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We investigate the excitonic species in WS2 monolayers transferred onto III-V semiconductor substrates with different
surface treatments. When the III-V substrates were covered with amorphous native oxides, negatively charged excitons
dominate the spectral weight in low-temperature near-resonance photoluminescence (PL) measurements. However,
when the native oxides of the III-V substrates were reduced, neutral excitons begin to dominate the spectral weight,
indicating a reduction in the electron density in the WS2 monolayers. The removal of the native oxides enhanced the
electron transfer from the WS2 monolayer to the III-V substrate. In addition, an additional shoulder-like PL feature ap-
peared ∼50 meV below the emission of neutral excitons, which can be attributed to the emission of localized excitons.
When the III-V substrate surface was passivated by sulfur after the reduction of the native oxides, neutral excitons still
dominated the spectral weight. However, the low energy PL shoulder disappeared again, suggesting the effective de-
localization of excitons through the substrate surface passivation. Surface engineering of the semiconductor substrates
for two-dimensional (2D) materials can provide a novel approach to control the carrier density of the 2D materials,
to implement deterministic carrier localization or delocalization for the 2D materials, and to facilitate the interlayer
transfer of charge, spin, and valley currents. These findings open the avenue for novel device concepts and phenomena
in mixed-dimensional semiconductor heterostructures.

I. INTRODUCTION

Since the isolation of graphene1, a wide variety of two-
dimensional (2D) van der Waals (vdW) materials have been
studied over the past decades: a library of 2D vdW crys-
tals has been expanded to semiconducting transition metal
dichalcogenides (TMDCs)2–5, insulating hexagonal boron ni-
tride (hBN)6, and even ferromagnetic CrI3

7 and Cr2Ge2Te6
8,

as well as ferroelectric and piezoelectric SnTe9, SnS10,11,
WTe2

12, and α-In2Se3
13–15. Importantly, such 2D vdW

materials generally require a substrate to provide mechani-
cal support, which at the same time significantly influences
their properties. For example, the significant enhancement of
the electronic properties of graphene encapsulated by high-
quality hBN6 emphasizes the importance of the substrate ma-
terial. This means that the interface between 2D materials and
substrates which are typically three-dimentional (3D) bulk be-
comes crucial for harnessing the potential characteristics of
2D materials.

Such 2D/3D heterostructures are promising platform for
novel artificial material design. This is because dangling
bond-free surfaces for 2D materials allow the stacking of con-
stituent layers at desired sequences and angles, that can not be

realized by epitaxial growth of 2D materials on 3D substrates.
In particular, vdW heterostructures based on 3D III-V semi-
conductor and 2D TMDC are among promising platforms by
taking advantage of high mobility and strong light absorp-
tion for III-V semiconductors and spin-valley coupling for
TMDCs. Indeed, variety of state-of-the-art devices have been
realized, incluiding a helicity-controllable spin light-emitting
diodes16, highly efficient solar cells17, and ultrasensitive pho-
todetectors18,19.

For these applications, charge and/or spin transfer between
these 2D and 3D materials is critical in the efficiency of de-
vice operation. Interestingly, as will be shown in this paper,
such interconnection across the interface is drastically mod-
ified only by controlling the surface of 3D materials. How-
ever, the effect of surface treatment itself on both electrical
and optical properties of the 2D/3D heterostructures has not
been discussed intensively. Therefore, in this study, we shed
light on the surface treatment techniques and comprehensively
discuss their effects on the optoelectrical properties of the 2D
material.

We focused on monolayer WS2/III-V semiconductor het-
erostructures and demonstrates that reducing the native ox-
ides of the III-V semiconductor enhances the electron transfer
from the WS2 to the III-V substrate. Furthermore, passivating
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the reduced III-V substrate by sulfur effectively reduces the
spectral weight of localized excitons.

II. SAMPLE FABRICATION PROCEDURE

The III-V semiconductors used in this study were heav-
ily n-doped In0.04Ga0.96As and semi-insulating GaAs struc-
tures. The n-doped structure is composed of a 20 nm n+-
In0.04Ga0.96As layer (n = 2 × 1019 cm−3), a 500 nm n-
In0.04Ga0.96As layer (n = 6×1016 cm−3) and a 300 nm semi-
insulating GaAs buffer layer, epitaxially grown on a (001)
semi-insulating GaAs substrate. The bottom of the conduc-
tion band (CB) in the n+-In0.04Ga0.96As layer is below the
Fermi level, while that in the n-In0.04Ga0.96As layer is above
the Fermi level. As shown in Fig. 1(a), since the surface Fermi
level is at 0.72 eV above the top of the valence band (VB)20,
the Fermi level difference between the surface and bulk of
the n+-In0.04Ga0.96As layer induces carrier depletion near the
surface, resulting a significant band bending. On the other
hand, the semi-insulating structure consists of nominally un-
doped (001) GaAs. As shown in Fig. 1(b), the surface Fermi
level of this structure is also at 0.72 eV above the top of the
VB20. Hereafter, the n-type and semi-insulating structures are
denoted as n-GaAs and i-GaAs, respectively.

As illustrated in Fig. 1(c), the n- and i-GaAs structures un-
derwent three different surface treatments: Type A, B, and C.
Type A samples were rinsed with acetone, ethanol and, deion-
ized water, leaving their surface covered with amorphous na-
tive oxides. Type B samples underwent surface reduction
through the self-cleaning effect by trimethylaluminum (TMA)
vapors during atomic layer deposition (ALD) of Al2O3

21,22,
after being rinsed with acetone, ethanol, and deionized wa-
ter. The self-cleaning process consisted of 60 cycles of TMA
pulse-purge sequences, which effectively removed a signifi-
cant portion of the native oxides21,22. Subsequently, a buffered
oxide etchant (BOE) was used to etch the Al2O3 layers, leav-
ing the III-V substrates unetched. Type C samples underwent
sulfur passivation by immersion in a CH3CSNH2/NH4OH so-
lution23,24, following degreasing with acetone, ethanol, and
deionized water, as well as the above-mentioned surface re-
duction process. Highly crystalline WS2 monolayers synthe-
sized using a NaCl-assisted chemical vapor deposition (CVD)
method were then transferred onto the n-GaAs and i-GaAs
structures using a polycarbonate-based clean transfer method.
The samples were then encapsulated with an Al2O3 layer
deposited by ALD to prevent physisorption of H2O and O2
molecules on the WS2 surface, which could otherwise desta-
bilize the carrier density in WS2

25.

As a control substrate, we used a silicon substrate consist-
ing of thermally oxidized 300 nm SiO2/Si where the 300-nm-
thick SiO2 layer prevents interlayer charge transfer between
WS2 and Si.

III. EFFECT OF SURFACE TREATMENT ON
SUBSTRATE PROPERTIES

We first confirm that the self-cleaning effect occurs dur-
ing the Type B and C surface treatments by comparing the
samples processed with and without the multiple TMA purge
sequences before Al2O3 deposition. Figures 2(a) and 2(b)
show the transmission electron microscopy (TEM) images
of the Al2O3/n-GaAs interfaces with 1 cycle and 60 cycles
of TMA pulse-purge secuences, respectively. Here, while a
brighter region corresponds to the Al2O3 layer, a darker region
corresponds to the n-GaAs structure. Since the one pulse-
purge sequence reduces only a small fraction of the native ox-
ides22, the interface shown in Fig. 2(a) is blurrier than that in
Fig. 2(b).

For quantitative analysis of the interfacial roughness, we
used TEM-coupled energy dispersive X-ray (EDX) spec-
troscopy to obtain atomic composition profiles for the regions
shown in Figs. 2(a) and 2(b). The EDX line profiles are pre-
sented in Figs. 2(c) and 2(d), respectively. The sums of the
EDX signals from the Ga and As L shells are represented by
the black circles. The interfacial roughness is extracted us-
ing fits to a step-like function a/2erf[(x− µ)/(

√
2σ)]+ b/2,

shown by the red curves. Here, erf(z) is the error function
with z as a variable, a is step height, b is background signal, x
is position, µ is center position, and σ is interfacial roughness.
The interfacial roughness σ was improved from 2.2 to 1.1 nm
after 60 cycles of TMA pulse-purge sequences, as shown in
Fig. 2(d). This decrease in the interfacial roughness indicates
the effective removal of the amorphous native oxides, which
is consistent with the self-cleaning effect21,22.

The difference due to the surface treatments can be also
seen in the Raman spectra measured for the n-GaAs struc-
ture. Figure 3(a) shows the Raman spectra for the n-GaAs
structure after transferring WS2 monolayer at room temper-
ature in the backscattering configuration under 532 nm exci-
tation. The laser penetration depth was estimated to be 124
nm and phonon signal near the n-GaAs surfaces can be ob-
served. Two distinct peaks at 288 and 268 cm−1 are attributed
to the longitudinal optical (LO) phonon mode and the lower
branch of the LO-phonon-plasmon-coupled (L−) mode, re-
spectively26,27. The L− mode originates from a un-depleted
region and becomes prominent at high carrier density where
the coupling between LO phonons and plasmons becomes im-
portant26–28. Based on its position, the L− mode originates
from the un-depleted region in the n+-In0.04Ga0.96As layer,
not in the n-In0.04Ga0.96As layer. This suggests that charge
depletion occurs in the heavily doped n+-In0.04Ga0.96As layer,
allowing us to analyze the depletion region width using the in-
tensity ratio between the LO and L− modes. It is important to
note that Raman scattering from transverse optical phonons,
which could spectrally overlap with the LO mode29, is for-
bidden due to the (001) crystallographic orientation and the
backscattering configuration30. This selection rule allows for
a safe comparison of the intensity ratio r = IL−/ILO, where
IL− and ILO represent the integral intensities of the L− and LO
modes, respectively. The integral intensities were determined
using a Voigt fit for each peak. The values of r decrease from
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FIG. 1. (a) Near-surface band diagram of the n+-In0.04Ga0.96As and n-In0.04Ga0.96As layers in the n-GaAs structure. A sharp upward band
bending in the n+-In0.04Ga0.96As layer occurs to compensate for the large Fermi level mismatch between the surface and the other deeper
region, forming a depletion region. (b) Near-surface band diagram of the i-GaAs structure. The i-GaAs structure shows no band bending due
to the nearly matched Fermi level positions between the surface and the bulk region, in contrast to the n-GaAs structure. (c) Sample fabrication
process. The native oxides were shown in the light blue layer on the thicker dark blue layer representing the n-GaAs and i-GaAs structures.
Type A n- and i-GaAs samples were degreased with acetone, ethanol, and deionized water (not shown) before transferring CVD-grown WS2
monolayer. Type B n- and i-GaAs samples were surface reduced through the self-cleaning effect (surface reduction) after degreasing with
acetone, ethanol, and deionized water (not shown), onto which CVD-grown WS2 monolayers were transferred. The thin gray layer represents
the AlOx layer formed from oxygen atoms in the native oxides and aluminum atoms in chemisorbed TMA vapors. The thicker red layer on the
AlOx layer represents a capping Al2O3 layer deposited on top of the AlOx layer after the self-cleaning. Etching the AlOx and Al2O3 layers
using a BOE exposed the reduced III-V substrate surface. Type C n- and i-GaAs samples were surface reduced through the self-cleaning effect
(surface reduction) and sulfur passivated using a CH3CSNH2/NH4OH solution (sulfur passivation) after degreasing with acetone, ethanol, and
deionized water (not shown), on which CVD-grown WS2 monolayers were transferred. The immersion in the CH3CSNH2/NH4OH solution
forms a sulfide layer on the III-V substrate surface, passivating the surface dangling bonds. The control samples were fabricated by transferring
CVD-grown WS2 monolayers onto a silicon substrate. All the samples were encapsulated with an Al2O3 layer (Al2O3 encapsulation).
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FIG. 2. (a), (b) Cross-sectional TEM image of the Al2O3/n-GaAs
interface with the single (a) and 60-cycles (b) TMA exposure. Bright
and dark regions are Al2O3 and n-GaAs layers, respectively. (c), (d)
Cross-sectional EDX profile of the Ga and As L shells. (c) and (d)
are respectively for the single and 60-cyclse TMA exposure which
are shown in (a) and (b). The red curves represent fitting curves.

0.51 for Type A to 0.28 and 0.26 for Type B and C, respec-
tively. This indicates that the self-cleaning and sulfur passiva-
tion processes have reduced the thickness of the depletion re-
gion. The reduction is attributed to the decrease in the number
of surface states. When the density of surface states increases,
more free electrons are trapped on the surface.

Figure 3(b) shows the PL spectra for i-GaAs at room tem-
perature under 2.21 eV excitation with a fixed excitation
power. The PL centered at 1.42 eV is attributed to radiative re-
combination from the CB to the VB31. Importantly, the peak
intensity of Type B showed a 1.25-fold increase compared to
that of Type A. After the additional sulfur passivation process,
Type C showed a substantial 13.3-fold increase of PL intensity
compared to Type A. These facts suggest that non-radiative re-
combination pathways were reduced due to a decrease in the
number of surface states. These results are consistent with
those obtained by Raman spectroscopy [Fig. 3(a)]. It is worth
noting that unlike the top layers of the n-GaAs structure, the i-
GaAs structure is nominally undoped and thus the number of
free carriers is insufficient to observe the L− mode. In the case
of the n-GaAs structure, the aforementioned sharp band bend-
ing repels photoexcited electrons into the bulk region. Thus,
PL intensity is insensitive to the number of surface states.

FIG. 3. (a) Raman spectra at room temperature for the n-GaAs sub-
strate. r = IL−/ILO is the ratio of integral intensity of the L− mode,
IL− , to that of the LO mode, ILO. The LO mode at 288 cm−1 and
the L− mode at 268 cm−1 are deconvolved by a Voight fit. The fitted
LO and L− modes are shown as the red curves and the blue dashed
lines, respectively. (b) Normalized PL spectra at room temperature
for the i-GaAs substrate under 2.21 eV excitation. All the spectra are
normalized by the peak PL intensity at 1.42 eV for Type A sample.

IV. EFFECT OF SURFACE TREATMENT ON
HETEROSTRUCTURE PROPERTIES

Polarization-resolved PL measurements were performed
to assign the excitonic species in WS2 of the WS2/silicon,
WS2/n-GaAs and WS2/i-GaAs samples. Both circularly and
linearly polarized PL were measured under 2.21 eV excita-
tion at a cryogenic temperature, T , of 4 K. The excitation
energy was near-resonant to the exciton PL energy. In the
circularly polarized PL measurements, right-handed (σ−) and
left-handed (σ+) circularly polarized PL were measured upon
photoexcitation of the K valley by σ− polarized light, follow-
ing the spin-valley optical selection rule32–37. In the linearly
polarized PL measurements, on the other hand, horizontal (H)
and vertical (V) linearly polarized PL were measured upon
photoexcitation of both K and K’ valleys by H polarized light.
To ensure reliable analysis of neutral and charged excitons,
a combination of circularly and linearly polarized PL mea-
surements was used instead of peak deconvolution. This ap-
proach excludes the effect of peak shifts that may be caused
by changes in dielectric screening due to surface treatment of
the III-V substrate38,39.

Figure 4(a) shows representative circularly polarized PL
spectra for the WS2/silicon (black) and the WS2/n-GaAs with
Type A, B, and C treatments (purple, orange, and green). In
each pair of spectra, the solid and dashed curves represent σ−
and σ+ polarized PL spectra, respectively. Degree of circu-
lar polarization ρc = (I− − I+)/(I− + I+) for each sample is
summarized in Table I where I∓ is the intensity of σ∓ po-
larized PL averaged within ±20 meV around the peak energy.
The large ρc independent of the substrate conditions means all
samples realized excitonic valley polarization32–37. In other
words, depolarization pathways through the electron-hole (e-
h) Coulomb exchange interaction37,40 and simultaneous inter-
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FIG. 4. Polarization-resolved PL spectra for the WS2 monolayers
on silicon and n-GaAs substrates. (a) Circularly polarized PL spec-
tra. The degree of circular polarization ρc for each sample is shown
in blue. (b) Linearly polarized PL spectra. The degree of linear po-
larization ρl for each sample is shown in red.

TABLE I. Summary of ρc and ρl observed in WS2 on n-GaAs.

Substrate ρc ρl
Silicon 18±1% 0±1%
Type A 21±4% 4±2%
Type B 37±3% 16±3%
Type C 38±5% 18±1%

valley scattering of electrons and holes by two longitudinal
acoustic (LA) phonons41–43 were effectively suppressed. This
is indeed plausible because the broken inversion symmetry
E↑(k) ̸= E↑(−k), where k represents the crystal momentum,
should still persist. This is in contrast to the case of bilayer
TMDCs33.

Figure 4(b) shows linearly polarized PL spectra for the
WS2/silicon (black) and the WS2/n-GaAs with Type A, B,
and C treatments (purple, orange, and green) measured at the
same spot as in Fig. 4(a). In each pair of spectra, the solid and
dashed curves represent H and V polarized PL spectra, respec-
tively. Degree of linear polarization ρl = (IH − IV)/(IH + IV)
for each sample is summarized in Table I where IH(V) is the
intensity of H(V) polarized PL averaged within ±20 meV
around the peak energy. By analyzing changes in ρl, we assign
the dominant excitonic species that contribute the observed PL
lines as follows.

Previous studies have shown that in low carrier density,
the PL spectrum of WS2 is dominated by a Coulomb-bound
electron-hole pair, known as a neutral exciton (X0)35,36. At
T = 4 K, where our measurements were performed, PL emis-

sion from X0 under linearly polarized excitation is considered
to show ρl ̸= 0 as follows. A linear superposition of K and
K’ valleys created by linearly polarized light emits the same
linearly polarized light if the recombination lifetime is shorter
than the valley decoherence time. In our case, this situation is
plausible since the valley depolarization was effectively sup-
pressed untill recombination as confirmed from ρc ̸= 0 under
the circularly polarized excitation [Fig. 4(a)]. In higher carrier
density, on the other hand, X0 captures the excess electron
or hole, and forms negatively or positively charged excitons
(X− or X+), respectively. The PL from both X− and X+ are
not linearly polarized (i.e., ρl = 0) even if valley depolariza-
tion is suppressed. This is because the optical transition is
allowed for circularly polarized light rather than linearly po-
larized light due to the eigenstate mixing of excitonic state
induced by the exchange interaction35,37. Therefore, a larger
ρl indicates that X0 is dominant.

For the WS2/silicon samples, X− or X+ dominates the
spectral weight since ρl = 0± 1% was observed. The small
ρc values agree well with the n-type behavior of CVD-grown
WS2 monolayers due to the energetically preferred formation
of sulfur vacancies44. Therefore, we assign X− as the domi-
nant excitonic species in the WS2/silicon samples.

For the Type A WS2/n-GaAs samples, relatively small ρl =
4 ± 3% suggests that either X− or X+ dominates the spec-
tral weight. In addition to the fact that the CVD-grown WS2
monolayers behave n-type as mentioned above44, the energy
gap of native oxides ∼4 eV45 is large enough to disturb the
electron transfer from the WS2 to the substrate even after the
heterostructure fabrication. Furthermore, the heavily n-doped
substrate cannot provide sufficient holes to WS2. Therefore,
X− still dominates the spectrum from Type A samples similar
to the WS2/silicon samples.

On the other hand, the Type B and C WS2/n-GaAs sam-
ples exhibited relatively large ρl, 16± 3% and 18± 1%, re-
spectively. This indicates X0 emission increased, suggesting
a reduction in electron density compared to the cases of the
WS2/silicon and Type A WS2/n-GaAs samples. Therefore the
self-cleaning effect due to the TMA pulse-purge sequences
successfully removed the native oxides on the substrate sur-
face and thus lowered the energy barrier between WS2 and
the substrate.

The impact of sulfur passivation can be seen in a PL shoul-
der at around 1.95 eV that is present in Type B but absent in
Type A and C [Figs. 4(a) and 4(b)]. This shoulder was repro-
duced in all Type B samples measured, not just the Type B
sample shown in Fig. 4. As has been reported in MoS2/GaAs
heterostructures46, the PL shoulder is considered to originate
from exciton localization or interfacial charge trap. The pres-
ence of the PL shoulder in the WS2/Type B n-GaAs samples
and the absence of such shoulder in the WS2/Type C n-GaAs
samples suggest that sulfur passivation plays a significant role
in reducing exciton localization or interfacial charge trap in
monolayer WS2. This is consistent with the broadest LO peak
for Type B n-GaAs in Fig. 3(a) since the dangling bonds can
be the origin of surface states which is in principle disordered
and leads to broadening of Raman peak. Consequently, the
use of the III-V substrates with well-controlled surface states
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FIG. 5. Polarization-resolved PL spectra for the WS2 monolayers of
the WS2/silicon and WS2/i-GaAs samples. (a) Circularly polarized
PL spectra. The degree of circular polarization ρc for each sample
is shown in blue. (b) Linearly polarized PL spectra. The degree of
linear polarization ρl for each sample is shown in red.

TABLE II. Summary of ρc and ρl observed in WS2 on i-GaAs.

Substrate ρc ρl
Silicon 32±6% 6±3%
Type A 33±4% 8±5%
Type B NA NA
Type C 45±4% 26±5%

plays a significant role for both localization and delocaliza-
tion of electrons in monolayer WS2/III-V semiconductor het-
erostructures.

The underlying mechanism behind the change in the
excitonic species is discussed below. The topmost n+-
In0.04Ga0.96As layer of the n-GaAs structure is n-doped and
has a thin depletion region. The modification in both surface
states and depletion regions may be dominant factors. To in-
vestigate these mechanisms, the semi-insulating i-GaAs struc-
tures were used to exclude the effect of the depletion regions.

Figure 5(a) shows representative circularly polarized PL
spectra for the WS2/silicon and WS2/i-GaAs samples with
different surface treatments. All samples show a clear dif-
ference between the σ− and σ+ components, indicating ef-
fective suppression of the e-h Coulomb exchange37,40 and LA
phonon41–43 depolarization pathways. Similar to the n-GaAs
cases, this fact allows to identify the excitonic species through
the degree of linear polarization.

Figure 5(b) shows the linearly polarized PL spectra mea-
sured at the same spot as in Fig. 5(a) where H (V) polarized PL
are indicated as solid (dashed) curves. As summarized in Ta-
ble II, ρl is larger in the Type C WS2/i-GaAs samples (green)
compared to the WS2/silicon (black) and Type A WS2/i-GaAs
samples (purple). This suggests a lower electron density in
the Type C WS2/i-GaAs samples compared to the WS2/silicon

and Type A WS2/i-GaAs samples, similar to the n-GaAs case.
It should be noted that the batches used to synthesize WS2
were different in Figs. 4 and 5. This must lead to the batch-
to-batch difference in the quality of the WS2 monolayers, in-
cluding defect and carrier density, resulting in the difference in
PL polarization degrees, for example, as seen in WS2/silicon
samples. However, quantitative comparison within the same
figure should make sense.

Regardless of the substrate doping concentrations, the Type
A samples exhibit lower values of ρl, i.e., a dominance of X−

over X0. In contrast, the Type B and C samples exhibit an
increased spectral weight of X0. Namely, the reduction in the
electron density in WS2 is observed regardless of the presence
or absence of depletion regions near the surface of the III-V
semiconductors. This suggests that the space charges in the
depletion regions do not play a dominant role in reducing the
electron density in WS2. However, the Type B and C WS2/n-
GaAs samples exhibit similar ρl regardless of the reduction
of surface states. This suggests that the space charges at the
surface states do not play a significant role. Because the space
charges in the depletion regions and at the surface do not play
a role for changing the carrier density in monolayer WS2, we
conclude that the electron transfer from the CB of monolayer
WS2 to that of III-V semiconductor plays a role in reducing
the carrier density in the WS2/Type B n-GaAs and WS2/Type
C n-GaAs samples.

V. CONCLUSION

We focused on WS2/n-GaAs and WS2/i-GaAs heterostruc-
tures and investigated the effect of surface treatments for the
III-V substrates on the excitonic species in the WS2 mono-
layer. The PL emission from the WS2 monolayers was
dominated by the X− feature in the WS2/untreated n-GaAs
and WS2/untreated i-GaAs samples, regardless of the sub-
strate doping concentrations. However, in the case of the
WS2/surface-reduced n-GaAs, WS2/sulfur-passivated n-GaAs
and WS2/sulfur-passivated i-GaAs samples, the X0 feature
dominated the PL spectra, indicating a reduced electron den-
sity in the WS2 monolayers. The removal of the native ox-
ides may enhance the electron transfer from the WS2 mono-
layer to the III-V substrates. This means that the relatively
low spin injection efficiency, for example, from (Ga,Mn)As
to WS2 monolayer can be improved by removing the na-
tive oxides of the (Ga,Mn)As substrate16. Furthermore, for
the WS2/surface-reduced n-GaAs samples, an additional PL
shoulder appears at ∼50 meV lower than the X0 feature, sug-
gesting exciton localization or interfacial charge trap. How-
ever, such a PL shoulder was absent in the WS2/sulfur-
passivated n-GaAs samples. Therefore, the surface passiva-
tion of the III-V substrate may play an important role in sup-
pressing exciton localization or interfacial charge trap in the
WS2 monolayer, which can lead to high mobility devices6.
These findings could lead to novel device concepts, includ-
ing gate-free doping and deterministic carrier localization or
delocalization for 2D materials.
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SUPPLEMENTARY MATERIAL

The supplementary material contains detailed procedures
for the surface processing, the WS2 growth and transfer, and
the PL measurements.
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