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Engineering sapphire substrates with specific surface characteristics is crucial
for the epitaxial growth of high-quality wafer-scale transition metal dichalco-
genides, essential for integration with semiconductor industry processes.
Here, we report that atomic-step-engineered sapphire surfaces undergo
structural and chemical changes upon air exposure, which may be associated
with surface hydrolysis and the formation of aluminum (oxy)hydroxides as
revealed by a self-developed charge-contrast enhanced X-ray photoelectron
spectroscopy technique. We suggest these species transform into oxygen-
deficient Al,O3., under typical growth conditions, associated with disrupted
domain alignment. We further demonstrate that ultraviolet light irradiation in
air appears to mitigate this degradation, restoring surface stoichiometry and
promoting epitaxial alignment. The grown monolayer WS; films exhibit high
crystalline quality, good uniformity, and low defect density. Statistical analysis
of 100 field-effect transistors shows a device yield >95% and a mobility varia-

tion <20%. These findings provide relevant insights for the consistent pro-
duction of industrial-scale, high-quality 2D semiconductors.

The scalable epitaxy of single-crystal two-dimensional (2D) transition
metal dichalcogenides (TMDs) on insulating substrates that are com-
patible with semiconductor industry will enable the mass production
of next-generation 2D electronics based on TMDs' . Among various
growth substrates, c-plane sapphire has emerged as a promising
option for TMD epitaxy due to its crystallographic compatibility and its
chemical and thermal resilience under typical growth conditions”. In
the past few years, significant advances have been made in wafer-scale
single-crystal TMD synthesis through strategic engineering of the
sapphire surface. This includes optimizing miscut orientation towards
the a-axis®, creating vicinal a-plane surfaces’, developing immature

step edges for enhanced nucleation', reconstructing for single atomic
plane exposure’, and modulating the surface chemistry through con-
trolled growth conditions™.

Sapphire has the a-phase hexagonal lattice structure, with in-
plane unit cell dimensions a = b = 4.76 A and an out-of-plane dimension
c=12.996 A, characterized by six layers of alternating Al-O-Al atoms
terminating in AI”*". The normal termination of clean a-Al,O5 consists
of one Al atom for every three O atoms, with the terminal Al above the
plane of the close-packed O'. Surface atomic features, such as step
terrace terminations and step edges orientation have been utilized to
modulate the coupling interaction between TMD crystals and a
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suitably engineered sapphire substrate for achieving well-resolved
domain alignment during epitaxial growth”**”, However, in most
conventional processes, engineered sapphire substrates are inevitably
exposed to air, which may introduce variability in the epitaxial growth.
Reports on the structural changes of engineered sapphire exposed to
air and its impact on subsequent epitaxial growth remain limited. The
«-Al,O3 surface has been shown to react with H,O to form aluminum
(oxy)hydroxide in carefully controlled experimental as well as theo-
retical studies' **. During the thermal heating at temperatures ranging
from 700 °C to 1000 °C, similar to those of typical epitaxial growth
conditions, the pyrolysis of aluminum (oxy)hydroxide occurs resulting
in oxygen vacancy-rich Al,O3,****. This process changes the surface
chemistry and can significantly impact the alignment of crystal
domains during epitaxy. A complete understanding of the atomic step
engineered sapphire surface degradation mechanism upon exposure
to air, and strategies for limiting/repairing this degradation, are crucial
for achieving consistent, high-quality TMD epitaxy.

Here, we report a systematic study of the impact of air exposure on
the surface chemistry of sapphire substrates and the consequence on
the domain orientation of a prototypical 2D monolayer-WS,. By devel-
oping a charge-contrast enhanced XPS surface analysis capability, we
found significant changes in the surface chemistry of atomic-step-
engineered sapphire when exposed to air, which reduced domain
alignment during epitaxial growth of the WS, monolayers by chemical
vapor deposition (CVD), as illustrated in Fig. 1a. Our characterization
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Fig. 1| Air-induced surface evolution on engineered sapphire. a Schematic
illustrating the surface structural changes of c-plane sapphire (a-Al,05) during air
exposure and its impact on domain orientation of epitaxy. b Schematic of the
formation of aluminum (oxy)hydroxide on sapphire surface during the air expo-
sure. Blue spheres represent Al atoms, red spheres represent O atoms, white
spheres represent H atoms. ¢ The atomic force microscopy (AFM) image of freshly
annealed sapphire with atomic steps towards m <1010 > direction. d AFM image of
sapphire, air exposed for 6 weeks, displaying additional cluster formation along
atomic steps, which indicates preferential hydrolysis at these locations. e-g Cross-
section scanning transmission electron microscope (STEM) images of sapphire

. Sapphire surface . TMD domains’ .

suggests that air exposure may lead to surface hydrolysis, forming
aluminum (oxy)hydroxide, as shown in Fig. 1b, which can subsequently
decompose into oxygen-deficient Al,O5.x during CVD growth condi-
tions. This altered surface chemistry appears to adversely compromise
the WS, domain orientation. We also found that larger atomic-step
heights accelerate this surface transformation. Notably, our experi-
ments suggest that UV light irradiation of air-exposed sapphire surfaces
effectively removes the hydroxyl groups and restores the degraded
sapphire surface to crystalline a-Al,O5 during the growth stage. Our
findings of deactivation of sapphire by air exposure and its subsequent
restoration through UV irradiation provide valuable insights for the
commercial production of high-quality 2D semiconductors.

Results and Discussion

Air-induced surface hydrolysis on engineered sapphire

We selected the commercially available and commonly used c-plane
sapphire, cleaved along a <1120 > direction as our model substrate.
Through a custom thermal annealing process (see details in experi-
mental section), the sapphire surface was engineered with atomic
steps along m <1010 > orientation and terminated of half-Al surfaces
(see Supplementary Fig. 1). The surface profile of the freshly annealed
sapphire measured by atomic force microscopy (AFM), is shown in
Figs. 1c and S2 (see Supplementary Note 1). These images display a
regular and uniform arrangement of surface atomic steps along the m
<1010 > direction with step height of ~0.25 nm (line profile, as shown
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surfaces (on the terraces) after freshly annealing and aging in air for 4 and 6 weeks,
viewed from the <1120 > direction, revealing a crystalline atomic resolved surface
on freshly annealed sapphire and the development of amorphous layers during air
exposure. h, i, High-resolution Al 2p and O 1s X-ray photoelectron spectroscopy
(XPS) spectra of freshly annealed and 1-week-aged sapphire samples under high
low-energy electron flux settings, identifying the characteristic Al-O bonding
spectra of a-Al,O3 in freshly annealed sapphire, and spectral shape change
becoming detectable by XPS evidenced by additional Al-OH bonding peaks of
aluminum (oxy)hydroxide likely arising from surface hydrolysis, as elucidated
through XPS peak deconvolution for the 1-week aged sapphire sample.

Nature Communications | (2025)16:8488


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63452-9

in Supplementary Fig. 2c). The Fig. 1e shows the cross-section scanning
transmission electron microscope (STEM) image of freshly annealed
sapphire, viewed from a <1120> direction, exhibiting the sharp
atomic profile on surface®.

To elucidate the structural transformations of sapphire surfaces
exposed to air, freshly engineered sapphire samples were aged in a
cleanroom environment (class 10 K, 45% humidity) for varying dura-
tions. Figure 1d is an AFM image of the sapphire surface after aging for
6 weeks, showing the formation of distinct clusters along the edges of
atomic surface steps and uniform film on the terraces. Previous work
noted that surface hydrolysis can occur on the sapphire surfaces when
exposed to humid air'®, Assuming that these clusters are the product of
that hydrolysis, our observation could indicate that hydrolysis pre-
ferentially targets the engineered atomic step edges of sapphire. In
contrast, the AFM images of sapphire aged for shorter periods of
1-2 weeks (see Supplementary Fig. 3) show no discernible morpholo-
gical changes, indicating that the early-stage structural transforma-
tions were not detectable at the sensitivity level of the AFM system
used. To detect these early-stage changes, we therefore used cross-
sectional STEM analysis of sapphire surfaces aged for 2, 4, and 6 weeks,
respectively. Cross-sectional STEM images viewed along the <1120 >
direction (Fig. 1e-g) illustrate the main morphological evolution of the
sapphire surface upon air exposure, transitioning from a freshly
annealed state to one aged for six weeks. The formation of an amor-
phous surface layer is evident, with a thickness ranging from 1 to 4 nm.
Additional cross-sectional imaging of the two-week air-exposed sap-
phire along the <1010 > direction (see Supplementary Fig. 4) reveals a
continuous amorphous layer enveloping both terrace and steps of the
sapphire surface. A more detailed chronological sequence is shown in
Supplementary Fig. 5 together with a schematic of the morphological
evolution of the sapphire surface under air exposure depicted in
Supplementary Fig. 6. This evolution involves the initial structural
transformation of an amorphous layer on the atomic step edges, which
is subsequently followed by the formation of cluster particles during
the surface hydrolysis.

The XPS was employed to elucidate the impact of air exposure on
the surface chemistry of engineered sapphire. Considering that sap-
phire is an insulator, it may accumulate a net positive charge due to
photoelectron loss when subjected to X-ray irradiation®. To counteract
this, a low-voltage electron flood gun was utilized to provide charge
compensation by directing an electron beam onto the surface. The
electron flux intensity was regulated by adjusting the filament current of
the electron flood gun. The adventitious carbon C 1s spectrum is
recorded and used as internal reference for bias-referencing”. High
electron flux intensity settings (detailed in Supplementary Table 1) were
used to analyze the Al 2p and O I s XPS spectra of both freshly annealed
and 1-week aged sapphire, shown in Fig. 1h, i, respectively, along with
the peak fitting results in Supplementary Table 2. The high-resolution Al
2p and O 1s spectra of freshly annealed sapphire (Fig. 1h and Supple-
mentary Fig. 7) revealed an Al 2p peak at 74.1 eV and a primary O 1 s peak
at 531 eV, indicative of O-Al-O bonding in the a-Al,05*. An additional O
1speak at 532.4 eV was observed, attributed to physically adsorbed H,O
or dissociated OH  radicals on the surface”. After 1 week of air exposure,
peak deconvolution of the Al 2p and O Is spectra (Fig. 1i) revealed the
emergence of additional AI-OH bonding peaks, located at 531.4 eV for O
1s and 74.1eV for Al 2p, attributed to the formation of hydrolysis-
induced aluminum (oxy)hydroxide®. The slight shifts in Al 2p and O I's
binding energies between the sapphire and its hydrolyzed phases,
similar to gibbsite and boehmite (see Supplementary Fig. 8), are mini-
mal around 0.1-0.4 eV (in Supplementary Table 2), closely approaching
the resolution limits of XPS, which poses challenges for analysis.

Charge-contrast enhanced XPS analysis of the surface changes
Given that the hydrolyzed phase preferentially accumulates at atomic
step edges of engineered sapphire, as observed in the AFM image in

Fig. 1d, and considering the higher dielectric constant of hydrolyzed
AlO4(OH), compared to that of crystalline sapphire due to increased
porosity and hydroxyl content®, we developed a charge-contrast
enhanced XPS technique to improve the detection resolution between
the two surface phases. The experimental setup, shown in Fig. 2a,
incorporates a low-energy electron flood gun, which modulates the
surface potential of the sample by adjusting the electron flux via
control of the filament current. As illustrated in Fig. 2b, increasing the
electron flux induces a series of charging regimes at the surface: (i) a
net positive potential when the electron supply is insufficient to
compensate for photoelectron loss; (ii) a near-neutral transition
region; and (iii) a net negative potential when electrons are in excess,
resulting in surface overcompensation.

The corresponding energy band diagrams are shown in Fig. 2c.
Under low or no electron flux (i), both the a-Al,05 and AlOL(OH),
phases exhibit similar, relatively large positive surface potentials
(VAIOX(OHy ~, y-Al203) eading to collective shifts of the O 1sand Al 2p
peaks toward higher binding energies, without discernible differential
shifts between the two phases. At moderate electron flux (ii), the
overall surface potential becomes nearly charge neutral. However, due
to spatial inhomogeneity in charge compensation, excess electrons
preferentially accumulate in the hydrolyzed AlO,(OH), domains, pro-
ducing a larger local negative potential (VAIOX(OHY > yo—A203) Thig
charge-contrast effect enhances the differential surface potentials,
resulting in a pronounced increase in the differential peak shifts (AB)
between Al-O @ Al,O; and Al-OH @AIO4(OH), of the two phases
(AB'>AB), thereby significantly improving phase resolution and
spectral distinction. At high electron flux (iii), the overcompensation
forces the potential to become less contrasting across the surface,
minimizing potential differences (VAOXOHY ~ ya-A203) ‘and the dif-
ferential peak shifts becomes unresolvable.

To experimentally modulate the sample surface potential, we
varied the filament current of the electron flood gun, establishing three
charge-control modes: no electron flux (NEF, mode i), moderate
electron flux (MEF, mode ii), and high electron flux (HEF, mode iii),
with detailed settings provided in Supplementary Table S1. The C 1s
peak from the adventitious carbon layer was used as an internal charge
reference, with the charge-neutral position defined at 284.8 eV, con-
sistent with typical values between 284.6-285.2eV*. As shown in
Fig. 2d, in the absence of electron flux (NEF), the C Is peak is shifted
markedly to 306.5eV, indicating a strong positive surface potential
and a shift of +21.7 eV. Under MEF conditions (20 pA/cm?), the C Is
peak aligns at 284.6 eV, confirming near-neutral surface potential. In
HEF mode (24 pA/cm?), the C 1s peak shifts to 282.6 eV, suggesting a
negatively biased surface due to electron overcompensation.

We first examined freshly annealed sapphire under all three flux
conditions. Angle-resolved XPS spectra of Al 2p, O 1 s, and C 1 s showed
no evidence of differential charging, confirming that the system was
properly configured and that charging artifacts were not present (see
Supplementary Note 2, Supplementary Figs. 9-11, Supplementary
Table 3).

After two weeks of ambient air exposure, XPS survey scans of the
sapphire surface (see Supplementary Fig. 12) detected only aluminum,
oxygen, and adventitious carbon, confirming the absence of extrinsic
surface contaminants. To probe the evolution of surface chemistry,
angle-resolved high-resolution spectra were collected under three
distinct charge compensation conditions—no electron flux (NEF),
moderate electron flux (MEF), and high electron flux (HEF)—as detailed
in Supplementary Note 3, Supplementary Figs. 13-21 and Supple-
mentary Tables 4-7. Representative spectra acquired at a 30° take-off
angle are shown in Fig. 2e. Under MEF conditions, the binding energies
corresponding to Al-O bonding in bulk o-Al,O3 appear at 530.8 eV
(O 1s) and 73.9 eV (Al 2p), in good agreement with those observed in
HEF mode. Notably, additional low-binding-energy shoulders are
observed at 529.0eV (O 1s) and 72.3eV (Al 2p), with their relative
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Fig. 2 | Charge-contrast enhanced XPS analysis of engineered sapphire surface
changes upon air aging. a Schematic of the XPS setup equipped with an electron
flood gun, which emits low-energy electrons to control the surface charging.

b Illlustration of surface potential modulation as a function of incident electron flux:
(i)net positive charging (+U), (ii) near-neutralization, and (iii) overcompensation
leading to net negative charging (-U). ¢ Corresponding energy level alignments at
the sample-spectrometer (SP) interface during under different charging conditions.
hv is the energy of the incident radiation. € means emitted electrons. V is the
surface potential. ¢ is the work function. Eg  is the binding energy referenced to
the Femi level (FL). AB and AB’ are the differential peak shifts between Al-O @ Al,O3
and Al-OH @AIO,(OH), without and with surface charge differential contrast (AV).
At no or low electron flux (i), uncompensated photoemission results in a net
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positive surface potential and core-level shifts toward higher binding energies. At
moderate flux (i), partial neutralization occurs, and excess electrons accumulate in
surficial AL,O3 and AlO,(OH), domains. This induces localized differential charging,
enhancing both the Ols and Al2p peak separations between the two surface phases.
At high flux (iii), excess electrons create a generally less contrasting negative sur-
face potential. d Relationship between flood gun filament current and resulting
electron flux, correlated with C 1s peak positions used for charge referencing. e Al
2p and O 1s spectra of engineered sapphire after 2 weeks of air aging, acquired
under different electron flood gun settings. The charge-contrast effect amplifies
the binding energy differences between two surface phases, with the AI-OH
bonding energy reduced by 1.5 eV, thereby enabling unambiguous phase differ-
entiation via increased peak separation in both Ols and Al2p spectra.

intensities increasing at shallower detection angles, suggesting a
surface-enriched phase. These spectral features, coupled with AFM
and cross-sectional STEM results, indicate hydrolytic transformation
of the surface upon air exposure and the formation of a surficial alu-
minum (oxy)hydroxide layer. We thus attribute the shoulder peaks to
Al-OH bonding within the hydrolyzed AlO,(OH), domains.

Quantitative fitting reveals a consistent O 1s peak area ratio of
Al-0 to AI-OH of ~0.167 across all modes. Notably, the Al-OH-related
O Isand Al 2p peaks shift from 531.1eV and 74.1eV (HEF) to 529.0 eV
and 72.3 eV (MEF), respectively—downshifts of 2.1 eV and 1.8 eV. These
enhanced chemical shifts are attributed to the charge-contrast effect,
which increases the differential surface potentials between «-Al,O3
and AIO,(OH), phases, thereby amplifying the binding energy
separation and improving phase resolution in the XPS spectra.

The charge contrast effect under MEF mode proves to be advan-
tageous in distinguishing the chemical structure of mixed phases on
insulating surfaces that exhibit similar bonding energies. By selectively
shifting the phase with higher dielectric constant to lower binding
energies during the XPS measurement, this technique enhances the
detection and analysis of subtle structural changes on insulating sur-
faces. Utilizing this approach, we investigated the air exposure-

dependent evolution of the surface phase on the sapphire and found
that the sapphire surface undergoes progressive hydrolyzation into
aluminium (oxy)hydroxide—from 11% in the first week to 67% after
eight weeks. The detailed angle-resolved XPS spectra and a summary
of the fitting are shown in Supplementary Note 4, Supplementary
Fig. 22-25 and Supplementary Table 8. Furthermore, we evaluated the
air-induced structural transformations on sapphire surfaces engi-
neered with different atomic step heights of 0.2 nm and 1.0 nm and
found that the higher the atomic step height on sapphire surfaces, the
more pronounced the structural transforms triggered by hydrolysis.
The detailed angle-resolved XPS spectra and summary of fitting are
shown in Supplementary Note 5, Supplementary Figs. 26, 27 and
Supplementary Table 9.

The hydrolysis of a-Al,O3 in air, resulting in the formation of
amorphous Al,O3; and AlOL(OH),, significantly influences the surface
chemistry of a-Al,03 during the epitaxial growth of TMD atomic layers.
Typically, the epitaxial growth of TMDs occurs at temperatures ran-
ging from 700 to 1000 °C in an oxygen-free environment™**~, This
thermal heating during the growth process can substantially alter the
surface structure of sapphire, thereby compromising the controll-
ability of the epitaxy growth.
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To explore the surface structural changes of aged sapphire under
epitaxial growth conditions, we selected a two-week-aged sapphire
sample with 21% surface coverage of AlOx(OH), as a model system. This
sample was placed in a tube furnace and subjected to standard growth
conditions, including specified temperature settings and gas flow, but
without introducing growth precursors (detailed recipe in Supple-
mentary Fig. 28). The detailed XPS analysis of pre-growth heating
induced structural transformation of aged sapphire is shown in Sup-
plementary Note 6, Supplementary Fig. 29 and Supplementary
Table 10. After post-growth heating at 950 °C, the Al 2p and O 1 s peaks
showed a sharpening corresponding to Al-O bonding in Al,O3, indi-
cative of a phase transformation from amorphous to crystalline a-
Al,O3 at 950 °C, using the underlying a-Al,O5 substrate as a crystalline
template® >, Moreover, we observed the disappearance of the char-
acteristic AIO,(OH), peaks (Al 2p at 72.3eVand O Isat 529eV) and a
significant increase in the peak area of high-energy O 1s peaks at
534.2 eV, which we attributed to surface OH" or H,O bonding®. These
changes suggest the pyrolysis of the AlO,(OH), phase during the
thermal process, leading to the formation of an oxygen-vacancy-rich
AL 05 phase, which enhances surface H,0 adsorption or hydroxyla-
tion upon air exposure during sample transfer. Previous studies indi-
cate that heat-induced dehydroxylation of aluminium (oxy)hydroxide,
such as Al(OH)s, leads to the formation of non-stoichiometric AlO,
clusters with abundant oxygen vacancies when heated between 500 °C
and 1000 °C****¢, These oxygen vacancies on the a-Al,O3 surface can
induce energetically favorable surface reconstructions, leading to the
formation of various Al-rich surface structures distinct from the ori-
ginal crystalline a-Al,O5 surface™¥. The increase in the Al/O ratio
from 0.57 to 0.76 before and after pre-growth heating at 950 °C, as
shown in Supplementary Fig. 30, further supports the formation of an
oxygen-vacancy-rich or Al-rich layer on the a-Al,O; surface.

Ultraviolet light healing of degraded sapphire surfaces

UV irradiation is a well-established surface cleaning method, recog-
nized for its effectiveness in removing organic contaminants and its
suitability as a dry-cleaning technique®. Previous research has shown
that UV exposure significantly reduces AI-OH bonds in ALD-grown
Al,O5 through a photo-induced electron transfer process. This involves
electrons moving from deeper to shallower traps, accompanied by
redox reactions that disrupt and create chemical bonds***°. Con-
sidering that the transformation of a-Al,O3 surfaces in air primarily
results from the accumulation of hydroxyl-rich phases such as AIOOH
or Al(OH);, we explored the use of UV light irradiation to remove the
aluminium oxyhydroxide layers from aged Al,O3 surfaces.

To investigate the effects of UV irradiation on air-exposed sap-
phire substrates, we selected a sapphire sample with 2 weeks of air
exposure as a model. This sample was subjected to UV irradiation (in
air, 1=320 to 400 nm, power density of 0.5W/cm?) for 30 min, as
illustrated in Fig. 3a with the setup given in Supplementary Fig. 31.
Subsequent XPS analysis, presented in Supplementary Note 7, Sup-
plementary Fig. 32 and Supplementary Table 11, revealed notable
structural transformations induced by UV irradiation. In Fig. 3b, we
observed the disappearance of characteristic AlIO(OH), peaks at Al 2p
72.3eVand O 15529 eV, alongside a notable broadening at Al 2p 74 eV
and O Is 531eV, corresponding to Al-O bonding in Al,O;. These
changes suggest a transformation into an amorphous Al,O; phase.
These results confirm that UV light irradiation effectively decomposes
the surface AIO4(OH), phase into amorphous Al,O;, as depicted
in Fig. 3a.

To investigate the surface transformation of the above UV irra-
diated sample under growth, we put that sample in the pre-growth
heating process. In Fig. 3b, the Al 2p and O Is peaks after this pre-
growth heating exhibited a noticeable sharpening, with the full width
at half maximum (FWHM) reduced to 1.19 and 1.25eV, respectively,
closely matching the 1.15 and 1.22 eV. observed in freshly annealed

sapphire. The UV irradiated sample displayed a much weaker peak, in
contrast with the prominent O 1s peak at 523.4 eV that is typically
associated with OH- or H,0 bonding and indicative of rich oxygen
vacancies in the sapphire sample after pre-growth heating of 2-week
aged sapphire without UV irradiation. This suggests a reduction in
oxygen vacancies for the UV irradiated sample, aligning the spectra
characteristics more closely with those of freshly annealed sapphire.
As illustrated in Fig. 3a, UV irradiation before the growth process sig-
nificantly restores the surface of degraded sapphire by removing
AlO4(OH)y, reverting it to a structure similar to that of freshly annealed
sapphire in the pre-growth process. This restoration is further sup-
ported by the Reflection High-Energy Electron Diffraction (RHEED)
diffraction patterns of the 2-week-aged sapphire and the repaired
sapphire after 2-week aging, UV irradiation, and pre-growth heating
process. In Fig. 3c, the aged Al,O; sample initially shows a bright
background with a blurred diffraction pattern, indicative of an amor-
phous layer on the a-Al,O3 surface®. In contrast, following UV expo-
sure and pre-growth heating, the sample displays distinct and sharp
RHEED stripes characteristic of crystalline a-Al>O3, as confirmed by the
intensity profile comparison in Fig. 3d. The RHEED pattern of the
repaired sapphire closely matches that of freshly annealed sapphire (in
Supplementary Fig. 33), providing evidence of effectiveness of UV light
in restoring the degradation of the sapphire surface.

Domain orientation evolution

Our investigation into the surface chemistry of sapphire under air
exposure reveals that, after air exposure without UV irradiation, the
sapphire surface exhibits a significant presence of oxygen vacancies:
i.e. an Al-rich layer on the a-Al,O5 surface. We hypothesize that the
balance between strain in the Al-rich adlayer and the preference for Al
atoms to occupy specific sites on the a-Al,O; substrate drives the
formation of a /31 x +/31 R9°-Al,03 (0001) surface, consisting of a
single well-ordered overlayer of surface Al atoms on bulk Al,0*.

As illustrated in Figure S34, the /31 x +/31 R9° reconstruction
emerges from a relaxed (1x1) surface by desorbing the top two O layers
along with a fraction of the surface Al*’. This reconstruction typically
forms under ultra-high vacuum annealing at temperatures above
1400 °C** or by depositing 1 monolayer of Al atoms on a-Al,03 at
lower temperature, such as 800 °C**°, The formation of the +/31 x /31
R9° structure is influenced by the balance between the surface oxygen
vacancies density and the temperature. Specifically, at low tempera-
tures of 800 °C with high oxygen depletion (11%, calculated from the
structure model of one monolayer Al deposited on a-Al,O5 surface)
and at high temperatures 1450 °C with low oxygen depletion (2%"") the
V31 x +/31 R9° reconstruction can form. In our experiment, the com-
bination of high oxygen depletion and a high growth temperature of
950 °C falls within the range that can facilitate the formation of the +/31
x +/31 R9° reconstruction.

Additionally, we noted an increased intensity of the OH peak at
532.4 eV in O 1s spectrum post pre-growth heating, as detailed in
Supplementary Fig. 29b and Supplementary Table 10. This observa-
tion, coupled with the absence of a metallic Al layer suggests the
reoxidation of the Al metal layer during sample transfer likely induced
by exposure to air. This observation aligns with previous research,
which demonstrated that the /31 x +/31 R9° reconstructed structure,
when exposed to water and hydrogen, forms hydroxide clusters on the
surface, as evidenced by scanning force microscopy™.

To investigate the impact of the reconstructed surface structure
of sapphire on the epitaxy growth of TMD, we performed DFT calcu-
lations to determine the preferential orientation of TMD on both
pristine and reconstructed sapphire surfaces. In Fig. 4a, the rotating
angle was defined as the anticlockwise rotation required to align the
zigzag edge of the WS, triangular domain, initially parallel to the
<1010 > direction of the sapphire crystal, with the specific triangle. On
a pristine c-plane sapphire substrate without a reconstructed Al layer,
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Fig. 3 | Light irradiation repairs the surface of aged sapphire. a Schematic
showing ultraviolet (UV) light-irradiation-induced surface repair. b XPS analysis of
sapphire after UV light exposure and after subsequent pre-growth heating process.
The reduced full width at half maximum (FMHM) values of Al2p and O1s peaks after
heating under growth conditions indicated that the sapphire appears to have
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reverted to a structure similar to that of freshly annealed sapphire during the pre-
growth process. ¢ The reflection high-energy electron diffraction (RHEED) patterns
of aged and repaired sapphires. d The RHEED intensity profiles recorded along the
dotted lines in c.

mirror domains prefer orientation angles of 30° or 90°. However, with
the reconstructed Al layer, the preferred orientation angles shift to 0°
or 60°. The adsorption energies as a function of orientation angle,
plotted in Fig. 4b, indicate that the energy-favored orientation shifts
from 30° on pristine sapphire to 0° on the reconstructed Al layer.
These findings suggest that surface chemistry variations play a sig-
nificant role in determining the domain orientation during TMD
growth.

To experimentally investigate the impact of the reconstructed Al
layer on domain orientation, we used two common c-plane sapphire
substrates with atomic steps along the <1120> (or a-axis) and
<1010 > (or m-axis) directions; the AFM analysis is given in Supple-
mentary Fig. 35. Previous studies reported that on c-plane sapphire
with <1120 > atomic steps, TMD mirror domains tend to align with the
step edges due to the similar degenerate energy for mirror domain
nucleation*®. Conversely, on c-plane sapphire with <1010> atomic
steps, unidirectional domain orientation is typically observed, driven
by the minimized nucleation energy induced by the step edges®. In our
experiments, we employed these two sapphire substrates for the CVD
growth of WS, monolayers. The stacking relationship of the domains
on the sapphire crystal surface was determined by AFM. As shown in
Fig. 4c, for the pristine sapphire surface with <1120 > steps, mirrored
domains with orientation angles of 30° and 90° were aligned along the

<1120 > step edges. In contrast, on the surface with <1010 > steps,
unidirectional domains were observed aligned along the <1010>
steps (in Supplementary Fig. 36). This observation is consistent with
published research®*, indicating that our optimized growth condi-
tions are suitable for identifying the impact of the reconstructed Al
layer on growth.

The aging-duration-dependent domain alignment is dominated
by two primary factors: (1) the atomic step orientation of the c-plane
sapphire substrate and (2) the degree of surface hydrolysis, which
leads to the formation of aluminum (oxy)hydroxide phases
(AlO4(OH)y). These two factors interact to modulate the local surface
chemistry environment, thus altering the nucleation energetics of
epitaxially grown WS, domains. The air-induced formation of alumi-
num (oxy)hydroxide and the resulting oxygen vacancies exert a pro-
found influence on both the atomic step integrity and surface chemical
environment of the sapphire substrate. By modulating the local sur-
face potential and altering step-edge reactivity, these species act as
critical regulators of domain alignment, dictating the orientation and
uniformity of epitaxial growth across different step-engineered sub-
strate configurations. The detailed discussion is in Supplementary
Note 8 and Supplementary Fig. 37.

We performed a statistical analysis of domain orientation in
relation to the evolution of sapphire surface chemistry over a large
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Fig. 4 | Domain orientation during epitaxial growth of WS, monolayers.

a Schematic illustration of domain orientations on sapphires with or without
reconstructed Al layer. The rotating angle (0) was defined as the anticlockwise
rotation required to align the zigzag edge of the WS, triangular domain, initially
parallel to the m <1010 > direction of the sapphire crystal; b Calculated rotating
angle-dependent adsorption energies of WS, domain attached to the sapphire
surface. The insets show representative domains with different rotating angles;

¢ AFM images of WS, domain orientations on sapphire substrates with atomic steps

Orientation ()

Orientation (°)

towards <1010 > and <1120 > directions; The inset in the top-left panel provides a
higher-magnification view, clearly revealing the alignment of domains along the
atomic step direction towards <1120 >. Scale bars: 4 um (top-left, top-right, bot-
tom-left), 1 pm (inset of top-left and bottom-right. d-f The evolution of domain
orientation grown on sapphire substrate with atomic steps towards the <1120 >
direction; scale bars represent 20 pm; g-i The evolution of domain orientation
grown on sapphire substrate with atomic steps towards the <1010 > direction,
with scale bars of 10 pm.

area. On sapphire substrates with <1120 > steps, the freshly annealed
surface exhibited two mirrored domains with orientation angles of 30°
and 90°, as shown in the optical image and corresponding statistical
distribution of domain orientation in Fig. 4d. After two weeks of air
aging, numerous additional mirrored domains with orientation angles
of 0° and 60° emerged, as shown in Fig. 4e. This change is attributed to
the formation of the reconstructed Al layer, derived from the alumi-
num oxyhydroxide precursor upon air exposure. Subsequently, when
the aged sapphire was subjected to UV irradiation prior to the growth,
the additional 0° and 60° domains disappeared, leaving only the ori-
ginal 30° and 90° domains similar to epitaxial growth observed on the

freshly annealed sapphire (Fig. 4f). We attribute this to the UV light
induced healing of the degraded sapphire surface, which removes the
aluminum oxyhydroxide precursor, preventing the formation of the
reconstructed Al layer, and promoting the recovery of the pristine
crystal surface during growth.

For sapphire with <1010> steps, the freshly annealed surface
exhibits unidirectional domain orientation at a rotating angle of 0°, as
shown in the optical image and corresponding statistical distribution
of domain orientation in Fig. 4g. After 2 weeks of air aging, additional
domains at an orientation angle of appeared (Fig. 4h). However, fol-
lowing UV irradiation on the aged sapphire, no additional 60° domains
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Fig. 5 | Quality of epitaxially-grown WS, monolayer. a Photograph of a 2-inch
sapphire wafer with WS, monolayer film; b Line scan of Raman spectra at the sub-
mm scale showing the uniformity of the monolayer film; ¢ Line scan of photo-
luminescence (PL) spectra at the sub-mm scale. d Circular polarized PL spectra of
WS, grown on c-plane sapphire with <1010 > atomic steps. The excitation light is
right-handed circularly polarized at 2 eV. Left-handed and right-handed circularly
polarized PL spectra are shown in orange and green, respectively. e Circular helicity
calculated form the PL spectra in d. The high value over 60% indicates the high
quality of our WS, monolayer. f Experimental valence band dispersion of WS,
monolayers at 295K along the I'-K point and I'-M high symmetry directions of the
monolayer Brillouin zone obtained from a second derivative filter of the ARPES

intensity. g Optical micrograph and schematic illustration of a wafer-scale array of
back-gated WS, field-effect transistors (FETs). Scale bar, 400 pum. the inset shows a
zoom-in of an individual FET device and its corresponding fluorescence image (FL),
confirming continuous monolayer channels. Scale bar, 5 um. h Representative
transfer characteristics (I4-Vgs) 0f 100 WS, FETs at 300 K, showing consistent n-type
switching behavior with up to 6 orders of magnitudes in current change. Device
yield exceeded 95%. i, Statistical distribution of field-effect mobility (n) and on/off
ratio extracted from the transport data in (h). A strong positive correlation can be
observed between mobility and on/off ratio, with an average mobility of

6.3 cm?V's™ and an average on/off ratio of 1.6 x10°.

were detected, and the domains remained unidirectionally aligned
with an orientation angle of 0° (Fig. 4i).

This result demonstrates that the evolution of sapphire surface
chemistry significantly impacts the orientation of epitaxially grown
domains. The formation of aluminum oxyhydroxide during air exposure
leads to the emergence of a reconstructed Al layer on the pristine sap-
phire substrate, which compromises the epitaxial film by introducing
additional domain orientations. However, UV irradiation prior to growth

effectively removes this aluminum oxyhydroxide precursor,
restoring the sapphire surface to a state comparable to that of a freshly
annealed surface. This process recovers the original domain align-
ment, ensuring high-quality WS, growth.

Quality of epitaxially-grown WS, monolayers

The UV light surface repair strategy can be applied for wafer-scale
growth of WS,. A photograph of a 2-inch c-plane sapphire wafer with a
WS, film shown in Fig. 5a, showing a uniform film color that indicates

consistent growth with high coverage. Optical images taken from dif-
ferent locations on the 2-inch WS; film confirm its high surface quality
and uniformity (in Supplementary Fig. 38). Figure 5b, ¢ present pho-
toluminescence (PL) and Raman mapping across a 200 pm length of
the 2-inch WS, wafer, revealing no significant variations in peak posi-
tion and linewidth. Furthermore, the quality of the WS, film was
assessed using circularly polarized PL spectra, as shown in Fig. 5d. The
calculated photon energy-dependent circular helicity in Fig. Se indi-
cates a very high degree of circular helicity. This serves as strong evi-
dence of the high quality of the film, as circular helicity arises from the
valley selective spin excitations at the K and K’ points of the Brillouin
zone of monolayer WS, and is highly sensitive to defects that introduce
intervalley scattering which degrades the circular helicity. For high-
quality WS, monolayer flakes exfoliated from bulk single crystals, the
measured circular helicity is typically lower than 40%. Remarkably, our
WS, film on sapphire exhibited circular helicity up to 60% (Fig. 5e),
which is comparable to the highest reported for exfoliated flakes***°.
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Additionally, high-resolution HAADF STEM demonstrates the uniform
local atomic structure of the WS, monolayer, as shown in the atomic
image in Supplementary Fig. 39, the featured atomic structure with a
hexagonal unit cell is clearly visible in the enlarged inset on the left.

To further assess the sample quality, the chemical composition
and electronic band structure of the WS, monolayer film were mea-
sured by XPS and angle-resolved photoemission spectroscopy
(ARPES). XPS data in Supplementary Fig. 40 indicate a WS, stoichio-
metry comparable with a WS, bulk single crystal (from HQ graphene).
The valence band dispersion along the 'M and 'K high symmetrical
directions of the Surface Brillouin Zone of the WS, monolayer is shown
in Fig. 5f and Supplementary Fig. 41. The results are in line with pre-
vious measurements obtained for single crystal WS, monolayers® and
confirm the single orientation of the WS, domain in the probed area
(~1 mm?). For multiple domain TMD films, the simultaneous obser-
vation of GK and GM band dispersion would be expected, reflecting
the different in-plane orientation of the TMD domains under the
ARPES probe area, as previously reported for MoS, and WS, thin
films®>*; this multiple domain signal is not observed in our WS,,
emphasizing its high level of mono-crystallinity.

To evaluate the electronic quality of epitaxially grown WS, films,
we first transferred the as-grown monolayers from sapphire substrates
onto 285 nm SiO,/Si(p ++) wafers using a PPC-assisted transfer pro-
cess. As shown in Supplementary Fig. 42, the optical and fluorescence
(FL) images of the transferred films reveal a uniform and continuous
monolayer coverage over large areas. The films exhibit minimal cracks
and wrinkles, with strong and spatially homogeneous photo-
luminescence intensity across the entire area, confirming the high
transfer fidelity and structural integrity of the monolayer WS,, which is
suitable for device integration. Furthermore, we subsequently fabri-
cated a large-area array of global back-gated field-effect transistors
(FETs) (Fig. 5g). The device layout covers a cm-scale area and is pat-
terned uniformly across the substrate. The FL image acquired post-
fabrication further verifies that the channel region maintains mono-
layer continuity and optical uniformity after device processing,
ensuring reliable electrical characterization.

To investigate the intrinsic transport characteristics, we measured
both output and transfer curves of representative devices (see Sup-
plementary Fig. 43). The I4-V4s output characteristics exhibit linear
behavior at low drain bias, confirming good ohmic contact between
the WS, channel and metal electrodes. As the gate bias increases, the
curves show pronounced nonlinearity, indicative of efficient gate
modulation and enhanced carrier injection. Transfer curves acquired
at varying drain biases display clear n-type field-effect behavior with
current modulation spanning up to 6 orders of magnitude. The pro-
gressive increase in transconductance with Vs reflects improved field-
effect response under higher bias conditions. Furthermore, Fig. 5h
shows the transfer characteristics of 100 devices measured at Vgs=1V.
The majority of devices exhibit uniform gate modulation and well-
defined switching behavior. Based on the criterion of an on/off ratio
exceeding 10°, we estimate a device yield of 95.6%, highlighting the
excellent uniformity and reproducibility of the transferred WS, films
and subsequent device fabrication process. A statistical analysis of the
field-effect mobility and on/off ratio is presented in Fig. 5i. The
extracted mobilities (p) follow a near-Gaussian distribution with an
average value of 6.27cm?V-1s! and a standard deviation of
1.24 cm2V-1s71, corresponding to a 19.8% variation. The on/off ratios
range from approximately 6 x 105 to 2.4 x109, and exhibit a strong
positive correlation with mobility, suggesting that both contact resis-
tance and interface scattering are reasonably consistent across
the array.

It is worth noting that despite the high device uniformity, the
mobility values remain moderate and no current saturation is
observed in the output characteristics up to Vys = 2V (see Supple-
mentary Fig. 43a). These observations are attributed to the use of a

global back-gate configuration with a thick 285nm SiO, dielectric,
which imposes a large equivalent oxide thickness (EOT) and thus weak
gate electrostatic coupling®*. Additionally, the lack of current
saturation may arise from velocity-limited transport and long-channel
effects in monolayer WS, under low gate efficiency’*”’. Further
improvement could be achieved by integrating thinner high-k gate
dielectrics or adopting local-gated architectures with shorter channel
lengths.

In summary, our results suggest that the surface chemistry of
sapphire critically influenced the domain orientation and quality of
WS, films grown on the sapphire substrate via CVD. The observed
changes upon air exposure may be explained by surface hydrolysis,
potentially leading to the formation of aluminum (oxy)hydroxides and
Al-rich surface reconstruction prior to growth, which in turn disrupts
epitaxial alignment. Moreover, we found that UV irradiation prior to
the CVD growth appears to effectively repair the surface by removing
aluminum oxyhydroxide, restoring the sapphire to a state comparable
to freshly annealed sapphire. The monolayer WS, film grown on
repaired sapphire exhibits remarkable uniformity and mono-
crystallinity. This UV light repair strategy should be effective for
both small-scale and wafer-scale growth, offering a valuable method
for producing high-performance 2D semiconductors for advanced
electronic and optoelectronic applications.

Methods

Thermal annealing of sapphire substrates

Single-side polished c-plane sapphire substrates (001) were purchased
from Princeton Scientific Corporation and Hefei Crystal Technical
Materials. These substrates were fabricated to produce orientations of
(0001) off a <1120 > at 1.0° + 0.1°, and off m <1010 > directions at
0.5° + 0.1°. As-received commercial sapphires typically exhibit low
surface roughness (Ra <0.5nm); however, they likely retain a sig-
nificant density of residual defects and intrinsic surface stress as result
of chemical mechanical polishing. For the engineering of atomic step
heights of a sapphire, thermal annealing was conducted using a Car-
bolite RHF muffle furnace located within a cleanroom environment.
The annealing process involved heating the substrates to 1250 °C at a
rate of 5 °C/min and holding for 4 h to achieve an atomic step height of
~0.2nm, and to 1350°C for 4h to achieve an atomic step
height of -1 nm.

Aging sapphires in air

The freshly engineered sapphire substrates were exposed to an air
environment within a cleanroom. Each substrate was placed on a petri
dish lined with filter paper and subjected to various aging durations to
assess the effects on surface chemistry and morphology.

UV exposure in air

The aged sapphires were placed inside a Samco model UV-1 system.
The substrates were exposed to UV light (wavelength of 320 nm to
400 nm, power density of 0.5 W/cm?) in an air for 30 min.

Epitaxial growth of WS, monolayer

The epitaxial growth was carried out in a three-zone CVD system with a
tube diameter of 70 mm. Sulfur powders (6.0 g, 99.998%, ALDRICH)
were placed in the upstream of heating zone I and heated between
150-200°C. WO5; powders (99.995%, ALDRICH) and KCl (99.5%,
ALDRICH) were positioned in heating zone II, and sapphire substrates
were situated in heating zone Ill. The CVD process was conducted
under low pressure within an argon atmosphere. Specifically, the
growth temperatures of zone I, zone Il and zone Ill were set at 180, 630,
and 950 °C, respectively, with a gas flow of argon (400 sccm) and
hydrogen (10 sccm). The pressure in the growth chamber was kept at 5
torr. The growth time varied, with 5-15 min for individual islands, and
30-40min for a continuous film. Considering that the sulfur

Nature Communications | (2025)16:8488


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-63452-9

concentration may vary from run to run and consequently influence
domain orientation®®, freshly annealed sapphire was systematically
placed alongside the target sapphire for each growth run.

Transfer of WS, monolayer using a polypropylene carbonate
(PPC)-assisted method

Monolayer WS; films grown on sapphire were transferred onto SiO,/Si
substrates using a wet transfer process assisted by polypropylene
carbonate (PPC, Sigma-Aldrich). PPC was spin-coated onto the WS,/
sapphire stack at 6000 r.p.m. for 1min and subsequently baked at
90 °C on a hotplate for 1 min under ambient conditions. The sapphire
substrate was then etched in a potassium hydroxide (KOH) solution at
room temperature to release the PPC/WS, stack. The detached film
was thoroughly rinsed with deionized water and transferred onto the
target substrate. After transfer, the sample was gently dried under a
nitrogen gas stream. PPC was removed by immersing the sample in
anisole (Sigma-Aldrich) for 10 min, followed by sequential rinses in
acetone, isopropyl alcohol (IPA), and ethanol. The sample was finally
dried under nitrogen to ensure complete solvent removal.

Device fabrication and electrical measurements. Source and drain
electrodes were defined using standard electron-beam lithography
with 950 PMMA A4 as the electron-beam resist. Metal contacts com-
prising a 5nm indium layer and a 50 nm gold capping layer were
deposited by thermal evaporation at a base pressure of ~1077 torr, with
a deposition rate of 1 nm min™ for both layers. Lift-off was performed
in acetone at room temperature for 30 min. All electrical transport
measurements were carried out in a vacuum cryostat probe station
under a base pressure of ~1 x 10*mbar. Electrical characterization was
performed using Keithley 2450 source meter units controlled via
Python-based automation.

Sample characterizations. Raman and PL spectra were collected at
room temperature using the confocal WiTec Alpha 300 R Raman
Microscope (laser excitation, 532 nm). The surface profiles of sapphire
samples were tested by Bruker’s dimension icon AFM system. The XPS
measurements for sapphire samples were conducted by a VG ESCALAB
220i-XL system with a monochromatic Al Ka source and a pass energy
of 10 eV, with electron flood gun filament current setting at 0-2.4 A.
The XPS data of WS, were acquired with a hemispherical electron
analyzer (SCIENTA HiPP-2) in normal emission condition, by using a
monochromatized Al Ka (hv=1486.6 V) as energy excitation and
energy resolution of ~0.3 eV. The angle of photoemitted electron col-
lection was set at 30° relative to the substrate normal. RHEED (STAIB
Instruments) was measured at room temperature under an ultrahigh
vacuum of 10 torr. The electron acceleration voltage was 15kV.
Atomic-resolution STEM-ADF imaging was performed on an
aberration-corrected JEOL ARM20OF, equipped with a cold field-
emission gun and an ASCOR corrector operating at 80 kV. The con-
vergence semi-angle of the probe was around 30 mrad. Cross-sectional
STEM lamellae of sapphire samples were prepared using a focused ion
beam (FIB, FEI Helios Nanolab 600). For low-temperature circular
dichroic photoluminescence (CDPL) measurements, the sample was
kept in a cryostat on top of a motorized stage, and a 570 nm pulsed
laser (~80 ps) was used for the excitation. The ARPES data were
acquired in a custom-designed system, with a hemispherical electron
analyzer (SCIENTA DA30L) and monochromatized Hela (hv=21.218
eV) radiation source (SCIENTA VUV5k). Before ARPES measurement
the WS, ML on HOPG was annealed at 200 °C x 12h and 400°Cx1h to
remove surface contaminants.

Theoretical calculation

The adsorption energies of WS, monolayer on a c-plane Al,O5 surface
(without and with reconstructed surface) were calculated using den-
sity functional theory (DFT) with Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional as implemented in the Vienna ab
initio simulation package (VASP)**~°. The cut-off energy for plane-
wave basis set was set at 500 eV. The system was modeled as a trian-
gular island of a monolayer WS, (4-unit cells on each side) on a 3-layer
ALLO; substrate. 6x6 supercell and (+/31x+/31)R9° supercells were
used for crystal and reconstructed Al,O5 surfaces, respectively. The
structures were optimized at I' point until the Hellmann-Feynman
forces on the atoms were less than 0.05 eV/A. The DFT-D2 method of
Grimme®” was used to include the van der Waals interaction.

Data availability

The Source Data underlying the figures of this study are available at
https://doi.org/10.6084/m9.figshare.29409821. All raw data generated
during the current study are available from the corresponding authors
upon request.
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