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ABSTRACT
Weuncover the electronic origin of hidden interfacial doping inmonolayerMoS2 single-crystalwafers grownon sapphire bymetal–
organic chemical vapor deposition (MOCVD) and establish a transfer-free top-gate device platform. Despite structural perfection,
as-fabricated devices exhibit degenerate electron doping and lack a clear off state. Hall measurements quantify an interfacial
electron density of 2.7 × 1012 cm−2, evidencing substantial charge transfer across the nominal van der Waals interface. Interface-
sensitive spectroscopy, lateral forcemicroscopy, and thermal desorption analysis reveal a buried sulfate-derived layer accompanied
by a water-like interfacial structure that acts as an intrinsic electron donor. A purely dry H2/Ar annealing process selectively
removes these species, suppressing charge transfer and restoring intrinsic FET characteristics without transfer or wet processing.
Through this dry interface engineering approach, we demonstrateMOCVD-grown single-crystalMoS2 wafers as a robust, transfer-
free platform for the reliable evaluation of intrinsic gate stacks and device performance.
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Introduction

or the 1-nm technology node, two primary strategies have
een explored to realize transition metal dichalcogenide (TMDC)
anosheet devices [1]. The first involves the epitaxial growth
f single-crystalline TMDCs on sapphire substrates, followed by
ransfer onto Si substrates for device fabrication [2, 3]. The second
elies on direct device fabrication via localized and selective low-
emperature growth of TMDCs on amorphous sacrificial layers
ormed on Si substrates [4, 5]. Although substantial progress has
een achieved, both approaches generally require multistep and
omplex processes, particularly at the 10-nm scale. While TMDC
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nanosheet architectures are undoubtedly important for beyond-
Si technologies, an equally critical challenge lies in establishing
a device platform that enables rigorous and intrinsic evaluation
of device performance. In this context, single-crystalline MoS2
grown on sapphire substrates should be regarded not merely
as a transferable film, but as a wafer platform itself, enabling
direct device fabrication and systematic evaluation of gate-stack
integration and electrical reliability, inherently free from defects
and contamination introduced during transfer.

Recent advances have enabled wafer-scale growth of TMDCs
on wafers up to 12 inches [6–8], marking a major milestone
ommercial License, which permits use, distribution and reproduction in any
oses.
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n scalable 2D synthesis. Despite this technological maturity,
ost TMDC films grown on sapphire by powder-source chem-
cal vapor deposition (CVD) or metal–organic CVD (MOCVD)
re still transferred onto Si substrates prior to device char-
cterization [9–12] and integrated circuit formation [13, 14].
hile limited reports exist for top-gate devices directly fab-
icated on powder-CVD-grown MoS2 wafers [15–18], analo-
ous demonstrations based on MOCVD-grown MoS2 wafers
emain absent.

he TMDC/sapphire interface directly governs top-gate device
peration, yet its electronic impact remains poorly understood.
ecent structural and spectroscopic studies have revealed that
he TMDC/sapphire interface is not a chemically inert van der
aals interface. Cross-sectional high-angle annular dark-field
canning transmission electron microscopy (HAADF-STEM) [19,
0] and X-ray standing wave excited fluorescence (XSW-XRF)
21] measurements have identified chalcogen species on the
apphire surface in MoS2/sapphire and WSe2/sapphire systems,
ccompanied by interfacial watermolecules [22]. Conventionally,
apphire c-plane substrates are prepared by air annealing to
orm step–terrace structures prior to MOCVD growth [23]. How-
ver, atomically step-engineered sapphire surfaces can undergo
hemical modification upon air exposure, potentially forming
luminumhydroxide layers [24]. Such interfacial species can pro-
oundly influence the electronic structure and carrier transport of
MDCs.

hus, despite the high crystallographic completeness of
onolayer (1L) MoS2 single-crystal wafers, the role of the
oS2/sapphire interface in governing electron transport and
evice reliability remains unresolved. Here, we fabricate top-
ate FETs directly on 1L MoS2 single-crystal wafers grown on
apphire via a self-aligned and self-limiting process, without any
ransfer steps. The as-fabricated devices exhibit no well-defined
ff-state and a markedly shifted threshold voltage, indicative
f substantial background electron doping. Interface-sensitive
-ray photoelectron spectroscopy (XPS) and atomic force
icroscopy (AFM) identify sulfur-related and interfacial water-
ike species at the bottom MoS2/sapphire interface, implicating
nterfacial charge transfer as the dominant doping source.
all measurements corroborate this interpretation, yielding an
lectron density of 2.7 × 1012 cm−2. Removal of the interfacial
ayer by a purely dry H2/Ar treatment at 400◦C restores clear
ff-state behavior and well-defined field-effect transistor (FET)
haracteristics, establishing MOCVD-grown MoS2 wafers as
viable van der Waals semiconductor platform for top-gate
evices.

Results and Discussion

e have recently demonstrated the single-crystalline growth of 1L
oS2 on a 2-inch sapphire wafer via self-aligned and self-limited
OCVD growth, employing MoO2Cl2 as the molybdenum pre-
ursor [25]. In this study, 1L MoS2 films grown at 975◦C and
025◦C are primarily used for FET fabrication, as these growth
emperatures ensure single-crystalline film formation and high
arrier mobility. When MoS2 films grown at other temperatures
re employed, the corresponding growth conditions are explicitly
tated. As shown in Figure 1a,b, top-gate FETs with a 20-
of 9
nm Al2O3/1-nm Er2O3 gate dielectric [26, 27] and gate overlap
structure were directly fabricated on this MoS2 wafer without
transfer to another substrate (Materials and Methods, Figure S1).
Benefiting from the large-area uniformity, massive integration of
various devices can be realized. As shown in Figure 1c, however,
the top-gate FET cannot be switched off, exhibiting only about
one order of current modulation even under very large negative
gate bias (up to −17 V). This heavily electron-doped behavior
indicates strong charge transfer originating from extrinsic factors
(Figure 1).

Three possible origins of charge transfer are expected. First, the
hole trapping by trap sites at the surface of top-gate insulator
or inside can be expected due to the strong negative shift of
threshold voltage (Vth). The second origin may be the sulfur
vacancy (VS) introduced by top-gate deposition, which serves
as the electron donor. Since off-state cannot be observed in
ID-VTG, the defect density should be much larger than 1013
cm−2. In fact, according to the low-temperature photolumi-
nescence (PL) measured at 4 K after top-gate deposition, as
shown in Figure S2, the defect-bounded exciton at ∼1.7 eV
is not observable [28]. This indicates that VS in MoS2 is less
than 1013 cm−2 [29, 30], which excludes sulfur vacancy for the
dominant origin of the large Vth shift. The third origin is the
charge transfer from the unclarified surface layer formed on the
sapphire substrate during the MOCVD growth, as described in
the Introduction. Based on this discussion, the charge transfer
from the top-gate insulator and the bottom substrate should be
clarified.

In order to eliminate the influence of the unclarified surface
layer on the sapphire substrate, the MoS2 film was transferred
from the growth substrate onto a fresh sapphire substrate using a
PMMA-assisted process, and top-gate devices were subsequently
fabricated. The transfer procedure is described in Figure S3. As
shown in Figure 1c, well-defined switching characteristics were
clearly observed, with an on/off ratio of 106, a subthreshold
swing (SS) of ∼270 mV/dec, and Vth of approximately −12 V.
These results indicate that suppression of charge transfer can
be achieved by appropriately decoupling the interaction between
MoS2 and the sapphire substrate. It should be noted, however,
that Vth remains on the negative side, which is likely attributable
to residual charge transfer from the pristine α-Al2O3 substrate
and/or from the top-gate insulator.

Qualitatively, by transferring the MoS2 film onto a fresh sapphire
substrate and thereby eliminating charge transfer from the
unclarified surface layer on the original sapphire substrate, the
off-state could be successfully observed. Here, instead of relying
onVth shifts extracted from transfer characteristics, a quantitative
discussion is conducted by estimating the carrier concentration
through Hall measurements. Accurate determination of the Hall
voltage requires that (i) the contacts at the Hall terminals be
ohmic, and (ii) the width-to-length ratio (W/L) of the Hall
channel be less than 1/3, such that the geometry factor can
be neglected [31]. Benefiting from the wafer-scale MoS2 film,
the required Hall bar structure under the maximum magnetic
field of 1 T can be readily fabricated, as shown in the inset of
Figure 1d. The carrier concentration was then extracted from the
magnetic-field dependence of the Hall resistance, as shown in
Figure S4.
Advanced Materials, 2026
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FIGURE 1 (a) Optical image of MoS2 devices fabricated on a sapphire substrate. (b) Schematic illustration and magnified optical image of a top-
gate MoS2 FET. hatched region is 1L MoS2. (c) Transfer characteristics of the top-gate MoS2 FETs. (d) Schematic illustration summarizing the overall
charge-transfer picture. The electron densities at VG = 0 V, determined by Hall measurements, are indicated for the different situations. The inset shows
an optical image of a Hall-bar-type top-gate MoS2 FET.
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igure 1d summarizes the carrier concentrations extracted from
allmeasurements for different sample conditions under floating
ate conditions. The as-grown sample (i) exhibited a carrier
oncentration of 2.7 × 1012 cm−2, whereas deposition of the gate
ielectric (ii) led to a pronounced increase to 2.5 × 1013 cm−2,
esulting in the inability of the device to reach the off-state. In
ontrast, the sample transferred onto a fresh sapphire substrate
iii) showed a substantial reduction in carrier concentration to
.8 × 1011 cm−2. After deposition of the gate dielectric on this
ransferred sample (iv), the carrier concentration increased to
.5 × 1013 cm−2; however, a clear off-state was still observed. By
omparing these results, the amount of charge transfer from the
nclarified surface layer on the sapphire substrate to MoS2 is
uantitatively estimated to be on the order of 1012 cm−2. This
alue is not as large as initially anticipated. Consistently, when
-BN (v), which is known to induceminimal charge transfer [32],
as employed as the top-gate dielectric, awell-defined off-current
as clearly observed, as shown in Figure S5. These results clearly
dvanced Materials, 2026
demonstrate that substrate-induced charge transfer determines
the initial carrier concentration in MoS2, which in turn critically
governs the FET operation after gate dielectric deposition.

To elucidate the origin of the charge transfer on the order of
1012 cm−2 to MoS2 on sapphire, the MoS2/sapphire interface
was investigated in detail. Figure 2a shows an AFM height
image of an as-grown MoS2 wafer, showing continuous MoS2
coverage over the sapphire steps across the entire surface.
Magnified terrace images (Figure 2b,c) reveal uniform height
modulations of approximately 0.3 nm extending over the whole
area, which is comparable to the characteristic dimension of a
single water molecule [33, 34]. To determine whether this water-
like layer resides on the MoS2 surface or at the MoS2/sapphire
interface, atomic-resolution lateral force microscopy (LFM) mea-
surements [35, 36] were performed, as shown in Figure 2d.
LFM visualizes atomic-scale friction and lattice anisotropy via
the torsional response of the AFM cantilever and, importantly,
3 of 9
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FIGURE 2 (a) AFM topographic image of as-grown MoS2 on sapphire substrate. (b) Magnified AFM image of the sapphire terrace region. (c)
Height profile taken along the white line in (b). The inset illustrates a schematic of H2O molecules. (d) LFM image acquired from the box region in (b).
The yellow circle corresponds to the topmost S atom of the MoS2.
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nables atomic-resolution imaging even on insulating substrates
uch as sapphire, which is not accessible by scanning tunneling
icroscopy, thereby allowing direct observation of the topmost
atoms of the MoS2 surface immediately after MOCVD growth.
FM images acquired at the boxed region in Figure 2b exhibit
continuous sulfur atomic lattice (yellow circles) across the
eight-modulated area, indicating that the 0.3-nm layer is buried
t the MoS2/sapphire interface rather than residing on the
oS2 surface. Under MOCVD growth conditions near 1000◦C,
he sapphire surface is presumed to be Al-terminated [37] and
hus hydrophobic. Given the intrinsically hydrophobic nature of
oS2, the penetration of water molecules into theMoS2/sapphire

nterface would not be expected. However, the interfacial water-
ike feature at theMoS2/sapphire interface has also been reported
or MoS2 films grown by MOCVD using different Mo precursors
22] and by powder CVD [38], suggesting that this phenomenon
s intrinsic to MoS2/sapphire heteroepitaxy.

he MoS2/sapphire interface was further investigated by XPS
t different take-off angles (TOAs), as shown in Figure 3a,b.
n addition to 1L MoS2, multilayer (ML) MoS2 (3–5 layers) was
ynthesized on a sapphire substrate by employing Mo(CO)6 as
n alternative molybdenum precursor and extending the growth
ime to 210 min. For 1L MoS2, the S 2p doublet peaks are clearly
esolved, indicating high chemical uniformity. Nevertheless, an
6+ component is observed at ∼168 eV for both TOAs (10◦ and
0◦). In contrast, no S6+ component is detected in ML MoS2
hen measured at a TOA of 25◦, where the photoelectron signal
rom theMoS2/sapphire interface is effectively suppressed. These
esults indicate that the S6+ species is localized within ∼1–2 nm
rom the MoS2/sapphire interface. The Mo 3d spectra of both 1L
ndMLMoS2 are dominated by theMo4+ component fromMoS2,
ccompanied by a very small Mo6+ contribution attributable to
oO3. Since MoO3 is observed even in ML MoS2, it is likely
ssociated with local oxidation of MoS2 at the surface or within
he limited grains.

n previous studies, both S6+ and Mo6+ components have com-
only been attributed to severe oxidation of MoS2 [39–41].
owever, the present results clearly distinguish their origins:
of 9
while the Mo6+ component appears in both 1L and ML MoS2,
the S6+ component assigned to SO4

2− is detected exclusively in
1L- MoS2 on sapphire and is absent in ML MoS2. This suggests
that SO4

2− is a chemical species specific to the MoS2/sapphire
interface. Although the energy region around 170 eV has often
been neglected in XPS studies for MoS2 growth, recent MOCVD
reports [21] have also identified weak SO4

2−-related S6+ signals,
and XSW-XRF measurements have indicated sulfur termination
on sapphire surfaces.Moreover, time-of-flight secondary ionmass
spectrometry (ToF-SIMS) measurements [42, 43] (Figure 3c and
Figure S6) reveal a slight decrease in interfacial sulfur with
increasingMOCVD growth temperature of MoS2, suggesting that
the formation of interfacial sulfur species depends on growth
conditions.

It is important to note that SO4
2− species have been reported

to bind to Al atoms on sapphire surfaces [44]. Moreover, the
strong hygroscopic nature [44, 45] of SO4

2− provides a plausible
explanation for the penetration of interfacial water between
MoS2 and the sapphire substrate after the MOCVD growth,
despite the intrinsic hydrophobicity of MoS2. Contact-angle
measurements in Figure S7 show that while the as-grown MoS2
surface is hydrophobic, the sapphire surface exposed after MoS2
delamination remains hydrophilic, which is compatible with the
presence of a hydrophilic interfacial environment, even though
the specific interfacial species may be altered during the delami-
nation process. Indeed, MoS2 grown on the sapphire substrate by
powder-source CVD has been reported to exhibit electron doping
on the order of 1013 cm−2 due to interfacial water incorporation
[38] due to the hydroxylation of the sapphire surface [46, 47].
This may also originate from the strong water-adsorbing nature
of SO4

2− formed at the MoS2/sapphire substrate.

Based on the representative S6+ species suggested by XPS anal-
ysis, density functional theory (DFT) calculations in Figure S8
suggest that SO3 adsorbed on Al-terminated sapphire surface is
a plausible candidate among two energetically stable sulfur(VI)-
related surface configurations, namely SO3 and SO4H2. As shown
in Figure 3d, the ordered interfacial water molecules on the
relatively smooth interfacial morphology may account for the
Advanced Materials, 2026
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FIGURE 3 XPS spectra of (a) S 2p and (b) Mo 3d measured at different TOAs for monolayer (1L) MoS2 and multilayer (ML) MoS2. (c) S−:MoS2−

ratio as a function of MOCVD growth temperature obtained by ToF-SIMS. (d) Conceptual model of sulfur(VI)-related species and interfacial water layer
at the MoS2/sapphire interface suggested by DFT calculations. Detailed discussions of the DFT-derived interface structures are provided in Figure S8.
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0.3 nm modulation observed by AFM. Moreover, the calcula-
ions suggest that these polar species can coexistwithout inducing
ignificant structural instability. Since the simulated structure
as not yet been experimentally verified, it should be regarded
nly as a conceptual interfacial model intended to facilitate
nderstanding of the presence of a sulfur(VI)-related interfacial
ayer together with a water-like layer. In reality, as clarified in our
revious TEMstudies on as-grownMoS2/sapphire interfaces [48],
he interface is not a vacuum gap but consists of an amorphous
ntermediate layer, and the sulfur(VI)-related species are not
rranged in an orderedmanner but are instead expected to form a
ore random structure. Detailed discussions of the two different
nterface structures are provided in Figure S8.

ere, instead of employing a wet transfer process using KOH
o transfer MoS2 onto a fresh substrate, we focused on a
ry approach that directly cleans the MoS2/sapphire interface.
hermal desorption mass spectrometry (TDS) was performed to
dentify species desorbed from a MoS2/sapphire wafer during
nnealing under ultra-high vacuum (UHV) conditions of approx-
dvanced Materials, 2026
imately 4× 10−8 Pa, using a quadrupolemass spectrometer (QMS)
[49–51]. As shown in Figure 4a, pronounced H2O desorption
(m/z = 18) is observed, accompanied by weaker signals at m/z
= 32, 34, 48, 64, and 96, which may originate from S-containing
species. No clear desorption of Mo-related species was detected
within our detection limit. As detailed in Figure S9, the apparent
TDS intensity can be artificially distorted by transient total
pressure rises during high-flux desorption events. By comparing
S-related channels with adjacent background references, SO (m/z
= 48) and SO2 (m/z = 64) are identified as the dominant S-
containing desorption products during UHV annealing. These
observations clarify the chemical species evolving from the
MoS2/sapphire interface during UHV annealing, providing a
basis for understanding the subsequent changes in optical and
electrical properties.

We further investigated the effects of annealing under UHV and
H2/Ar gas environments using rapid thermal annealing (RTA), as
evaluated by photoluminescence (PL)measurements (Figure 4b).
These PL measurements were performed during the device
5 of 9
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FIGURE 4 (a) TDS spectra of as-grown MoS2 on the sapphire substrate. (b) PL spectra of before anneal, UHV anneal and H2/Ar anneal. X and
X− denote neutral exciton and negatively charged trion, respectively. (c) AFM topographic image of H2/Ar annealed MoS2 on sapphire substrate. (d)
Transfer characteristics of the top-gate MoS2 FETs with UHV and H2/Ar annealing. (e) ION as a function of on/off ratio for Al2O3/Er2O3 top gate MoS2
FETs with UHV and H2/Ar annealing. (f) Current on/off ratio as a function of channel width for HfO2/SiO2 top gate MoS2 FETs. (g) HAADF-STEM
image of the MoS2/sapphire interface in a top-gate MoS2 FET with H2/Ar annealing. (h) Image intensity along the [0001] direction extracted from (g).
The topmost Al atom is labeled T. The Mo–Al interatomic distance was determined by Gaussian fitting of Mo (red) and Al (blue, corresponding to Al–I
atomic columns) peaks. The Al positions indicated by light blue and light green circles correspond to those in the atomic structural model of (g).
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abrication process, as detailed in Figure S1. As-grown MoS2 on
apphire substrate exhibited a clear trion emission, indicating
lectron doping from the substrate. After UHV annealing at
00◦C, the PL peak position exhibited only minor changes,
ndicating that the doping level remained largely unaffected. In
ontrast, annealing at 400◦C under H2/Ar gas induced a clear
ransition from trion- to exciton-dominated emission [52], sug-
esting a reduction in electron doping. Moreover, Raman peaks
emained unchanged after both UHV and H2/Ar annealing, as
hown in Figure S10. Considering the TDS results, both physically
nd chemically adsorbed H2O are expected to desorb within this
emperature range under both annealing conditions, indicating
hat water removal alone cannot explain the distinct PL response.
herefore, the difference between UHV and H2/Ar annealing is
ttributed to the reduction of SO4-related interfacial structures by
ydrogen, followed by their removal from the interface as volatile
pecies such as SO2 or H2S, according to reactions such as (i)
O4

2− +H2 + 2H+→ SO2↑+ 2H2O↑ and/or (ii) SO4
2− + 4H2 + 2H+

H2S↑ + 4H2O↑. Although SO- and SO2-related signals were
of 9
detected during UHV annealing in TDS, the negligible change
in PL suggests that UHV treatment alone does not sufficiently
modify the interfacial sulfur-related states responsible for charge
transfer. Indeed, theAFMsurfacemorphology shown inFigure 4c
confirms that the interface becomes flatter after the desorption of
water-related species.

As shown in Figure S1, top-gate devices with a channel width
of 10 µm and a channel length of 20 µm were fabricated by
additionally applying UHV or H2/Ar gas annealing. The ID–VTG
characteristics in Figure 4d reveal that sufficient current turn-off
is not achieved after UHV annealing, whereas a clear off-state
is obtained after H2/Ar gas annealing. This dry H2/Ar annealed
device exhibit better ON current than the wet transferred devices,
as shown in Figure S11a. Moreover, as shown in Figure 4e,
device performance degrades at elevated annealing tempera-
tures, indicating that 400◦C under H2/Ar provides the optimal
annealing condition. It should be emphasized that detailed PL
analysis reveals that the MoS2 lattice remains largely intact up to
Advanced Materials, 2026
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50◦C, while degradation begins to occur at higher temperatures,
s shown in Figure S12. This observation is consistent with
revious reports [53, 54], where MoS2 decomposition under H2-
ontaining atmospheres was observed only above ∼500◦C. To
urther improve the transfer characteristics, the buffer layer
ormation and subsequent high-k deposition were optimized
sing 1-nm SiO2 interfacial layer followed by 25-nm ALD-grown
fO2. As shown in Figure 4d and Figure S11, this optimization
ields sharp switching behavior with SS = 180 mV/dec, which is
ttributed to the suppression of charge transfer from the buffer
ayer. Notably, the removal of SO4-related interfacial structures
y H2/Ar annealing is kinetically limited, resulting in a strong
ependence on channel width. As shown in Figure 4e, a pro-
ounced improvement is observed when the channel width is
educed to 5 µm.

inally, the MoS2/sapphire interfacial structure in a top-gate
oS2 FET with H2/Ar annealing was investigated by HAADF-
TEM, as shown in Figure 4g and Figure S13. The observed
pitaxial relationship between MoS2 and sapphire, where Mo
toms are located atop the Al (11̄00) planes and the Mo-S
ond length is longer on the left side of Mo than that on the
ight side, together with the Al-I terminated sapphire surface
tructure [55] and the presence of an amorphous interfacial layer
t the MoS2/sapphire interface, are consistent with our previous
EM observations of as-grown MoS2 on sapphire [48]. However,
he intensity profile in the depth [0001] direction, measured
long a m-plane of sapphire, shows that the Mo–T distance
T: topmost Al) was found to increase from 0.86 to 0.98 nm
fter the top-gate device fabrication process including the H2/Ar
nnealing (Figure 4h). This increase in the Mo–T distance could
e attributed to the elimination of interactions between MoS2
nd the SO4-related interfacial layer, which is consistent with the
educed charge transfer to MoS2 inferred from the PL and ID-
TG characteristics. Nevertheless, the origin of the relatively long
o–T distance of 0.99 nm requires further investigation.

Conclusion

n summary, we demonstrate that a dry H2/Ar annealing process
ffectively restores the switching behavior of MoS2 FETs fabri-
ated directly on sapphire by removing the interfacial layer at
heMoS2/sapphire interface. This transfer-free, wafer-compatible
ry process establishes MOCVD-grown MoS2 on sapphire as a
ractical van der Waals semiconductor platform for systematic
ate-stack and device studies.

cknowledgements

part of this work was conducted at Takeda Sentanchi Super clean-
oom, The University of Tokyo, supported by “Nanotechnology Platform
rogram (Grant Number JPMXP09F23UT1041)” and also by “Advanced
esearch Infrastructure for Materials and Nanotechnology in Japan
ARIM) (Grant Number JPMXP1224NM0056, and JPMXP1225NM5358)”
f the Ministry of Education, Culture, Sports, Science and Technol-
gy (MEXT), Japan. Theoretical calculations were performed by using
he Numerical Materials Simulator of NIMS and the Earth Simulator
ES) of JAMSTEC. This research was financially supported by the
ST CREST (Grant Number: JPMJCR24A3), JST-Research and Devel-
pment Program for Next-generation Edge AI Semiconductors (Grant
dvanced Materials, 2026
Number: JPMJES2531), and the JST-Mirai Program (Grant Number
JPMJMI22708192), the JSPS KAKENHI (Grant Numbers: JP21H05232,
JP21H05237, JP22H04957, JP25K07845, and JP26K17729).

Conflicts of Interest

The author declares no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to
privacy or ethical restrictions.

References

1. D. Jayachandran, N. U. Sakib, and S. Das, “3D Integration of 2D
Electronics,” Nature Reviews Electrical Engineering 1 (2024): 300–316,
https://doi.org/10.1038/s44287-024-00038-5.

2. A.-S. Chou, Y.-T. Lin, Y. C. Lin, et al., “High-Performance Monolayer
WSe2 p/n FETs via Antimony-Platinum Modulated Contact Technology
towards 2D CMOS Electronics,” in 2022 International Electron Devices
Meeting (IEDM) (2022), 7.2.1–7.2.4, https://doi.org/10.1109/IEDM45625.
2022.10019491.

3. W.Mortelmans, P. Buragohain, A. Kitamura, et al., “GateOxideModule
Development for Scaled GAA 2DFETs Enabling SSc˜;75mV/d and Record
Idmax>;900µA/µm at Lg〈50nm,” in 2024 IEEE International Electron
Devices Meeting (IEDM), (2024), 1–4, https://doi.org/10.1109/IEDM50854.
2024.10873417.

4. C. Kim, J. Kwon, M. S. Yoo, et al., “Transfer Free 2D CMOS Multi
BridgeChannel FET,” in 2024 IEEE International ElectronDevicesMeeting
(IEDM), (2024), 1–4, https://doi.org/10.1109/IEDM50854.2024.10873503.

5. K. Maxey, C. H. Naylor, K. P. O’Brien, et al., “300 mm MOCVD
2D CMOS Materials for More (Than) Moore Scaling,” in 2022
IEEE Symposium on VLSI Technology and Circuits (VLSI Technology
and Circuits), (IEEE, 2022), 419–420, https://doi.org/10.1109/
VLSITechnologyandCir46769.2022.9830457.

6. G. Xue, X. Sui, P. Yin, et al., “Modularized Batch Production of 12-
inch TransitionMetal Dichalcogenides by Local Element Supply,” Science
Bulletin 68 (2023): 1514–1521, https://doi.org/10.1016/j.scib.2023.06.037.

7. Y. Xia, X. Chen, J. Wei, et al., “12-inch Growth of Uniform MoS2
Monolayer for Integrated Circuit Manufacture,” Nature Materials 22
(2023): 1324–1331, https://doi.org/10.1038/s41563-023-01671-5.

8. L. Liu, Y. Wang, R. Dong, et al., “Kinetic Acceleration of MoS2 Growth
by Oxy-Metal-Organic Chemical Vapor Deposition,” Science 391 (2026):
494–498, https://doi.org/10.1126/science.aec7259.

9. A. Sebastian, R. Pendurthi, T. H. Choudhury, J. M. Redwing, and S.
Das, “Benchmarking Monolayer MoS2 andWS2 Field-effect Transistors,”
Nature Communications 12 (2021): 693, https://doi.org/10.1038/s41467-
020-20732-w.

10. H. Kim, D. Ovchinnikov, D. Deiana, D. Unuchek, and A. Kis,
“Suppressing Nucleation in Metal–Organic Chemical Vapor Deposition
of MoS 2 Monolayers by Alkali Metal Halides,” Nano Letters 17 (2017):
5056–5063, https://doi.org/10.1021/acs.nanolett.7b02311.

11. H. Tang, S. Pasko, S. Krotkus, et al., “Nucleation and Coalescence
of Tungsten Disulfide Layers Grown by Metalorganic Chemical Vapor
Deposition,” Journal of Crystal Growth 608 (2023): 127111, https://doi.org/
10.1016/j.jcrysgro.2023.127111.

12. Y. Shi, B. Groven, J. Serron, et al., “Engineering Wafer-Scale Epitaxial
Two-Dimensional Materials through Sapphire Template Screening for
Advanced High-Performance Nanoelectronics,” ACS Nano 15 (2021):
9482–9494, https://doi.org/10.1021/acsnano.0c07761.

13. S. Ghosh, Y. Zheng, M. Rafiq, et al., “A Complementary Two-
dimensional Material-based One Instruction Set Computer,” Nature 642
(2025): 327–335, https://doi.org/10.1038/s41586-025-08963-7.
7 of 9

e C
om

m
ons L

icense

https://doi.org/10.1038/s44287-024-00038-5
https://doi.org/10.1109/IEDM45625.2022.10019491
https://doi.org/10.1109/IEDM50854.2024.10873417
https://doi.org/10.1109/IEDM50854.2024.10873503
https://doi.org/10.1109/VLSITechnologyandCir46769.2022.9830457
https://doi.org/10.1016/j.scib.2023.06.037
https://doi.org/10.1038/s41563-023-01671-5
https://doi.org/10.1126/science.aec7259
https://doi.org/10.1038/s41467-020-20732-w
https://doi.org/10.1021/acs.nanolett.7b02311
https://doi.org/10.1016/j.jcrysgro.2023.127111
https://doi.org/10.1021/acsnano.0c07761
https://doi.org/10.1038/s41586-025-08963-7


1
P
(

1
D
R
6

1
M
d

1
B
h

1
B
L
1

1
N
S
1

2
S
1

2
S
N
T
o

2
i
D
2

2
o
f
o

2
T
t
8

2
V
N
0

2
E
T
7

2
“
F
S

2
V
1

2
c
N

3
A

3
(

8

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.73931 by N
ational Institute For, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
4. J. Kwon, M. Seol, J. Yoo, et al., “200-mm-wafer-scale Integration of
olycrystalline Molybdenum Disulfide Transistors,” Nature Electronics 7
2024): 356–364, https://doi.org/10.1038/s41928-024-01158-4.

5. L. Li, Y. Peng, J. Tian, et al., “Batch Fabrication of MoS2
evices Directly on Growth Substrates by Step Engineering,” Nano
esearch 16 (2023): 12794–12799, https://doi.org/10.1007/s12274-023-
180-2.

6. L. Liu, T. Li, L. Ma, et al., “Uniform Nucleation and Epitaxy of Bilayer
olybdenum Disulfide on Sapphire,” Nature 605 (2022): 69–75, https://
oi.org/10.1038/s41586-022-04523-5.

7. M. Ao, X. Zhou, X. Kong, et al., “A RISC-V 32-bit Microprocessor
ased on Two-dimensional Semiconductors,”Nature 640 (2025): 654–661,
ttps://doi.org/10.1038/s41586-025-08759-9.

8. X. Chen, Y. Xie, Y. Sheng, et al., “Wafer-scale Functional Circuits
ased on 2D Semiconductors with Fabrication Optimized by Machine
earning,” Nature Communications 12 (2021): 5953, https://doi.org/10.
038/s41467-021-26230-x.

9. H. Zhu, N. Nayir, T. H. Choudhury, et al., “Step Engineering for
ucleation and Domain Orientation Control in WSe2 Epitaxy on c-plane
apphire,” Nature Nanotechnology 18 (2023): 1295–1302, https://doi.org/
0.1038/s41565-023-01456-6.

0. Y. C. Lin, B. Jariwala, B. M. Bersch, et al., “Realizing Large-
cale, Electronic-Grade Two-Dimensional Semiconductors,” ACS Nano
2 (2018): 965–975, https://doi.org/10.1021/acsnano.7b07059.

1. S. Majumder, N. Shinde, J. Cavin, et al., “Chemistry and Interfacial
tructure Promoting Quasi-van der Waals Epitaxial Growth of WS2
anosheets on Sapphire for Prospective Application in Field-Effect
ransistors,”ACSAppliedNanoMaterials 8 (2025): 9256–9267, https://doi.
rg/10.1021/acsanm.5c00681.

2. J. Serron, A. Minj, V. Spampinato, et al., “Conductivity Enhancement
n TransitionMetal Dichalcogenides: A ComplexWater Intercalation and
esorption Mechanism,” ACS Applied Materials & Interfaces 15 (2023):
6175.

3. M. Yoshimoto, T. Maeda, T. Ohnishi, et al., “Atomic-scale Formation
f Ultrasmooth Surfaces on Sapphire Substrates for High-quality Thin-
ilm Fabrication,” Applied Physics Letters 67 (1995): 2615–2617, https://doi.
rg/10.1063/1.114313.

4. W. Fu, J. Chai, H. Kawai, et al., “Evidence of Air-induced Surface
ransformation of Atomic Step-engineered Sapphire in Relation to Epi-
axial Growth of 2D Semiconductors,” Nature Communications 16 (2025):
488, https://doi.org/10.1038/s41467-025-63452-9.

5. Y. Sakuma, K. Atsumi, T. Hiroto, et al., “Self-aligned and Self-limiting
an der Waals Epitaxy of Monolayer MoS2 for Scalable 2D Electronics,”
ature Communications 17 (2026): 602, https://doi.org/10.1038/s41467-
26-68320-8.

6. S. Li, R. Otake, T. Nishimura, et al., “Reliability Challenges in
quivalent-Oxide-Thickness Scaling with High-κ Er2O3 Dielectrics on
wo-Dimensional MoS 2 Field-Effect Transistors,” ACS Materials Letters
(2025): 1993–2001, https://doi.org/10.1021/acsmaterialslett.5c00291.

7. H. Uchiyama, K. Maruyama, E. Chen, T. Nishimura, and K. Nagashio,
A Monolayer MoS2 FET with an EOT of 1.1 nm Achieved by the Direct
ormation of a High-κ Er2O3 Insulator Through Thermal Evaporation,”
mall 19 (2023): 2207394.

8. E. Mitterreiter, B. Schuler, A. Micevic, et al., “The Role of Chalcogen
acancies for Atomic Defect Emission inMoS2,”Nature Communications
2 (2021): 3822, https://doi.org/10.1038/s41467-021-24102-y.

9. Y. Zhu, J. Lim, Z. Zhang, et al., “Room-Temperature Photolumines-
ence Mediated by Sulfur Vacancies in 2D Molybdenum Disulfide,” ACS
ano 17 (2023): 13545–13553, https://doi.org/10.1021/acsnano.3c02103.

0. J. Yang, Y.Wang,M. J. Lagos, et al., “SingleAtomicVacancyCatalysis,”
CS Nano 13 (2019): 9958–9964.

1. D. K. Schroder, Semiconductor Material and Device Characterization
John Wiley & Sons, Inc., 2006).
of 9
32. N. Fang, S. Toyoda, T. Taniguchi, K.Watanabe, and K. Nagashio, “Full
Energy Spectra of Interface State Densities for n - and p -TypeMoS2 Field-
Effect Transistors,” Advanced Functional Materials 29 (2019): 1904465,
https://doi.org/10.1002/adfm.201904465.

33. K. Xu, P. Cao, and J. R. Heath, “Graphene Visualizes the First Water
Adlayers on Mica at Ambient Conditions,” Science 329 (2010): 1188–1191.

34. A. Rauf, A. Schilo, N. Severin, I. M. Sokolov, and J. P. Rabe, “Non-
MonotonousWetting of Graphene–Mica andMoS2–Mica InterfacesWith
A Molecular Layer of Water,” Langmuir 34 (2018): 15228–15237.

35. Y. Yang, K. Xu, L. N. Holtzman, et al., “Atomic Defect Quantification
by Lateral ForceMicroscopy,”ACSNano 18 (2024): 6887–6895, https://doi.
org/10.1021/acsnano.3c07405.

36. N. Sasaki, K. Kobayashi, and M. Tsukada, “Atomic-scale Friction
Image of Graphite in Atomic-force Microscopy,” Physical Review B 54
(1996): 2138–2149, https://doi.org/10.1103/PhysRevB.54.2138.

37. E. A. Soares, M. A. Van Hove, C. F. Walters, and K. F. McCarty,
“Structure of the α−Al2O3(0001) Surface from Low-energy Electron
Diffraction: Al Termination and Evidence for Anomalously Large Ther-
mal Vibrations,” Physical Review B 65 (2002): 195405, https://doi.org/10.
1103/PhysRevB.65.195405.

38. C. Zheng, Z. Q. Xu, Q. Zhang, et al., “Profound Effect of Substrate
Hydroxylation and Hydration on Electronic and Optical Properties of
Monolayer MoS 2,” Nano Letters 15 (2015): 3096–3102, https://doi.org/10.
1021/acs.nanolett.5b00098.

39. R. I. Romanov, I. V. Zabrosaev, A. A. Chouprik, et al., “Impact
of Water Vapor on the 2D MoS2 Growth in Metal-organic Chemical
Vapor Deposition,” Vacuum 230 (2024): 113739, https://doi.org/10.1016/j.
vacuum.2024.113739.

40. P. Afanasiev and C. Lorentz, “Oxidation of Nanodispersed MoS2 in
Ambient Air: The Products and the Mechanistic Steps,” The Journal of
Physical Chemistry C 123 (2019): 7486–7494, https://doi.org/10.1021/acs.
jpcc.9b01682.

41. V. O. Koroteev, L. G. Bulusheva, I. P. Asanov, E. V. Shlyakhova, D.
V. Vyalikh, and A. V. Okotrub, “Charge Transfer in the MoS2/Carbon
Nanotube Composite,” The Journal of Physical Chemistry C 115 (2011):
21199–21204, https://doi.org/10.1021/jp205939e.

42. I. Tanaka, M. Wei, T. Nishimura, et al., “Quantitative ToF-SIMS
Assessment of in-Plane and Out-of-Plane Nb Doping Uniformity in CVT-
GrownMoS2 Crystals,” Small Methods 9 (2025): 01405, https://doi.org/10.
1002/smtd.202501405.

43. J. C. B. D. Vickermann, ToF-SIMS: Materials Analysis by Mass
Spectrometry (IM Publications, 2013).

44. B. Sadeghalvad, N. Khorshidi, A. Azadmehr, and M. Sillanpää,
“Sorption, Mechanism, and Behavior of Sulfate on Various Adsorbents: a
Critical Review,”Chemosphere 263 (2021): 128064, https://doi.org/10.1016/
j.chemosphere.2020.128064.

45. J. C. Kotsakidis, Q. Zhang, A. L. Vazquez De Parga, et al., “Oxidation
of Monolayer WS2 in Ambient is a Photoinduced Process,” Nano Letters
19 (2019): 5205–5215, https://doi.org/10.1021/acs.nanolett.9b01599.

46. X. Chen, W. Shan, D. Wu, et al., “Atomistic Mechanisms of Water
Vapor–induced Surface Passivation,” Science Advances 9 (2023): adh5565,
https://doi.org/10.1126/sciadv.adh5565.

47. K. C. Hass, W. F. Schneider, A. Curioni, and W. Andreoni, “The
Chemistry of Water on Alumina Surfaces: Reaction Dynamics from First
Principles,” Science 282 (1998): 265.

48. E. Kano, J. Nara, K. Takenaka, et al., “Direct Observation of Atomic
Configuration of a Highly Oriented MoS2 Film/α-Al2O3 (0001) Using
Atomic Resolution Electron Microscopy,” Applied Physics Letters 127
(2025): 252102, https://doi.org/10.1063/5.0295643.

49. S. Li, T. Nishimura,M.Maruyama, S. Okada, andK.Nagashio, “Exper-
imental Verification of SO2 and S Desorption Contributing to Defect
Formation in MoS2 by Thermal Desorption Spectroscopy,” Nanoscale
Advances 5 (2022): 405–411, https://doi.org/10.1039/D2NA00636G.
Advanced Materials, 2026

tive C
om

m
ons L

icense

https://doi.org/10.1038/s41928-024-01158-4
https://doi.org/10.1007/s12274-023-6180-2
https://doi.org/10.1038/s41586-022-04523-5
https://doi.org/10.1038/s41586-025-08759-9
https://doi.org/10.1038/s41467-021-26230-x
https://doi.org/10.1038/s41565-023-01456-6
https://doi.org/10.1021/acsnano.7b07059
https://doi.org/10.1021/acsanm.5c00681
https://doi.org/10.1063/1.114313
https://doi.org/10.1038/s41467-025-63452-9
https://doi.org/10.1038/s41467-026-68320-8
https://doi.org/10.1021/acsmaterialslett.5c00291
https://doi.org/10.1038/s41467-021-24102-y
https://doi.org/10.1021/acsnano.3c02103
https://doi.org/10.1002/adfm.201904465
https://doi.org/10.1021/acsnano.3c07405
https://doi.org/10.1103/PhysRevB.54.2138
https://doi.org/10.1103/PhysRevB.65.195405
https://doi.org/10.1021/acs.nanolett.5b00098
https://doi.org/10.1016/j.vacuum.2024.113739
https://doi.org/10.1021/acs.jpcc.9b01682
https://doi.org/10.1021/jp205939e
https://doi.org/10.1002/smtd.202501405
https://doi.org/10.1016/j.chemosphere.2020.128064
https://doi.org/10.1021/acs.nanolett.9b01599
https://doi.org/10.1126/sciadv.adh5565
https://doi.org/10.1063/5.0295643
https://doi.org/10.1039/D2NA00636G


5
J
E
J
2

5
S
o
0

5
o
5

5
I
1

5
H
L

5
S
a

S

A
I
S

A

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.73931 by N
ational Institute For, W

iley O
nline L

ibrary on 
0. N. Ikegami, N. Ozawa, Y. Miyakawa, N. H. Norio Hirashita, and J. K.
un Kanamori, “Mechanisms of Surface Reaction in Fluorocarbon Dry
tching of Silicon Dioxide-An Effect of Thermal Excitation,” Japanese
ournal of Applied Physics 31 (1992): 2020, https://doi.org/10.1143/JJAP.31.
020.

1. Y.-R. Chang, N. Higashitarumizu, H. Kawamoto, et al., “Atomic-
tep-Induced Screw-Dislocation-Driven Spiral Growth of SnS,”Chemistry
f Materials 33 (2021): 186–194, https://doi.org/10.1021/acs.chemmater.
c03184.

2. S. Mouri, Y. Miyauchi, and K. Matsuda, “Tunable Photoluminescence
f Monolayer MoS2 via Chemical Doping,” Nano Letters 13 (2013): 5944–
948, https://doi.org/10.1021/nl403036h.

3. G. Ye, Y. Gong, J. Lin, et al., “Defects Engineered Monolayer MoS2 for
mproved Hydrogen Evolution Reaction,” Nano Letters 16 (2016): 1097–
103, https://doi.org/10.1021/acs.nanolett.5b04331.

4. K. K. Liu, W. Zhang, Y. H. Lee, et al., “Growth of Large-Area and
ighly Crystalline MoS2 Thin Layers on Insulating Substrates,” Nano
etters 12 (2012): 1538–1544, https://doi.org/10.1021/nl2043612.

5. T. Kurita, K. Uchida, and A. Oshiyama, “Atomic and Electronic
tructures of α-Al2O3 Surfaces,” Physical Review B—Condensed Matter
nd Materials Physics 82 (2010): 155319.

upporting Information

dditional supporting information can be found online in the Supporting
nformation section.
upportingFile: adma73931-sup-0001-SuppMat.pdf.
dvanced Materials, 2026 9 of 9

[28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1143/JJAP.31.2020
https://doi.org/10.1021/acs.chemmater.0c03184
https://doi.org/10.1021/nl403036h
https://doi.org/10.1021/acs.nanolett.5b04331
https://doi.org/10.1021/nl2043612

	MOCVD-Grown MoS2 Wafers as a Transfer-Free Platform for Top-Gate Devices via Dry Interface Engineering
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusion
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


