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1. Introduction

The success of graphene research has inspired 
tremendous interest in two-dimensional (2D) 
materials beyond graphene, particularly 2D 
semiconductors with finite-size bandgap and high 
carrier mobility [1–4]. One particularly influential 
effort is on the transition metal dichalcogenides 
(TMDCs), which exhibit a transition from an indirect 
bandgap to a direct bandgap semiconductor when 
the TMDC flake is thinned down to the monolayer 
limit [1, 4, 5]. Monolayer TMDCs possess a unique 
valley-spin degree of freedom [5, 6] and strong 

light–matter interaction [7], which can be exploited 
for novel quantum optoelectronic applications. 
However, having the direct bandgap in a limited 
visible spectrum range and limited carrier mobility 
compromise the prospect of utilizing TMDCs for light 
emitting device, solar energy harvesting or quantum 
electronic device applications [1, 8, 9]. In parallel, thin 
black phosphorous (BP) flake has been re-discovered 
as a new 2D material with carrier mobility as high as 
6000 cm2 V−1 s−1 which enabled the observation of 
quantum interference effect and quantum Hall effect 
(QHE) [3]. Optically, BP remains a direct bandgap 
material with an optical bandgap sensitively dependent 
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Abstract
InSe, a member of the layered materials family, is a superior electronic and optical material which 
retains a direct bandgap feature from the bulk to atomically thin few-layers and high electronic 
mobility down to a single layer limit. We, for the first time, exploit strain to drastically modify the 
bandgap of two-dimensional (2D) InSe nanoflakes. We demonstrated that we could decrease the 
bandgap of a few-layer InSe flake by 160 meV through applying an in-plane uniaxial tensile strain 
to 1.06% and increase the bandgap by 79 meV through applying an in-plane uniaxial compressive 
strain to 0.62%, as evidenced by photoluminescence (PL) spectroscopy. The large reversible bandgap 
change of ~239 meV arises from a large bandgap change rate (bandgap strain coefficient) of few-
layer InSe in response to strain, ~154 meV/% for uniaxial tensile strain and ~140 meV/% for uniaxial 
compressive strain, representing the most pronounced uniaxial strain-induced bandgap strain 
coefficient experimentally reported in 2D materials. We developed a theoretical understanding of 
the strain-induced bandgap change through first-principles DFT and GW calculations. We also 
confirmed the bandgap change by photoconductivity measurements using excitation light with 
different photon energies. The highly tunable bandgap of InSe in the infrared regime should enable a 
wide range of applications, including electro-mechanical, piezoelectric and optoelectronic devices.
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on layer numbers, approaching the bulk value of 
~0.3 eV from the monolayer value of ~1.5 eV quickly 
as the layer number increases [10–12]. However, BP 
is extremely unstable under ambient conditions. The 
challenge of device stability has to be solved before it 
can be implemented for optoelectronics applications 
[13].

As a prototypical layered material in the III–VI 
family, InSe is a stable nonlinear optical crystal and 
exhibits superior electrical and optical properties [2, 
14–17]. Recently, the QHE has been demonstrated in 
a thin flake (6 layers) with mobility exceeding 10 000  
cm2 V−1 s−1 [2]. Moreover, in contrast to the TMDCs, 
InSe is a direct bandgap material from the bulk to a few 
layers (>5 layers), which renders it a promising can-
didate for efficient optoelectronic devices possessing 
large absorbance [15–17]. In addition, the bandgap of 
multilayer InSe is located in the infrared regime and 
bridges the spectrum gap between the TMDCs and BP 
[15].

One unique advantage of 2D materials is their 
ultrahigh flexibility [18]. It has been shown that a sin-
gle-layer graphene can sustain as much as ~10% strain 
without mechanic failure [19], and similar findings 
have also been reported in other 2D semiconductors 
such as MoS2 [19–24]. Meanwhile, strain can effec-
tively and reversibly change the band structure of 2D 
materials to achieve a tunable spectral response in 
optoelectronic devices [21–23, 25–27]. 2D InSe flakes 
provide an ideal platform to realize such functionality 
in the infrared regime. Unlike the TMDCs, a few-layer 
InSe is a direct bandgap semiconductor [15, 28]. Con-
sidering the relatively small exciton binding energy in 
a few-layer InSe flake [28], we expect that the optical 
bandgap obtained from the PL spectroscopy would 
correspond closely to the direct bandgap at the Γ point 
for a few-layer (>5) system in the bulk hexagonal BZ, 
which is folded from the Z point in the BZ of rhombo-
hedral primitive cell (supporting information). There-
fore, PL spectroscopy can be employed to investigate 
the strain-induced bandgap modulation of few-layer 
InSe flake. The strain effect on the InSe bandgap, to our 
best knowledge, has not been explored experimentally.

In this work, we demonstrate that, for a typi-
cal few-layer InSe flake,we can reversibly modulate 
the bandgap by about 239 meV by spanning a uni-
axial compressive strain up to 0.62% (increasing the 
bandgap by ~79 meV) and a uniaxial tensile strain 
up to 1.06% (decreasing the bandgap by ~160 meV). 
This substantial bandgap modification arises from a 
steep bandgap strain coefficient of ~140 meV/% for 
uniaxial compressive strain and ~154 meV/% for the 
uniaxial tensile strain. The observed bandgap strain 
coefficient is the most pronounced among what have 
been reported in 2D materials, which would not only 
make InSe-based optoelectronic devices highly tun-
able in spectral response but also would render them 
promising candidates for flexible and sensitive strain 
sensors. We also confirm the bandgap modification by  

photoconductivity spectroscopy in which we measure 
the photoconductivity as a function of excitation pho-
ton energy.

2. Methods

Experimentally, we exfoliated InSe flakes from the 
γ-InSe single crystal onto the flexible poly(ethylene 
terephthalate) (PET) substrate with a thickness of 
120 µm. The strain was applied using a home-built 
instrument in which the PET film was clamped at both 
ends. By pushing the PET film from one clamped end 
through a micrometer manipulator, we can precisely 
control the lateral movement and determine either 
uniaxial tensile or compressive strain, as schematically 
shown in figure 1(c). The quantitative strain value 
can be determined by a two-point bending method: 
the bent PET is assumed as a circular arc for the 
strain calculation with the equation: ε = τ/R, where 
2τ and R are the thickness of PET substrate and the 
radius of curvature of the bent PET, respectively 
(figure 1(d)) [20]. Details of the strain measurement 
method can be found in the supporting information 
(SI). We investigate the strain effect using Raman and 
PL spectroscopy in a confocal microscope setup. We 
also studied the strain effect using the photocurrent 
measurement. First-principle calculations using 
density function theory (DFT) and quasiparticle 
GW calculation are employed to understand our 
experimental results. The details of the calculation 
and crystal growth can be found in the Supporting 
Information.

3. Results and discussion

The atomic structure of rhombohedral γ-InSe is given 
in figure 1, consisting of In–Se–Se–In single layers 
stacked vertically with van der Waals interaction. Each 
layer is of a hexagonal structure with D3h symmetry. 
The layer-dependent bandgap of InSe has been 
investigated both theoretically and experimentally 
[15, 28]. Bulk InSe is a direct bandgap semiconductor 
with both the conduction band minimum (CBM) and 
valence band maximum (VBM) located at the Z point, 
forming a direct bandgap semiconductor. InSe flakes 
retain the direct bandgap feature until they are less 
than five layers thick [15, 28].

We first investigate the evolution of the Raman 
modes of InSe with tensile strain [20, 21]. As shown 
in figure 1(e) (and figure S2 in the SI), the prominent 
peaks at 180, 198 and 226 cm−1 for the unstrained InSe 
(~8 nm thick) on the PET film correspond to the dou-
bly degenerate non-polar E mode (Eʹ(Γ1

3) and Eʺ(Γ3
3)), 

polar A1 (LO) mode and non-polar A1 mode, respec-
tively, consistent with previous reports [17, 28]. Peak 
positions as a function of tensile strain are plotted and 
fitted to a linear function, shown in figure 1(f), where 
all three modes exhibit linear shifts as a function of 
tensile strain at a rate of  −3.3 (E mode), −3.37 (A1 
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(LO) mode) and  −3.08 (A1 mode) cm−1/% strain, 
respectively. It is worth noting that we did not observe 
an obvious splitting of the doubly degenerate in-
plane E mode at Raman shift of 180 cm−1, which can 
be ascribed to the relatively small strain applied or to 
peak broadening [20, 21]. Unlike the case of TMDCs 
in which only the in-plane Raman E mode is sensitive 
to the in-plane strain, both in-plane and out-of-plane 
Raman modes of InSe are shifted under strain, indicat-
ing that the tensile strain has significant effects on both 
vibrations along and perpendicular to the xy-plane. 
The change in the Raman E mode (~180 cm−1) in 
few-layer InSe is mainly determined by the change of 
intralayer In–Se bonds [28], and a shift of the Raman E 
mode can be intuitively understood as the application 
of a tensile strain would increase the intralayer In–Se 
bond length. Meanwhile, the Raman A1 (LO) and A1 
modes are determined by the In–Se and In–In bond 
perpendicular to the xy-plane, respectively. Due to the 
Poisson contraction, these bond lengths and interlayer 

distance would change with strain, leading to the shift 
of the out-of-plane Raman A1 (LO) and A1 modes 
[28]. The large shift of Raman A1 (LO) and A1 modes 
in figures 1(e) and (f) also indicate that the effect of 
out-of-plane strain due to the Poisson contraction 
cannot be ignored in InSe flakes, different from that in 
the TMDCs.

The strain-dependent Raman E, A1 (LO) and A1 
modes enable us to calculate the parameters character-
izing anharmonicity of the inter-atomic potential such 
as the Gruneisen parameter, which describes the effect 
that varying the volume of a crystal has on its vibra-
tional properties. The Gruneisen parameter (γm) can 
be calculated by the following equation [29]:

γm = − ω − ω0

2ε(1 − ν)ω0
,

where ω(ω0) is the frequency of a Raman mode with 
(without) strain, υ is Poisson’s ratio (~0.4) [30], and 
ε the tensile strain. The Gruneisen parameters (γm) 

Figure 1. Strain-induced Raman mode shifts in few-layer InSe. (a) A side view of the atomic structure of the InSe crystal structure. 
In atom: purple. Se atom: green. (b) A top view of the InSe crystal structure showing a hexagonal structure with D3h symmetry. (c) 
A schematic of the two-point bending apparatus used for applying uniaxial tensile and compressive strain. (d) A schematic for the 
calculation of the strain in InSe flake. (e) Evolution of Raman spectra of an InSe flake of thickness ~8 nm with the tensile strain from 
0 to 0.79%. The phonon vibration modes E, A1 (LO) and A1 modes, are labeled. (f) The peak positions of E, A1 (LO) and A1 Raman 
modes as a function of applied strain. Schematic representation of relative atomic motion of each Raman mode is also shown.

2D Mater. 5 (2018) 021002
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of the E, A1(LO) and A1 modes are determined to be 
~1.51, ~1.39 and ~1.12 for the few-layer InSe shown 
in figure 1(e), respectively, consistent with previous 
experimental results induced from the temperature-
dependent Raman characterization of bulk InSe [31].

We further investigate the evolution of the InSe 
bandstructure with strain using photolumines-
cence (PL) spectroscopy and first-principles calcul-
ations. Drastically different from semiconduct-
ing TMDCs, our first-principles calculation shows 
that the unstrained InSe with thickness more than 
~4 nm (about five-layer with a single layer thickness 
of 0.82 nm) can be approximately treated as a direct-

bandgap semiconductor, with 
∣∣∣EΓ

g − Eind
g

∣∣∣ < 30 based 

on DFT calculations, where EΓ
g  is the direct bandgap 

at Г point, and Eind
g  the indirect bandgap (SI). Conse-

quently, with the neglect of possible excitonic effects, 
the PL spectroscopy directly reads out the optical 
bandgap of InSe through the PL peak position. Con-
sidering the significant dielectric screening when the 
layer number exceeds five (exciton binding energy 
will be small) [11], the optical bandgap of InSe is 
approximately the same as the quasi-particle band-
gap. Figure 2(a) shows the PL spectra of multilayer 
InSe of thickness ~12 nm over a range of 0–1.06% ten-
sile strain. The main PL peak in the unstrained InSe is 
located at 1.34 eV. With increasing strain, the PL spec-

tra of InSe are significantly changed: the peak exhib-
its a redshift of about 118 meV with a tensile strain of 
~1.06%. We plot the PL peaks as a function of strain 
value for this sample in figure 2(b) (blue diamonds) 
with a linear fitting. The slope, demonstrating the sen-
sitivity of the optical bandgap to strain, is ~101 meV/% 
strain for this sample. We also explored the effect of 
strain on the bandgap of InSe flakes of different thick-
nesses. For all the flakes with thickness ranging from 
4 nm to more than 30 nm, the PL peak exhibits a con-
sistent red shift with increasing tensile strain, as shown 
in figure 2(b), and the peak shift rate is determined to 
be ~154  ±  8 meV/% for a thin flake (4 and 6 nm) and 
81  ±  4 meV/% strain for a thick flake (>30 nm).

We also investigate the effect of the compressive 
strain on the bandgap by applying a relatively small 
strain (from 0 to 0.62%), with the purpose of avoid-
ing complication due to potential buckling or other 
mechanical deformation of the flakes. As shown in 
figure 2(c), the PL peak of InSe of thickness ~14 nm 
blue-shifts by about 56 meV when the compressive 
strain approaches 0.59%, corresponding to a shift rate 
of ~100 meV/% strain. These results show that the 
bandgap of InSe can be increased through compres-
sive strain, compared with a decrease of the bandgap 
achieved with tensile strain. We also measured the 
compressive strain dependent PL of samples with dif-
ferent thicknesses, and the PL peak position as a func-

Figure 2. Strain-induced bandgap change revealed by PL spectroscopy. (a) PL spectra of a multilayer InSe of thickness ~12 nm. The 
applied uniaxial tensile strain ranges from 0 to 1.06%. Inset: the optical image of the flake on PET. The laser excitation spot is at the 
center of the pink flake. (b) PL peak positions versus tensile strain in InSe flakes of different thicknesses. (c) PL spectra of a multilayer 
InSe flake of thickness ~14 nm under different uniaxial compressive strains. (d) PL peak position versus compressive strain in InSe 
flakes of different thicknesses.

2D Mater. 5 (2018) 021002
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tion of strain is shown in figure 2(d). The bandgap of 
InSe flakes obtained from the PL spectra increases with 
strain, and the bandgap shift rate for a few-layer InSe 
flake (~ 5 nm) is determined to be ~140 meV/% strain. 
The combination of tensile strain and compressive 
strain greatly enhances the bandgap tunability of an 
InSe flake.

We compare our results with previously reported 
values in other one- and 2D materials, which we sum-
marized in table 1. It is evident that the bandgap strain 
coefficient with a uniaxial tensile strain in few-layer 
InSe is the most pronounced among what have been 
reported experimentally in 2D materials so far, several 
times larger than those of TMDCs and comparable to 

Table 1. Comparison of bandgap tunability between InSe and other 1D or 2D semiconductors under uniaxial tensile, compressive 
and biaxial strain. The InSe data with tensile strain (positive value) and compressive strain (negative value) are listed in the left column. 
Previously reported data from other 1D or 2D materials are organized in the right column for comparison.

Materials

Thickness 

(nm) Strain (%)

Strain 

coefficient 

(meV/%) Materials

Thickness  

(nm)

Strain  

(%)

Strain 

coefficient 

(meV/%)

InSe 4 1.06 153 MoS2 [21, 22] Monolayer 2.2 45

6 1.06 154 Monolayer 0.52 70

9 1.06 132 WSe2 [23, 39] Monolayer 1.04 60–70

12 1.06 101 Monolayer 1.4 54

20 0.88 88 MoSe2[32] Monolayer 1.1 27

35 0.79 81 WS2 [33] Monolayer 2.5 20–30

ReSe2 [36] Monolayer 1.64 36

InSe 5 –0.62 140 B–P [34, 35] 10 5 100–140

7 –0.62 123 4 0.92 117–124

10 –0.62 133 MoS2 [37] Monolayer >2 99

Biaxial strain

14 –0.59 100 GaAs [38] Nanowire 40 nm 3.5 84

Figure 3. Calculation of the strain induced bandgap change in InSe. (a) DFT-PBEsol and GW band structure of single-layer InSe. 
(b) DFT-PBEsol and GW band structure of bulk InSe. (c) Experimentally measured bandgap strain coefficients for uniaxial tensile 
strain (black dots) and compressive strain (red dots) as a function of the InSe flake thickness. The blue and green dashed lines label 
the calculated quasi-particle bandgap strain coefficient of single layer and bulk InSe, respectively.

2D Mater. 5 (2018) 021002
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that of BP [21–23, 25, 32–35]. This excellent tunability 
may finds its applications in the future development 
of flexible electronic, optoelectronic and photonic 
deviceswith near-infraredspectral response.

To understand the microscopic mechanism of the 
strain-induced bandgap change, we performed first-
principles density functional theory (DFT) calcul-
ations and quasi-particle GW calculations on InSe at 
the single-layer (figure 3(a)) and the bulk limit (figure 
3(b)). We did not include spin–orbit coupling (SOC) 
in the shown calculations because SOC has a mini-
mum effect on the bandgap studied here (see Support-
ing Information), considering the conduction band 
minimum (CBM) is mainly composed of In s orbit-
als and the valence band maximum (VBM) is mainly 
composed of Se pz orbitals [17, 28].

Unstrained single-layer InSe is found to be an indi-
rect bandgap semiconductor, with a ‘Mexican hat’ 
feature near the Γ point. As shown in figure 3(a), the 
direct bandgap at Γ is ~1.7 eV from DFT calculations, 
while GW calculations show a bandgap of ~3.1 eV. 
This drastic difference in the bandgap between the two 
calculations originates from strong electron–electron 
interaction and weak dielectric screening in quasi-2D 
materials. As the layer number increases to more than 
five layers, DFT calculations show that InSe quickly 

becomes a direct bandgap semiconductor, with the 
bandgap located at the Γ point (see supporting infor-
mation). The band structure of unstrained bulk InSe is 
shown in figure 3(b). Bulk InSe is found to be a direct 
bandgap semiconductor with the bandgap located at 
the Z point in the Brillouin zone (BZ) of the rhombo-
hedral primitive cell. The bandgap is 0.35 eV from DFT 
calculations and 1.25 eV from GW calculations. As for 
other semiconductors, the GW bandgap value shows 
an excellent agreement with the experimentally meas-
ured bandgap which is at ~1.27 eV for a 30 nm thick 
InSe layers.

Since we access the direct bandgap experimentally 
through PL spectroscopy, in our calculations, we focus 
on the strain effect on the corresponding direct band-
gap for the single-layer and bulk InSe. We first investi-
gate the strain effect on the single-layer InSe, and our 
DFT calculation shows that the bandgap strain coef-
ficient is 91 meV/% for an in-plane uniaxial tensile 
strain (see supporting information). Our GW calcul-
ation shows a coefficient of 97 meV/% (figure 3(c)), 
only 7% larger than that from the DFT calculation. 
We also calculated the bandgap strain coefficient for 
bulk InSe, and the DFT calculation shows a value of 95 
meV/% and the GW calculation results in an increased 
value of 114 meV/% (figure 3(c)).

Figure 4. Piezoresistivity and photoconductivity of the strained InSe flake. (a) Optical image of an InSe device on the PET substrate. 
(b) I–V curves of InSe of thickness ~35 nm under uniaxial tensile strain. (c) Normalized photocurrent of unstrained and tensile-
strained InSe as a function of excitation photon energy. (d) The corresponding PL spectra of InSe under different tensile strains.

2D Mater. 5 (2018) 021002
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We plot the experimental bandgap strain coef-
ficients for InSe of different thicknesses in figure 3(c) 
and compare them with the GW calculation results. 
Since PL peaks can be determined accurately in experi-
ments, the uncertainty in measurement is mainly 
from the strain calculation (see supporting informa-
tion). Figure 3(c) shows that for InSe flake of thickness 
~4 nm (5 layers) and ~6 nm (8 layers), the bandgap 
strain coefficient due to uniaxial tensile strain is almost 
the same, within the experimental uncertainty consid-
ered. The bandgap strain coefficient due to uniaxial 
compressive strain, which is slightly smaller, is also 
about the same for the InSe flake of thickness from 
~5 nm to ~10 nm. The value of the nearly constant 
bandgap strain coefficient is in better agreement with 
the GW calculation for bulk InSe (114 meV/%), and 
larger than what is predicted for the single-layer InSe 
(97 meV/%). In addition, we attribute the remain-
ing discrepancy between experimental and calculated 
bandgap strain coefficients to unintended out-of-
plane strain in the experiment, which is confirmed 
by the strain-induced shift of Raman A1 and A1(LO) 
modes in figure 1(e). Calculations with additional 
out-of-plane tensile (compressive) strain for bulk InSe 
structures with fixed in-plane compressive (tensile) 
strain will increase the calculated bandgap strain coef-
ficient (section 10 in SI). It is interesting to note that the 
strain-induced effect on the bandgap in few-layer InSe 
is closer to that of bulk InSe rather than a single-layer 
InSe. This can be intuitively understood by the fact that 
the electronic bandstructure of few-layer InSe is closer 
to that of the bulk InSe (direct bandgap at the Γ point: 
~1.3 eV) shown in figure 3(b), much smaller than that 
of the single-layer InSe at the Γ point (3.14 eV) shown 
in figure 3(a).

We also note that InSe flakes thicker than 10 nm 
show significantly decreased bandgap strain coeffi-
cient as the thickness of the flake increases. This trend 
is likely due to an effective strain decay in the thick 
flakes. The nominal strain is calculated based on the 
geometry of the flexible PET film, which should be 
the same as that in the thin InSe flake since it exactly 
follows the change of the substrate [20, 21]. For thick 
samples, we expect inefficient strain transfer between 
different layers, which will result in a strain gradient 
in the flake. This strain gradient is confirmed by the 
extra broadening observed in PL width of strained 
thick InSe flake (see supporting information), and it 
will reduce the effective strain applied to the flake and 
lead to reduced strain co-efficient observed. The band-
gap strain coefficient for bulk InSe is calculated as ~97 
meV/% for DFT and ~114 meV/% for GW, both larger 
than the observed value (~81 meV/%) from thick InSe 
of ~35 nm thickness.

The controllable modification of InSe bandgap 
enables the modulation of resistivity of InSe based 
devices. To demonstrate a relevant application in 
photodetection, we investigated the photocurrent 
response of an InSe flake of thickness ~35 nm sub-

jected to a tensile strain. The device was fabricated by 
exfoliation of an InSe flake directly onto a PET sub-
strate, followed by e-beam evaporation of 5/50 nm Ti/
Au to define electrodes using a shadow mask, avoid-
ing possible contamination induced by photoresist or 
e-beam resist residue. The optical image of the device 
is shown in figure 4(a). According to figure 4(b), the 
conductance increases by 1.5 times at a bias of 200 mV 
as the tensile strain is increased to 0.59%. Due to the 
non-centrosymmetric character of multilayer γ-InSe 
flakes, there are two effects potentially contributing 
to the change of transport behavior: the piezoelectric 
effect, in which strain-induced charge asymmetri-
cally modulates the Schottky barriers at the electrical 
contacts; and the piezoresistive effect, in which the 
strain-induced bandgap change modulates the resist-
ance of the device. The nearly symmetric modulation 
of I–V curves in figure 4(b) indicates that the piezore-
sistive effect in InSe dominates the change of electrical 
transport behavior, which can be explained with the 
reduced bandgap with a tensile strain applied [40]. The 
sensitive conductance dependence on strain can be 
qualitatively described by the gauge factor (g) of InSe, 
whichis defined as g  =  (I  −  I0)/(εI0), where I and I0 are 
the currents with and without strain, respectively [40]. 
The gauge factor is estimated to be ~84 for the device 
shown in figure 4(a), which is comparable to that of the 
state-of-the-art silicon strain sensors [41].

We further measured the photoconductivity 
response to excitation light with different wavelength. 
The excitation-wavelength-dependent photoconduc-
tivity measurement has been applied previously to 
measure the band edge of semiconductors with small 
exciton binding energy [42, 43]. For this particular 
measurement, we intentionally broadened the laser 
beam spot to ~6 mm to illuminate the entire device 
uniformly. We used a broadband laser source (super-
continuum white laser) and selected the excitation 
wavelength with a tunable filter (width ~6 nm). To 
avoid nonlinear response or possible damage, a low 
excitation power of 30–120 µW was used. By apply-
ing a DC bias voltage of 300 mV, the photocurrent was 
measured through a lock-in amplifier by modulating 
the excitation laser through a mechanical chopper. The 
normalized photoresponse (Ipc/Ppower) as a function 
of wavelength is shown in figure 4(c). In the absence 
of strain, we observe an abrupt increase of the pho-
tocurrent when the excitation photon energy exceeds 
1.2 eV. We estimate the band edge by taking derivative 
of current versus excitation energy (dIpc/d(ħω), the 
red line in figure 4(c)) [43]. Figure 4(c) suggests that 
the bandgap of the unstrained InSe flake is ~1.22 eV, 
consistent with the value extracted from PL measure-
ment (~1.27 eV) shown in figure 4(d). As we increase 
the tensile strain to 0.39%, the onset energy of pho-
tocurrent is redshifted to 1.19 eV. The bandgap shift 
(~27 meV) extracted from the photocurrent measure-
ment is consistent with the shift (~35 meV) from PL 
measurement shown in figure 4(d). When the strain 
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is increased from 0.39% to 0.59%, the PL peak shows 
a further redshift of ~11 meV, in agreement with the 
photocurrent measurement (7  ±  2 meV). These 
observations confirm that the uniaxial tensile strain 
indeed decreases the bandgap of the multilayer InSe 
and thus broadens the absorption spectrum range. 
This sensitive modulation of photocurrent response 
from InSe, through the modulation of the direct band-
gap, provides a new knob to engineer and control novel 
optoelectronic devices based on InSe.

4. Conclusions

In summary, we have investigated the effect of uniaxial 
tensile and compressive strain on the electronic 
structure of InSe with different thicknesses. The strain-
induced phonon-softening and bandgap modulation 
were experimentally demonstrated, suggesting that 
strain engineering is an effective tool to explore the 
novel physics of III–VI layered compounds. Applying 
a relatively small strain, we have demonstrated a 
reversible optical bandgap tunability of ~239 meV in 
the infrared regime. Such tunability originates from 
a sensitive response of InSe electronic structure to the 
external strain, which manifests itself as a substantial 
bandgap strain coefficient as large as ~154 meV/% 
under a uniaxial tensile strain. The observed bandgap 
strain coefficients are confirmed by our first-principles 
calculations. This sensitive response to strain holds 
great potential for a wide range of applications based on 
atomically thin InSe flakes, including electromechanical, 
piezoelectric and optoelectronic devices.

Acknowledgements

The device fabrication was supported by Micro and 
Nanofabrication Clean Room (MNCR), operated 
by the Center for Materials, Devices, and Integrated 
Systems (cMDIS) at Rensselaer Polytechnic Institute 
(RPI). Tianmeng Wang and Yanwen Chen acknowledge 
the support of the Howard Isermann Fellowship 
from the Department of Chemical and Biological 
Engineering of Rensselaer Polytechnic Institute. Sufei 
Shi acknowledges the startup fund from Rensselaer 
Polytechnic Institute. The optical characterization 
was supported by the Center for Future Energy 
Systems (CFES), a New York State Center for Advanced 
Technology at RPI. Cheng-Yan Xu acknowledges the 
support from National Natural Science Foundation 
of China (No. 51572057). The theoretical studies were 
supported by Theory of Materials Program at the 
Lawrence Berkeley National Laboratory through the 
Office of Basic Energy Sciences, US Department of 
Energy under Contract No. DE-AC02-05CH11231, 
which provided for the first-principles GW-BSE 
calculations, and by the National Science Foundation 
under Grant No. DMR-1508412, which provided for 
the DFT calculations. Computational resources were 
provided by the DOE at Lawrence Berkeley National 

Laboratory’s NERSC facility and the NSF through 
XSEDE resources at NICS.

Supporting information

Estimation of strain uncertainty, details of Raman and 
PL spectra of InSe flakes, PL spectra of InSe wrinkles, 
DFT and GW calculation results of InSe, crystal 
growth of InSe.

ORCID iDs

Raman Sankar  https://orcid.org/0000-0003-4702-
2517
Cheng-Yan Xu  https://orcid.org/0000-0002-7835-
6635
Sufei Shi  https://orcid.org/0000-0001-5158-805X

References

	[1]	 Wang Q H, Kalantar-Zadeh K, Kis A, Coleman J N and 
Strano M S 2012 Electronics and optoelectronics of two-
dimensional transition metal dichalcogenides  
Nat. Nanotechnol. 7 699–712

	[2]	 Bandurin D A et al 2016 High electron mobility, quantum Hall 
effect and anomalous optical response in atomically thin InSe 
Nat. Nanotechnol. 12 223–7

	[3]	 Li L, Yu Y, Ye G J, Ge Q, Ou X, Wu H, Feng D, Chen X H and 
Zhang Y 2014 Black phosphorus field-effect transistors Nat. 
Nanotechnol. 9 372–7

	[4]	 Radisavljevic B, Radenovic A, Brivio J, Giacometti V and Kis A 
2011 Single-layer MoS2 transistors Nat. Nanotechnol. 6 147–50

	[5]	 Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010 Atomically 
thin MoS2: a new direct-gap semiconductor Phys. Rev. Lett. 
105 136805

	[6]	 Xiao D, Liu G B, Feng W, Xu X and Yao W 2012 Coupled spin 
and valley physics in monolayers of MoS2 and other group-VI 
dichalcogenides Phys. Rev. Lett. 108 196802

	[7]	 Qiu D Y, da Jornada F H and Louie S G 2013 Optical spectrum 
of MoS2: many-body effects and diversity of exciton states 
Phys. Rev. Lett. 111 216805

	[8]	 Buscema M, Island J O, Groenendijk D J, Blanter S I, 
Steele G A, van der Zant H S and Castellanos-Gomez A 2015 
Photocurrent generation with two-dimensional van der Waals 
semiconductors Chem. Soc. Rev. 44 3691–718

	[9]	 Bernardi M, Palummo M and Grossman J C 2013 
Extraordinary sunlight absorption and one nanometer thick 
photovoltaics using two-dimensional monolayer materials 
Nano Lett. 13 3664–70

	[10]	Wang X et al 2015 Highly anisotropic and robust excitons in 
monolayer black phosphorus Nat. Nanotechnol. 10 517–21

	[11]	Qiu D Y, da Jornada F H and Louie S G 2017 Environmental 
screening effects in 2D materials: renormalization of the 
bandgap, electronic structure, and optical spectra of few-layer 
black phosphorus Nano Lett. 17 4706–12

	[12]	Li L et al 2017 Direct observation of the layer-dependent 
electronic structure in phosphorene Nat. Nanotechnol. 12 21–5

	[13]	Castellanos-Gomez A et al 2014 Isolation and characterization 
of few-layer black phosphorus 2D Mater. 1 025001

	[14]	Bringuier E, Bourdon A, Piccioli N and Chevy A 1994 Optical 
second-harmonic generation in lossy media: application to 
GaSe and InSe Phys. Rev. B 49 16971

	[15]	Mudd G W et al 2013 Tuning the bandgap of exfoliated InSe 
nanosheets by quantum confinement Adv. Mater. 25 5714–8

	[16]	Tamalampudi S R, Lu Y-Y, Kumar U R, Sankar R, Liao C-D, 
Moorthy B K, Cheng C-H, Chou F C and Chen Y-T 2014 High 
performance and bendable few-layered InSe photodetectors 
with broad spectral response Nano Lett. 14 2800–6

2D Mater. 5 (2018) 021002

https://orcid.org/0000-0003-4702-2517
https://orcid.org/0000-0003-4702-2517
https://orcid.org/0000-0003-4702-2517
https://orcid.org/0000-0002-7835-6635
https://orcid.org/0000-0002-7835-6635
https://orcid.org/0000-0002-7835-6635
https://orcid.org/0000-0001-5158-805X
https://orcid.org/0000-0001-5158-805X
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2014.35
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1103/PhysRevLett.111.216805
https://doi.org/10.1039/C5CS00106D
https://doi.org/10.1039/C5CS00106D
https://doi.org/10.1039/C5CS00106D
https://doi.org/10.1021/nl401544y
https://doi.org/10.1021/nl401544y
https://doi.org/10.1021/nl401544y
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1038/nnano.2015.71
https://doi.org/10.1021/acs.nanolett.7b01365
https://doi.org/10.1021/acs.nanolett.7b01365
https://doi.org/10.1021/acs.nanolett.7b01365
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1038/nnano.2016.171
https://doi.org/10.1088/2053-1583/1/2/025001
https://doi.org/10.1088/2053-1583/1/2/025001
https://doi.org/10.1103/PhysRevB.49.16971
https://doi.org/10.1103/PhysRevB.49.16971
https://doi.org/10.1002/adma.201302616
https://doi.org/10.1002/adma.201302616
https://doi.org/10.1002/adma.201302616
https://doi.org/10.1021/nl500817g
https://doi.org/10.1021/nl500817g
https://doi.org/10.1021/nl500817g


9

	[17]	Lei S et al 2014 Evolution of the electronic band structure and 
efficient photo-detection in atomic layers of InSe ACS Nano 
8 1263–72

	[18]	Akinwande D, Petrone N and Hone J 2014 Two-dimensional 
flexible nanoelectronics Nat. Commun. 5 5678

	[19]	Lee C, Wei X, Kysar J W and Hone J 2008 Measurement of 
the elastic properties and intrinsic strength of monolayer 
graphene Science 321 385–08

	[20]	Mohiuddin T et al 2009 Uniaxial strain in graphene by Raman 
spectroscopy: G peak splitting, Grüneisen parameters, and 
sample orientation Phys. Rev. B 79 205433

	[21]	Conley H J, Wang B, Ziegler J I, Haglund R F Jr, Pantelides S T 
and Bolotin K I 2013 Bandgap engineering of strained 
monolayer and bilayer MoS2 Nano Lett. 13 3626–30

	[22]	He K, Poole C, Mak K F and Shan J 2013 Experimental 
demonstration of continuous electronic structure tuning via 
strain in atomically thin MoS2 Nano Lett. 13 2931–6

	[23]	Desai S B, Seol G, Kang J S, Fang H, Battaglia C, Kapadia R, 
Ager J W, Guo J and Javey A 2014 Strain-induced indirect 
to direct bandgap transition in multilayer WSe2 Nano Lett. 
14 4592–7

	[24]	Yagmurcukardes M, Senger R, Peeters F and Sahin H 2016 
Mechanical properties of monolayer GaS and GaSe crystals 
Phys. Rev. B 94 245407

	[25]	Castellanos-Gomez A, Roldan R, Cappelluti E, 
Buscema M, Guinea F, van der Zant H S and Steele G A 
2013 Local strain engineering in atomically thin MoS2 
Nano Lett. 13 5361–6

	[26]	Rice C, Young R, Zan R, Bangert U, Wolverson D, Georgiou T, 
Jalil R and Novoselov K 2013 Raman-scattering measurements 
and first-principles calculations of strain-induced phonon 
shifts in monolayer MoS2 Phys. Rev. B 87 081307

	[27]	Horzum S, Sahin H, Cahangirov S, Cudazzo P, Rubio A, Serin T 
and Peeters F 2013 Phonon softening and direct to indirect 
band gap crossover in strained single-layer MoSe2 Phys. Rev. B 
87 125415

	[28]	Sánchez-Royo J F et al 2014 Electronic structure, optical 
properties, and lattice dynamics in atomically thin indium 
selenide flakes Nano Res. 7 1556–68

	[29]	Abdullaev N 2001 Grüneisen parameters for layered crystals 
Phys. Solid State 43 727–31

	[30]	Li W and Li J 2015 Piezoelectricity in two-dimensional group-
III monochalcogenides Nano Res. 8 3796–802

	[31]	Riede V, Neumann H, Levy F and Sobotta H 1982 Polarization-
and temperature-dependent two-phonon absorption spectra 
in InSe Phys. Status Solidi b 109 275–81

	[32]	Island J O, Kuc A, Diependaal E H, Bratschitsch R, van der 
Zant H S, Heine T and Castellanos-Gomez A 2016 Precise and 
reversible band gap tuning in single-layer MoSe2 by uniaxial 
strain Nanoscale 8 2589–93

	[33]	Wang Y et al 2015 Strain-induced direct–indirect bandgap 
transition and phonon modulation in monolayer WS2 Nano 
Res. 8 2562–72

	[34]	Quereda J et al 2016 Strong modulation of optical properties 
in black phosphorus through strain-engineered rippling Nano 
Lett. 16 2931–7

	[35]	Zhang G, Chaves A, Huang S, Song C, Low T and Yan H 2016 
Infrared fingerprints of few-layer black phosphorus Nat. 
Commun. 8 14071

	[36]	Yang S et al 2015 Tuning the optical, magnetic, and electrical 
properties of ReSe2 by nanoscale strain engineering Nano Lett. 
15 1660–6

	[37]	Lloyd D, Liu X, Christopher J W, Cantley L, Wadehra A, 
Kim B L, Goldberg B B, Swan A K and Bunch J S 2016 Band 
gap engineering with ultralarge biaxial strains in suspended 
monolayer MoS2 Nano Lett. 16 5836–41

	[38]	Signorello G, Karg S, Björk M T, Gotsmann B and Riel H 2013 
Tuning the light emission from GaAs nanowires over 290 meV 
with uniaxial strain Nano Lett. 13 917–24

	[39]	Schmidt R, Niehues I, Schneider R, Drüppel M, Deilmann T, 
Rohlfing M, de Vasconcellos S M, Castellanos-Gomez A 
and Bratschitsch R 2016 Reversible uniaxial strain tuning in 
atomically thin WSe2 2D Mater. 3 021011

	[40]	Wu W et al 2014 Piezoelectricity of single-atomic-layer MoS2 
for energy conversion and piezotronics Nature 514 470–4

	[41]	Fraden J 2010 Handbook of Modern Sensors vol 3 (Berlin: 
Springer)

	[42]	Brebner J 1964 The optical absorption edge in layer structures 
J. Phys. Chem. Solids 25 1427–33

	[43]	Klots A et al 2014 Probing excitonic states in suspended two-
dimensional semiconductors by photocurrent spectroscopy 
Sci. Rep. 4 6608

2D Mater. 5 (2018) 021002

https://doi.org/10.1021/nn405036u
https://doi.org/10.1021/nn405036u
https://doi.org/10.1021/nn405036u
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1038/ncomms6678
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1126/science.1157996
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1103/PhysRevB.79.205433
https://doi.org/10.1021/nl4014748
https://doi.org/10.1021/nl4014748
https://doi.org/10.1021/nl4014748
https://doi.org/10.1021/nl4013166
https://doi.org/10.1021/nl4013166
https://doi.org/10.1021/nl4013166
https://doi.org/10.1021/nl501638a
https://doi.org/10.1021/nl501638a
https://doi.org/10.1021/nl501638a
https://doi.org/10.1103/PhysRevB.94.245407
https://doi.org/10.1103/PhysRevB.94.245407
https://doi.org/10.1021/nl402875m
https://doi.org/10.1021/nl402875m
https://doi.org/10.1021/nl402875m
https://doi.org/10.1103/PhysRevB.87.081307
https://doi.org/10.1103/PhysRevB.87.081307
https://doi.org/10.1103/PhysRevB.87.125415
https://doi.org/10.1103/PhysRevB.87.125415
https://doi.org/10.1007/s12274-014-0516-x
https://doi.org/10.1007/s12274-014-0516-x
https://doi.org/10.1007/s12274-014-0516-x
https://doi.org/10.1134/1.1366002
https://doi.org/10.1134/1.1366002
https://doi.org/10.1134/1.1366002
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1002/pssb.2221090130
https://doi.org/10.1002/pssb.2221090130
https://doi.org/10.1002/pssb.2221090130
https://doi.org/10.1039/C5NR08219F
https://doi.org/10.1039/C5NR08219F
https://doi.org/10.1039/C5NR08219F
https://doi.org/10.1007/s12274-015-0762-6
https://doi.org/10.1007/s12274-015-0762-6
https://doi.org/10.1007/s12274-015-0762-6
https://doi.org/10.1021/acs.nanolett.5b04670
https://doi.org/10.1021/acs.nanolett.5b04670
https://doi.org/10.1021/acs.nanolett.5b04670
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1038/ncomms14071
https://doi.org/10.1021/nl504276u
https://doi.org/10.1021/nl504276u
https://doi.org/10.1021/nl504276u
https://doi.org/10.1021/acs.nanolett.6b02615
https://doi.org/10.1021/acs.nanolett.6b02615
https://doi.org/10.1021/acs.nanolett.6b02615
https://doi.org/10.1021/nl303694c
https://doi.org/10.1021/nl303694c
https://doi.org/10.1021/nl303694c
https://doi.org/10.1088/2053-1583/3/2/021011
https://doi.org/10.1088/2053-1583/3/2/021011
https://doi.org/10.1038/nature13792
https://doi.org/10.1038/nature13792
https://doi.org/10.1038/nature13792
https://doi.org/10.1016/0022-3697(64)90057-5
https://doi.org/10.1016/0022-3697(64)90057-5
https://doi.org/10.1016/0022-3697(64)90057-5
https://doi.org/10.1038/srep06608
https://doi.org/10.1038/srep06608



