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ABSTRACT

The imperative for continuous device miniaturization has heightened the need for logic reconfigurability due to its benefits in circuit
design simplification and process optimization. Van der Waals ambipolar transistors, notable for their inherent reconfigurable
characteristics, have garnered significant interest for their potential to revolutionize information electronics. Nevertheless, as the
semiconductor thickness approaches the 3-nm mark, precise modulation of electrical polarity presents a considerable challenge as minor
variations in thickness can lead to significant electrical disparities. Here, we introduce a silicon backend process-compatible approach by
employing surface charge transfer doping to skillfully adjust the polarity in ambipolar transistors. This universal method can achieve a
controllable p-type doping effect and good electrical symmetry in ambipolar semiconductors. Through careful calibration of the MoO3

dopant layer thickness, we significantly enhance the hole mobility in doped WSe2 field-effect transistors (FETs), increasing it from 8 to
100 cm2V�1 s�1, surpassing the performance of most non-silicon p-type semiconductors. A thorough temperature-dependent doping
characterization elucidates the deeper traps-induced Schottky barrier variation for hole transport, and a reduction in current fluctuation
for electron transport in WSe2/MoO3 FETs. Leveraging the precision in electrical polarity control, we demonstrate a complementary logic
inverter by integrating two doped ambipolar FETs on a single monolithic channel. This advancement paves the way for quasi-forksheet
structures and underscores the benefits in evolving advanced processing technologies, steering toward scalable, cost-effective, and efficient
electronic device fabrication.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0197266

Within the development of advanced logic electronic materials
and devices, reconfigurable ambipolar materials are increasingly
spotlighted due to their ability to support both electron (n-type) and
hole (p-type) conduction.1 This dual conduction capability enables the
utilization of both charge carriers within a single material, obviating
the necessity for distinct p-type and n-type materials in constructing
logic electronic devices. This approach promises to streamline the
manufacturing process, potentially reducing costs and enhancing
the compactness and efficiency of complementary technologies.2,3 As
the demand for miniaturized and high-performance devices escalates,

the development of a reliable methodology for modulating the proper-
ties of ambipolar materials becomes increasingly vital for reshaping the
landscape of electronic circuitry.

Two-dimensional (2D) layered materials, known for their diverse
physical properties, have attracted significant attention.3–5 Distinct
from conventional semiconductors, which typically exhibit single
polarity, a subset of transition metal chalcogenides (TMCs) demon-
strates varied charge carrier polarities, ranging from pure n-type,
through ambipolar behavior, to pure p-type conductivity.6 For
instance, MoTe2 and WSe2 are prototypical materials exhibiting
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ambipolar characteristics.7 Despite MoTe2’s potential in applications
like flexible electronics, optoelectronic modulators, and nanoscale tran-
sistors, its inherent Te vacancies, which lead to oxygen substitution
and resultant polarity fluctuations, limit practical use due to poor sta-
bility under ambient conditions.8 Conversely, WSe2 is characterized by
substantial carrier mobility and excellent atmospheric stability.9

Notably, its bandgap transitions from direct to indirect as its thickness
varies, and when reduced to a single-layer or few-layer structure, it
exhibits quantum phenomena such as the formation of quantum dots
and wells underscoring its potential in advanced electronic and opto-
electronic systems.10–15

Achieving reliable modulation of ambipolar characteristic in
WSe2 transistors underlies the manufacturing foundation of more
advanced logic circuits. Thickness modulation and doping control
have emerged as the most promising strategies.16 The electrical behav-
ior and bandgap of WSe2 are sensitive to its thickness; below 3nm, it
predominantly displays p-type behavior, at around 4nm it exhibits
bipolar characteristics, and above 5nm, it transitions to n-type behav-
ior.10 While thickness-dependent polarity offers a method for tuning
electrical properties, it poses challenges to device reliability due to the
impact of minute thickness variations on electrical properties.
Alternatively, surface charge transfer doping (SCTD) provides a more
versatile and controllable method for modulating conductive charac-
teristics. SCTD enables precise regulation of the doping level by adjust-
ing the thickness of the dopant layer, thereby avoiding the
introduction of direct lattice impurities.17,18 The pronounced surface-
to-volume ratio of two-dimensional materials further facilitates surface
doping-based modulation. For example, benzyl violet molecules have
been used to achieve stable doping of MoS2 and low contact resis-
tance.19 SCTD of LiMn2O4 by nickel can effectively promote interfacial
processes and suppress capacity loss as temperature decreases.20 High
electron mobility has been observed in InSe field-effect transistors
(FETs) at room temperature through the use of a discontinuous
indiummetal layer on the InSe channel surface.21

In this study, we report a universal and reliable method for polar-
ity modulation in typical ambipolar transistors through a silicon back-
end of line compatible methodology of SCTD. By varying the
thickness of the MoO3 dopant from 0 to 30nm, we can tune the
threshold voltage of WSe2 FETs from �77 to �30V, achieving a con-
trollable p-type doping effect. Notably, hole mobility in these FETs
increased approximately 12.5 times, from 8 to 100 cm2V�1 s�1. We
also investigate the temperature-dependent electrical characteristics of
the doped device to gain an in-depth understanding of the carrier
transfer process. Physical images of the activation energy variation and
the linear variation of device resistance with temperature provide a
comprehensive understanding of the metal-like behavior of electron
transport and deeper trap-dominated hole transport in the doped
device. Furthermore, we demonstrate a logic complementary inverter
using two doped ambipolar FETs on a monolithic circuit, incorporat-
ing the quasi-forksheet structure. These results showcase the advan-
tages of SCTD-enabled ambipolar transistors in enhancing control
over charge carrier dynamics for high-performance logic circuit opti-
mization in both design and processing, paving the way for the devel-
opment of advanced processing technology nodes.

To achieve reliable electrical control and facilitate logic circuit
applications of ambipolar WSe2 devices, the SCTD method featured
with simple processing is adopted. More details for the fabrication of

the devices are provided in the supplementary material. Figure 1(a)
depicts the schematic layout of a two-dimensional inverter circuit,
which is composed of dual WSe2 transistors integrated onto a single
ambipolar channel, employing MoO3 film as the surface dopant.
Figure 1(b) reveals the device configuration as observed via cross-
sectional TEM. This hetero-stacking comprises three Au electrodes, a
MoO3 doping layer measuring 10 nm in thickness, a WSe2 channel
5 nm thick, and a SiO2 gate dielectric layer. The clarity of these layers
signifies the superior quality of the heterointerface. This can be
attributed to the low-temperature deposition of MoO3, which min-
imizes damage to the surface of WSe2 flakes. The exact thickness of
the WSe2 channel, determined to be approximately 5.2 nm (equiva-
lent to around six layers) is verified through atomic force micros-
copy (AFM) analysis (Fig. S1 in the supplementary material).
Figure 1(c) presents the Raman spectroscopy data of the devices
with and without MoO3 doping. The observed peaks, occurring
near 249, 258, and 307 cm�1, are attributed to the E12g, A1g, and B1

2g

vibrational modes of WSe2, respectively.
22,23

To elucidate the impact of doping on WSe2 transistors, we con-
ducted a comprehensive characterization of both intrinsic and WSe2/
MoO3 devices. As depicted in Fig. 2(a), intrinsic WSe2 predominantly
exhibits n-type conduction behavior due to the bandgap change with
thickness, according well with previous studies.10 To modulate its elec-
trical properties effectively, a MoO3 film is deposited on the WSe2 sur-
face [Fig. S2(b)]. MoO3, with its higher work function and electron
affinity compared to WSe2 (approximately 4.1 eV), is anticipated to
function as a typical p-type dopant as the distinct energy difference
can facilitate electron transfer from WSe2 to MoO3.

24,25 Note that
other high work function oxides such as CrO3, V2O5, WO3, also can
enable a similar electron transfer doping effect, MoO3 shows advan-
tages in thermal stability.26,27 After doped by a 30nm-thick MoO3

layer, an ambipolar feature is observed in the WSe2 transistor
[Fig. 2(b)], underscoring the hole doping capability of MoO3 in tuning
the electronic properties of WSe2 transistors. The reproducibility of
this p-type doping behavior is further confirmed by fabricating around
20 doped WSe2 transistors (Fig. S3). It is worth mentioning that the
variability in the charge neutrality region across these devices could be
originated from process disturbance-induced device-to-device varia-
tion, such as thickness variation of WSe2 channel. Carrier mobilities
for both holes and electrons are determined using the formula
l ¼ L

WCiVDS

dIDS
dVGS

, where L and W represent the length and width of the

transistor, Ci is the gate dielectric capacitance, and VDS and IDS are the
applied drain–source voltage and the resulting current, respectively. As
demonstrated in Fig. 2(c), the statistical mobilities typically follow a
normal distribution, with hole mobility primarily centered around
98 cm2V�1 s�1 and electron mobility mainly concentrated at
103 cm2V�1 s�1. This distribution clearly demonstrates the repeatabil-
ity and reliability of the SCTD method in modulating carrier polarity
and enhancing the overall performance of the device.

To assess the controllability and precision of SCTD in layered
WSe2 channels, we conducted a detailed analysis by altering the thick-
ness of the MoO3 dopant layer. As shown in Fig. 2(d), distinct changes
in the transport characteristics of the WSe2 FET are observed with
increasing MoO3 thickness. Notably, the transfer curves shift toward
more positive gate voltages (VGS), significantly enhancing the hole
conduction current density by 1 to 3 orders of magnitude, while con-
currently reducing the electron conduction current density by an order
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of magnitude. These changes in transfer characteristics are corrobo-
rated by the evolution of output characteristics at varying MoO3 thick-
nesses (Fig. S4). Dual-sweep electrical characteristics of these doped
devices in Fig. S5 further reveal the enlarged hysteresis loop windows
along with increasing thickness of the MoO3 layer. This scenario could
be attributed to an synergetic effect, including the inherent defective
states of WSe2 channel and the increased interfacial traps induced by
the deposition of the dopant layer. To gain a deeper understanding of
the impact of doping on device performance, we performed a thor-
ough analysis of carrier mobility and concentration. The electron con-

centration, n is calculated using the formula n ¼ � CiðVGS�VTHÞ
e , as

depicted in Fig. 2(e). With the increase in MoO3 thickness, the
electron concentration (nh) in WSe2 FETs escalates from 2.3� 1011

to 7.5� 1011 cm�2 in WSe2/MoO3 FETs. Simultaneously, the hole
mobility (lh) notably rises from 8 cm2V�1 s�1 in WSe2 FETs to
100 cm2V�1 s�1 in WSe2 FETs with a 30 nm MoO3 layer. An
observation of paramount importance is that beyond a certain
MoO3 thickness, the SCTD effect reaches saturation, particularly at
higher doping levels, as highlighted in the light blue region of
Fig. 2(e). This finding emphasizes the need to strike a balance in
MoO3 thickness in practical applications, optimizing it to attain
optimal device performance.

In addition, parallel experiments are conducted, substituting
WSe2 with WS2, to explore the general applicability of the SCTD
effect on ambipolar transistors made from TMCs. The electrical
characteristics of MoO3-doped WS2 transistors (Fig. S6), demon-
strate the hole doping capability of MoO3 on WS2 channels, exhib-
iting a high degree of consistency with the results observed in
WSe2 devices. To highlight the good performance of doped ambi-
polar transistors in this study, a performance mobility comparison
across typical van der Waals transistors based on doping engineer-
ing is conducted.28–35 As shown in Fig. 2(f), even though MoO3-
doped WSe2 transistors may not achieve the highest performance
metrics, they exhibit considerable mobility for both electrons and
holes. Note that the data points for this work are extracted from
the I–V curves in Fig. S7 and compiled in Table S1. This remark-
able symmetric performance in both n-type and p-type conduction
of MoO3-doped WSe2 transistors not only affirms the judicious
choice of materials and processing techniques but also underscores
the significant strides this research makes in advancing the fron-
tiers of technology in this domain.

To acquire detailed insights into the impact of MoO3 deposition
on the morphology of the layered WSe2 channel, we utilize scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS)

FIG. 1. The structural schematic of doped WSe2 FET inverter device via surface charge transfer doping. (a) The schematic of an inverter consisting of two WSe2 transistors on
one individual channel. (b) The cross-sectional TEM image of the inverter and the corresponding EDS analysis. Each transistor cell can be well identified from the HRTEM
images. In each cell, from top to bottom. Au, MoO3, WSe2, SiO2, and Si serve as source/drain electrodes, dopant layer, ambipolar channel, gate oxide, and back gate electrode,
respectively. (c) Raman spectra for the WSe2 and WSe2/MoO3 transistors using the laser of 532 nm.
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to observe the surface morphology of the WSe2/MoO3 FET. Figure
3(a) illustrates the EDS mapping, which clearly shows a uniform distri-
bution of the molybdenum (Mo) element on the surface of WSe2 layer.
High-resolution SEM images reveal the formation of a discontinuous
MoO3 layer, characterized by numerous dispersed MoO3 particles.
This structure primarily allows carriers to traverse through the WSe2
channel rather than the MoO3 semiconductor layer, as seen in Figs.
3(a-II)–3(a-V). To further confirm the role of MoO3 film in modulat-
ing electrical properties, we evaluate the transfer characteristic curves
of MoO3 FETs with various thicknesses (Fig. S8). It is evident that
MoO3 film contributes minimally to the device current of WSe2/MoO3

FET. This observation is consistent with the discontinuous structural
formation revealed by high-resolution SEM images. This morphologi-
cal feature is pivotal in creating varying doping levels corresponding to
different dopant thicknesses. To examine the charge transfer process
during p-type doping, we further conduct a detailed study using
Kelvin probe force microscopy (KPFM) analysis. As shown in
Fig. 3(b), the calculated work functions for four doped devices gradu-
ally increase 3.82 to 4.05 eV with the MoO3 thickness increasing from
5 to 30 nm. The increase in the work function can be understood as
the thickened MoO3 film leading to an increasing number of trans-
ferred holes from MoO3 to WSe2 channel, thereby increasing the hole

concentration and correspondingly raising the work function. It is
worth mentioning that the measured surface potential profiles fluctu-
ate within a certain range, which could be attributed to the discontinu-
ous structures of the MoO3 film observed via SEM images (Fig. S9).
This point can be further verified by the surface morphology charac-
terizations of the fabricated devices of WSe2/5 nm MoO3 FET and
WSe2/30 nm MoO3 FET. The 3D morphology images reveal that each
MoO3 film is discontinuous and island sizes are consistent with the
SEM characterizations [Figs. S10(a)–S10(d)]. In addition, the uniform
distribution of these islands further confirms the uniformity of the
MoO3 films on the WSe2 surface, therefore indicating that the mea-
sured surface potential can be used as an effective benchmark to evalu-
ate the entire channel region. This finding leads us to delve into the
band alignment between WSe2 and MoO3 to further understand the
physical mechanism caused by MoO3 doping, as depicted in Fig. 3(c).
MoO3, possessing a higher work function, exhibits a Fermi level (EF)
that is slightly lower than the valence band’s top (EV) of WSe2. Upon
deposition of MoO3 onto WSe2, the resulting energy difference facili-
tates electron transfer from WSe2 to MoO3, as shown in Fig. 3(d).
These electrons are captured by oxygen in MoO3, leading to an accu-
mulation of holes on the surface of WSe2 and significant bending of
the energy band near the surface. This electron redistribution

FIG. 2. Electrical characterization of MoO3 doped WSe2 transistors. (a) Transfer characteristic of the n-type WSe2 under various VDS. (b) Bipolar transfer characteristics of
WSe2/30 nm MoO3 FET for different VDS changing from 0.1 to 1 V (solid lines). The gray dashed curve for an undoped n-type WSe2 FET at VDS¼ 0.1 V is provided for compar-
ison. (c) Histogram of the carrier mobility for electrons and holes and the Gaussian fit (solid lines) based on the statistical database from 20 doped devices. (d) Transfer charac-
teristic curves of WSe2 transistors with MoO3 thickness varying from 0 to 30 nm (VDS¼ 1 V). (e) Hole carrier mobilities and concentrations for doped devices as a function of
the MoO3 thickness. The black line indicates the change in mobility, and the red line signifies the alteration in hole concentration. The blue block highlights the saturated doping
region. (f) Comparison of the on/off current ratio can carrier mobility for several previously reported two-dimensional semiconductors [including PdSe2, MoS2, WS2, MoSe2,
InSe, and MoSe2xTe2(1�x)] and our results for MoO3 doped WSe2 FETs with different thicknesses (0, 1, 2, 5, 10, 20, 30 nm). The stars in the red area represent the experimen-
tal results of WSe2 FET with different MoO3 doping thicknesses. The devices doped with 30 nm of MoO3 are marked with solid pentagrams, and the statistical error bars for the
on/off ratios and mobilities are shown, based on 20 samples.

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 124, 213501 (2024); doi: 10.1063/5.0197266 124, 213501-4

Published under an exclusive license by AIP Publishing

 22 M
ay 2024 13:25:54

pubs.aip.org/aip/apl


intensifies the p-type behavior of WSe2, culminating in the bipolar
conducting characteristic in the material.

The temperature-dependent electrical properties of the fabricated
WSe2 FETs are further characterized to gain insights into the carrier
transport behavior before and after doping. As depicted in Figure 4(a)
and (Fig. S11), the transfer characteristic curves highlight distinct
responses to temperature changes. With the temperature decreasing
from room temperature to 160K, a consistent decrease in current is
observed for the p-type branch, while the n-type branch exhibits a
noticeable increase in current. This variation implies that distinct
transport models are applicable for hole and electron transport in these
devices. In Fig. 4(b), the temperature-dependent hole mobility for
both undoped WSe2 FETs and WSe2 FETs doped with a 30nm MoO3

layer is presented. The enhancement in hole mobility is evident at
room temperature for the MoO3-doped devices, though this increase
becomes less pronounced at lower temperatures. The marked

reduction in hole mobility with decreasing temperature can be attrib-
uted to intrinsic body defects and interfacial traps near the valence
band. To quantify this, Arrhenius equation l/ exp

�� Ea
KBT

�
is

employed, where Ea represents the activation energy, KB is the
Boltzmann constant, and T denotes the temperature.36,37 After doping,
the value of Ea escalates from 24.52 to 76.54meV, suggesting the intro-
duction of deeper traps during the thermal evaporation of the surface
dopants on the TMCs channel.38 Furthermore, carrier transport at
the metal–semiconductor interface is analyzed, given its sensitivity
to interfacial traps. Figure 4(c) illustrates the extracted Schottky
barrier heights (SBH) using the hot electron emission equation
IDS ¼ A�

2DT
3=2exp

�� euB
KBT

��
1 �exp

�� eVDS
KBT

��
, where A�

2D, uB, and e
represent the 2D equivalent Richardson constant, the effective
Schottky barrier height, and the electron charge, respectively. For a
balanced comparison, the effective SBH for each device is derived
from the Arrhenius plot at the corresponding flatband voltage (VFB)

FIG. 3. Mechanism analysis of the surface charge transfer doping behavior in WSe2/MoO3 FET devices. (a) SEM image of the 30 nm WSe2/MoO3 FET and the corresponding
EDS element mapping of Au, Mo, and O for WSe2/MoO3 FET; II–V: high-resolution SEM images of MoO3 with varying thicknesses (5, 10, 20, 40 nm) on the surface of WSe2
channel. (b) The measured surface potential of WSe2 doped with MoO3 at different thicknesses by KPFM characterization. (c) Energy band diagrams for WSe2/MoO3 FET (i)
before and (ii) after doping. (d) Schematic illustration of the p-type doping effect on WSe2 channel via electron transfer process from WSe2 to MoO3.
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[Figs. S11(c)–S11(e)].39 The results reveal a lowest SBH of
12.22meV at VGS¼�70V in the undoped WSe2 FET and a highest
SBH of 127.48meV at VGS¼�35V in the WSe2/30 nm MoO3 FET.
This disparity in SBH is in line with the extracted Ea for each device,
indicating that the MoO3 doping process introduces deep traps near
the valence band.

The electron transport process in n-type branch is further exam-
ined. Figure 4(d) demonstrates the evolution of electron mobilities of
WSe2 FETs and WSe2/30nm MoO3 FETs along with measurement
temperatures. In contrast to the hole carriers at p-region, the decreas-
ing of the temperature leads to a continuous increase in mobility,
hinting at a metal-like behavior.40 To delve deeper into this unique
metal-like carrier transport behavior within the WSe2 channel, we ana-
lyzed the temperature-dependent electrical resistances (R) of these
devices. The variations in resistance, as shown in Fig. 4(e), provide
insights into the carrier scattering mechanisms.41,42 Notably, R exhibits
a linear dependence on temperature across different gate voltages, sug-
gesting a diminished impact of phonon scattering on electron trans-
port at lower temperatures. This scenario is consistent with
observations in other doped TMCs devices, such as NbSe2 and triphe-
nylphosphine (PPh3) doped MoS2 transistors.

43,44 The linear relation-
ship between resistance and temperature can be described by the
empirical formula R¼R0(1þ aT), where a represents the temperature
coefficient of resistance and R0 denotes the low-temperature resistance,
determined at a benchmark temperature of 160K. Figure 4(f) shows
that the normalized resistance curves R0 as a function of temperature
at various gate voltages almost coincide, indicating that the carrier

concentration is independent of the gate voltage. This typical metallic
or semi-metallic behavior in doped WSe2 transistors corroborates the
hypothesis of minimal carrier disturbance events during electron
transport, further enhancing our understanding of the underlying
physics in these advanced semiconductor devices.

The clear delineation of carrier transport mechanisms and their
controllability in both holes and electrons are crucial for the logic
applications of transistors, particularly in ambipolar devices as they
offer logic reconfigurability and potentially simplify the circuit design
and fabrication.45 To showcase the capabilities of bipolar van der
Waals transistors in logic circuits, we fabricated an integrated inverter
circuit on a single semiconductor WSe2 channel. As depicted in
Fig. 5(a) and (Fig. S12), the circuit comprises two ambipolar transis-
tors, functioning as one p-type and one n-type unit. When both the
drain-to-source voltage (VDD) and input voltage (VIN) are positively
biased, the top transistor unit predominantly facilitates hole conduc-
tion, while the bottom unit is governed by electron conduction, result-
ing in a positive output voltage (VOUT), as shown in Fig. 5(b).
Conversely, under negative bias conditions for both VDD and VIN, the
top unit primarily supports electron conduction and the bottom unit
hole conduction, enabling the circuit to record a negative VOUT

[Fig. 5(c)]. This adaptability in logic reconfigurability underscores the
multifunctionality and versatility of the inverter circuit across various
voltage regimes. Figure 5(d) elucidates the relationship between voltage
gain and VIN for different VDD values. A decrease in the value of jVDDj
leads to the reduction of voltage gain. Specifically, in the negative (posi-
tive) VDD operating region, the amplifier achieves a gain of 1.3 (1).

FIG. 4. Temperature-dependent carrier transport behavior in WSe2/MoO3 FET. (a) Transfer curves of WSe2/MoO3 FET from 300 K to 160 K at VDS¼ 1 V. (b) The extracted
hole mobilities as a function of 1/KBT for both undoped and MoO3-doped devices. (c) Schottky Barriers for hole transport in WSe2 with varied MoO3 thicknesses. (d) The
extracted electron mobility for the fabricated devices depending on temperature. (e) The variation of the device resistance for electron transport as a function of temperature
and gate voltage. (f) R0-normalized resistance, where R0 is the low-temperature resistance value at 160 K. It can be seen here that the normalized resistances measured in the
electron transport region or the hole transport region overlap with each other, indicating that the temperature dependence of resistance in each transport region is not dependent
on the carrier concentration.
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This similarity and symmetry in performance accentuates the
enhanced flexibility and potential for streamlined circuit design inher-
ent in bipolar transistors, making them particularly advantageous in
communication applications.45–47

In conclusion, this study introduces a versatile and gentle doping
approach to modify the electrical behavior of van der Waals ambipolar
transistors. By applying MoO3 as a dopant on the surface of ambipolar
channels, this research achieves a controllable p-type doping effect on
WSe2 transistors, significantly boosting hole mobility from 8 to
100 cm2V�1 s�1. A thorough examination of the temperature-
dependent doping characteristics highlights the increase in the trap-
dominated Schottky barrier for hole transport, alongside stabilizing
current fluctuations in electron transport within WSe2/MoO3 FETs.
This study not only affirms the adaptability and efficacy of the SCTD
method but also addresses the complex challenges associated with elec-
trical polarity modulation in the van der Waals semiconductors with
thickness scaled down to nanoscale. Moreover, the creation of a logic
complementary inverter, using two doped ambipolar FETs on a single
monolithic channel, emphasizes the potential of reconfigurable logic
devices to revolutionize processing technology, leading to scalable, effi-
cient, and economically viable electronic device production.

See the supplementary material for a detailed design guide on the
controllable carrier transfer modulation in van der Waals semiconduc-
tors toward forksheet FETs, AFM images for the thickness measurement
of WSe2 flakes, the microstructure and MoO3 doping process of WSe2
FETs, and a comprehensive analysis on the impact of different MoO3

doping thicknesses on the electrical performance of FETs. The supple-
mentary material also includes temperature-dependent studies, Schottky
barrier analysis, and KPFMmeasurements of the surface potential of Au.
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