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Introduction

2D materials have attracted intense attention due 
to their excellent physical properties, such as high 
mobility, on/off current ratio and the tunable band 
gap [1, 2], which make them potential candidates for 
the next generation applications in flexible transparent 
electrodes, photonics sensors, conductive composites, 
gas separation membranes and nonlinear optics [3–8]. 
The zero band gap of graphene limits its application in 
field effect transistors (FET) [9]. As a result, many works 
have been done in the fields of semiconducting TMDs 
such as MoS2, WS2, MoSe2 and WSe2, exploring large 
scale synthetic methods and unique properties of these 

TMDs [10–14]. As a comparison, IIIA-VIA layered 
materials such as GaS, GaSe, In2Se3 and InSe also show 
potential applications for next generation electronics 
and optoelectronics due to their suitable bandgaps 
[15–18]. In particular, ultra-high mobility of 1000 cm2 
V−1 s −1 in multilayer InSe transistors was reported by 
Hu’s group [19], quantum hall effect and anomalous 
response were realized in atomically thin-atom InSe 
[20], and high performance photodetectors based on 
few-layered InSe or InSe/graphene heterostructure 
have been demonstrated [17, 21–23]. Besides the 
optoelectronic and photosensitive device applications, 
InSe has also been considered as a promising candidate 
to accommodate nonlinear optical effect. Especially, 
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Abstract
III–IV layered materials such as indium selenide have excellent photoelectronic properties. However, 
synthesis of materials in such group, especially with a controlled thickness down to monolayer, still 
remains challenging. Herein, we demonstrate the successful synthesis of monolayer InSe by physical 
vapor deposition (PVD) method. The high quality of the sample was confirmed by complementary 
characterization techniques such as Raman spectroscopy, atomic force microscopy (AFM) and high 
resolution annular dark field scanning transmission electron microscopy (ADF-STEM). We found 
the co-existence of different stacking sequence (β- and γ-InSe) in the same flake with a sharp grain 
boundary in few-layered InSe. Edge reconstruction is also observed in monolayer InSe, which has a 
distinct atomic structure from the bulk lattice. Moreover, we discovered that the second-harmonic 
generation (SHG) signal from monolayer InSe shows large optical second-order susceptibility 
that is 1–2 orders of magnitude higher than MoS2, and even 3 times of the largest value reported in 
monolayer GaSe. These results make atom-thin InSe a promising candidate for optoelectronic and 
photosensitive device applications.
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monolayer InSe offers the possibility to study the 
second-order optical nonlinearity due to the lack of an 
inversion center.

Second-harmonic generation (SHG) effect is a 
nonlinear optical effect. It refers to a process that two 
photons with the same frequency are effectively com-
bined inside the material, emitting one new photon 
with twice of the energy and frequency of the initial 
photon. Such effect is often observed in crystals with 
nonlinear dielectric response matrix. Recently, non-
linear optical effects in monolayer materials have 
attracted intensive attentions. The SHG effect in 2D 
monolayer such as graphene, WSe2, MoS2, GaSe and 
few layer InSe have been studied [24–28]. However, 
the SHG effect in monolayer InSe has not been inves-
tigated yet. Exploring the strong nonlinear effect in 
monolayer InSe is of great importance in expanding its 
potential applications. As the first step, access to large-
scale InSe with good thickness control is necessary. 
So far, high quality monolayer IIIA-VIA materials are 
produced mainly by chemical or mechanical exfolia-
tion from their bulk counterparts, which, however, are 
in low yield and with poor thickness control. Although 
the synthesis of monolayer GaSe and In2Se3 have been 
reported [29–31], the synthesis of monolayer InSe 
still remains challenging. The difficulties in synthesiz-
ing monolayer InSe originates from the fact that rich 
phases of InxSey are easily produced at high temper
atures, such as InSe, InSe2, In2Se3, In3Se4 and so on  
[32, 33], making the process hard to control. Moreo-
ver, the decomposition of InSe at high temperatures is 
another barrier to produce high quality InSe mono
layer [34]. A recent literature reported synthesis of 
InSe film by pulsed laser deposition (PLD) [35], but 
there is little effort in exploring other possible routes to 
obtain InSe layers in large scale.

Here, we report the successful synthesis of large-size 
monolayer InSe by physical vapor deposition (PVD) 
method. The size of InSe is up to 40 µm and the thick-
ness can be controlled by growth time. Temperature 
dependent Raman spectra demonstrates the high 
quality of the as-synthesized InSe films. The atomic 
structures of InSe, including monolayer, few-layer and 
edges, were identified by scanning transmission elec-
tron microscope (STEM). The monolayer InSe exhibits 
strong second-harmonic generation signal and the few-
layer InSe FET shows good photoelectronic properties.

Methods

Synthesis of InSe atomic layers
In our experiment, the silica boat containing InSe 
(99.99%, Alfar) powder (20 mg) was put in the center 
of the tube. A piece of Si wafer with 285 nm SiO2 top 
layer was placed in the downstream about 10–15 cm 
far away, served as the substrate for the sample growth. 
Argon flow of 60 standard cubic centimeters per 
second (sccm) provide an inert atmosphere, and also 
carried the vaporized InSe gas to deposit on the surface 

of SiO2/Si. The InSe powder was heated to 830 °C in 
30 min and kept at 830 °C for 5 min to 20 min for the 
growth of InSe atomic layers. Then the system was 
cooled down to room temperature.

Raman measurement
Raman measurement with the excitation laser 
of 532 nm was performed using a WITEC alpha 
200R Confocal Raman system. Before Raman 
characterization, the system was calibrated with the 
Raman peak of Si at 520 cm−1. The Raman mapping 
was performed on the same system with the same laser 
line. The laser powers are less than 1 mW.

SHG measurement
The output from a mode-locked Ti:sapphire laser 
(output wavelength: 800 nm and repetition rate: 76 
MHz) was filtered, attenuated, and focused on a sample 
by microscope objective lens (100×, NA  =  0.95, with 
spot size ~1.6 µm at fundamental wavelength). The 
SHG signal was then back collected by the same lens, 
separated using a dichroic mirror, and filtered by a 
650 nm short pass filter before entering a spectrometer 
(PI Acton 2500i with a liquid nitrogen cooled charge 
coupled device—CCD camera). To measure the 
polarization dependence of the SHG signal, the 
fundamental beam was first prepared in a linear 
polarization state using a polarizer. By placing a linear 
polarizer in front of the spectrometer, we measure x 
and y components as a function of θ, the angle between 
crystal axis and the polarization angle of incident light, 
by rotating the sample about the z axis.

STEM sample preparation and characterization
The STEM samples were prepared with a poly (methyl 
methacrylate) (PMMA) assisted method. A layer of 
PMMA of about 1 µm thick was spin-coated on the 
wafer with InSe samples deposited, and then baked 
at 170 °C for 5 min. Then the wafer was immersed in 
KOH solution (1 M) to etch the SiO2 layer over night. 
After lifting off, the PMMA/InSe film was transferred 
to DI water for several cycles to wash away the residual 
contaminations, and then it was fished by a TEM grid 
(Quantifoil Mo grid). The transferred specimen was 
dried naturally in ambient environment, and then 
dropped into the acetone overnight to wash away 
the PMMA coating layers. The monolayers were 
transferred on to transmission electron microscope 
(TEM) microgrids. STEM imaging and EELS chemical 
analysis was performed by JEOL 2100F equipped with 
Delta correctors and GIF quantum spectrometer, 
operated at 60 kV. The inner and outer collection 
angles for the STEM image (β1 and β2) were 62 and 
129–140 mrad, respectively, with a convergence semi-
angle of 35 mrad.

Device fabrication and characterization
The as-grown InSe few layer was patterned to a 
rectangle with UV-lithography and oxygen plasma, 
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then 5/50 nm Cr/Au layers were deposited on the 
rectangle with E-beam vapor deposition as electrodes 
with UV-lithography. The optical image of the 
fabricated device is shown in figure 6(a). The devices 
were measured with a probe station in a vacuum 
chamber.

Results and discussion

Figure 1(a) shows the reaction system that was used 
to synthesize InSe layers. The InSe powder was used 
as the source and Ar as the carrier gas. The details of 
the synthetic method can be found in the Methods 
section. Figures  1(b) and (c) illustrate the crystal 
structure of InSe with Se–In–In–Se bonding in one 
layer. Figures  1(d)–(f) display the optical images of 
InSe with different sizes and layers by controlling the 
growth time at the growth temperature of 830 °C. 
In our experiment, the distance between the source 
and substrate is about 12 cm. The size of monolayer 
InSe can reach up to 40 µm when the growth time is 
10 min. Note that the size of monolayer InSe is small 
when the growth time is less than 5 min. As the growth 
time increases, few-layer InSe starts to appear, which 
are shown in figure  1(f). More optical images of 
InSe flakes with different thickness under different 
growth time are shown in figure  S1 (stacks.iop.
org/TDM/5/025019/mmedia). The corresponding 
scanning electron microscopy (SEM) images of 
monolayer InSe are shown in figure  S2, showing a 
homogenous morphology.

Figure 2(a) shows the optical image of InSe film 
with size up to 30 µm, the corresponding AFM image 

shown in figure 2(b) reveals that the thickness of the 
film is about 0.8 nm, confirming that the as-synthe-
sized InSe is monolayer [21]. Figures 2(c)–(e) show the 
optical image and AFM image of InSe with different 
thickness, ranging from 1 L to 6 L. In order to examine 
the crystal quality of the as-growth InSe, Raman spec-
tra was used to characterize InSe crystals with 532 nm 
laser as the excitation source. The Raman spectra of 
monolayered, 5 layered and 10 layered InSe are shown 
in figure 2(f). The Raman peaks located at 117 cm−1 
and 202 cm−1 are attributed to the A′

1 and A′′
2  modes 

of InSe, respectively, which is consistent with previ-
ous report [21]. The temperature dependent Raman 
spectra of monolayer InSe measured under the same 
laser power can be found in figure S3, which suggests 
that the intensity of Raman peaks increases with the 
temperature decreases. The comparison of Raman 
peak (A′

1 mode) positon under different temperature 
is shown in figure 2(g). The Raman mapping of A′

1 
mode is presented in figure S3, showing uniform of the 
as-grown InSe.

The stability of as-synthesized monolayer and few-
layer InSe were further studied in the ambient condi-
tions. Figure 3 shows the optical images of monolayer 
InSe exposed in air with different time. Optical con-
trast exhibits that the monolayer InSe decomposes 
when it was exposed in air for several days. However, 
the few-layer InSe keeps its shape and contrast as the 
fresh samples, which are shown in figure  S4. Addi-
tionally, the Raman spectra of few-layered InSe has 
no change after exposure in air for 9 d, as shown in 
figure S4(e). The result demonstrates the stability of 
the InSe thin film. In contrast, the WTe2, MoTe2 and 

Figure 1.  PVD setup and optical images of atomically layered InSe. (a) InSe layers synthesized via PVD method using the InSe 
powder as precursor. SiO2/Si wafer was used as a substrate. (b) and (c) Crystal structure of InSe. The purple balls refer to indium 
atoms and selenium atoms are in green. InSe shows a hexagonal structure with single layer symmetry of D 3 h. The lattice constant 
along a or b axis is 0.40 nm and the distance between two neighboring layers is around 0.8 nm. (d)–(f) Optical images of InSe with 
different grow time of 5 min, 10 min, and 20 min, respectively. Monolayer InSe can be obtained for a short-time growth less than 
10 min (d) and (e) and few-layer InSe can be produced for a longer reaction time (f).

2D Mater. 5 (2018) 025019
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BP decompose quickly when they were exposed in air 
for few hours [36, 37]. The results indicate that the as-
synthesized InSe has higher stability than the BP [36], 
MoTe2 and WTe2 [37].

Annual dark-field (ADF) imaging in STEM was 
used to characterize the quality and crystal structure 
of InSe film. Figure 4(a) shows an atomic resolution 
STEM image of the monolayer InSe film. Since the 
intensity of the STEM image is directly related to the 
atomic number of the imaged species in the monolayer 
sample [38], the bright In columns and less bright Se 
columns are clearly resolved to maintain a hexago-
nal atomic arrangement in the projected plane along 
(0 0 1) zone axis. Notably, both In and Se columns have 
an projected shape of ellipse rather than circle, where 
the Se columns have longer elliptical axis. This is due 
to the presence of a small titling angle on the sample, 
which displaces the In and Se columns. Since InSe 
maintains a 4 atomic layer structure where two In layer 
are sandwiched by the other two Se layer, the Se col-
umns have larger displacement than In if a tilting angle 
presents in the monolayer film, as indicated by the 
structural models, resulting in a more elliptical shape. 
The simulated STEM image achieves a good agree-

ment with the experimental image, where the intensity 
and column shape match quite well as shown in the 
line intensity profile, further confirming the structural 
quality of the monolayer InSe film. Figure 4(b) shows 
the electron energy loss spectrum of the monolayer 
region, which unambiguously displays the chemical 
identity of In and Se in the film.

We further explored the atomic structure of 
few-layer InSe. Bulk InSe has two different phase, β  
(hexagonal P63/mmc) and ϒ (rhombohedral R3m) 
due to different stacking sequence of individual layers 
[39]. As the layer of InSe piles up, it can either form β- 
or γ-InSe depending on the stacking order. Figure 4(c) 
shows the STEM images of two different stacking 
orders in few-layer InSe. β-InSe is an analogy of 2H 
stacking in transition-metal dichalcogenide MX2 
(such as MoS2) structures where the Se (In) columns 
in the second layer are well-aligned the In (Se) columns 
in the first layer. On the other hand, γ-InSe is similar 
to 3R stacking where the stacking follows the ABCABC 
patterns, as illustrated by the structural models in 
figure 4(c). The good agreement of the experimental 
images with the simulation further confirms the cor-
rectness of the models. Therefore, β-InSe and γ-InSe 

Figure 2.  AFM and Raman characterizations of atomically layered InSe. (a) Optical image of large-scale monolayer InSe.  
(b) Monolayer InSe and the height topography at its edge. The thickness of the flake is around 0.8 nm, confirming that the as-
synthesized InSe is monolayer. (c) Optical image of InSe with different layers and the corresponding AFM height topography images 
shown in (d). The interlayer distance of ~0.8 nm is estimated in (e). (f) Raman spectra of 1 L, 5 L and 10 L InSe. (g) The Raman peak 
(A′

1) position of monolayer InSe dependences of temperature from 80 K to 300 K.

2D Mater. 5 (2018) 025019
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can be directly distinguished in the experimental 
images due to their different atomic arrangements 
and contrast profiles. More importantly, we found that 
both β- or γ-InSe can co-exist in the CVD-grown few 
layer InSe which forms a stacking boundary, as shown 
in figure  4(d). The interface has an abrupt pattern 
change from β- to γ-InSe, suggesting an atomically 
sharp boundary between the two domains as high-
lighted by the red dashed line. The fast Fourier trans-
form pattern (FFT) of the same region only shows one 
set of hexagonal spots, confirming the two sides share 
the same orientation. These abrupt stacking bounda-
ries may modify the optical and electrical properties in 
the InSe matrix, as illustrated by similar structures in 
MX2 structures [40, 41].

We also investigated the edges of InSe monolayer 
since the edge states have profound effect on the elec-
tronic structure. Figure 4(e) shows an atomic resolu-
tion STEM image of a free-standing fresh edge of InSe 
monolayer and the corresponding deconvoluted data 
for better visibility. The outmost two rows of atoms 
maintain lower intensity than the other atoms inside 
the film, which can be attributed to single Se and In 
atoms according to their contrast profile. Conse-
quently, the edge forms distorted hexagons terminated 
by Se atoms, presumably due to the preferential lower 
energy configuration as capped by in-plane In–Se 
bonding instead of Se2 or In2 columns, as illustrated 
by the side view of the atomic model. Simulation using 
such structural model matches well with the exper
imental images, corroborating the occurrence of edge 
reconstruction. Such edge structure is dramatically 
different from the previously reported edges in bilayer 
GaSe which is terminated by Se2 columns [42].

We explored the SHG effect in monolayer InSe 
under the non-resonant condition and compare it 
with monolayer WS2, monolayer MoS2 and monolayer 
GaSe (Supporting Information). Figure  5(a) shows 
the optical images of InSe that was used to explore the 

SHG. We selected the wavelength of ~800 nm as the 
excitation wavelength and investigated the depend
ence of SHG intensity on the laser excitation power, 
which are shown in figure 5(b). The strong SHG sig-
nal appears at 400 nm. The intensity of SHG increased 
with the laser excitation power increased from 1 mW 
to 8 mW. According to the electric dipole theory 
which predicts that under the first-order perturba-
tion ISHG  =  |E(2ω)|2 ∝ |P(ω)|2, where ISHG, E(2ω) and 
P(ω) are the SHG intensity, SHG electric field vector 
and excitation power, respectively, the SHG intensity 
should show a quadratic dependence on the excita-
tion power. In our experiment, the measured intensity 
of SHG changes with different laser excitation power, 
and the square fitted result is shown in figure  5(c), 
consistent with theory calculation that the exponent 
is a value of 2. The optical second-order susceptibil-
ity was quantitatively estimated for monolayer InSe, 
the corresponding calculation formula same as the 
reported in other TMDs with the same structure is 
shown in supporting information. We found that the 
χ in monolayer is about 6.39  ×  10−9. To the best of our 
knowledge, it is the largest value reported so far, which 
is around 2 orders of magnitude larger than monolayer 
MoS2, and even 3 times higher than the monolayer 
GaSe.

Based on the strong SHG signal, we further inves-
tigated the crystal structure of InSe by polarization-
dependent SHG intensity. The intensity of SHG was 
detected with the emission field polarization parallel 
to the excitation field. Due to the three-fold symme-
try in the monolayer InSe crystal structure, a six-fold 
rotational symmetry of SHG intensity were obtained 
with SHG intensity varying under different azimuthal 
angle theta (shown in figure 5(a)). The corresponding 
polarization-dependent SHG intensity is shown in 
figure 5(d), it can be seen that a clear six-petal pattern 
was obtained, which reveals the symmetry and orien-
tation of the InSe monolayer. The intensity of the SHG 

Figure 3.  Time-dependent optical images of monolayer InSe. (a) The optical image of freshly PVD synthesized samples, monolayer 
and few layer InSe are highlighted in red and blue, respectively. (b)–(d), shows the optical image of the samples in (a) after exposed in 
air 5 d, 7 d and 9 d, respectively, which show that the as-synthesized InSe is more stable than BP, MoTe2 and WTe2.

2D Mater. 5 (2018) 025019
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dependence of the azimuthal angle can be describe by 
I  =  I0Sin(θ), where the I and I0 are the SHG intensity 
and maximum intensity of SHG response, respec-

tively. It can be seen that the maximum petal direc-
tion is parallel to the in-plain Se–In or In–Se direction, 
which cannot be distinguished due to the structure of 

Figure 4.  STEM characterization of InSe monolayer, stacking order and edges. (a) ADF-STEM image of monolayer InSe. The 
elliptical shape of the atomic columns comes from the displacement of the overlapping atoms due to the presence of a small tilting 
angle (~10°). Simulation and atomic structural models are provided on the right. The intensity profile along the highlighted 
white dashed line is also displayed below the image. (b) EELS spectrum of the monolayer InSe region. (c) ADF-STEM image of the 
β- and γ-InSe few layer with the simulated images overlaid. The structural models are provided underneath. (d) Atomically sharp 
stacking boundary between the β- and γ-InSe domains. FFT patterns show the same orientation on the two sides. (e) ADF-STEM 
and corresponding deconvoluted image of the reconstructed edge structure in a free-standing InSe monolayer. The simulation is 
overlaid. Atomic model is provided on the right. The edge is capped by in-plane In–Se bonding rather than Se2 or In2 columns.

Figure 5.  Second-harmonic generation in monolayer InSe. (a) Optical image of monolayer InSe. (b) SHG intensity dependency 
on the emission power. The SHG intensity increases as the power increased. The measured and square fitted of the intensity of 
SHG dependence of pump power are shown in (c). The exponent is about 2. (d) SHG intensity dependency on the azimuthal angle. 
The six-fold rotational symmetry suggests the three-fold symmetry in monolayer InSe as shown in (e), the atomic structure of the 
monolayer InSe.

2D Mater. 5 (2018) 025019
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monolayer InSe. The corresponding possible structure 
model is shown in figure 5(e).

In order to further investigate the optical and 
electronic properties of InSe, FET devices were fabri-
cated using the few-layer InSe. The Cr/Au (~5 nm and 
50 nm, respectively) contacts as the drain and source 
were thermally evaporated onto the surface defined 
by electron beam lithography (EBL). The output and 
the transfer characteristics of the fabricated transis-
tor are shown in figures  6(a) and (b), respectively. 
The results show that the InSe maintains an n-type 
semiconductor character and the FET device shows 
good contact under different drain and source volt
ages. The on/off ratio shown in figure 6(b) is about 
103, better than the reported value in exfoliated InSe 
flakes [21].

We also investigated the photodetector proper-
ties in the few-layer InSe sample. Figure 6(c) shows 
the I–V characteristics of InSe photodetector meas-
ured under dark and different light intensity with 532 
laser illuminated. The photocurrent reaches about  
17 nA at light intensity 25 mW cm−2. Notably, Id shows 
strong photo response dependence on the incident 
light intensity (P), as shown in figure 6(d). From the 
equation  photoresponsivity  =  (Ilight  −  Idark)/Plight 
and according to the result in figure 6(d), the photo-
responsivity is calculated to be ~6 A W−1, which 
is superior to other 2D materials such as graphene, 
GaS, and GaSe [16, 43, 44], further demonstrating 
InSe layers as an excellent candidate in optoelectronic 
applications.

Conclusions

In summary, InSe monolayers and few-layers were 
successfully synthesized via PVD method. The high 
quality was confirmed by various characterization 
techniques, and its atomic structure is investigated 
by high resolution ADF-STEM imaging. We found 
different stacking orders co-exist in the same film, 
connected by a sharp stacking boundary. Edge 
reconstruction with distinct atomic structure was 
also observed in monolayer InSe. The observed 
strong SHG signal arising from the InSe monolayer 
further revealed its SHG intensity dependence 
of the azimuthal angle, showing excellent optical 
second-order susceptibility. FET and photodetector 
fabricated using few-layer InSe shows high on/off 
current ratio and high photo-responsivity. All these 
results indicate the potential of InSe in the field of 

optoelectronic applications.
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