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ABSTRACT: The electronic and optoelectronic properties of
2D alloy GajgIng sSe were investigated for the first time. 2D
Gagg4Ing Se FETs show p-type conduction behaviors. 2D
Gag g4lny ;4Se photodetectors show high photoresponse in the
visible light range of 500 to 700 nm. The responsivity value is
258 A/W for alloy photodetector (500 nm illumination), and
it is 92 times and 20 times higher than those of 2D GaSe and
InSe photodetectors, respectively. Moreover, the alloy photo-
detector exhibits good photoresponse stability and rapid
photoresponse time. Our results demonstrate that 2D alloy
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Gaggylng ;4Se has great potential for application in photodetection and sensor devices.
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he discovery of graphene paved the way for the research

on two-dimensional (2D) materials." To date, many 2D
materials have been explored, such as semimetallic graphene,’
insulating h-BN,” semiconducting transition-metal dichalcoge-
nides (TMDs’), black phosphorus,” IV—VI group com-
pounds®™” and II-VI group compounds (GaSe,” ' GaTe''
and InSe,'*™"* etc.). Compared to 0D and 1D materials,'>*¢
2D semiconductors are more compatible with modern
semiconducting fabrication technology. 2D semiconductors
show great potential for application in new generation of
electronic and optoelectronic devices.'”~*° Among the large
family of 2D semiconductors, 2D layered III-VI group
semiconductors (such as GaSe and InSe) have received
sustained attention because of their novel electrical and optical
properties. Photodetectors composed of 2D GaSe show a high
photoresponsivity.*” 2D GaSe is a good nonlinear optical
semiconductor'® and shows a strong optical second-harmonic
generation (SHG) signal, which is much larger than that of
monolayer MoS,.”" These properties demonstrate that 2D
GaSe can be applied in future nanophotonic devices.
Additionally, 2D InSe shows outstanding and stable electronic
and optoelectronic properties, such as a high electron mobility
of 1 X 10* cm®> V™! s7' at low temperature and high
photoresponsivity under a broad spectral response range from
ultraviolet (UV) to near-infrared (NIR) light."”'* Multilayer
InSe has a direct bandgap of 1.26 eV, which is independent of
its thickness (>20 nm). 2D InSe shows a better stability than
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black phosphorus in atmosphere.'* These advantages indicate
that 2D InSe has great potential for application in high-
performance electronic and optoelectronic devices, such as
FETs'> and photodetectors."

For expanding the applications of semiconductors, alloy
engineering is an important and versatile strategy in bandgap
engineering and tuning the electronic properties of bulk
semiconductors. 0D and 1D ternary semiconductors show
tunable bandgaps and li§ht emissions by using different
chemical constituents.””> For 2D semiconductors, alloy
engineering is mainly applied to 2D TMDs systems.”* >’ For
example, alloy engineering successfully tunes not only the
bandgap but also the charge carrier types in 2D WS, Se,_,..””
However, 2D III-VI group alloy semiconductors are limited.
In view of the merits of 2D GaSe and InSe, it is important to
investigate the electronic and optoelectronic properties of
Ga,_,In,Se alloy.

In this letter, for the first time, we investigate the electronic
and optoelectronic properties of 2D Ga,_,In,Se (x = 0.16)
alloy nanosheets. Bulk Gagg,Ing 4Se alloy samples were
synthesized and showed a direct optical bandgap of 1.83 eV.
The 2D GaygyIng ;4Se nanosheets were obtained by mechanical
exfoliation methods. The 2D Gayg,In, 4Se FETs showed p-
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Figure 1. Structure characterizations of Ga,_,In,Se (x = 0.16): (a) Elemental mapping image. (b) EDS image. (c) SAED pattern of Gayg,In, ¢Se.
Inset: TEM image at low magnification. (d) HRTEM image of GaggIng ¢Se. Inset: the corresponding reverse Fourier transform pattern. (e)
Photoluminescence (PL) spectra of GaygsIng ¢Se, GaSe and InSe. (f) UV—vis—NIR absorption spectrum of the Gayg,Ing sSe alloy. Inset: the

corresponding Tauc plot.

type conduction behaviors with a slightly higher mobility (0.8
cm? V™' s7!) and current on/off ratio (1 X 10°) than those of
2D GaSe FETs. The 2D GaggyIn, 4Se photodetectors showed
a high photoresponse over a broad visible-light range (500—
700 nm). The responsivity value is 258 A/W for the alloy
photodetector, which is 92 times and 20 times higher than
those of 2D GaSe and InSe photodetectors, respectively.
Photodetectors based on 2D Gayg,Ing 4Se also exhibited good
photoresponse stability and rapid photoresponse time. Our
results demonstrate that the 2D Gagg,In, 4Se alloy has great
potential to be applied in photodetection and sensor devices.

Figure la is an SEM image and elemental mapping of a
multilayer nanosheet on 300 nm SiO,/Si substrate, which
demonstrates that Ga, In and Se in the synthesized samples are
homogeneously distributed over the selected area. To
determine the chemical composition ratio in detail, we
collected an X-ray energy-dispersive spectrum (EDS) (Figure
1b). The chemical composition ratio of Ga to In is 41.87:8.22
(0.84:0.16) and demonstrates that the synthesized sample is a
Ga,_JIn,Se (x = 0.16) alloy, which coincides with eutectic
gallium—indium. The chemical composition ratio of Ga/In to
Se is approximately equal to 1:1, indicating that the structure
of the synthesized Gag g4In;¢Se may be similar to that of GaSe.
The chemical composition of the Gagygyln, ;sSe sample was
further examined by XPS (Figure S1). The peaks in the XPS
spectrum are consistent with the Ga—Se and In—Se bonding
features reported in an early study,” indicating successful In-
doping. The atomic ratio of In, Ga and Se is consistent with
EDS results. The crystal structure of GagguIn, sSe was
examined by XRD (Figure S2). The main peaks are indexed
to the hexagonal structure of GaSe, and the other small peaks
are indexed to hexagonal structure of InSe, further indicating
the successful In-doping. The XRD patterns demonstrate that
the Gagg,Ing cSe alloy is highly c-axis oriented. The crystal
microstructure of the Gagg,In, sSe alloy was further examined
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by TEM analysis. A clean surface and layered structure are seen
in the low magnification TEM image (Figure 1c inset). The
selected area electron diffraction pattern (SAED) shows a set
of diffraction spots (Figure 1c) and indicates that the
synthesized GaggyIng cSe alloy possesses good crystallinity.
The HRTEM image shows the perfect crystallinity of the
Gag gIng 1Se alloy with a lattice spacing of 3.3 A in Figure 1d,
which is slightly larger than 0.32 nm of GaSe™ and smaller
than 0.34 nm of InSe.'” Figure S3 is the Raman spectrum of
the GaggyIng4Se alloy. Most of Raman peaks belong to GaSe,
and the peak at 188 cm™" is indexed to the E* mode of In—Se
bond, indicating the successful substitution of Ga atoms by In
atoms. Figure le shows the PL reuslts of GaSe, InSe and the
synthesized GaggIng 4Se alloy. The synthesized Gajg,Ing ¢Se
alloy shows a strong PL peak at 1.83 eV and is completely
different from the weak peak (2.05 eV) of GaSe that has an
indirect optical bandgap, indicating the synthesized
GaggyIng ;4Se alloy has a direct optical bandgap. To further
quantitatively extract its bandgap, the optical absorption of the
GaggyIng ;4Se alloy was measured, and the corresponding Tauc
plot is shown in Figure 1f. The GajgIng sSe alloy shows a
broadband optical absorption ranging from UV to visible light
regions, suggesting its great potential application in photo-
detection. The optical bandgap is extracted to be 1.82 eV from
the Tauc plot, which is consistent with the PL result (see more
detailed discussion in the Supporting Information). TGA was
used to investigate the chemical and physical stability with
respect to temperature. As shown in Figure S4, the
Gayg,Ing 4Se alloy owns a high thermal stability up to 873 K.

After successfully synthesizing the Gagg,Ing ¢Se alloy with
good crystallinity, we investigated the electronic and
optoelectronic properties of the 2D Gagg,In, sSe alloy. Here,
back-gated FETs and photodetectors of the 2D Gagg,Ing 4Se
alloy were fabricated. Both the electronic and optoelectronic
properties of the 2D GagguIng cSe devices were measured
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Figure 2. Structural and electronic characterization of 2D Gaggyng cSe FETs: (a) 3D schematic structure of Gaggylng sSe FETs. (b) A typical
optical image of 2D GagguIng cSe FETs. (c) Transfer curves of 2D GaggyIng¢Se FETs measured at Vg = 1 V. (d) Output curves of 2D

GaggqIng4Se FETs measured at various gate voltages.
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Figure 3. Photoresponse of the 2D GaggyIng ¢Se alloy. (a) I-V curves of the 2D GagguIng sSe alloy photodetector illuminated at different
wavelengths. The illumination intensities are 180.9, 191.1, 196.2, 193.6, and 126.1 uW/cm? for 500, 550, 600, 650, and 700 nm, respectively. (b) R
values and (c) D* values for various wavelengths at V.= 5 V. (d) Iy and R values illuminated at 650 nm and V = 5 V with various light intensities.

under ambient conditions. As shown in Figure 2a, a few-layer
GaggsIng sSe nanosheet is the channel material, Cr/Au
electrodes work as source-drain electrodes, n-doped silicon is
the gate and 300 nm silica works as the dielectric layer. Figure
2b is a typical optical image of the 2D GaggyIng Se alloy FET's
(channel length: 1S pm, channel width: 30 pm). Figure S5
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shows the AFM results of 2D Gaggyng¢Se alloy channel,
which is 8 nm. Figure 2c shows the transfer curves of 2D
Gagg,Ing Se FETs, demonstrating that the 2D Gagg,Ing sSe
alloy is a p-type semiconductor. The 2D Gajg,In, 4Se FETs
show a current on/off ratio of 1 X 10°, which is comparable to
that of 2D GaSe FETs® and meets the requirement for
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Figure 4. Stability and response time of Gagg4In,sSe photodetectors. (a) Time-dependent photoresponse stability of Gagg4In, ;sSe photodetectors
illuminated at 650 nm light on day 0 and after storage in air for 60 days at V = 5 V with an illumination intensity of 193.6 yW/cm?> (b)

Corresponding response time.

practical application in COMS-like digital circuits. The field-
effect mobility (u) is 0.8 cm® V™' s7! for 2D GagygyIng ¢Se
FETs, which is slightly higher than that of 2D GaSe FETs (see
the Supporting Information for more detail).® Figure 2d shows
the corresponding output curves of 2D GaggyIng 4Se FETs
measured at various gate voltages. The I;—Vj,, curves show
good linear behavior, which is similar to 2D GaSe FETs.® The
output curves further demonstrate that the synthesized
GaggyIng sSe alloy is a p-type semiconductor because the
output current decreases as the back-gate values increases. The
contact resistance (R.) between the Gayg,In, ;sSe alloy and Cr
metal electrode is roughly calculated to be 19 MQ (more
detailed discussion is in the Supporting Information). The
contact resistance can be further reduced by optimizing the
metal electrode.

To explore photoresponse properties of 2D GaggyIng Se
alloy, we used various illumination wavelengths ranging from
500 to 700 nm (wavelength increasing by a step of S0 nm) to
vertically illuminate the 2D GaggIn, cSe photodetectors. The
2D GaggyIng 4Se photodetectors show a wide visible-light
range photoresponse from 500 to 700 nm as shown in Figure
3a. The response range of 2D GaggyIng ¢Se is slightly larger
than that of 2D GaSe” (<700 nm), which is attributed to the
smaller optical bandgap of Gayg4Ing ¢Se of 1.83 eV than that of
GaSe. Responsivity (R), detectivity (D*), and external
quantum efficiency (EQE) are three key parameters to
evaluate the photoresponse of a photodetector (find more
details in the Supporting Information). Figure 3b shows the R
values of the 2D GaggIng cSe photodetectors for various
illumination lights at V = 5 V. For example, R is 258.6 A/W for
500 nm illumination, which is 92 times and 20 times higher
than those of mechanically exfoliated 2D GaSe (2.8 A/W
illuminated at 254 nm) and InSe (12.3 A/W illuminated at 450
nm; Please find more comparison data in Table S1).”"* The
D* value is in the range of 2 X 10'* to 4 X 10'* Jones, which is
comparable to that of currently used silicon photodetector’
(10" Jones). Figure S6 shows the I-V curves of the 2D
Gagg4Ing 1sSe photodetector illuminated at 650 nm with
different light intensities. The I, is directly proportion to
P%3 as shown in Figure 3d, illustrating that part of the
photogenerated carriers recombine through trap states (defects
and impurities). In Figure 3d, it is obvious that the R values
decrease with increasing illumination light intensity, which is
due to trap states in either in 2D Gajgylng,cSe alloy
nanosheets or at the interface between the 2D Gagg,Ing ¢Se
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alloy and SiO, substrate and is similar to the trend seen in 2D
InSe photodetectors.”> The EQE is 64000% at 500 nm
illumination as seen in Figure S7, which is 47 times higher than
that of 2D GaSe photodetector (1364% illuminated by 254
nm).” These results demonstrate that the 2D Gaygylng sSe
photodetector has a broadband photoresponse ranging from
500 to 700 nm and shows high photoresponse performance.

The photoresponse stability and photoresponse speed are
another two key parameters for photodetectors. As seen in
Figure 4a, the 2D Gaggyln;¢Se photodetector shows almost
the same current level for each on/off cycle for 0 days and 60
days of storage in air, demonstrating good reproducibility and
long-time stability of the photoswitching response. After
storage in air for 60 days, the 2D Gayg,Ing4Se photodetector
shows a slightly lower dark current and photocurrent, which
may be attributed to surface adsorption. Photoresponse speed
values for the 2D GaggIng¢Se photodetectors can be
extracted from an enlarged curve of one on/off cycle of
illumination light as shown in Figure 4b. The 2D GaggyIn, 4Se
photodetector shows a rapid response time of 30 and 43 ms for
the rise and decay processes, res?ectively, which is comparable
to those of 2D GaSe” and InSe'® photodetectors.

In summary, we investigated the electronic and optoelec-
tronic properties of 2D Gagg4In, sSe alloy nanosheets for the
first time. The 2D Gagg,In, ;4Se nanosheets were obtained by
mechanical exfoliation methods from bulk Gaggn, sSe alloy
samples. The synthesized GaggyIn, sSe alloy samples have
good crystallinity and a direct optical bandgap of 1.83 eV. The
2D Gayg,Ing 4Se FETs show p-type conduction behavior with
a mobility of 0.8 cm* V™' s7" and current on/off ratio of 1 X
10°, which are slightly higher than those of 2D GaSe. The 2D
Gagg4Ing 4Se photodetectors show high photoresponse per-
formance over a broad visible-light range of 500 to 700 nm.
The responsivity value is 258 A/W for the alloy photodetectors
illuminated at 500 nm, which is 92 times and 20 times higher
than those of 2D GaSe and InSe photodetectors, respectively.
In addition, the photodetectors based on 2D Gagg4In ;Se also
exhibit good stability and rapid photoresponse speed. Our
results demonstrate that the 2D Ga;_,InSe alloy has great
potential for use in photodetection and sensor devices.
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