CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Strain-dependent resistance and giant gauge factor in monolayer WSe,

Mao-Sen Qin(ZZ1%#%), Xing-Guo Ye(H%[E), Peng-Fei Zhu(Z4ME ), Wen-Zheng Xu(f4: 3 1E), Jing Liang(i ),
Kaihui Liu(X|FF#%), and Zhi-Min Liao( 2 & &)

Citation:Chin. Phys. B, 2021, 30 (9): 097203. DOI: 10.1088/1674-1056/ac11d2

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Mobility edges and reentrant localization in one-dimensional dimerized non-Hermitian

quasiperiodic lattice

Xiang-Ping Jiang (% #H-F), Yi Qiao(7% Z.), and Jun-Peng Cao( & 14 i)
Chin. Phys. B, 2021, 30 (9): 097202.  DOI: 10.1088/1674-1056/ac11e5

Observation of large in-plane anisotropic transport in van der Waals semiconductor

Nb,SiTe,

Kaiyao Zhou(J&%38), Jun Deng(X51&), Long Chen(f4E), Wei Xia(E &), Yanfeng Guo(Z#14), Yang Yang(#7%),
Jian-Gang Guo(#5 & N1), and Liwei Guo(¥F i fH)
Chin. Phys. B, 2021, 30 (8): 087202.  DOI: 10.1088/1674-1056/ac068f

Group velocity matters for accurate prediction of phonon-limited carrier mobility

Qiao-Lin Yang(#5#K), Hui-Xiong Deng( X3 ZL1f£), Su-Huai Wei(Z£757), and Jun-Wei Luo (%% F%)
Chin. Phys. B, 2021, 30 (8): 087201.  DOI: 10.1088/1674-1056/ac0133

Biaxial strain-induced enhancement in the thermoelectric performance of monolayer

WSe,

Wanhuizi Shen(7£4i 1), Daifeng Zou(“fX1%), Guozheng Nie(% [Fl ), Ying Xu(¥13%)
Chin. Phys. B, 2017, 26 (11): 117202.  DOI: 10.1088/1674-1056/26/11/117202

Characteristics of anomalous Hall effect in spin-polarized two-dimensional electron
gases in the presence of both intrinsic, extrinsic, and external electric-field induced

spin—orbit couplings

Liu Song,Yan Yu-Zhen,Hu Liang-Bin
Chin. Phys. B, 2012, 21 (2): 027201. DOI: 10.1088/1674-1056/21/2/027201


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac11d2
https://doi.org/10.1088/1674-1056/ac11d2
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac11e5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac11e5
https://doi.org/10.1088/1674-1056/ac11e5
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac068f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac068f
https://doi.org/10.1088/1674-1056/ac068f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0133
https://doi.org/10.1088/1674-1056/ac0133
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/11/117202
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/11/117202
https://doi.org/10.1088/1674-1056/26/11/117202
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/21/2/027201
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/21/2/027201
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/21/2/027201
https://doi.org/10.1088/1674-1056/21/2/027201

Chin. Phys. B Vol. 30, No. 9 (2021) 097203

Strain-dependent resistance and giant gauge factor
in monolayer WSe,"

Mao-Sen Qin(ZF /X %), Xing-Guo Ye("4[E), Peng-Fei Zhu(4:f% %), Wen-Zheng Xu(#& X 1E),
Jing Liang(Z ), Kaihui Liu(X|JF#%), and Zhi-Min Liao(E &80T

State Key Laboratory for Mesoscopic Physics and Frontiers Science Center for Nano-optoelectronics,
School of Physics, Peking University, Beijing 100871, China

(Received 19 June 2021; revised manuscript received 28 June 2021; accepted manuscript online 7 July 2021)

We report the strong dependence of resistance on uniaxial strain in monolayer WSe; at various temperatures, where the
gauge factor can reach as large as 2400. The observation of strain-dependent resistance and giant gauge factor is attributed
to the emergence of nonzero Berry curvature dipole. Upon increasing strain, Berry curvature dipole can generate net orbital
magnetization, which would introduce additional magnetic scattering, decreasing the mobility and thus conductivity. Our
work demonstrates the strain engineering of Berry curvature and thus the transport properties, making monolayer WSe;
potential for application in the highly sensitive strain sensors and high-performance flexible electronics.

Keywords: strain engineering, van der Waals materials, symmetry breaking, orbital magnetization, Berry cur-

vature
PACS: 72.20.Fr, 72.15.Qm, 73.63.-b, 75.25.Dk

1. Introduction

Two-dimensional (2D) van der Waals (vdW) layered tran-
sition metal dichalcogenides (TMDCs), such as MoS; and
WSe,, have demonstrated potential applications in the next-
generation electronics owing to their remarkable electrical, op-
tical, and mechanical properties.['™! Unlike the bulk semi-
conducting materials that are usually brittle, it is reported
that TMDCs can exceptionally sustain in-plane strain as high
as 11% in their monolayer counterparts,® promising for the
high-performance flexible and transparent electronics.!’~!0]
Based on their high flexibility, extensive theoretical and ex-
perimental studies have recently been motivated by the inter-
ests for strain engineering.!''=28! It is found that strain can
significantly affect the physical properties of TMDCs. Gi-

11,12,14,16] can be

ant valley shift!>!l and bandgap engineering!
achieved by introducing uniaxial strain in monolayer TMDCs.
Importantly, strain is also proposed to manipulate the Berry

(21281 which is generally important in the topologi-

curvature,
cal transport. The uniaxial strain can break the C3, symmetry
and thus induce an asymmetrically distributed Berry curvature
in a single valley, i.e., nonzero Berry curvature dipole in mono-
layer TMDCs, leading to the nonlinear Hall effect. ! Further-
more, the strain is known to induce pseudo-magnetic field in
2D materials, which has been predicted and experimentally
found to generate zero-field quantum Hall effect by forming
Landau levels.[17:25.26] Additionally, for the TMDCs with or-
thorhombic phase, such as the Weyl semimetal MoTe,, it is
reported that the strain can effectively tune the Weyl points,

resulting in the phase transition from type-II to type-1 Weyl

DOI: 10.1088/1674-1056/ac11d2

semimetals.[?°! Interestingly, in the twisted TMDCs proposed
recently, the formation of moiré pattern can be actually re-
garded as strain engineering as well, which can result in var-
ious exotic phenomena including spin-liquid states, emergent
magnetic order, and chiral superconductors.*”! Due to their
high flexibility and strain-tunability, TMDCs provide an ideal
platform to study the strain engineering of transport properties.

In this work, we investigate the strain-dependent resis-
tance of the ionic gated monolayer WSe;, where giant gauge
factor at various temperature ranges is obtained. We pro-
duce uniaxial strain by the inverse piezoelectric effect of (1 —
x)Pb(Mg; 3Nb;/3)O03]-x[PbTiO3] (PMN-PT) with very high

[31-35] Under uniaxial tensile strain,

piezoelectric coefficient.
the sheet resistance of WSe, dramatically changes. The ex-
tracted gauge factor is approximately 1100 at 140 K and is
further enhanced to ~ 2400 at 2 K. This giant gauge factor is
attributed to the strain-modulated mobility, which is reduced
by the magnetic scattering induced by net orbital magnetiza-
tion associated with nonzero Berry curvature dipole. Our work
paves the way to enhance the strain sensitivity by manipulating

the Berry curvature in 2D materials.

2. Experiment and method

WSe,; flakes were exfoliated from bulk crystals onto sil-
icon wafer with 285 nm SiO,. Monolayer WSe, was identi-
fied by optical contrast and fluorescent microscopy. Then the
monolayer WSe, was transferred onto the PMN-PT substrate
by using a pick-up transfer technique.®®! Detailed topogra-
phy of the transferred WSe, was imaged by the atomic force
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microscopy to resolve the possible ruptures and bubbles. Sub-
sequently a uniform part of WSe, was selected to pattern into
a standard Hall-bar geometry. Electrical contacts were made
by e-beam lithography followed by e-beam evaporation of Ti
(1 nm)/Au (50 nm) and lift-off in acetone. It is worth noting
that the electrodes applying electric field to the PMN-PT sub-
strate were designed along the [001] orientation of the PMN-
PT, by which the uniaxial strain can be produced. The strain in
the monolayer WSe; introduced by the PMN-PT substrate was
confirmed by the second-harmonic generation (SHG) spec-
troscopy. WSe, was heavily hole doped into metallic state
by the ionic liquid technique and the low-temperature Ohmic
contact was guaranteed.

3. Results and discussion

The device structure and measurement scheme are de-
picted in Fig. 1(a). The ionic gate voltage Vg was fixedat =5V
and thus the holes in the valence bands at K /K’ valleys domi-
nated the transport properties.*”! Besides the gate volatge Vg,
an extra voltage was applied on the PMN-PT substrate after
the ionic liquid was freezed below 180 K. An electric field Ep
was produced between the electrodes along the [001] direc-
tion of the PMN-PT with the distance of 50 um. The uniaxial
strain was induced along Ep direction into monolayer WSe,
by the inverse piezoeletric effect of PMN-PT. To verify the
strain in the WSe;, the SHG spectroscopy was measured. Po-
larization resolved SHG reflects the lattice symmetry of the

(a) oW
® Se

strain

VPMN-PT

100 pm

strain

probed crystals and the SHG intensity is susceptible to the
mechanical deformation of the crystal lattice.’$31 As shown
in Fig. 1(b), the SHG of the monolayer WSe; on the poled
PMN-PT substrate is distorted from that of unstrained WSe,
with the perfect D3, symmetry, establishing the induced strain
in WSe, by PMN-PT. For the quantitative description of the
strain level, we patterned and deposited a strain gauge made up
of Ti/Au (1 nm/50 nm in thickness) on the same PMN-PT sub-
strate [Fig. 1(c)] besides the deposition of the contact metal.
The strain measured from the strain gauge can roughly reflect
the controllable strain level that we apply to the WSe,. Fig-
ure 1(d) shows the temperature dependence of the maximum
tensile strain € on the strain gauge induced by the PMN-PT
substrate at Ep = 18 kV/cm, which decreases from 0.14% to
0.02% upon decreasing temperature from 140 K to 2 K. The
decrease of the strain with decreasing temperature is consis-
tent with the fact that the piezoelectric coefficient of PMN-PT
decreases by a factor of 0.2 between 140 K and 5 K.14%!
Figure 2(a) shows the sheet resistance of monolayer
WSe, as a function of Ep measured at different temperatures.
Before sweeping Ep, we first polarized the PMN-PT along
the [001] direction by applying Ep = 18 kV/cm for 15 min
at 140 K to achieve a well aligned state and hence the initial
strain in WSe;, was fixed to be moderately tensile. Then we
sweeped Ep with multiple cycling between Ep = +18 kV/cm
until the strain-induced sheet resistance change stabilized into
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Fig. 1. (a) Schematics of ionic gated monolayer WSe, device. The polarization voltage was applied along the [001] orientation of the PMN-PT
substrate to ensure the uniaxial tensile strain. (b) Polarization resolved second harmonic generation intensity pattern. Red line: unstrained
monolayer WSe,. Blue line: strained monolayer WSe;. (c) The optical microscope image of the Ti/Au strain gauge. (d) Temperature
dependence of the maximum tensile strain produced in the PMN-PT substrate with a fixed polarized electric field Ep = 18 kV/cm, measured

by the Ti/Au strain gauge.
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Fig. 2. (a) Sheet resistance of monolayer WSe; as a function of Ep measured at temperatures from 140 K to 2 K. The curves are shifted for clarity. (b)
Ratio of percentual changes of the sheet resistance AR/Rpin X 100% under the tensile strain and (c) gauge factor as a function of temperature.

an unipolar hysteretic loop, as shown in Fig. 2(a). The emer-
gence of the hysteretic behavior is due to the ferroelectricity
nature of PMN-PT.[*!I It is worth noting that the coercive field
of PMN-PT is strongly temperature dependent and it increases
exponentially as the temperature decreases.*?! The coercive
field at low temperatures is (~ 35 kV/cm at 40 K[*?l) be-
yond the range of electric field that is achievable (£18 kV/cm)
in this work. So as backward sweeping Ep to —18 kV/cm,
the piezoelectric polarization cannot be switched to the op-
posite direction at low temperatures. In other words, the ten-
sile strain varies monotonously without sign change by sweep-
ing Ep from positive to negative value. From 140 K to 2 K,
the hysteresis grows weak and finally disappears, as shown
in Fig. 2(a), which is also attributed to the increased coercive
field upon decreasing temperature.

To quantitatively investigate the strain dependence of re-
sistance in WSe;, we define the ratio of percentual changes of
the sheet resistance under the maximum tensile strain (Ep =
18 kV/cm) by ;& — % % 100%. The Rpax and R, are
defined as the resistances at Fp = 18 kV/cm and —18 kV/cm,
respectively. As calculated from Fig. 2(a), AR/R i, monotoni-
cally decreases from 160% at 140 K to 48% at 2 K [Fig. 2(b)].
The decreased resistance change is consistent with the sup-
pressed strain level at low temperatures. We further calcu-
late the so-called gauge factor () of the WSe; by the formula
Y= RA,fn : é As summarized in Fig. 2(c), the gauge factor is
extremely high, approximately 1100 at 140 K, and increases

to 2400 at 2 K, which is at least three orders of magnitude
[27]

higher than that of the conventional silicon-based devices.

Interestingly, the gauge factor seems to be insensitivity to tem-
perature above 80 K, suggesting such giant gauge factor may
persist up to room temperature.

3 T T T T
Si0,/Si substrate

2 - -
g
4 D —
2}
x —>

1 - -

T=140 K
0 . . . .
0 4 8 12 16 20

Ep (kV/cm)
Fig. 3. Sheet resistance of monolayer WSe, as a function of Ep mea-
sured at 140 K. The substrate is replaced by the non-piezoelectric
Si0,/Si substrate.

It is worth noting that in addition to the strain effect, ex-
trinsic mechanisms, such as side gate effect and the influence
of Ep on the ionic liquid, may also contribute to the changes of
the sheet resistance of WSe,. However, these extrinsic mech-
anisms can both be ruled out in this work. Although the side
gate can effectively tune the carrier density near the sample
edges in a range of a few tens of nanometers in materials like
graphene and InSb nanowire, [*3*! the carrier density in the
ionic gated WSe, (~ 103 cm™2) is at least two orders of mag-
nitude higher than that in those materials and hence the screen-
ing effect is prominent, which makes the side gating effect
negligible in principle. We have performed a contrast experi-
ment by using SiO,/Si substrate to eliminate the influence of
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Ep on the ionic liquid. As sweeping Ep, the negligible resis-
tance change (less than 4%) and no hysteresis were observed
at 140 K, as shown in Fig. 3.

We have noticed that the strain-induced resistance
change of TMDCs is previously ascribed to the bandgap

(20 The gauge factor of monolayer MoS; has

engineering.
been reported by Kis ef al. to be a relatively low negative
value ~ —148 at 300 K.[*°l However, the monolayer MoS, is
undoped and semicoducting in that work. So the resistance
change is attributed to the reduced bandgap induced by tensile
strain.['#] We stress monolayer WSe, used here is in the metal-
lic phase with heavily hole-doping. Since the Fermi level is far
from the band edge, the bandgap engineering can be safely ex-

cluded as the main cause of the giant gauge factor here.

To figure out the origin of the strong dependence of re-
sistance on strain, the Hall carrier density and mobility as a
function of Ep at 2 K are calculated, as shown in Fig. 4(a).

The Hall carrier density and mobility are calculated by the

formula ny = —— and u = Ilg—‘;, respectively, where the Hall

le|Ry
o R,q~(+14 T)—ny(—14 T)
28 T

coefficient Ry is defined as Ry = and e is

the electron charge. The carrier density shows a rather small
decrease ~ 10% between Ep = £18 kV/cm, which may be
ascribed to the work function change induced by strain.[!"]
Importantly, the mobility is decreased about 35% between
Ep = £18 kV/cm, close to the resistance change ~ 48% at
2 K. Thus, we conclude that the resistance change mainly orig-

inates from the decrease of mobility induced by strain.

@ o[ . (b) 7ol
& o .
| ° e
£ % — ﬁ g
© S 9 28 @ 38080
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Fig. 4. (a) Hall carrier density and (b) mobility of WSe; as a function of Ep at 2 K. (c) The second-harmonic Hall voltage V%“’ versus [? at
100 K for a typical strained WSe, device. (d) The temperature dependent sheet resistance of monolayer WSe;, with gate voltage Vg = —5 V.

Here we attribute the strain engineering of mobility to
the strong magnetic scattering associated with nonzero Berry
curvature dipole. For monolayer TMDCs, large Berry cur-
vature emerges at K/K’ valleys due to the spontaneous in-
version symmetry breaking.!?®! Berry curvature plays an im-
portant role in the topological transport, which would induce
the transverse deflection of electron movement.[“®) The pres-
ence of time-reversal symmetry in TMDCs leads to the op-
Thus,
driven by an in-plane electric field E, the electrons at oppo-

posite signs of Berry curvature in opposite valleys.

site valleys will deflect along opposite directions and cancel
with each other, leading to a charge neutral valley current,
known as valley Hall effect.!*®! In addition to Berry curvature,
the dipole moment of Berry curvature, i.e., Berry curvature
dipole, would also induce anomalous transport phenomena.

However, the Berry curvature has a symmetric distribution in
a single valley constrained by the C3, symmetry, leading to
vanishing Berry curvature dipole, which exactly describes the
asymmetric distributions of Berry curvature.*’! Applying uni-
axial strain can break the C3, symmetry in monolayer TMDCs,
inducing nonzero Berry curvature dipole. The Berry curva-
ture dipole D is proposed to generate a net out-of-plane or-
bital magnetization M « D - E when an external electric field
E is also applied.[*”] The emergent orbital magnetization can
induce a Hall current as a second-order response to E, that
is, the nonlinear Hall effect.*®! As shown in Fig. 4(c), the
nonlinear Hall effect has been observed in a typical strained
monolayer WSe;. The emergent second-harmonic Hall volt-
age can be well fitted by a parabolic curve [the red line pre-
sented in Fig. 4(c)], suggesting the existence of nonlinear Hall
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effect.?8] Moreover, such orbital magnetization can also in-
troduce additional magnetic scattering, thus reducing the mo-
bility and longitudinal conductance. Obviously, a larger Berry
curvature dipole means larger orbital magnetization, inducing
the stronger suppression of mobility. Note previous studies
on the nonlinear Hall effect in strained WSe, have shown that
Berry curvature dipole could be significantly enhanced by in-
creasing the tensile strain.*®#7 Thus, here the measured giant
gauge factor can be ascribed to the strain induced additional
magnetic scattering associated with a nonzero Berry curvature
dipole. Furthermore, as shown in Fig. 4(d), the temperature
dependent resistance of WSe, shows a metallic behavior at
high temperature, while it increases upon decreasing tempera-
ture below 40 K. Such temperature-dependent behavior is also
consistent with the existence of magnetic moments, which can
lead to the Kondo effect and a minimum resistance.

4. Conclusions

We have demonstrated a strong dependence of resistance
on uniaxial strain in monolayer WSe; at various temperatures.
The gauge factor can reach as large as 2400, demonstrat-
ing great application potential for the next-generation ultra-
sensitive sensors. We attribute this strain-dependent resistance
to the strong magnetic scattering associated with nonzero
Berry curvature dipole induced by strain. Our work indicates
that the performance of strain sensors can be effectively im-
proved by modulating the Berry curvature via changing the
symmetry in 2D vdW materials, which should be promising
for highly sensitive strain sensors and flexible electronics.
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