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Nano-devices based on two-dimensional (2D) semiconductor materials encourage the development of

high-performance homogeneous junctions owing to their remarkable electronic and optoelectronic

properties. Herein, we fabricated an atomically thin WSe2 (B4.8 nm) lateral homojunction PN diode

through the deposition of indium gallium zinc oxide (IGZO) via sputtering. Pristine WSe2 exhibited

dominant p-type semiconductor behavior, while IGZO-deposited WSe2 demonstrated n-type behavior,

revealing that IGZO altered the carrier polarity of WSe2 from p- to n-type. Furthermore, we investigated

gate-dependent I–V curves of the lateral homojunction PN (p-WSe2/n-IGZO�WSe2) diode in the dark

based on a single WSe2 flake, which showed a promising current rectification ratio (B1.6 � 104) and

ideality factor (B1.23) at VBG = �30 V, respectively. Subsequently, to explore the photodiode

characteristics, we irradiated the lateral homojunction PN diode of WSe2 under ultra-violet (UV) to near-

infrared (NIR) light (365, 530, and 850 nm). The I–V curves of the diode significantly changed under

light irradiation, and the open circuit voltage (Voc = 202, 166, and 134 mV) and short circuit current

(Isc = 320, 171, and 122 nA) values increased under illumination of a laser of small wavelength (365, 530,

and 850 nm). Furthermore, we investigated the time-dependent photoresponse behavior of the diode

under different laser lights. This demonstrated promising photoresponsivity (RPh = 40.1 A W�1) and exter-

nal quantum efficiency (EQE = 13 634%) at l = 365 nm and VBG = 15 V. Hence, our lateral homojunction

PN diode WSe2–IGZO/WSe2 shows great potential for next-generation electronic devices at the

nanoscale level.

1. Introduction

In the ever-evolving landscape of semiconductor materials and
device technology, the quest for innovative strategies to manip-
ulate material properties remains continues relentlessly. Two-
dimensional (2D) materials offer immense potential for the
advancement of next generation electronic and optoelectronic
technological innovations.1,2 Various 2D materials, especially
transition metal dichalcogenides (TMDCs), have garnered sig-
nificant attention owing to their atomic thickness, tunable
energy bandgap, mechanical flexibility and dangling bond free
surface.3–6 The versatility of 2D materials offers a fascinating
prospect for electronic and optoelectronic applications as high
mobility field-effect transistors (FETs), PN diodes, memory
devices, logic gates and optical imaging and communication.7–10

Moreover, 2D materials provide significant liberty to architect
novel PN junction devices that could compete with conventional
bulk semiconductor diodes. Recently, several homo- and hetero-
junction PN junctions, including mixed dimensional junctions of
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2D materials, have been established for various ultra-fast pro-
grammable applications.11–13 In recent research, homojunction
and heterojunction diodes of 2D TMDC semiconductor materials
were explored. For example, a vertically stacked heterojunction of
MoS2 and BP showed 70 times higher current density compared
with lateral configuration.14 In contrast, a homojunction PN
diode of MoTe2 exhibited tremendous rectification with a promis-
ing ideality factor (B1.05), demonstrating excellent interface
quality.15 Both homojunction and heterojunction PN diodes have
demonstrated a high current rectification ratio without the appli-
cation of an electric field. Homojunctions have the advantage
of reduced interface traps, while heterojunctions provide a
broad range of material selection and facile approach of self-
encapsulation to circumvent the oxidation process.14 Homojunc-
tion diodes also generally offer several advantages, including the
ability to establish a rapid junction interface and maintain a
stable electric field through electrostatic doping and thickness
modulation.16–18 These features enable continuous tuning of
band alignments using back-gate voltage, providing flexibility in
controlling interfacial energy-band profiles, carrier transport, and
photoelectric conversion.19,20 These attributes make homojunc-
tion diodes an indispensable element for heterogeneous integra-
tion to advance electronic and optoelectronic applications.

Herein, we present a facile approach to engineer WSe2,
converting its intrinsic p-type semiconductor behavior into n-
type by depositing IGZO via sputtering, thereby creating a
versatile PN diode configuration. This remarkable achievement
was realized through the controlled doping of WSe2 with IGZO.
The established lateral homojunction PN (p-WSe2/n-IGZO�
WSe2) diode based on a single WSe2 flake demonstrated
excellent photodetection capabilities across a broad spectrum,
encompassing ultraviolet (UV = 365 nm) to near-infrared (NIR =
850 nm) regions. In addition, we assessed the key performance
metrics, including photoresponsivity and EQE, under varying
illumination conditions and back-gate voltages. Remarkably,
the device exhibited outstanding PN photodiode characteris-
tics, thus offering potential applications in photodetectors,
light-emitting diodes, logic invertors and optical sensors.

2. Materials and methods
2.1. Device fabrication

WSe2 bulk crystals were purchased from HQ Graphene, and
ultrathin WSe2 nanoflakes were obtained through mechanical
exfoliation in a cleanroom environment using adhesive tape. A
dry transfer method, utilizing a micromanipulator and a trans-
parent PDMS stamp, was employed to stack WSe2 onto an SiO2/
Si substrate (SiO2 = 300 nm) within a 90 � 90 mm2 window of a
large pattern. Following the transfer, the substrate underwent a
heat treatment on a hot plate at 90 1C to eliminate residual
water vapors. Throughout the process, the samples underwent
sequential cleaning steps with acetone and methanol, followed
by drying with nitrogen gas flow. For electrode nanofabrication,
a standard e-beam lithography procedure was executed to
create patterns for the source/drain electrodes. Metal contacts

(Cr/Au, 8/80 nm thickness) were deposited using the thermal
evaporation process. Subsequently, a window was designed on
the WSe2 flake through e-beam lithography before the deposi-
tion of IGZO. Finally, IGZO was deposited onto the WSe2 flake
and a lift-off process was accomplished using acetone and
methanol to ensure that the deposition was performed on the
required area. For deposition of IGZO, the base pressure in the
chamber was maintained at 2.2 � 10�6 torr. Argon (9.0 sccm)
and oxygen (1.0 sccm) gases were used for plasma. The deposi-
tion was performed using RF magnetron sputtering at a con-
stant sputtering power of 100 W and room temperature.

2.2. Material and device characterization

The band structural study of WSe2 flake was carried out by
Raman spectroscopy (Renishaw, InVia systems) at room tem-
perature by keeping the laser wavelength at 514 nm. The laser
power was fixed at 1.0 mW to prevent heating effect. The
thickness of WSe2 flake and IGZO thin film was measured by
atomic force microscopy (AFM, Nano focus Inc.). In addition,
the electrical measurements were conducted in a vacuum box
using a source meter (Keithley 2400) and pico-ammeter (Keith-
ley 6485). All photovoltaic measurements were performed with
lasers ranging from 350–850 nm by adjusting the light intensity
accordingly.

3. Results and discussion

A schematic representation of the fabricated FET is illustrated
in Fig. 1a, with separate source (S) and drain (D) electrodes for
WSe2 and IGZO/WSe2 FETs on Si/SiO2 substrate. By utilizing the
mechanical exfoliation technique, WSe2 nanoflakes were exfo-
liated and these nanoflakes were subsequently transferred onto
a Si/SiO2 substrate using a polydimethylsiloxane (PDMS) stamp,
followed by the deposition of Cr/Au electrodes with thicknesses
of 3 and 80 nm, respectively. Fig. 1b presents the original
optical microscope image of the fabricated device. The region
outlined by the red dotted line highlights the WSe2 flake along
with the source and drain electrodes, while the blue dotted
region indicates the area where IGZO has been deposited. The
thickness of the WSe2 flake and IGZO was verified using atomic
force microscopy (AFM), as presented in Fig. 1c. The AFM
measurements, conducted in non-contact mode under ambient
conditions, revealed a uniform and homogeneous surface
morphology, with a thickness of approximately B4.8 and
B15 nm for WSe2 and IGZO, respectively, as shown in the
thickness profile in Fig. 1d and e. Furthermore, Raman spectro-
scopy was employed to investigate the vibrational characteris-
tics of the WSe2 flake. The spectrum, presented in Fig. S1
(ESI†), exhibits characteristic peaks at 250 cm�1 (E1

2g mode),
and 260 cm�1 (A1g mode), which are in good agreement with
previously reported data in the literature.21

To assess the electrical performance of the fabricated
devices, transfer curve measurements (Ids–VBG) were conducted
at Vds = 0.5 V for pristine WSe2 and IGZO/WSe2 FETs, as shown
in Fig. 2a and b.
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The pristine WSe2 device exhibited dominant p-type beha-
vior, as evidenced by its transfer characteristics. Following the
deposition of a 15 nm IGZO layer, a significant shift in the
threshold voltage and a clear transition to n-type conduction
were observed, validating the electron doping effect induced by
sputtered IGZO. These results indicate that the IGZO layer
effectively modulated the carrier polarity of WSe2 from p-type
to n-type, demonstrating the feasibility of controlled n-type
doping through IGZO sputtering. In addition, the individual

IGZO thin film transistor characteristics with intended con-
trolled sputtering conditions showed its oxide behavior rather
than semiconductor nature, as shown in Fig. S2 (ESI†). Thus,
the observed n-type behavior is likely from only the WSe2 flake
attributed to the electron doping effect by sputtered IGZO.
Fig. 2c presents the threshold voltage (VTH) for the WSe2 and
IGZO/WSe2 FETs i.e., �31 V and �24 V, respectively, demon-
strating that the IGZO/WSe2 configuration exhibits a higher
threshold voltage compared with WSe2 alone.

Fig. 2 (a) and (b) Transfer curves (Ids–VBG) with logarithmic insets. (c) Threshold voltage, (d) carrier concentration, and (e) field-effect mobility of
electrons and holes of WSe2 and IGZO/WSe2.

Fig. 1 (a) Schematic of the fabricated WSe2 and IGZO/WSe2 FETs. (b) Optical microscopy image of the WSe2 flake with IGZO deposition on the Si/SiO2

substrate. (c) AFM image of the IGZO and WSe2 thin film. (d) Height profile of the WSe2 flake and (e) IGZO.
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Moreover, the carrier’s density/concentration (n) of holes
and electrons at VBG = �60 V and VBG = +60 V for WSe2 and
IGZO/WSe2 was calculated to be 2.08 � 1012 cm�2 and 6.4 �
1012 cm�2, respectively, using the following eqn (1):22

n ¼
Cg Vg � Vth

� �
e

; (1)

where Cg, Vg, Vth, and e refer to capacitance, gate voltage,
threshold voltage, and electronic charge, respectively. As
depicted in Fig. 2d, a significant variation in carrier concen-
tration was observed while comparing the WSe2 and IGZO/
WSe2 FETs. For pristine WSe2, the hole carrier density (nh) was
notably higher than the electron carrier density (ne), which was
consistent with the material’s intrinsic p-type nature. The
integration of IGZO, however, resulted in a pronounced shift
in carrier concentration, with a substantial increase in electron
density and a corresponding decrease in hole density. This rise
in electron carriers highlights the critical function of IGZO in
promoting electron transfer to WSe2. The shift in carrier con-
centrations induced by IGZO doping further confirms its effi-
cacy in altering charge carrier dynamics within the WSe2

material, thereby illustrating its capacity to enable precise
and efficient control over the material’s electrical properties.

We also calculated the field-effect mobility for WSe2 and
IGZO/WSe2 FETs using eqn (2):23

mFET ¼
1

Cg
:
1

Vds
dIds=dVg L=Wð Þ
� �

(2)

The parameters Cg, Vds, dIds/dVg, L, and W represent the gate
capacitance, drain–source voltage, transconductance (slope of

the Id–Vg curve), channel length, and channel width, respec-
tively. From Fig. 2e it is evident that the hole mobility
(B16 cm2 V�1 s�1) is notably higher than the electron mobility
in WSe2. Conversely, in IGZO/WSe2 the mobility of electrons
(B5 cm2 V�1 s�1) surpasses that of holes.

Fig. 3a shows the structure presented in a schematic diagram
which demonstrates the integration of WSe2 as the p-type channel
and IGZO�WSe2 as the n-type material, fabricated on a SiO2 sub-
strate. The back-gate dependent (�30, �20, �10, 0, +10 V) output
characteristics (Ids–Vds) of homo-PN diode of n-WSe2/p-IGZO�WSe2

has been shown in Fig. 3b. The semi-logarithmic plot of diode
behavior is depicted in detail in Fig. 3c, which shows a substantial
reduction in leakage current with more negative VBG, resulting in a
high on/off current ratio, indicating strong gate control. To assess
the stability and reliability of the fabricated device, we subjected it to
prolonged exposure under ambient environmental conditions. After
an interval of two months, we rechecked the device output char-
acteristics (Ids–Vds) to monitor any changes in its electrical perfor-
mance. As shown in Fig. S3 (ESI†), the device exhibits almost similar
behavior, indicating robust stability over time.

The rectification ratio (RR), defined as ION/IOFF, increases
with more negative VBG, reaching approximately B104 at VBG =
�30 V (Fig. 3d). This gate-dependent RR reflects the transistor’s
optimal performance in the p-type regime, making it suitable
for rectifying applications.

We also calculated evaluated the ideality factor by using the
ideal diode equation:24–26

I ¼ Isat exp
V

nVt

� �
� 1

� 	
(3)

Fig. 3 (a) Schematic of the fabricated device indicating p-type and n-type regions for WSe2 and IGZO/WSe2, respectively. (b) Gate dependent I–V curves
on a linear scale. (c) Output characteristics (Ids–Vds) of the homo-PN diode (p-WSe2/n-IGZO�WSe2) on a logarithmic scale. (d) Rectification ratio (RR) of
the homo-PN diode. (e) Ideality factor of the homo-PN diode. (f) Energy band diagram of the WSe2 p–n homojunction under light.
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where I, Isat, V, n, and Vt are the current through the diode,
reverse-bias saturation current, voltage across the diode, ide-
ality factor, and thermal voltage (25.9 mV), respectively. Under
the forward bias voltage of greater than a few millivolts, the
above equation can be rewritten as:27

I ¼ Isat exp
V

nVt

� �
(4)

The ideality factor, shown in Fig. 3e, varies with VBG, ranging
from B1.2 at �30 V to B1.7 at +10 V. A lower ideality factor in
the p-type regime suggests a near-ideal diode-like behavior,
while the higher values in the n-type regime may indicate
increased recombination or trap states in IGZO. The fabricated
FET demonstrates strong potential for multifunctional devices,
with its tunable ambipolar conduction, high RR, and adjustable
ideality factor. Further, to understand the energy band align-
ment under light for p-WSe2 and n-WSe2, we provide a sche-
matic illustration as depicted in Fig. 3f.

To elucidate broadband photodetection, we illuminated the
homodiode device under light, as illustrated in Fig. 4a. We
measured output characteristics (Ids–Vds) under light in a
vacuum, as shown in Fig. 4b. We illuminated the homodiode
at different wavelengths varying from UV to NIR (365, 530 and
850 nm) with a fixed gate voltage (VBG) of 20 V and intensity of
50 mW cm�2. Under dark conditions, minimal drain–source
current (Ids) is exhibited by the device, which indicates low
carrier generation. However, upon illumination, Ids increases
significantly, particularly at shorter wavelengths, as evidenced

by the pronounced rise in current value at 365 nm. This
behavior highlights the wavelength-dependent photoresponse
of the homodiode (p-WSe2/n-IGZO�WSe2), where shorter wave-
lengths generate more charge carriers due to higher photon
energy. The enhanced photocurrent at shorter wavelengths
suggests strong absorption in the ultraviolet-visible spectrum,
making the device suitable for UV-visible photodetection.

A more detailed view of the diode behavior at low bias is
presented in Fig. 4c, where the current response near zero bias
is plotted. Under illumination, a clear photoconductive effect is
observed, with the photocurrent increasing as the wavelength
decreases. The 365 nm illumination produces the highest
photocurrent, followed by 530 nm and 850 nm. The significant
modulation of Ids near zero bias further demonstrates the
device’s sensitivity to light, particularly at UV wavelengths. This
strong photocurrent response at shorter wavelengths suggests
that the homojunction structure efficiently separates and col-
lects photo-generated carriers, even at low bias conditions.

The photovoltaic properties of the device are characterized
by the open-circuit voltage VOC and short-circuit current ISC, as
shown in Fig. 4d and e, respectively. The VOC, plotted in Fig. 4d,
decreases with increasing wavelength, from approximately 200
mV at 365 nm to around 130 mV at 850 nm. This trend is
consistent with the fact that higher-energy photons (shorter
wavelengths) generate more photo-excited carriers, leading to a
higher photovoltage. As the wavelength increases, the lower
photon energy results in fewer generated carriers and, thus, a
reduction in VOC. Similarly, the short-circuit current ISC, shown

Fig. 4 (a) Schematic of the WSe2 and IGZO/WSe2 devices under laser source. (b) Gate-dependent output characteristics (Ids–Vds) of the device under
different wavelengths at VBG = 20 V. (c) Enlarged view of Ids–Vds curves of the device. (d) and (e) Variation in the VOC and ISC of the device at VBG = 20 V
with the wavelength of illumination source at P = 50 mW cm�2.
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in Fig. 4e, decreases as the wavelength increases, from about
0.30 mA at 365 nm to 0.10 mA at 850 nm. This reduction in ISC

with increasing wavelength reflects the lower photon absorp-
tion efficiency of the homo-PN diode at longer wavelengths,
which results in reduced carrier generation and collection.

The photodetection characteristics are attributed to the
lateral p-WSe2/n-IGZO�WSe2 homojunction, where a built-in
electric field at the junction efficiently separates charge carriers
under illumination, leading to increased photocurrent and
photovoltage with decreasing wavelength. The strong absorp-
tion of WSe2 and effective charge transfer by IGZO doping
enhance performance, ensuring minimal recombination and
improved carrier transport compared to heterojunctions. The
higher photocurrent at shorter wavelengths (365 nm) is due to
increased photon energy, resulting in large electron–hole pair
generation. These results highlight the robustness of the
homojunction in achieving high responsivity across a broad
light spectrum.

The time-resolved photoresponse of the (p-WSe2/(n)IGZO-
WSe2) lateral homojunction was evaluated under illumination
at three different wavelengths (365 nm, 530 nm, and 850 nm)
with a constant incident power density of 25 mW cm�2 and a
gate bias voltage of VBG = +10 V, as shown in Fig. 5a. The device
exhibited a clear and repeatable photocurrent response
upon alternating exposure to light and dark cycles of 10 s.
The magnitude of the photocurrent Ids under illumination
varies with wavelength, with the highest response observed at
VBG = +10 V, P = 25 mW cm�2, for 365 nm i.e., Ids E 0.21 mA, and
the lowest for 850 nm i.e., Ids E 0.05 mA.

A clear view of the device’s photoresponse under three
different wavelengths i.e., 365 nm, 530 nm, and 850 nm, is
depicted in Fig. 5b, which shows a response of Ids E 190 nA at
P = 25 mW cm�2 and VBG = +10 V under 365 nm wavelength. We
also calculated the rise/decay times i.e., E1.7 and 1.9 s using
the following equation in order to explore the response time of
the device, as shown in Fig. 5c:

It ¼ Idark þ Be
� t
td


 �
(5)

where It, Idark, and td relate to the currents under light and dark
conditions and the decay time of devices, respectively.

To quantify the change in photocurrent DIph due to illumi-
nation, Fig. 5d presents a comparison of the photocurrent
response at two different gate voltages i.e., at VBG = +10 V and
VBG = +15 V. It is observed that the photocurrent increases with
increasing VBG, which can be attributed to the enhanced
electric field at higher gate biases that facilitates a more
efficient separation and collection of photo-generated elec-
tron–hole pairs. As expected, shorter wavelengths (higher
photon energies) result in greater DIph, with 365 nm illumina-
tion yielding a maximum photocurrent response of approxi-
mately 250 nA at VBG = +15 V.

Photoresponsivity (Rph) is a critical parameter in the evalua-
tion of photodetectors, as it quantifies the performance of a
device under incident light. We calculated this parameter by
using the following equation:28

R ¼ Iph

P � A (6)

Fig. 5 (a) Time-resolved photo response of the lateral homodiode at VBG = 10 V and P = 25 mW cm�2. (b) Time-resolved photo response of the
homojunction PN diode (p-WSe2/n-IGZO�WSe2). (c) Estimated decay time of p-WSe2/n-IGZO�WSe2 under various wavelengths of light. (d) Variation in
photocurrent under different wavelengths at VBG = 10 V and 15 V. (e) Variation in the photoresponsivity of the device at VBG = 10 V and 15 V with the
wavelength of the illumination source. (f) EQE of the devices at VBG= 10 V and 15 V under 365, 530, and 850 nm wavelengths of light.
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Iph, P and A are photocurrent, power intensity, and active area
of the device, respectively.

Fig. 5e shows the Rph of the device which is plotted against
different wavelengths i.e., 365 nm, 530 nm, and 850 nm at
VBG = +10 V, and VBG = +15 V, respectively. The responsivity
follows a decreasing trend as the illumination wavelength
increases. At 365 nm, the responsivity reaches as high as
40 A W�1 at VBG = +15 V, which is notably higher compared
to the values at 530 nm and 850 nm. The responsivity decreases
sharply beyond 530 nm, reaching less than 10 A W�1 at 850 nm
which can be attributed to the reduced optical absorption and
lower generation of photo-carriers at large wavelengths, as the
photon energy becomes insufficient to excite electrons across
the bandgap of WSe2.

Additionally, the external quantum efficiency (EQE), a key
figure of merit for photodetectors, was calculated by using the
following relation28 and is presented in Fig. 5f.

EQE ¼ R
hc

el
(7)

R, h, c, e and l are photoresponsivity, Planck’s constant, speed
of light, charge, and wavelength, respectively. The EQE values
exhibit a similar trend to the responsivity, with the maximum
EQE observed at 365 nm for both gate voltages. At VBG = +15 V,
the EQE reaches over B1.3 � 104%, highlighting the high
efficiency of the photodetector in converting incident photons
into electrical carriers. The EQE decreases significantly as the
wavelength increases, dropping to approximately 0.2 � 104% at
850 nm, reflecting the reduced photoresponse at lower photon
energies. However, there is an apparent correlation between
VGB and photodetection performance; higher VBG improves
photocurrent, responsivity, and EQE at all measured wave-
lengths. This is probably because of the enhanced electric field
across the junction, which aids in a more efficient separation of
photo-generated carriers due to impact ionization process, so
that the overall performance is improved. Our results present
critical insights into the synergistic interactions between IGZO
and WSe2, highlighting their potential to revolutionize electro-
nic device architectures. These findings lay a robust foundation
for the future development of high-performance, energy-
efficient systems, positioning IGZO/WSe2 as a promising mate-
rial platform in next-generation electronics and semiconductor
technologies.

4. Conclusion

In summary, we fabricated an FET using WSe2 thin films that
intrinsically showed p-type semiconductor behavior. Subse-
quently, we deposited an IGZO layer on a localized part of a
WSe2 flake, which converted it from p-type to n-type. This
conversion was attributed to selective electron doping of
WSe2 by IGZO. This approach helped engineer a lateral homo-
junction PN diode (p-WSe2/n-IGZO�WSe2) with a promising
current rectification ratio and ideality factor due to a sharp
interface between the WSe2 and p-WSe2 regions. Furthermore,
we investigated this diode under broadband wavelengths of

light and thereby demonstrated its outstanding photovoltaic
property. This scheme opens up a new avenue to introduce an
efficient manipulation of the carrier type in 2D materials using
IGZO. Thus, this work describes a facile and non-destructive
approach toward next-generation logic and CMOS inverter
devices with high efficiency.

Author contributions

The manuscript was written through contributions from all the
authors. All the authors have given approval to the final version
of the manuscript. M. A., M. H. P., and A. R. conceived the idea,
fabricated the devices and carried out the investigations.
M. A. K., E. E., M. A., and M. R. conducted the analysis and
measurements. M. N., Z. A., M. A. R., and A. Z. assisted in
writing the initial draft of the manuscript. All co-authors
assisted in writing the manuscript. J. E., S. R. and M. F. K.
provided essential contributions to interpreting the results and
reviewing the final manuscript. J. E. and M. F. K. supervised
and provided the funding resources for this research.

Data availability

The data are available from the corresponding author upon
reasonable request.

Conflicts of interest

The authors state that they have no competing financial or non-
financial interests.

Acknowledgements

This work was supported by the National Research Foundation
of Korea (NRF) basic research grant funded by the Korean
government (MSIT) (No. 2022R1F1A1075229). This research
was also supported by the MSIT (Ministry of Science and
ICT), Korea, under ITRC (Information Technology Research
Center) support program (IITP-2024-RS-2024-00437191) super-
vised by the IITP (Institute for Information & Communications
Technology Planning & Evaluation). In addition, this research
was partly supported by the Korea Basic Science Institute
(National Research Facilities and Equipment Center) grant
funded by the Ministry of Education. (No. 2022R1A6C101A774).

References

1 C. Liu, H. Chen, S. Wang, Q. Liu, Y.-G. Jiang, D. W. Zhang,
M. Liu and P. Zhou, Two-Dimensional Materials for next-
Generation Computing Technologies, Nat. Nanotechnol.,
2020, 15(7), 545–557, DOI: 10.1038/s41565-020-0724-3.

2 J. Shim, H.-Y. Park, D.-H. Kang, J.-O. Kim, S.-H. Jo, Y. Park
and J.-H. Park, Electronic and Optoelectronic Devices
Based on Two-Dimensional Materials: From Fabrication to

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 1

1:
23

:1
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1038/s41565-020-0724-3
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc04705b


This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 8544–8552 |  8551

Application, Adv. Electron. Mater., 2017, 3(4), 1600364, DOI:
10.1002/aelm.201600364.

3 J. Li, X. Yang, Z. Zhang, W. Yang, X. Duan and X. Duan,
Towards the Scalable Synthesis of Two-Dimensional Hetero-
structures and Superlattices beyond Exfoliation and
Restacking, Nat. Mater., 2024, 1–13, DOI: 10.1038/s41563-
024-01989-8.

4 M. A. Islam, E. Nicholson, N. Barri, M. Onodera, D. Starkov,
P. Serles, S. He, B. Kumral, A. Zavabeti, H. Shahsa, T. Cui,
G. Wang, T. Machida, C. V. Singh and T. Filleter, Strain
Driven Electrical Bandgap Tuning of Atomically Thin WSe2,
Adv. Electron. Mater., 2024, 2400225, DOI: 10.1002/
aelm.202400225.
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