
RESEARCH ARTICLE
www.afm-journal.de

Electrically Dynamic Configurable WSe2 Transistor and the
Applications in Photodetector

Tong Bu, Xinpei Duan, Chang Liu, Wanhan Su, Xitong Hong, Ruohao Hong, Xinjie Zhou,
Yuan Liu, Zhiyong Fan, Xuming Zou, Lei Liao,* and Xingqiang Liu*

Non-destructive and reversible modulations of polarity and carrier
concentration in transistors are essential for complementary devices. The
fabricated multi-gated WSe2 devices obtain dynamic electrostatic field
induced electrically configurable functions and demonstrate as diode with
high rectification ratio of 4.1 × 105, as well as n- and p-type inverter with
voltage gain of 19.9 and 12.1, respectively. Benefiting from the continuous
band alignment induced modulation of channel underneath the dual gates,
the devices exhibit high-performance photodetection in wide spectral range.
The devices yield high photo-responsivity (5.16 A W−1) and large Ilight/Idark

ratio (1 × 105). Besides, the local gate fields accelerate the separation of
photo-induced carriers, leading to fast response without persistent current.
This strategy takes the advantage of the simplified design and continues to
deliver integrated circuits with high density. The superior electrical and
photodetection characteristics exhibit great potency in the domain of future
optoelectronics.

1. Introduction

Dimensional scaling of silicon-based transistors eventually ap-
proaches fundamental limits, accompanying with the issues of
electrostatics, excessive leakage, and mobility degradations.[1,2]

The ultrathin body as well as atomically flat surface of 2D semi-
conductors enables suppressing the short-channel effects, which

T. Bu, C. Liu, W. Su, X. Hong, R. Hong, Y. Liu, X. Zou, L. Liao, X. Liu
Key Laboratory for Micro/Nano Optoelectronic Devices of Ministry of
Education and Hunan Provincial Key Laboratory of Low-Dimensional
Structural Physics and Devices
School of Physics and Electronics, Hunan University
Changsha 410082, China
E-mail: liaolei@whu.edu.cn; liuxq@hnu.edu.cn
X. Duan, X. Zhou
China Electronics Technology Group Corporation No.58 Research Institute
Wuxi 214000, China
Z. Fan
Department of Electronic and Computer Engineering
The Hong Kong University of Science and Technology Clear Water Bay
Kowloon, Hong Kong SAR 999077, China
L. Liao, X. Liu
State Key Laboratory for Chemo/Biosensing and Chemometrics
College of Semiconductors (College of Integrated Circuits)
Hunan University
Changsha 410082, China

DOI: 10.1002/adfm.202305490

helps in maintaining superior transistor
performance down to extremely short chan-
nel lengths around 1 nm.[3–6] Complemen-
tary circuits have been widely implanted in
advanced circuits for logic applications.[7–10]

However, traditional doping strategies in-
volve high-energy ion implantation or high-
temperature diffusion,[11] and thus intro-
duce defects in in-panel lattice, leading
to performance degradation, long-term sta-
bility and/or reliability issues, as well as
low doping efficiency.[12,13] Therefore, they
are not suitable for the ultrathin 2D ma-
terials. To avoid the damage imparted to
the 2D lattice, previous reports mainly fo-
cus on utilizing the advantage of inher-
ent polarity of different channel materi-
als to realize complementary electronics
for low power consumption.[14,15] Although
some feasible synthesis methods are pro-
posed to control the majority carrier type,

the carrier mobility is below the theoretical limit.[16–19] Therefore,
it is a challenge to tune the polarity of 2D transistors while main-
taining intrinsic high performance.

Recently, electrostatic doping which would not rely on any
destructive doping method has aroused great interest in this
regard.[20,21] Many strategies of electrostatic doping such as float-
ing gate modulation, ferroelectric gate, and multiple metal gate
modulation have been noticed.[22–24] Multiple gate electrodes
have been utilized to modulate the polarity of transistors in 2D
materials, such as MoS2 and WSe2.[25,26] However, most of the
previous studies have employed the buried gate process, whereas
the top gate process for multi-gate modulation has been rarely
reported.[27] Moreover, most of the reported research focus on the
electrical performance modulation of devices, and the photode-
tection performance is less studied.[27,28] In view of the unique
properties of 2D materials, it has unique advantages in the con-
struction of photodetectors.[29,30] For wide-spectrum photodetec-
tors, it is essential to continuously modulate the band struc-
ture and obtain effective detection of specific incident light.[31–33]

Therefore, it is necessary to conduct research on continuous
modulation of band alignment for photodetectors.

In this work, electrically dynamic and configurable WSe2 tran-
sistors are fabricated by using two top gates that define the po-
larity of channel regions. By tuning the two individual gate volt-
ages, the polarity of the WSe2 channel can be locally modulated,
and thus n-type and p-type WSe2 local regions are realized in an
individual flake. And, the constructed n-type and p-type inverter
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Figure 1. Device configuration and operation principles. a) Schematic image of the DTG WSe2 transistor. b) Corresponding SEM image with 5 μm scale
bar. c) Raman spectra of the WSe2 channel. d) Band diagrams (upper panel) and simulation results of carrier distribution (lower panel) in WSe2 channel
with different gate voltages configurations. The gradient indicates the majority carrier distribution in the channel.

present high voltage gain of 19.9 and 12.1. Based on the continu-
ous tuning of the band alignment in homogeneous channel and
the use of asymmetric metal contacts, the device evolves from n–
n, p–p to n–p, p–n diodes, which present superior ideal factors
and high rectification ratio.[34–36] Moreover, by properly modulat-
ing the barrier height to construct p-type/intrinsic/n-type (p–i–n)
homojunction, the devices can realize self-driven wide-band pho-
todetection ranging from visible light to near-infrared ran with
a high light/dark current ratio (Ilight/Idark) of 1 × 105, and fast
response and recovery time of 553 and 604 μs, as well a highly
efficacious photovoltaic energy conversion with output electrical
power up to 3.57 nW μm−1. Therefore, these electrically config-
urable transistors ease the assembling difficulty, and open up an
avenue for future electronics and optoelectronics.

2. Results and Discussions

Figure 1a depicts the schematic diagram of the dual-top-
gated (DTG) WSe2 transistor. Figure S1, Supporting Informa-
tion, schematically illustrates the device fabrication processes.
Figure 1b is the scanning electron microscopy (SEM) image of
electrically dynamic configurable WSe2 transistor with top split-
gate (about 250 nm apart) structure. Briefly, the source and drain
electrode adopted asymmetric metal contact of Au and Cr, respec-
tively. Few-layered WSe2 flake with thickness of ≈4 nm (Figure
S2, Supporting Information) is transferred as the channel. In this
case, Van der Waals contacts are formed between WSe2 channel
and metal electrodes, and the metal-deposition–induced interfa-
cial disorder is avoided, so that Schottky barrier is obtained.[37]

Corresponding Raman spectra is shown in Figure 1c. By using
atomic layer deposition (ALD), Al2O3 top-gated dielectric layer
with a thickness of 10 nm is deposited. Subsequently, dual-gated
configuration is completed by electron-beam lithography (EBL),
metal deposition, and lift-off processes, which can realize electro-
static doping of the underneath WSe2 channel.[38] As electric field
can efficiently tune the band structure of WSe2, the applied gate
potential on the dual gates determine the doping profiles in the

underneath WSe2 channel, and efficaciously modulate the carrier
injection from the contact metal. The upper panel of Figure 1d
schematically illustrates the operation principles of four different
band diagrams for varying polarity combinations with different
gate voltages. In the DTG WSe2 transistor, the gate at the drain
side (gate1, G1) is used as a control gate, while the gate at the
source side (gate2, G2) is used to program the device either to
n- or p-type configuration. Various band alignments can be real-
ized in an individual WSe2 channel at different gate biases.[39] To
design general polymorphic circuitry, this all-in-one device can
be regarded as a basic unit. By dynamically configuring the ap-
plied gate voltages, selected digital switches with desired polar-
ities are obtained. Electrical transfer characteristics with corre-
sponding simulation results of charge major carrier distribution
are shown in the lower panel of Figure 1d, which are performed
by Silvaco technology computer-aided design based on the drift-
diffusion model. The finite element approach is used to solve self-
consistently the continuity equations and Poisson’s equation for
holes and electrons. Applied gate voltages create desired electro-
static doping in the underneath WSe2 channel. When both VG1
and VG2 are biased positively, the conduction and valence bands
bend downward and concentrate electrons in the channel. Due to
the thinner Schottky barrier, the injection of electrons at Cr ter-
minal is easier than that at Au terminal, resulting in n-type recti-
fication behavior.[40] Conversely, negative voltages of VG1 and VG2
lead to the valence and conduction bands bending upward and
gathering of holes in the channel. The injection of holes through
the Au terminal is easier than that at the Cr terminal, culminat-
ing in a p-type rectifying behavior. When VG1 is negative and VG2
is positive, in this mode, holes are induced underneath G1 while
electrons accumulate underneath G2. The device is conductive
for the aforementioned three operation modes under positive
VDS. But when VG1 > 0 and VG2 < 0, the device transforms into
off-current state, because of the built-in potential induced deple-
tion region in the reverse-biased p–n junction. Therefore, alter-
ing the DTG potentials enables independent electrostatic control
of carrier density in the WSe2 channel and avoids dopant-related
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Figure 2. Electrical performance of the DTG device. a) Transfer characteristics of dual-gate asymmetric metal contact WSe2 transistor. The positive VG2
programmed n-type configuration. b) Output characteristics at VG2 = 6 V. c) Transfer characteristics of negative VG2 programmed p-type configuration.
d) Output characteristics at VG2 = −6 V. e) Extracted currents rectification ratio as a function of VDS. f) Extracted diode ideality factor n with different
VG1 under VG2 = −6 V and VG2 = 6 V.

issues, thus allowing access to various electronic configurations
with different device operation modes.

To confirm that the gate bias can readily modulate the polar-
ity and current of WSe2 channel, a top-gated transistor opera-
tion is performed in Figure S3a, Supporting Information, which
presents typical ambipolar transfer characteristic of WSe2 tran-
sistors with symmetric Cr/Au contacts. The Fermi level pin-
ning effect induces slightly lower barrier heights for electron
injection, leading to the higher current of the n-type region.[41]

And, the corresponding output curves also exhibit obvious rec-
tifying behavior, as is shown in Figure S3b, Supporting In-
formation. Based on the efficient n-type and p-type doping by
gate biases, to achieve polymorphic operations with an individ-
ual WSe2 flake, we design a DTG architecture to reconfigure
doping profiles of the channel via electrostatic gating. Figure
S4a, Supporting Information, shows the leakage current IGS
with different VG1 and VG2, and IGS is lower than 1 pA μm−1.
With the positive VG2, the channel is doped electrostatically
into n-type in which the electrons act as the majority carriers
(Figure 2a). Corresponding output characteristics are shown in
Figure 2b. When VG2 is fixed to 6 V, the channel underneath VG2
is electrostatically doped to be n-type. In this case, by decreas-
ing VG1 from 6 to −6 V, the channel changes from n–n state to
n–p state. The channel also can be programed into p-type when
VG2 is negative in which the holes act as the majority carriers
(Figure 2c). Figure 2d shows corresponding output characteris-
tics. By fixing VG2 = −6 V, holes are accumulated in the channel
underneath. When VG1 increases from −6 to 6 V, the height of
Schottky barrier between WSe2 and Cr is lowered, and then the
channel changes from p–p state to p–n state. Because of the large
barrier between Au and WSe2 and a negligible barrier between Cr
and WSe2, Schottky junction is formed, which further suppresses
the reverse current and significantly promotes the rectification

ratio. Figure 2e reveals the gate-dependent rectification ratio as
a function of VDS. The rectification ratio increases with VDS, and
reaches peak values of 1.5 × 104 (VG1 = −6 V, VG2 = 6 V) and 4.1
× 105 (VG1 = 6 V, VG2 = −6 V) at VDS = 3 V, respectively. Figure 2f
extracts the ideality factor (n) of the obtained diode with different
VG1 as VG2 = −6 V and VG2 = 6 V, respectively, which demon-
strates a low value of 1.33. And thus, the excellent diode character-
istics demonstrate electrically dynamic configurable diodes have
few defects. Based on the efficient electrostatic doping of WSe2
channel, the transportation characteristic can be readily modu-
lated, which presents an evolution from rectifying state to non-
rectifying state, and the conduction direction can be tuned as well
(Figure S4b,c, Supporting Information).

By modulating the voltage configurations of the dual gates, the
polarity and transport behaviors can be readily tuned, and virtual
n-/p-type regions in the WSe2 channel enables multiple operat-
ing modes by implementing the DTG gate configuration. We de-
fine VG1 and VG2 as input signals and IDS as the output signal,
the IDS at VDS = 1 V as a function of VG1 and VG2 are shown in
Figure 3a. Based on the electrically dynamic configurable doping
profile of the WSe2 channel underneath G1 and G2, Figure 3b
lists four current states available in the DTG device, which
presents a variety of operation behaviors beyond traditional
transistors.[42–45] To realize the configurable multifunctional logic
application, we fabricate logic inverters based on the dynamic
configurable WSe2 transistor, and the basic logic applications are
realized by controlling the polarity and magnitude of VG1 and
VG2. In both of n-type and p-type inverters, direct-coupled field-
effect transistor logic technology is used, as shown in Figure S5a,
Supporting Information, and G2 (Vin2) is defined as the polar-
ity control terminal. To obtain high transconductance and out-
put current, the contact region is fully overlapped by the gate re-
gion. We insert a saturated transistor between the power supply
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Figure 3. Configurable logic functions. a) IDS is mapped as a function of VG1 and VG2 with VDS = 1 V. b) Current states and majority carrier types with
different applied gate voltages (VG1 and VG2). c) Voltage transfer characteristics of n-type inverter. d) Voltage transfer characteristics of p-type inverter.
e) Extracted voltage gain as a function of VDD for n-type and p-type inverters, respectively.

(VDD) and n-type inverter. For p-type inverter, the saturated tran-
sistor is inserted between the inverter and grounding terminal
(GND). Figure 3c,d exhibits the voltage transfer characteristics of
n-type and p-type inverters with different supply voltages of G1
(Vin1) and VDD. By applying VG2, as shown in Figure 3c, the n-
type inverter exhibits typical transfer curves by fixing Vin2 = 6 V.
Figure S5b,c, Supporting Information, shows the corresponding
voltage gain of n-type and p-type inverters with different VDD. For
p-type inverter (Figure 3d), by fixing Vin2 = −6 V, the device ex-
hibits steep transformation of output voltage versus input signal.
Figure 3e plots the extracted maximum voltage gain with differ-
ent VDD of n-type and p-type inverters, and peak values of 19.9
and 12.1 are obtained at VDD = 5 V, respectively. Therefore, DTG
device shows promising applications in building more simplified
and advanced logic circuits.

As the band alignment in the WSe2 channel is readily tuned
by the electrostatic field, the barrier can be continuously modu-
lated as well, and thus photodetectors that are sensitive to spe-
cific wavelengths are designed. Figure 4a shows typical output
curves with 532 nm laser illumination at VG1 = 6 V and VG2
= −6 V. The gate electrostatic fields can create different polari-
ties region in WSe2 channel, and due to a 250 nm gap between
G1 and G2, a p–i–n junction is constructed. In this configura-
tion, the spontaneously photo-induced carriers can be efficiently
accelerated and separated.[46] A high Ilight/Idark ratio of around
1 × 105 is obtained at a power intensity Plight = 50 mW cm−2. Un-
der forward drain–source voltage (VDS = 3 V), the responsivity (R)
and Ilight/Idark values are strongly correlated by the incident laser
power (Plight) (Figure 4b and Figure S6, Supporting Information).
With the increment of Plight, photo-induced carrier recombina-
tion is enhanced, and R is decreased.[47] The highest R at Plight =
0.038 mW cm−2 is 5.16 A W−1, which is much higher than that
of typical WSe2-based photodiodes (≈0.17 A W−1).[48] Figure 4c
shows the on–off switching characteristics under multiple test cy-

cles of the DTG device under 532 nm laser illumination with Plight
= 50 mW cm−2, demonstrating fast and reliable on–off switching
performance. In electrostatic field modulated photodiode, the in-
trinsic region significantly reduced the junction capacitance and
Idark.[49] As a result, the response and recovery speed of the device
are much faster than traditional heterostructure devices.[50] As
shown in Figure 4d, the response time (𝜏rise) and recovery time
(𝜏decay) are defined as the time width of the peak photocurrent
to rise from 10% to 90% and fall from 90% to 10%, which are
recorded to be 533 and 604 μs, respectively. The p–i–n photodi-
ode can also apply to harvest photovoltaic energy. As shown in
Figure S7a, Supporting Information, the open circuit voltage
(VOC) is relatively low at the weak light intensity, probably due to
the recombination of photo-induced carriers.[47] Moreover, high
incident light intensity promote high photo-induced carriers con-
centration, leading to the increment of VOC value. According to
the VOC and ISC extracted from Figure S7a, Supporting Infor-
mation, the power generated in the electrostatic field modulated
photodiode is plotted in Figure S7b, Supporting Information.
The output electrical power increases with Plight and obtains a
peak value of 3.57 nW μm−1 at Plight = 50 mW cm−2. The ISC is
also affected by VG1 and VG2. As shown in Figure 4e, by fixing
VG2 =−5 V, the ISC increases with VG1 when Plight = 10 mW cm−2.
With fixed positive VG1 and negative VG2, the channel underneath
G1 is electrostatically doped p-type and n-type regions enable ef-
ficient separation of photo-induced carriers, leading to increased
ISC. Besides, the larger voltage difference applied between two top
gates, the faster response, and recovery time could be realized
(Figure S8, Supporting Information). As the barrier height be-
tween WSe2 channel underneath G1 and G2 can be continuously
modulated, the detection region can be expanded by adjusting the
gate potentials. Figure S9, Supporting Information, shows the
output plots at VG1 = 6 V, VG2 = −6 V under different incident
light illumination. Notably, the laser power intensity is fixed at
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Figure 4. Gate voltage and laser power dependent photoresponse. a) IDS−VDS characteristics of DTG device under 532 nm laser illumination with
different power intensity. b) Extracted photoresponsivity as a function of incident power at VG1 = 6 V and VG2 = −6 V. c) Time-dependent dynamic
photoresponse under light illumination with a power intensity of 50 mW cm−2. d) Corresponding response time (𝜏rise) and recovery time (𝜏decay) of the
obtained photodetector. e) Short-circuit current ISC under 532 nm incident light illumination with different VG1. f) Typical photoresponse performance
of the device under incident light illumination with different wavelengths.

20 mW cm−2 for all measurements. Figure 4f demonstrates that
the near-infrared light detection can be achieved with effective
electrostatic doping. The photocurrent decreases obviously for
the wavelengths beyond 660 nm, which is probably due to the re-
duced photon energy at long wavelength.[51] Therefore, the strat-
egy presented here is sufficient to construct high-performance
photodetectors that are sensitive to specific incident light illumi-
nations, by modulating the electrostatic doping levels of the gate.

3. Conclusion

In summary, electrically dynamic configurable WSe2 transistors
are fabricated, and various device operation modes are realized
by tuning the local electrostatically doped channel profile. With
different gate bias and circuit configurations, high voltage gain is
obtained. By using asymmetric metal contacts, hole and electron
injections are promoted, and the devices present desirable rectifi-
cation ratio. The continuous modulation of barrier height enables
multi-color photodetection with high responsivity. The built-in
electric field of the p–i–n junction and the Schottky barriers at the
contact region spontaneously separates the photo-induced car-
riers for fast and transient recovery. The obtained highly effec-
tive photovoltaic energy conversion is also suitable for self-driven
broadband photodetection. Therefore, the present strategy pro-
vides great potential for the development of multi-functional op-
toelectronic devices.

4. Experimental Section
Device Fabrication: EBL was used to pattern the source electrode.

Metal thermal evaporation and lift-off approach were used to fabricate
50 nm Au source electrode with an extended contact on SiO2 (300 nm)/Si
substrate. Next, a few-layered WSe2 flake was transferred by PDMS stamp
as channel. The thickness of WSe2 flake was ≈4 nm as confirmed by atomic
force microscopy. Cr (50 nm) drain electrode was patterned on WSe2 flake
using EBL and metal thermal evaporation. 10 nm Al2O3 dielectric layer
was deposited by ALD, and Cr/Au (10/50 nm) dual-gate electrodes were
formed above Al2O3 dielectric layer by EBL and thermal evaporation.

Material Characterization and Device Measurement: The morphology
of the homojunction was characterized by scanning electron microscope
(JEOL IT300) and atomic force microscope (Park NX20). Raman spectra
were characterized on Renishaw Raman spectrometer platform. Agilent
4156B semiconductor parameter analyzer and Lakeshore TTPX probe sta-
tion were used to measure the electric and photoelectric characteristics.
The light sources were lasers with wavelengths of 375, 457, 532, 660, 808,
and 914 nm, respectively.

Device Simulations: Device simulations were performed using Silvaco-
TCAD. The model used in the software was based on the drift-diffusion
method, where Poisson’s equation and continuity equations for electrons
and holes were solved self-consistently by the finite element approach. In
order to present the electron density distribution in the cross-section of the
device more clearly, the thickness of the WSe2 flake was set at 4 nm and the
channel length was set at 2 μm during the simulation. The models used
in the simulation included conmob, auger, and srh. The Newton iteration
method was used for the calculation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Adv. Funct. Mater. 2023, 33, 2305490 © 2023 Wiley-VCH GmbH2305490 (5 of 7)

 16163028, 2023, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202305490 by H
ong K

ong U
niversity O

f, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.afm-journal.de

Acknowledgements
This work was supported by the National Key Research and Development
Program of Ministry of Science and Technology (Nos. 2022YFE0141500
and 2022YFA1402504), the China National Funds for Distinguished
Young Scientists Grant 61925403, the China National Funds for Out-
standing Young Scientists Grant 62122024, the National Natural Science
Foundation of China (Grant Nos. 62134001, 62274060, 12174094, and
51991341), the Natural Science Foundation of Hunan Province (Grant No.
2021JJ20028), and in partly by the Key Research and Development Plan of
Hunan Province under Grant (No. 2022WK2001) and the Natural Science
Foundation of Changsha (Grant No. kq2004002).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
electrostatic doping, inverters, photodetectors, WSe2

Received: May 17, 2023
Revised: June 20, 2023

Published online: July 12, 2023

[1] D. Kwon, K. Chatterjee, A. J. Tan, A. K. Yadav, H. Zhou, A. B. Sachid,
R. D. Reis, C. Hu, S. Salahuddin, IEEE Electron Device Lett. 2018, 39,
300.

[2] W. Li, H. Ning, Z. Yu, Y. Shi, X. Wang, J. Semicond. 2019, 40, 091002.
[3] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nat.

Nanotechnol. 2011, 6, 147.
[4] H. Liu, A. T. Neal, P. D. Ye, ACS Nano 2012, 6, 8563.
[5] S. B. Desai, S. R. Madhvapathy, A. B. Sachid, J. P. Llinas, Q. Wang, G.

H. Ahn, G. Pitner, M. J. Kim, J. Bokor, C. Hu, H.-S. P. Wong, A. Javey,
Science 2016, 354, 99.

[6] Z. Yu, Z.-Y. Ong, S. Li, J.-B. Xu, G. Zhang, Y.-W. Zhang, Y. Shi, X. Wang,
Adv. Funct. Mater. 2017, 27, 1604093.

[7] L. Kong, X. Zhang, Q. Tao, M. Zhang, W. Dang, Z. Li, L. Feng, L. Liao,
X. Duan, Y. Liu, Nat. Commun. 2020, 11, 1866.

[8] H. Yoo, S. On, S. B. Lee, K. Cho, J. J. Kim, Adv. Mater. 2019, 31,
1808265.

[9] S. H. Shokouh, A. Pezeshki, S. R. A. Raza, H. S. Lee, S. W. Min, P. J.
Jeon, J. M. Shin, S. Im, Adv. Mater. 2015, 27, 150.

[10] M. H. Chiu, H. L. Tang, C. C. Tseng, Y. Han, A. Aljarb, J. K. Huang, Y.
Wan, J. H. Fu, X. Zhang, W. H. Chang, D. A. Muller, T. Takenobu, V.
Tung, L. J. Li, Adv. Mater. 2019, 31, 1900861.

[11] Y. Liu, Y. Huang, X. Duan, Nature 2019, 567, 323.
[12] Y. Y. Illarionov, A. G. Banshchikov, D. K. Polyushkin, S. Wachter,

T. Knobloch, M. Thesberg, M. I. Vexler, M. Waltl, M. Lanza, N. S.
Sokolov, T. Mueller, T. Grasser, 2D Mater. 2019, 6, 045004.

[13] Q. A. Vu, S. Fan, S. H. Lee, M. K. Joo, W. J. Yu, Y. H. Lee, 2D Mater.
2018, 5, 031001.

[14] W. D. Hu, X. S. Chen, Z. H. Ye, W. Lu, Appl. Phys. Lett. 2011, 99,
091101.

[15] D. Li, M. Chen, Z. Sun, P. Yu, Z. Liu, P. M. Ajayan, Z. Zhang, Nat.
Nanotechnol. 2017, 12, 901.

[16] G. Iannaccone, F. Bonaccorso, L. Colombo, G. Fiori, Nat. Nanotech-
nol. 2018, 13, 183.

[17] A. Varghese, D. Saha, K. Thakar, V. Jindal, S. Ghosh, N. V. Medhekar,
S. Ghosh, S. Lodha, Nano Lett. 2020, 20, 1707.

[18] R. Cheng, F. Wang, L. Yin, Z. Wang, Y. Wen, T. A. Shifa, J. He, Nat.
Electron. 2018, 1, 356.

[19] Z. Guo, Y. Chen, H. Zhang, J. Wang, W. Hu, S. Ding, D. W. Zhang, P.
Zhou, W. Bao, Adv. Sci. 2018, 5, 1800237.

[20] J. Wang, H. Fang, X. Wang, X. Chen, W. Lu, W. Hu, Small 2017, 13,
1700894.

[21] X. Sun, C. Zhu, J. Yi, L. Xiang, C. Ma, H. Liu, B. Zheng, Y. Liu, W. You,
W. Zhang, D. Liang, Q. Shuai, X. Zhu, H. Duan, L. Liao, Y. Liu, D. Li,
A. Pan, Nat. Electron. 2022, 5, 752.

[22] A. Lipatov, P. Sharma, A. Gruverman, A. Sinitskii, ACS Nano 2015, 9,
8089.

[23] D. L. Duong, S. J. Yun, Y. H. Lee, ACS Nano 2017, 11,
11803.

[24] J. S. Ross, P. Klement, A. M. Jones, N. J. Ghimire, J. Yan, D. G.
Mandrus, T. Taniguchi, K. Watanabe, K. Kitamura, W. Yao, D. H.
Cobden, X. Xu, Nat. Nanotechnol. 2014, 9, 268.

[25] G. V. Resta, Y. Balaji, D. Lin, I. P. Radu, F. Catthoor, P. E. Gaillardon,
G. De Micheli, ACS Nano 2018, 12, 7039.

[26] J. Yi, X. Sun, C. Zhu, S. Li, Y. Liu, X. Zhu, W. You, D. Liang, Q. Shuai,
Y. Wu, D. Li, A. Pan, Adv. Mater. 2021, 33, 2101036.

[27] P. Chen, T. L. Atallah, Z. Lin, P. Wang, S. J. Lee, J. Xu, Z. Huang, X.
Duan, Y. Ping, Y. Huang, J. R. Caram, X. Duan, Nature 2021, 599, 404.

[28] C. S. Pang, C. Y. Chen, T. Ameen, S. Zhang, H. Ilatikhameneh, R.
Rahman, G. Klimeck, Z. Chen, Small 2019, 15, 1902770.

[29] J. Du, Q. Liao, B. Liu, X. Zhang, H. Yu, Y. Ou, J. Xiao, Z. Kang, H. Si,
Z. Zhang, Y. Zhang, Adv. Funct. Mater. 2020, 31, 2007559.

[30] J. Xu, X. Luo, S. Hu, X. Zhang, D. Mei, F. Liu, N. Han, D. Liu, X. Gan,
Y. Cheng, W. Huang, Adv. Mater. 2021, 33, 2008080.

[31] M. E. Beck, M. C. Hersam, ACS Nano 2020, 14, 6498.
[32] Z. Zhang, P. Lin, Q. Liao, Z. Kang, H. Si, Y. Zhang, Adv. Mater. 2019,

31, 1806411.
[33] J. Cheng, C. Wang, X. Zou, L. Liao, Adv. Opt. Mater. 2019, 7, 1800441.
[34] X. Zhang, Y. Li, W. Mu, W. Bai, X. Sun, M. Zhao, Z. Zhang, F. Shan, Z.

Yang, 2D Mater. 2021, 8, 032002.
[35] B. W. H. Baugher, H. O. H. Churchill, Y. Yang, P. Jarillo-Herrero, Nat.

Nanotechnol. 2014, 9, 262.
[36] P. Luo, C. Liu, J. Lin, X. Duan, W. Zhang, C. Ma, Y. Lv, X. Zou, Y. Liu,

F. Schwierz, W. Qin, L. Liao, J. He, X. Liu, Nat. Electron. 2022, 5, 849.
[37] Y. Liu, J. Guo, E. Zhu, L. Liao, S. J. Lee, M. Ding, I. Shakir, V. Gambin,

Y. Huang, X. Duan, Nature 2018, 557, 696.
[38] M. Chhowalla, D. Jena, H. Zhang, Nat. Rev. Mater. 2016, 1, 16052.
[39] N. Guo, L. Xiao, F. Gong, M. Luo, F. Wang, Y. Jia, H. Chang, J. Liu, Q.

Li, Y. Wu, Y. Wang, C. Shan, Y. Xu, P. Zhou, W. Hu, Adv. Sci. 2020, 7,
1901637.

[40] J. Y. Wu, Y. T. Chun, S. Li, T. Zhang, D. Chu, ACS Appl. Mater. Interfaces
2018, 10, 24613.

[41] M. Zhang, X. Liu, X. Duan, S. Zhang, C. Liu, D. Wan, G. Li, Z. Xia, Z.
Fan, L. Liao, ACS Photonics 2021, 9, 132.

[42] H. Wang, L. Yu, Y. H. Lee, Y. Shi, A. Hsu, M. L. Chin, L. J. Li, M. Dubey,
J. Kong, T. Palacios, Nano Lett. 2012, 12, 4674.

[43] D. Kotekar-Patil, J. Deng, S. L. Wong, C. S. Lau, K. E. J. Goh, Appl.
Phys. Lett. 2019, 114, 013508.

[44] D. Li, M. Zhao, K. Liang, H. Ren, Q. Wu, H. Wang, B. Zhu, Nanoscale
2020, 12, 21610.

[45] A. Pelella, O. Kharsah, A. Grillo, F. Urban, M. Passacantando,
F. Giubileo, L. Iemmo, S. Sleziona, E. Pollmann, L. Madauß, M.
Schleberger, A. Di Bartolomeo, ACS Appl. Mater. Interfaces 2020, 12,
40532.

Adv. Funct. Mater. 2023, 33, 2305490 © 2023 Wiley-VCH GmbH2305490 (6 of 7)

 16163028, 2023, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202305490 by H
ong K

ong U
niversity O

f, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.afm-journal.de

[46] Y. Zhang, K. Ma, C. Zhao, W. Hong, C. Nie, Z. J. Qiu, S. Wang, ACS
Nano 2021, 15, 4405.

[47] L. Wang, X. Zou, J. Lin, J. Jiang, Y. Liu, X. Liu, X. Zhao, Y. F. Liu, J. C.
Ho, L. Liao, ACS Nano 2019, 13, 4804.

[48] H. S. Lee, J. Ahn, W. Shim, S. Im, D. K. Hwang, Appl. Phys. Lett. 2018,
113, 163102.

[49] C. Li, R. Tian, X. Chen, L. Gu, Z. Luo, Q. Zhang, R. Yi, Z. Li, B. Jiang,
Y. Liu, ACS Nano 2022, 16, 20946.

[50] A. Pezeshki, H. Shokouh, T. Nazari, K. Oh, S. Im, Adv. Mater. 2016,
28, 3216.

[51] C. Liu, X. Zou, M. C. Wu, Y. Wang, Y. Lv, X. Duan, S. Zhang, X. Liu, W.
W. Wu, W. Hu, Z. Fan, L. Liao, Adv. Funct. Mater. 2021, 31, 2100781.

Adv. Funct. Mater. 2023, 33, 2305490 © 2023 Wiley-VCH GmbH2305490 (7 of 7)

 16163028, 2023, 48, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202305490 by H
ong K

ong U
niversity O

f, W
iley O

nline L
ibrary on [15/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


