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Synthesis of atomically thin GaSe wrinkles for strain sensors
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A wrinkle-based thin-film device can be used to develop optoelectronic devices, photovoltaics, and
strain sensors. Here, we propose a stable and ultrasensitive strain sensor based on two-dimensional
(2D) semiconducting gallium selenide (GaSe) for the first time. The response of the electrical re-
sistance to strain was demonstrated to be very sensitive for the GaSe-based strain sensor, and it
reached a gauge factor of –4.3, which is better than that of graphene-based strain sensors. The
results show us that strain engineering on a nanoscale can be used not only in strain sensors but
also for a wide range of applications, such as flexible field-effect transistors, stretchable electrodes,
and flexible solar cells.
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1 Introduction

Since two-dimensional (2D) graphene was discovered by
Geim and Novoselov in 2004, graphene has attracted in-
creasing attention due to its excellent physical and chem-
ical properties, such as large electron and hole mobil-
ity and unique optical, magnetic, and mechanical prop-
erties [1–7]. Graphene-based devices have been widely
studied because of their significant potential use in ra-
diofrequency, optoelectronics, battery energy, graphene
plasmonics, and logic applications [8–12]. The most im-
portant advantage of graphene-based field effect transis-
tors (FETs) is their high mobility, whereas their short-
age induced by the “zero band gap” of natural graphene
limited switch ratio [13]. In order to “open” the band
gap of graphene, many methods such as fabrication of
graphene nanoribbons and strain engineering have been
used; however, only very small band gaps can be opened,
which limits the wide use of graphene FETs. In order to
overcome these limitations in graphene, semiconducting
layered transition metal dichalcogenides (TMDs) with
different bandgaps, e.g., MoS2, WS2, WSe2, and GaSe,
have attracted increasing interest [14–22].

∗These authors contributed equally to this work.

As a member of the TMDs family, GaSe has at-
tracted significant attention owing to its excellent elec-
tronic structure [23–26]. There are several kinds of GaSe
with different crystal structures, such as β-GaSe, ε-GaSe,
and γ-GaSe [27]. Different from semimetal graphene by
the absence of a bandgap, monolayer GaSe is a p-type
semiconductor with a sizable indirect band gap of 2.11
eV. Compared to graphene with a zero bandgap, this typ-
ical feature shows that GaSe can be widely used in high-
performance photodetectors and FETs with high current
ON/OFF ratios. Like graphene, many other layered ma-
terials, especially from the TMD family, have been ob-
tained through the micromechanical cleavage technique,
which has been applied to obtain high-quality single crys-
tals. These single crystals are very suitable for laboratory
research into a material’s physical behavior. Recently, 2D
atomically thin GaSe, which can be synthesized through
the micromechanical cleavage technique, vapor-phase de-
position, or epitaxy growth, has shown perfect linear
and nonlinear optical properties (such as a strong second
harmonic generation effect), perfect FET characteristics
and photodetectors, indicating the significant potential
of this 2D nanomaterial in such devices [23, 27–29]. How-
ever, the use of GaSe in strain sensors has not been stud-
ied.

In this work, the structure of GaSe was analyzed. Also,
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we propose a GaSe strain sensor with a gauge factor of
–4.3 for the first time, based on the transport properties
of wrinkled GaSe under different uniaxial tensile strain.

2 Experimental details

The bulk GaSe crystals were grown by using a modified
Bridgman growth technique. GaSe flakes were obtained
through a mechanical exfoliation technique by using
Scotch tape and then transferred onto a 300 nm SiO2/Si
substrate. Then we used an optical microscope (LEICA
DM2500M supplemented with an LEICA DFC425 digi-
tal camera) to choose the thickness of GaSe nanosheets
according to the big differences between different thick-
ness GaSe flakes on the 300 nm SiO2/Si substrate.

The crystal structures of the GaSe nanosheets were
analyzed by high-resolution transmission electron mi-
croscopy (HRTEM) using an FEI Tecnai G2 F20 U-
TWIN at a voltage of 200 kV at low dose densities;
no detectable damage was observed during imaging. The
morphologies of the GaSe flakes were observed by field
emission scanning electron microscopy (Hitachi S-4800)
at a voltage of 10 kV. The energy dispersive X-ray spec-
troscopy (EDS) analysis was carried out using the same
scanning electron microscopy (SEM) equipment.

As for the GaSe strain sensor device fabrication, the
GaSe flakes were first deposited onto a 300 nm SiO2/Si
substrate by using Scotch tape from bulk GaSe. We then
used an optical microscope to choose a suitable GaSe
sample. The GaSe/SiO2/Si sample was baked on a hot
plate at 180 ◦C for 5 min. A polymethyl methacrylate
(PMMA) film approximately 1000 nm thick was then
spin coated on the GaSe/SiO2/Si sample through a pho-
toresist spinner at 3000 rpm (50 rpm·s−1) and then baked
at 180 ◦C for 2 min. After that, the sample was exposed
by electron-beam lithography through an SEM/focused
ion beam system (Nava 200 NanoLab) for electrode fab-
rication at a voltage of 30 kV and a current of 1.5 nA.
For the electrodes, a 5-nm-thick layer of Cr followed by
a 30-nm-thick layer of Au was deposited by using elec-
tron beam evaporation. Then, well-defined source and
drain electrodes were achieved by using the lift-off pro-
cess with acetone/IPA. Finally, the two-terminal GaSe
devices were transferred from the SiO2/Si substrate to
a prestrained polydimethylsiloxane (PDMS) substrate
through polymethyl methacrylate (PMMA) film as a
transfer medium. Acetone was then used to remove the
PMMA, and the prestrained PDMS was slowly released
for fabrication of a GaSe wrinkled strain device. A semi-
conductor device analyzer system (4200-SCS) was used
to measure the electrical properties at room temperature.

3 Results and discussion

Layered GaSe has planar tetra-layer (TL) structures with
weak van der Waals forces, which allows GaSe samples
to be fabricated down to 1 TL by the micromechani-
cal cleavage technique from bulk material using adhesive
tape. As a layered semiconductive material, each TL con-
sisted of Se–Ga–Se–Ga sheets held together by relatively
weak interlayer coupling. Each TL in the GaSe crystal
had a thickness of approximately 0.798 nm [Fig. 1(a)]
[24]. Figure 1(b) shows a typical SEM image of the 2D
GaSe crystals on a SiO2/Si substrate. The thicker regions
of the layered GaSe correspond to areas of brighter con-
trast and thinner regions correspond to areas of darker
contrast.

EDS is an analytical technique used for the elemental
analysis or chemical characterization of a sample. To fur-
ther confirm the detailed composition of the GaSe flakes,
EDS analysis was carried out on the same sample shown
in Fig. 1(b). As shown in Fig. 2, EDS measurements in-
dicate the existence of Ga and Se elements in the GaSe
nanoflakes, with an atomic ratio of approximately 1:1.

In order to study the crystal structures and their
crystal quality, the 2D GaSe crystals were also char-
acterized by TEM. The thin GaSe nanosheets were
first cleaned by ultrasound in alcohol, then transferred
on a Quantifoil R©TEM grid. Figure 3(a) displays the
low-magnification TEM images of the GaSe flakes. The
HRTEM image in Fig. 3(b) shows a lattice spacing of

Fig. 1 (a) Layered crystal structure of GaSe with each tetra-
layer (TL) formed by Se–Ga–Se–Ga atomic sheets. (b) SEM im-
ages of GaSe crystals.

Fig. 2 The energy dispersive X-ray spectroscopy (EDS) of GaSe
flakes.
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Fig. 3 (a) TEM images of few layered GaSe sheet at low magnification; (b) at high resolution; (c) The corresponding
Fast Fourier Transforms (FFT).

3.2 Å in the stacked GaSe TLs, corresponding to the
(110) lattice plane along the [001] zone axis. The corre-
sponding fast Fourier transform (FFT) image [Fig. 3(c)]
shows only one set of six-fold-symmetry diffraction spots,
which confirms the nature single crystalline characteris-
tics with a hexagonal crystal structure.

Strain engineering has been widely used for tuning the
resistance of materials for strain sensors in various semi-
conductors and metals. When applying strain on atomi-
cally thin GaSe, the geometry and resistivity will change.
This will make the electrical properties strongly depen-
dent on the applied tensile strain. The high electrical–
mechanical coupling behavior for GaSe films indicates
potential application in high-level strain sensors for flex-
ible electronic devices. Figure 4(a) shows the probe sta-
tion used to measure the properties of the wrinkled GaSe

sensor device. Figure 4(b) shows typical current–voltage
(I–V ) curves of the wrinkled GaSe strain device under
different tensile strains. It can be observed that the re-
lationship between current and bias voltage is linear, in-
dicating good ohmic contact between the GaSe film and
the metal electrodes. Figure 4(c) shows the details of
the linear resistance–strain characteristics. As the tensile
strain increases from 0% to 20% (the wrinkled strained
GaSe flattens under a 20% strain), the resistance linearly
decreases from 2.7 × 108 Ω to 0.7 × 108 Ω naturally,
as shown in Fig. 4(c), due to the increase in scattering
of the charge carries. The sensitivity of the electrical–
mechanical coupling is defined by the gauge factor (GF)
[30], which is defined as

GF = [R(ε)/R(0)− 1]/ε,

Fig. 4 Comparison of resistance response under different strain of wrinkled GaSe device. (a) Experiment setup to measure
the strain effect of wrinkled GaSe sensor device. (b) I–V curves of a two-terminal GaSe wrinkles device under different
pre-strains. (c) Resistance response of the wrinkled GaSe device under different strain, every Resistance at different strain
is the average value at three voltages at three different voltage of –2 V, 2 V and 1 V, both experimental data and line fit
are shown. (d) Resistance modulation of this wrinkled device showing a GF∼–4.3, every Resistance at different strain is
the average value at three voltages at three different voltage of –2 V, 2 V and 1 V, both experimental data and line fit are
shown.
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where R(0) is the resistance of the sensor under zero
strain, R(ε) is the resistance under the strain, and ε is
the tensile strain, which reflects the deformation of GaSe.
Figure 4(d) shows the line fit and experimental data of
the resistance modulation of the particular device. The
GF is approximately –4.3, which is better than that of
the graphene wrinkled strain device [31].

4 Summary and conclusion

In conclusion, we fabricated few-layered GaSe and an-
alyzed its structure. The current–voltage characteris-
tics for the wrinkled GaSe strain device under different
stretching showed a GF of –4.3, which is better than
that graphene wrinkled strain device, demonstrating the
application potential of GaSe strain sensors with high
performance. This study provides a new method for con-
structing GaSe strain sensors.
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28. L. Karvonen, A. Säynätjoki, S. Mehravar, R. D. Rodriguez,

S. Hartmann, D. R. Zahn, S. Honkanen, R. A. Norwood, N.

Peyghambarian, and K. Kieu, Investigation of second-and

third-harmonic generation in few-layer gallium selenide by

multiphoton microscopy, Sci. Rep. 5, 10334 (2015)

29. W. Jie, X. Chen, D. Li, L. Xie, Y. Y. Hui, S. P. Lau, X.

Cui, and J. Hao, Layer-dependent nonlinear optical prop-

erties and stability of non-centrosymmetric modification in

few-layer gase sheets, Angew. Chem. 127(4), 1201 (2015)

30. J. Zhao, C. He, R. Yang, Z. Shi, M. Cheng, W. Yang, G. Xie,

D. Wang, D. Shi, and G. Zhang, Ultra-sensitive strain sen-

sors based on piezoresistive nanographene films, Appl. Phys.

Lett. 101(6), 063112 (2012)

31. Y. Wang, R. Yang, Z. W. Shi, L. C. Zhang, D. X. Shi, E.

Wang, and G. Y. Zhang, Super-elastic graphene ripples for

flexible strain sensors, ACS Nano 5(5), 3645 (2011)

Cong Wang, et al., Front. Phys. 11(2), 116802 (2016) 116802-5


