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ABSTRACT: Doping is one of the most difficult technological challenges for
realizing reliable two-dimensional (2D) material-based semiconductor devices,
arising from their ultrathinness. Here, we systematically investigate the impact of
different types of nonstoichiometric solid MOx (M are W or Mo) dopants
obtained by oxidizing transition metal dichalcogenides (TMDs: WSe2 or MoS2)
formed on graphene FETs, which results in p-type doping along with disorders.
From the results obtained in this study, we were able to suggest an analytical
technique to optimize the optimal UV-ozone (UVO) treatment to achieve high p-
type doping concentration in graphene FETs (∼2.5 × 1013 cm−2 in this study) without generating defects, mainly by analyzing the
time dependency of D and D′ peaks measured by Raman spectroscopy. Furthermore, an analysis of the structure of graphene sheets
using TEM indicates that WOx plays a better protective role in graphene, compared to MoOx, suggesting that WOx is more effective
for preventing the degradation of graphene during UVO treatment. To enhance the practical application aspect of our work, we have
fabricated a graphene photodetector by selectively doping the graphene through oxidized TMDs, creating a p−n junction, which
resulted in improved photoresponsivity compared to the intrinsic graphene device. Our results offer a practical guideline for the
utilization of surface charge transfer doping of graphene toward CMOS applications.
KEYWORDS: 2D semiconductors, UV-ozone treatments, tungsten oxide, molybdenum oxide, surface charge transfer doping

■ INTRODUCTION
Substitutional doping by ion implantation followed by thermal
activation has been used as a very essential technology for
producing commercial semiconductor devices.1 Nonetheless,
substitutional doping for two-dimensional (2D) materials is
limited by their atomic thickness,2 and substitutional dopants
unmatching with 2D lattice atoms further cause substantial
scattering of charge carriers which results in degraded carrier
mobility.3 Meanwhile, electrostatic doping has been used
predominantly for 2D materials, by which an external
electrostatic field is applied to control the doping level without
changing the original lattice structures. However, the operation
of transistors without dopant atoms requires a complicated
design when developing industry-compatible semiconductor
devices,4−6 as various biases applied to electrodes are needed
to control doping concentration as well as controlling on- and
off-current flowing between source and drain. Therefore,
electrostatic doping faces limitations for use in 2D material-
based CMOS technology due to its complicated processing
and reliability.
Surface charge transfer doping (SCTD) has recently gained

great interest in the research community as a potential
alternative for ion implantation due to its facile, diverse, and
low-temperature processing capability.7 In SCTD methods,
solid-state dopants such as nonstoichiometric tungsten oxide
(WOx) or molybdenum oxide (MoOx) are proposed to induce

a p-type doping effect on 2D materials with the advantage of
CMOS processing compatibility in the environment where
most of the 2D transition metal dichalcogenides (TMDs)-
based pristine devices show n-type semiconducting proper-
ties.8−18 Recently, our group has demonstrated an effective
strategy to spatially control the doping selectively, which
further accelerates the application of solid-state SCTD.18 The
solid-state dopants are formed on top of the targeted 2D
materials by an oxidation process such as UV-ozone (UVO)
treatment or an oxygen plasma process. However, to the best
of our knowledge, systematic studies have not been conducted
on defects or disorders generated during solid-state SCTD on
the surface of a fragile, ultrathin body of 2D materials. Thus, a
guideline for controlling doping levels and optimizing
oxidation processing conditions is required.
In this study, solid-state dopants such as WOx or MoOx

formed upon oxidation of monolayer TMDs (1L-WSe2 or 1L-
MoS2) are used to dope monolayer graphene. The UVO
treatment at room temperature is utilized in this work due to
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its controllable and less defective oxidation process compared
to oxygen plasma treatment.19 P-type doped graphene was
experimentally probed through electrical measurements and
Raman spectroscopy. The optimal UVO treatment durations
required to achieve high-doping concentration (∼2.5 × 1013
cm−2) and nondefective graphene channel are found to be ∼24
and ∼14 min for WSe2 and MoS2 encapsulated samples under
our processing condition, respectively. Interestingly, after
further exceeding the above-mentioned treatment durations,
defects, and disorders are generated during overoxidation,
which is confirmed by the appearance of D and D′ Raman
peaks of graphene. TEM analysis reveals that graphene covered
by WSe2 has higher crystallinity compared to the graphene
under MoS2 after the same period of UVO exposure time. This
suggests that WOx provides better protection to graphene
against UVO treatment, as evidenced by the preservation of its
crystallinity. To further enhance the practical application
aspect of our work, we have further taken a significant step by
fabricating a graphene photodetector. This photodetector is
created by selectively doping graphene through SCTD, thereby
forming a p−n junction. This innovative approach results in
improved photoresponsivity compared to the intrinsic
graphene device.

■ RESULTS AND DISCUSSION
Figure 1a shows a schematic of graphene FETs encapsulated
by a single layer of TMDs followed by UVO treatments to

form a nonstoichiometric oxide layer on top of the devices.
The details of thickness confirmation for graphene and TMDs
are represented in Figure S1. The doped graphene FETs are
fabricated by stacking either 1L-WSe2 or 1L-MoS2 on single-
layer graphene exfoliated on a heavily p-doped silicon substrate
capped with 285 nm thick thermal SiO2. Metal contacts were
patterned via electron beam lithography. A plasma etching
process is conducted with SF6 gas on exposed graphene prior
to the formation of metal contact with a Cr−Au deposition
process by an electron beam evaporator. The top layer, 1L-
WSe2 (or 1L-MoS2), is subsequently oxidized into MOx (M are
W or Mo) by UVO treatment at room temperature, for varied
durations (The fabrication process is detailed in the
Experimental Section and Figure S2). In particular, the UVO
treatment, where only chemical reactions take place,20 can be
an effective candidate for this work due to its advantages in the

controllable and less defective oxidation process (Figure
S3a).19 In contrast to UVO, the oxygen plasma oxidation
mechanism is characterized by a combination of chemical
reaction and physical ion bombardment,20 leading to a
considerably enhanced oxidation rate (Figure S3b).21,22 In
Figure S3c−f, we present a comparison of 1L-WSe2 -based
graphene samples that underwent treatment using oxygen
plasma and UVO treatment. This comparison highlights the
significant difference in the oxidation processes between the
two methods. The oxygen plasma treatment achieves rapid
oxidation within a short time frame of only 20 s, in contrast to
the much longer treatment duration of 24 min required for
UVO treatment. Furthermore, bombardment on the 2D
surface from the highly energetic oxygen ions or radicals
induces lattice distortion in the treated surface.22 It is
important to notice that a possible solution can be performing
soft plasma treatments on multilayer TMDs, in such a way to
induce the oxidation of the topmost layers.23 In our study, we
used monolayer TMDs as an encapsulating layer. Therefore,
UVO at room temperature is the superior selection, enabling
facile controllability and operation.
To explore the electrical performance of doped graphene

FETs, the devices are measured in a pristine state and right
after every treatment. The transfer characteristics of both types
of devices are shown in Figure 1b,c. Both WSe2- and MoS2-
encapsulated graphene devices show ambipolar behavior with
Dirac point located near zero gate voltage at pristine state,
which reveals the high quality of our graphene devices
attributing to the protection of graphene by TMDs layer
preventing generation of resist residues during the fabrication
process.24 However, after 2 min of UVO treatment, the MoS2-
graphene device shows a degenerately p-type behavior, while
the WSe2-graphene device requires at least 4 min to show a
degenerately p-type behavior. Interestingly, with 2 (4) min of
UVO treatment, MoOx (WOx) is not yet formed from MoS2
(WSe2), confirmed by Raman spectra of MoS2 (WSe2) in
Figures S4 and S5. This observation reveals that doping of
graphene FETs begins when the topmost monolayer TMDs is
doped by oxygen atoms. The increase in hole concentration of
the TMDs layer results in the shifting of their Fermi level
toward the valence band, which allows more hole carriers to
transfer to graphene FETs. Prolonged exposure to UVO has
different effects on WSe2-based devices and MoS2-based
graphene devices. For the WSe2-based device, the longer
UVO exposure of 24 min results in degenerated p-type transfer
characteristic, and nonstoichiometric WOx is simultaneously
formed (Figure S4). Further UVO exposure after the
formation of oxide layers results in degradation on the on-
state of the WSe2-based device. On the other hand, the
maximum on-current of the MoS2-based graphene device is
achieved after 14 min of treatment, when MoOx is still yet
formed (Figure S4), and further treatment of the device results
in an insignificant change in the transfer characteristic of the
device. The difference in transfer characteristics of these
devices will be explained in the next section regarding defects
generation of TMDs encapsulated graphene during UVO
treatment. Finally, both types of graphene devices are fully
degraded with no current flow after 104 and 134 min of UVO
treatment for MoOx- and WOx-based graphene devices,
respectively (Figure S6).
To quantitatively probe the doping concentration of the

samples, we conduct room temperature Hall effect measure-
ments with a measurement configuration illustrated in Figure

Figure 1. (a) Schematic of the device structure before and after UVO
treatments. Transfer characteristics of (b) WSe2- and (c) MoS2-
encapsulated graphene FETs, with the accumulated UVO-treatment
duration.
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2a, where the current ID flows through the channel of Hall bar
devices, and the Hall voltage VH arises due to a perpendicular

magnetic field Bz = 2 (T) at a fixed VG = 0 V. The VH
measurement allows the determination of carrier concen-
tration, which is obtained by the following equation:25

n
I B
q V2D
D z

H
= ·

· (1)

The Hall effect mobility is extracted from a previous study:25

V L
V W BH

H 4P

xx z
=

·
· · (2)

where the Hall voltage VH is calculated from this equation: VH
=(ID·Bz)/(q·n2D).25 L4P (L4P = 4 μm) and Vxx (Vxx = |V3−V1|)
are the distance and voltage difference between probes 1 and 3.
W is the width of the channel, which is equal to 4 μm.
Figure 2b,c shows the plot of np and μH in comparison over

24 and 14 min UVO treatment duration for WSe2- and MoS2-
based devices, respectively. We chose these treatment times for
the Hall measurements because no degradation occurs on the
on-state for both types of devices after the above-mentioned
UVO exposure periods. We observed a significant increase of
np for both types of encapsulated graphene FETs. The WSe2-
based graphene device reaches a maximum np of 2.5 × 1013
cm−2 after 24 min, while the MoS2-based devices show np of
1.4 × 1013 cm−2 (after 14 min). Thus, the optimal time to
obtain the highest doping concentration for graphene FETs by
the oxide layer is found when WOx appears on top of WSe2-
encapsulated graphene; however, for MoS2-encapsulated
graphene, it is relatively difficult to identify a specific treatment
time point that results in optimal doping concentration. This is
because the carrier concentration saturates before the oxide
layer appears. To highlight the novelty of our work, we have
made a comparison table, as depicted in Table S1. On the
other hand, Figure 2b shows the μH of graphene devices with
varied UVO treatment times. Related to the increasing trend of
np with both types of the devices, the room temperature

mobility of MoS2- (WSe2-) based graphene devices decreased
from 5077 to 2210 cm2V−1s−1 (from 5098 to 2734 cm2V−1s−1),
similar to the previous reports.11,26,27 The trade-off of μH
against np can be solved by isolating the dopant layer, which is
rich in scattering centers, from the channel material using an
insulating layer such as hBN.11,26,27 In addition, the thickness
of encapsulating TMDs and graphene is also critical to our
device performance. The influence of channel (graphene)
thickness on our device performance, particularly with SCTD,
aligns with the trend proposed by Arnold et al.,28 affecting the
electrostatic controllability of the bottom-gate after oxidation.
An increase in the channel thickness results in minimal
threshold voltage modulation (ΔVth) due to weak surface
potential modulation caused by weak bottom electrostatic
gating. In contrast, for the thin-channel device, the charge
induced by SCTD and bottom-gating is additive, therefore
increasing the ΔVth of the device after prolonged oxidation.
The effect of thickness of the top TMDs flakes is represented
by Choi et al.,11 which shows a decrease in doping
concentration while increasing the thickness of the TMDs
flakes. That observation is attributed to the increase in the
distance between the channel material and MOx (WOx).
The doping mechanism of solid-state dopants such as

nonstoichiometric MoOx (WOx), formed on top of the
graphene by UVO treatment, is proposed to induce a p-type
doping effect on the graphene flake based on the work-
function-meditated charge transfer.11 Due to the Fermi level
shift by the work-function modification, the eletrical character-
istic of graphene FET turns into p-type with increased hole
concentration. To further clarify the doping mechanism of
SCTD, we determined the modification in the Fermi level of
graphene attributed to the UVO treatment using the
formula:11

E E nCNP F F= (3)

where ECNP is the energy of the charge neutral point, ℏ is the
reduced Planck constant, νF is the Fermi velocity in graphene
(106 ms−1),11 and n is the carrier concentration (extracted
from Hall measurements as depicted in Figure 2c). Figure 2d
shows the EF of MoS2 (WSe2)-based graphene FETs before
and after UVO treatment, extracted using formula 1. Due to
UVO treatment, EF of MoS2-based graphene FET was
modified from 4.75 to 5 eV (From 0 to 14 min of UVO
treatment). For the WSe2-based graphene FET, EF decreases
from 4.69 to 5.14 eV, which indicates a more effective doping
concentration for WSe2-based graphene FET compared to
MoS2-based graphene FET. Based on the obtained work
function values, a diagram illustrating the Fermi level shift of
graphene before and after UVO treatment of the top TMDs
layer is demonstrated in Figure S7. Additionally, Kelvin probe
force microscopy (KPFM) is also conducted to enhance the
reliability of the calculation of the work function from n
(Figure S8). We fabricated WSe2-encapsulated graphene and
subsequently performed KPFM after every UVO treatment
period (4, 14, and 24 min). The work function of WSe2-based
graphene increases with a prolonged UVO treatment time,
consistent with the values extracted from n.
To explain the difference in electrical performances of

graphene devices covered by MoS2 and WSe2 undergone UVO
treatment, we performed Raman spectroscopy to investigate
the crystal structure transformation of graphene after a
prolonged UVO treatment. Raman spectroscopy is used
because it is a nondestructive method, which is able to

Figure 2. (a) Measurement configuration of a typical Hall bar
structure device, which is used to measure (b) doping concentration
and (c) room temperature Hall mobility of WSe2-graphene and MoS2-
graphene until when the generation of defects is observed on the
graphene channel. (d) Corresponding Fermi levels of graphene with
respect to ECNP.
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investigate the crystal properties, and shows doping and
disorder of graphene during the formation of a solid-state
STCD layer.29−37 A low laser power with a wavelength of λL =
532 nm is used in our Raman spectroscopy so as to avoid
damaging the encapsulating TMDs and graphene. Figure 3a,b
show the Raman spectra of monolayer graphene covered by
monolayer TMDs (WSe2 and MoS2, respectively), measured at
pristine state and after varied UVO treatment periods up to
104 min. In the Raman spectra of encapsulated monolayer
graphene, the most prominent feature is the G peak,
corresponding to the E2g phonon at the Brillouin zone
center,33 which is detected at ∼1582 cm−1. The D peak at
∼1350 cm−1 represents the existence of defects or disorders in
graphene crystals.30−33 The 2D peak denotes the secondary
order of the D peak, lying at ∼2700 cm−1.30 The D′ peak
stands for another weak disorder-induced feature which
appears at ∼1620 cm−1.33−35 In fact, both the G peak and
2D peak are strongly influenced by the carrier concentration,34

while D peak is activated by generation of defects.30−33 First,
we attempted to monitor the doping trend, based on the
changes in positions and intensities of G and 2D peaks.30−33

The position of the 2D peak also depends on the Fermi level;
nonetheless, the lattice constant also dominantly affects the
position of the 2D peak.38 According to our result, after
oxidation, the position of the 2D peak blue-shifts with
increasing treatment time, ∼7 and ∼11 cm−1, for both WSe2
and MoS2-based structures, respectively, as shown in Figure 3c.
This clearly indicates that those metal-oxide layers are
considered as a reliable p-type dopant to graphene, similar to
the previous reports.11,39 Moreover, the position of G peak
changes with doping is related to the Kohn anomaly, which
correlates to the lattice constant depending on the Fermi level
at the Γ point in the phonon dispersion.38 As shown in Figure
3d, the smallest value of the G peak position is observed from
the pristine sample (∼1578 cm−1) and increases by 6 cm−1 for
WSe2 and 11 cm−1 for MoS2 on monolayer graphene samples.

That indicates the increase in doping concentration for both
WSe2 and MoS2 samples after UVO treatment,35,40 which is
quantitively investigated in the previous electrical measure-
ment section. Moreover, the decrease in the intensity ratio of
the G and 2D peaks (I2D/IG) to 1 after UVO treatment
represented in Figure 3e also reinforces the doping effect of the
SCTD layer on graphene.34−36 We also quantitatively monitor
the doping and strain of the bottom graphene flake by Raman
shift as the top TMDs flakes transform into oxide layer after a
prolonged UVO treatment (Figure S9). The value of n
extracted from the positions of the G and 2D peaks in the
graphene Raman spectra, in line with established meth-
ods,41−44 is found to be ∼12 × 1012 cm−2 for the MoS2-
based graphene sample and ∼20 × 1012 cm−2 for the WSe2-
based graphene sample. These values are consistent with the
doping levels obtained from Hall measurements (Figure 2),
confirming the hole doping of graphene induced by the
oxidized TMD flakes. Additionally, we found that no
significant strain was induced in our samples after prolonged
UVO treatment.
To track the generation of defects or disorders during UVO

treatment of both types of samples, it is important to
investigate the appearance of D peak as above-mentioned.
The pristine monolayer graphene shows a defect-free crystal
structure after encapsulating the monolayer TMDs, confirmed
by Raman spectra shown in Figure 3a,b. No defect generation
is observed in the lattice of the monolayer graphene covered by
WSe2 (MoS2) after 24 (14) min of UVO treatment, which is
proved by the absence of D or D′ peaks. Another set of Raman
spectra shown in Figure S10 supports the reproducibility of all
the milestones for the oxidation process proposed in our work.
At this stage, we observed the difference between the two types
of samples. For the WSe2-based device, the defects are
generated after 24 min of UVO treatment, at which, the
WOx layer is formed. Thus, the degradation of the transfer
curve of the WSe2-based device (after 24 min of UVO

Figure 3. Raman spectra of graphene covered by monolayer (a) WSe2 or (b) MoS2 undergone UVO treatments up to 104 min (D peak emergence
is marked in the red box). The part of the spectra indicated by small rectangles shows an enlarged scale of G and D′ peaks. Time-dependent
changes of (c) 2D and (d) G peak positions and (e) relative intensity ratio of the G and 2D peaks (I2D/IG).
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treatments) shown in Figure 1b is due to the generation of
defects after the formation of the WOx layer (confirmed by the
disappearance of the vibration mode of WSe2 after ∼24 min
UVO treatment shown in Figures S4a and S5). On the other
hand, for the MoS2 encapsulated graphene, defects are
generated after ∼14 min UVO treatment, at which the top
MoS2 layer is still sustained (Figures S4b and S5), resulting in
the degradation of the on-state of the device. Additionally,
Raman mapping of graphene covered by WOx and MoOx is
also performed to obtain a clear evaluation of the uniformity of
the oxidation and doping process. Figure S11 shows the
intensity mapping of the G and 2D peaks of WSe2-covered
graphene before and after doping, which suggests that the
structural and vibrational properties of the graphene covered
by WSe2 have been maintained consistently across the mapped
area, even after doping. Meanwhile, the oxidation and doping
process has not occurred uniformly across the graphene under
MoS2, proven by the appearance of small patterns with yellow
color (indicating lower intensity) on the surface (Figure S12).
This is strong evidence that WOx provides better protection
capability to the underlayer graphene compared to MoOx. This
indicates the oxidation process of MoS2 is not self-limiting,

37

leading to the poor protection of top-layer MoS2 to bottom
graphene. This phenomenon is consistent with previous
studies about UVO treatment of MoS2 flakes.

37,45−49

To explain this observation, it is crucial to consider the
quality of the TMDs flake in relation to their oxidation
behaviors. Oxidation behaviors of MoS2 and WSe2 can be
influenced by the crystalline quality including vacancies,
dislocation energy, or melting point. The challenges can be
ascribed to the significant disparity in kinetic energy barriers
during the process of oxygen dissociative adsorption between
pristine MoS2 crystal (with a barrier of 1.59 eV) and defective
MoS2 with sulfur vacancies (which has a lower barrier of 0.8
eV).48 Meanwhile, Liu et al. reported that the oxygen atom is
more difficult to adsorb on the vacancies of WSe2 crystal,
which possibly leads to a more homogeneous oxidation process
of WSe2-based graphene.49 Besides, the superior passivation
effect of the WOx layer can be attributed to several other
factors. First, the higher dislocation energy of W−O bonds,
measured at 720 kJ mol−1, surpasses that of Mo−O bonds at
597 kJ mol−1.47 Additionally, the considerably higher melting
point of WOx (1473 °C) in comparison to MoOx (795 °C)
further contributes to its effectiveness as a passivating layer.21

These combined factors contribute to the differences in
oxidation behaviors and passivation effects observed between
WSe2- and MoS2-based graphene samples.
To quantitatively probe the defects generated in TMDs

encapsulated graphene lattice after UVO treatment, we
thoroughly study the D peak of graphene and evaluate the
defect density (nD). The intensity of the D peak is proportional
to the number of disorders (which can be point defects or
crystallite boundaries) in the samples. The average nD of the
graphene lattice can be calculated from the intensity ratio
between D and G peaks (ID/IG), as depicted in Figure 4. The
defect density in the graphene can be estimated in the
following equation:50−52

n
I
I

2.4 10
D

22

L
4

D

G
= × ×

(4)

where λL is the wavelength of the Raman laser source (532
nm). Figure 3 shows no defects of graphene detected before

∼24 and ∼14 min in WSe2- and MoS2-based samples,
respectively. Further UVO exposure results in the appearance
of a D peak at ∼1350 cm−1 for both types of TMDs
encapsulated graphene flakes. Based on eq 4, we extract the
defect density by using D peak intensity over prolonged UVO
treatment times, as depicted in Figure 4. For the WSe2-based
graphene flake, the defect density is roughly 2.8 × 1011 cm−2

regardless of the treatment time of up to 134 min. In contrast,
the MoS2-based sample shows an increase in defect density up
to 3.3 × 1011 cm−2 over the same treatment duration.
Moreover, we simultaneously observed a decrease in the
intensity of the G peak together with a 2D peak during that
UVO treatment for MoS2-covered graphene (Figure S13a,b),
which is in sharp difference with steady G and 2D peaks of
WSe2-covered graphene. In addition, in Figure 3, the D′ peak,
which is split from the G peak, is less intense than the D peak
but clearly exhibits in our Raman spectra of MoS2-based
graphene when increasing UVO treatment time. The D' peak
correlates to defects in graphene lattice beside the D peak. On
the other hand, no D′ peak is observed in the Raman spectra of
the WSe2-based sample. The emergence of the D′ peak
indicates that the graphene layer covered by MoS2 gets more
defects than that covered by WSe2 after prolonged UVO
treatment.33−35 The suppression of the main vibration mode
together with the appearance of the defective D (D′) peak of
the MoS2-based graphene after 14 (34) minutes of UVO
treatment confirmed an unfavorable protecting effect of the
oxidized MoS2 to the bottom graphene flake. Meanwhile, the
oxidized WSe2 shows better protection, which prevents UVO
treatment from inducing unexpected defects and limiting
device performance.
Besides Raman spectra, selected area electron diffraction

(SAED) patterns from TEM analysis are also effective tools for
examining the quality of materials. To investigate the quality of
the underlying graphene sheet during UVO treatment, we
prepared three types of samples for TEM analysis: pristine
graphene without UVO treatment, WSe2-covered graphene,
and MoS2-covered graphene after UVO treatments of 50 min.
Prior to transferring the oxide-covered graphene sheets onto
the TEM grid, the top oxide layer was removed by dipping the
samples in KOH for 10 s. This preliminary treatment enabled
clear observation of the surface of the graphene sheets covered
by oxide layers using TEM. The crystalline quality of the
samples was also confirmed by the SAED pattern. The
graphene sheet covered by WOx shows a clear spot pattern, as
shown in Figure 5b, which is comparable to the pattern
observed for the pristine graphene flake in Figure 5a. In
contrast, the graphene sheet covered by MoOx exhibited
diffused diffraction ring pattern, which is characteristic of the
disordered structure of graphene (Figure 5c).53 From the TEM

Figure 4. Density of defect in the graphene lattice during UVO
treatment.
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and Raman analyses, we believe that WOx provided better
protection than MoOx during UVO treatment.
Finally, we have taken steps to enhance the practical

application aspect of our work. Specifically, we have fabricated
a graphene photodetector by selectively doping the graphene
through a SCTD, creating a p−n junction. To achieve this, we
initially formed a WSe2-based graphene FET. Subsequently, we
transferred an hBN flake to cover half of the device, serving as
the doping mask. To create the p−n junction, we conducted
UVO treatment on the exposed area for 14 min at room
temperature. The device structure for the WSe2-based
graphene photodetector, fabricated using our approach, is
presented in Figure 6a. The transfer curve of pristine WSe2-
based graphene FETs and p−n homojunction WSe2-based
graphene photodetector is represented in Figure 6b. We
assessed the effectiveness of our method by exploring the
optoelectronic applications of both device types after UVO
treatment by performing photoresponse measurement under
λlaser = 532 nm (P = 620 mW) at VGS = 40 V (Figure 6c). Both
types of the device show negative photoconductivity (NPC) at
VBG = 40 V, a behavior observed for high-mobility 2D
materials such as black phosphorus, graphene, and tellu-
rium.54−56 The NPC observed in our device is likely attributed
to electron−hole pairs generated in the top layer (WSe2 or
WOx) under light illumination, with holes transferring to the
graphene layer and electrons trapped in the top layer. This
leads to hole generation in the top layer, which may
compensate for the electrons generated due to bottom gating
in graphene at VBG = 40 V. To further highlight the effect of
UVO treatment on optoelectronic properties of our device, the
photocurrent against time is extracted for both device types, as
depicted in Figure 6d. The photocurrent of the p−n
homojunction WSe2-based graphene photodetector is notably
higher than the pristine WSe2-based graphene device counter-
part for both at VBG = 40 V. Therefore, this spatial patterning

of SCTDs demonstrates the potential for optoelectronic
applications.

■ CONCLUSIONS
We applied the SCTD technique to dope monolayer graphene
using an oxidized layer formed from monolayer WSe2
(monolayer MoS2) by UVO treatment. By tracking the
appearance of the defective D peak of graphene, we can
identify the optimal UVO treatment time to avoid defects or
disorder generation while still obtaining a high doping
concentration of 2.5 × 1013 cm−2. Furthermore, by systemati-
cally tracking the Raman spectra of the samples and TEM
analysis, we found that WOx plays a better protective role on
graphene than MoOx. To enhance the practical applications of
our research, we have created a graphene photodetector
through selective graphene doping using SCTD, which forms a
p−n junction. This photodetector shows enhanced photo-
responsivity compared with the intrinsic graphene device. Our
findings provide guidelines for the future use of SCTD in
CMOS applications.

■ EXPERIMENTAL SECTION
Device Fabrication Process. Monolayer graphene flakes were

mechanically exfoliated with a Scotch-tape method from bulk material
onto a heavily p-doped silicon substrate capped with 285 nm thick
thermal SiO2. Monolayer TMDs flakes were exfoliated by PDMS
(polydimethylsiloxane) and transferred onto monolayer graphene at
60 °C. The thickness of each flake was identified by the different
contrasts in the optical microscopic images and Raman spectra. The
flakes were spin-coated with PMMA (poly(methyl methacrylate)) A6
with a molecule weight of 950 (Microchem) at a speed of 4000 rpm
in 60 sand baked at 180 °C for 90 s, before electrode patterning via
electron beam lithography. Metal contact was formed on graphene by
plasma etching through the TMDs layer by inductively coupled
plasma (ICP) using SF6 with a flow rate of 30 sccm, a power of 30W,
a pressure of 30 mTorr in 10s prior to contact metallization with Cr/
Au (5/50 nm) by e-beam evaporation.
UVO treatment was conducted in UV-ozone cleaner at room

temperature with an oxygen flow rate of 0.5 (L min−1).
After UVO treatment, the graphene sheets were transferred onto

the TEM grid by the PMMA-assisted wet transfer method. The
PMMA/graphene stack was isolated into water after etching of the
SiO2 in KOH solution (1M) before being transferred onto the TEM
grid. After the removal of PMMA by acetone, the graphene sheet on
the TEM grid was ready for analysis.
The WSe2-based graphene lateral p−n junction is fabricated with

first obtaining the WSe2-based graphene FETs following the above-
mentioned procedure. Subsequently, we transferred an hBN flake to
cover half of the device, serving as the doping mask. To create the p−

Figure 5. SAED pattern of monolayer sheets of (a) pristine, (b) WOx
and (c) MoOx covered graphene sheet (the WOx and MoOx layers are
removed by KOH prior to TEM measurement).

Figure 6. (a) Schematic of the WSe2-based graphene device (1−2) and p−n homojunction WSe2-based graphene photodetector (2−3). (b)
Transfer curve of the pristine WSe2-based graphene device and the p−n homojunction WSe2-based graphene photodetector. (c) Photoresponse
and (d) photocurrent of the pristine WSe2-based graphene device and the p−n homojunction WSe2-based graphene photodetector at VGS = 40 V.
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n junction, we conducted UVO treatment on the exposed area for 14
min at room temperature.

Device Characterization. The electrical properties of all devices
were conducted by a semiconductor parameter analyzer (Agilent
4155C) connected to a vacuum probe station (MSTECH MST-
1000B) with pressure maintained at 30 mTorr at room temperature.
Hall measurements were performed under high vacuum (∼10−7 Torr)
with a Hall-probe station (Lake Shore Cryotronics system CRX-VF)
and a Keithley 4200 system.
Raman spectroscopy measurement was carried out at room

temperature under atmospheric pressure with a Raman spectrometer
at low laser power and wavelength of 532 nm.
TEM specimens were analyzed in Titan G2 60−300 (FEI, USA),

operated at the voltage of 80 kV.
KPFM involved the connection of an AFM to an external lock-in

amplifier for the application of AC bias to an AFM tip. A cantilever for
KPFM with chromium and gold coatings on the conductive tip was
used. AC bias (VAC = 2 V) for generating resonance frequency and
DC bias for the potential measurement were applied through the
cantilever.
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