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Multilayer InSe has attracted increasing attention due to its excellent electrical and optical properties,
making it great potential application in high performance electronic and optoelectronic devices. Alloy
engineering is a powerful method to tune electrical and optical properties of semiconductors. However,
the alloy engineering has never been applied to multilayer InSe. In this work, for the first time, multilayer
InSep g2Teg1g alloy photodetector was fabricated and the photodetection performance of multilayer
InSep g2Tep g alloy was investigated. Compared to multilayer InSe, the multilayer InSegg,Teps alloy
shows a broader photoresponse region of 400—1100 nm, which is due to its smaller direct bandgap of
1.13 eV. The InSepgyTep1s alloy photodetector exhibits higher photodetection performance than InSe
device and the responsivity (R) values are significantly enhanced by 50—300 times, especially in near-
infrared (NIR) light region. The R value is 7.1 A/W for 1100 nm light, which surpasses most of multi-
layer layered semiconductors based NIR photodetector. Moreover, the InSeg g,Teg s alloy photodetector
owns a good photoresponse stability and relatively fast response time. This work demonstrates that
InSep g2Tep g alloy has a great potential application in NIR photodetector.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Photodetector has attracted a significant attention due to its
wide applications in imaging, sensor, communication and health
monitoring [1—6]. For developing high performance of photode-
tector, various types of materials have been discovered. The rise of
two-dimensional (2D) and thin-film materials has provided more
options for designing novel and high performance photodetection
devices. Most attentions have been focused on black phosphorous
(BP) [7] and transition metal dichalcogenides (TMDs) [8—10].
However, instability hinders BP potential application and TMDs
show narrow detection range due to their large bandgaps. Indium
selenide (InSe), an interesting III-VI group layered semiconductor,
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has attracted increasing attention due to its excellent optical and
electrical properties [11—17]. Because of its small bandgap (1.26 eV)
and high absorption coefficient, photodetector based on few-
layered InSe show a broad photoresponse to visible to NIR region
(450—785nm) and high photoresponsivity [14]. The photo-
detection performance can be effectively regulated by optimizing
channel thickness [18] and contact electrode [19], and the
responsivity increases to 10° A/W for graphene-InSe-graphene
device illuminated by 633 nm laser [19]. Those result demon-
strate that InSe is good candidate for high performance optoelec-
tronic devices, such as photodetector and photodiode. Indium
telluride (InTe), an important member of I1I-VI group family with a
small direct bandgap [20], has been limited. Up to now, there is no
experimental studies on 2D or multilayer InTe [21]. Theory calcu-
lation demonstrates that InSe—InTe heterostructure is a good
candidate for solar cell and light emission applications [22].

Alloy engineering is an important and effective tool to adjust
energy band structure, optical and electrical properties of mate-
rials, and has successfully been applied in modern semiconductor
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field. Recently, alloy engineering also has been applied to 2D
layered TMDs system [23—26] and photoresponse of TMDs alloys is
significantly improved by alloy engineering due to shifting the
deep-level defect states to shallow-level defect states [25].
Compared to TMDs system, alloy engineering is limited for inves-
tigation of optoelectronic and electrical properties of InSe-based
alloy materials [27,28]. Though the tunable optical bandgaps of
InSeq1.xSx (x <0.3) alloys [24] and superior second harmonic gen-
eration (SHG) performance in InSeg gTeg1 and InSeq_xSx (x = 0.1 and
0.2) alloys [28] have been demonstrated, the study on optoelec-
tronic properties of InSe-based alloys is still absent. The improve-
ment photoresponse of transition metal dichalcogenides (TMDs) by
alloy engineering is attributed to suppression of deep-level defect
states [25]. 2D GaggqlngigSe alloy photodetector show superior
performance than 2D GaSe photodetector for detecting visible light
[29]. Those studies suggest that alloy engineering holds great po-
tential in enhancing photodetection performance of multilayer InSe
device and it is of interest to explore optoelectronic properties of
InSe;_xTeyx alloys.

In this work, for the first time, we fabricated multilayer
InSep g>Teg1s alloy photodetector and studied the photodetection
performance of multilayer InSepgyTepjg alloy. The multilayer
InSegg2Teg1g alloy shows a broader photoresponse region of
400—1100 nm than that of multilayer InSe device, which is due to
its smaller direct bandgap of 1.13 eV. The multilayer InSeg g>Teg 18
alloy photodetector shows a higher photodetection performance
than InSe device and the R values are significantly enhanced by
50—300 times, especially in NIR light region. Moreover, the multi-
layer InSeggyTegis alloy photodetector shows a good photo-
response stability and fast photoresponse time. This work suggests
that InSeg g»Teg 13 alloy is a potential material for application in NIR
photodetector.

2. Experimental methods
2.1. Synthesis of bulk InSegs>Teg s alloy

Bulk InSepgyTepis crystals were prepared by the following
procedure: Indium (114.8 mg, 99.99%, Aladdin) (0.001 mol) and
selenium-tellurium mixture (97 mg, 71.1% Se and 28.9% Te by
weight, 99.99%, Alfa) were put in quartz boat, respectively. Then the
boat was placed into a one-zone horizontal furnace with a fused
silica tube. The close system was purged with 300 sccm Ar gas for
30 min. Firstly, the boat was heated to 573 K and kept at 573 K for
1 h with 100 sccm Ar/Hy (Var: Vi = 80:20) as protection gas. Sec-
ondly, the boat was heated to 943 K and kept at 943 K for 1 h. Last,
the system was naturally cooled to room temperature.

2.2. Characterizations of InSegg>Teg g alloy

X-ray diffraction (XRD, DIFFRACTOMETER-6000) pattern was
recorded with a Cu Ko radiation source (A=0.1542nm). The
chemical compositions of InSeg g2 Teg 13 were determined by energy
dispersive X-ray spectroscopy (EDS) (S-4200 Hitachi). The micro-
structures of InSeg gxTeg 13 were measured by transmission electron
microscopy (TEM) and selected area electron diffraction (SAED),
(FEITECNAI High Resolution TEM operated at 200kV). The
InSep g2Tep1g nanoflakes were transferred to lacey support films for
the TEM tests by ultrasound in ethanol. The absorption spectrum of
the alloy was obtained via a UV—vis—NIR spectrophotometer
(UV3600, Shimadzu). Optical images of InSegg,Tep1g nanoflakes
were taken with an OLYMPUS BX41. The thickness of multilayer
InSeq g2 Teg 1g was determined using atomic force microscopy (AFM,
Nanoscope Illa Vecco).

2.3. Fabrication and characterizations of InSe and InSeg.gzTeg 18
alloy photodetectors

Multilayer InSe and InSeq g>Teg 1g nanosheets were mechanically
exfoliated using Scotch tape and transferred onto 300 nm SiO,/Si
substrates. Metal electrodes (Cr=5nm, Au=30nm) were fabri-
cated by thermal evaporation deposition with a shadow mask.
Optoelectronic  characterizations of multilayer InSe and
InSeg g2Teg1g nanosheets were measured using a semiconductor
characterization system (Keithley 4200 SCS) with a Lakeshore
probe station. Monochromatic lights of 400 nm, 500 nm, 600 nm,
700 nm, 800 nm, 900 nm, 1000 nm and 1100 nm were obtained
using a 200 W xenon lamp with optical filters. The intensities of
incident light source were determined by a power and energy
meter (Model 372, Scienteck).

3. Results and discussions

The synthesized process of bulk InSeq_xTex alloy was described
in experimental methods. Firstly, the crystal structure of as-
synthesized bulk crystal was identified by X-ray diffraction (XRD)
as shown in Fig. 1a. The main peaks are consistent with standard
date file PDF#34—1341, which is hexagonal structure of InSe. The
other minor peaks shown in XRD pattern are belonged to InTe [28].
The XRD pattern agrees well with early report of InSe;_xTex alloy,
demonstrating that bulk InSe;_xTeyx alloy is successfully synthe-
sized. To determine the element distribution and constituent of as-
synthesized InSe;_xTey alloy, element mapping and X-ray energy-
dispersive spectrum (EDS) were measured. Fig. 1b is a scanning
electron microscopy (SEM) image and element mapping of as-
synthesized InSe;j_xTeyx alloy nanosheet. It clearly shows that three
elements of In, Se and Te are homogeneously distributed over the
selected nanosheet. The composition ratio of three elements
(In:Se:Te) is 50.59:40.78:8.63, suggesting that as-synthesized alloy
is InSeg g2Teg1g. The microstructure of InSegg,Teg1g alloy is exam-
ined by transmission electron microscopy (TEM). A good crystal-
linity of as-synthesized InSe;.xTex alloy is demonstrated by the
selected area electron diffraction pattern (SAED) as shown in Fig. 1d
inset. The good crystallinity is further demonstrated by high reso-
lution transmission electron microscopy (HRTEM) as shown in
Fig. 1d. The as-synthesized InSej_xTex alloy shows a high crystal-
linity with a lattice spacing of 3.5 A in Fig. 1d, which is slightly larger
than 0.34 nm of InSe [13].

Alloy engineering is a powerful way to tune optical property of
semiconductors [23]. It is of great importance to investigate optical
property of InSeg gxTeg g alloy for its application in optoelectronic
devices. The UV—Vis—NIR absorption spectra of InSe and
InSep g2Teg1g alloy were measured and were shown in Fig. 2a. InSe
has a wide optical absorption region from UV to NIR
(3001000 nm), which agrees well with its direct bandgap (Eg) of
1.26 eV. Compared to InSe, InSegg,Teg1s alloy shows a broader
optical absorption spectrum from 300 to 1150 nm, indicating the
alloy owns a smaller Eg value and broader photodetection range
than InSe. To further quantitatively compare their Eg values, cor-
responding Tauc plots are exhibited in Fig. 2b. By extrapolating the
linear part of Tauc plots, the optical E; values of InSe and
InSep g2 Teg 1s alloy are calculated to be 1.25 and 1.13 eV, respectively
(find more calculated details in supporting information). The Eg
value of InSeg g2Teg1s alloy takes a blue shift of 0.12 eV in contrast
with InSe. The optical absorption results of InSe and InSeg g,Teg 1
alloy demonstrate that alloy engineering is an efficient tool to
adjust optical properties of InSe and InSegg,Teg1g alloy holds a
great potential application in optoelectronic devices.

To investigate photoresponse performance of InSeq g>Teq 15 alloy,
the photodetector based on multilayer InSeggyTegis alloy was
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Fig. 1. Crystalline structure characterization of InSe;_«Tey (x = 0.18) alloy: (a) XRD pattern of InSe;_«Tey alloy. (b) Element mapping image of InSe;_Tey alloy. (c) EDS image of InSe;.
xTex alloy. (d) HRTEM image of InSe;.xTex alloy. Inset: the corresponding reverse Fourier transform pattern. Inset: SAED pattern of InSe;.xTex alloy.
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Fig. 2. Optical absorption properties: (a) UV—Vis—NIR absorption spectra of InSe and InSegg,Teg s alloy. (b) The corresponding Tauc plots of InSe and InSeg g;Teg 1g alloy.

fabricated (find more fabrication details in Experimental methods).
Fig. 3a is the 3D schematic structure of InSegg,Teq g alloy photo-
detector. The electrodes are Au/Cr (35 nm/5 nm) and various lights
with tunable intensities are vertically illuminated on device. Fig. 3b
is an optical image of InSegg,Teg1s alloy photodetector and the
device channel length and width are 20 and 10 um, respectively,
and the light active area of photodetector is calculated to be
200 pm?. The device channel thickness is around 60 nm, which is
determined by atomic force microscope (AFM) in Fig. S1. Fig. S2 is
the transfer curve of multilayer InSegg,Tegg transistor, demon-
strating multilayer InSeg g,Teg g is a p-type semiconductor with a
mobility of 4.5cm?V~'s~! (find more discussion in Supporting

Information). The [-V curves of InSegg,Teg1g alloy photodetector
illuminated by various lights were recorded and are shown in
Fig. 3c. The InSeqg2Teg1s alloy photodetector shows a wide pho-
toresponse range from visible (400 nm) to NIR light (1100 nm),
which is consistent with its optical absorption. To compare pho-
todetection performance of InSe and InSeq g, Teg 1g alloy, multilayer
InSe photodetector was fabricated and illumination [-V curves are
displayed in Fig. S3. InSe photodetector shows a photoresponse
range from visible (400 nm) to NIR light (1000 nm), which is
consistent with earlier report [30].

To quantitatively evaluate photoresponse of InSe and
InSep g2Tep1s alloy photodetectors, responsivity (R) and detectivity
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Fig. 3. Photoresponse performance of multilayer InSeq g,Teg1s alloy. (a) 3D schematic structure of alloy InSeg g2Teg1s photodetector. (b) A typical optical image of alloy InSeg g2Teg1s
photodetector. (c) I-V curves of the multilayer InSeq g,Teg s alloy photodetector illuminated at different wavelengths. The illumination intensities are 2.16 mW/cm?, 2.61 mW/cm?,
211 mW/cm?, 1.46 mW/cm?, 0.438 mW/cm?, 3.83 mW/cm?, 4.29 mW/cm? and 0.924 mW/cm? for 400, 500, 600, 700, 800, 900, 1000 and 1100 nm, respectively. (d) R values and (e)
D* values of InSe and InSeq g,Teg 15 alloy photodetector for various wavelengths at V= 1V. (f) I, and R values of InSe gTeg 15 alloy photodetector illuminated at 900 nm and V=1V

with various light intensities.

(D*) are calculated (find more detailed calculation in supporting
information), which are two important parameters for a photode-
tector. The calculated R values of InSe and InSeg g,Teg1s alloy pho-
todetectors illuminated by various lights with a bias of 1V are
shown in Fig. 3d. The InSegpg>Tep1g alloy photodetector shows
higher R values than those of InSe photodetector in whole illumi-
nation range. For example, the R value is 2.7 A/W and 7.1 A/W for
InSeggxTeg1g alloy photodetector under 1000 nm and 1100 nm,
which is two order of magnitudes higher than 0.02 A/W (1000 nm)
of InSe photodetector. The R value is effectively increased by
50—300 times in illumination region of 400—1000 nm by alloy
engineering. And the alloy photodetector has a response to
1100 nm light, which slightly expands the photodetection range.
The R value strongly depends on applied bias as shown in Fig. S4a
and the R increases as applied bias increases. This behavior is
attributed to shortening of the carriers’ transit time and reduction
of the possibility of recombination by larger bias, which lead to
higher photocurrent [14]. For 1100 nm light, the R increases to 47.4
A/W at a bias of 5 V. Compared to InSe photodetector, the D* values
of InSep g2 Teg 13 alloy photodetector are slightly enhanced in Fig. 3e,
which are in the range of 10'°-10"" Jones. The external quantum
efficiency (EQE) of InSeg g2Teg1s alloy photodetectors is 1—2 orders
of magnitude higher than that of InSe photodetectors as shown in
Fig. S4b (find detailed calculation in Supporting Information). The
Iph/ldark is another important feature of merit for a photodetector.
The Ipn/lgark is 1.4 and 66 for InSeg g2Teq1g alloy and InSe photode-
tector for 400 nm light, respectively. Compared to multilayer InSe
photodetector, lower Ipn/lgark for multilayer InSeggaTeg s photo-
detector is limited by the high dark current, thus leaving room for
future improvement. As shown in Table S1, the InSegg,Teq g alloy
photodetector shows a good NIR detection performance, which
surpasses most of multilayer layered semiconductors [21—33], such
as BP, GeSe and Bi;0,Se. The alloy photodetector was illuminated
by 900nm with various light intensities and the calculated

photocurrent (Ipn) and R values at a bias of 1V are exhibited in
Fig. 3f. The Iy, increases as light intensity increases, which is
directly proportional to P%#* suggesting that part of photo-
generated carriers recombine through trap states. The R values
decrease as light intensity increases, owing to trap states in either
in InSegg,Teg1g alloy nanosheets or at the interface between the
InSeg g2Teg1s alloy and SiO, substrate, which are similar to InSe
photodetector [18]. Above results demonstrate that photoresponse
of InSe is significantly enhanced by alloy engineering, and
InSep s2Teg1s alloy photodetector owns a broadband photoresponse
region from visible (400 nm) to NIR light (1100 nm).

The stability is an important parameter to a photodetector in
practical application. To investigate the stability of InSegg>Teg s
alloy photodetector, modulated 900 nm light were illuminated on
this device and the current is shown in Fig. 4a. The photodetector
shows a good multi-cycles stability with a reproduced switching
from light-on to light-off state. Response time is another important
parameter for a photodetector to applied in optical communication.
To extract dynamic response time of rise process and decay process,
a magnified photoresponse curve is shown in Fig. 4b. The response
time is 1 and 3 s for rise process and decay process, respectively.
The response speed of alloy photodetector is slower than InSe
photodetector [14], which may be due to defects derived from the
process of Te replacing Se.

4. Conclusions

In summary, the multilayer InSeyg2Teg1s alloy photodetector
was fabricated and the photoresponse of multilayer InSegg,Teg1s
alloy was studied for the first time. Compared to multilayer InSe,
the multilayer InSeq g>Teg1g alloy shows a broader photoresponse
from visible light (400 nm) to NIR light (1100 nm), which is due to
its smaller direct bandgap of 1.13 eV. The multilayer InSeg g>Teg g
alloy photodetector exhibits higher photodetection performance
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than InSe device and the R values are significantly enhanced by
50—300 times, especially in NIR light region. The R value is 7.1 A/W
for 1100 nm light, which surpasses most of multilayer layered
semiconductors, such as BP, GeSe and Bi,0;Se. Besides, the multi-
layer InSegg>Tep g alloy photodetector owns a good stability and
relatively fast response time. This work demonstrates that alloy
engineering is powerful tool to improve photoresponse of multi-
layer InSe and suggests that InSeg g, Teg 1g alloy is a good candidate
for application in NIR photodetector.
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