 X 10" Jones without the gate voltage.
Thus, we have devised a methodology of doping engineering
InSe to obtain InSnSe phototransistors with intrinsically
enhanced mobility and optoelectronic properties.
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