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Unconventional cross-step growth of monolayer MoS,

on sapphire
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Regarding thin film growth, it has been widely recognized that the film typically follows the surface texture and high
sharp steps potentially lead to growth termination and film discontinuity. Here, we demonstrate an abnormality that
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monolayer MoS; grown on C-plane sapphire is able to cross sharp steps up to ~10 nm in height. Assisted by theo-
retical simulations, we unveil that the cross-step growth of monolayer MoS; results from the competition between
its deformation energy cost and adsorption energy gain. Notably, cross-step growth leads to the formation of one-
dimensional (1D) ripples on target substrates after transfer, resulting in symmetry breaking and strain engineering
to trigger anisotropic properties and boost transistor performances. The room-temperature mobility (on-state current)
along the ripple direction is improved by ~67.6% (~118.4%) compared to that perpendicular to the ripple direction.
Our work showcases an exotic cross-step growth paradigm to create and manipulate 2D materials, promising the
prospect for a broad portfolio of emerging electronic, photonic, and optoelectronic applications.

INTRODUCTION

Two-dimensional (2D) materials with emergent properties that are
unattainable in their bulk counterparts have emerged as highly
promising for diverse technological advances in electronics, pho-
tonics, and optoelectronics (1-5). Reliable synthesis of high-quality
2D materials is a first and necessary step toward their real-world
applications and stands as one of the most important directions
in the current 2D realm (6-11). Notably, substrate steps are found
to play a decisive role in governing the synthesis of 2D materials,
especially the high-quality, single-crystalline 2D materials. To date,
basically all noncentrosymmetric 2D single crystals, e.g., mono-
layer transition-metal dichalcogenides, are synthesized through
step engineering (12-24).

Regarding this step-guided growth of 2D wafers, a natural question
now arises: What is the height limit of steps that 2D materials can
cross over, and could this capability transcend the conventional thin-
film growth paradigm? Note that, in the conventional thin-film epitaxy,
it has been widely recognized that the as-grown film typically follows
the surface texture, and high sharp surface steps would lead to growth
termination and film discontinuity due to the additional Ehrlich-
Schwoebel barriers (25-30).

In this work, we demonstrate an unprecedented paradigm where
the monolayer MoS, epitaxially grown on C-plane sapphire can cross
over sharp steps up to ~10 nm in height (more than 15 times of the
thickness of monolayer MoS,). To the best of our knowledge, this
represents the first experimental observation of this high-step toler-
ance in the epitaxial growth of 2D materials and also conventional
thin films. Guided by first-principles calculations, we pinpoint the
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underlying origin of the cross-step growth of monolayer MoS; on
sapphire to be the competition between deformation energy cost
and adsorption energy gain. The cross-step growth paradigm facili-
tates the opportunities not only to create but also to manipulate 2D
materials. By transferring the as-grown cross-step films to target
substrates, the freestanding MoS, monolayers enabled by cross-step
growth transforms into 1D ripples. This results in symmetry break-
ing and strain engineering to trigger the exotic anisotropic prop-
erties and boost the device performances. The room-temperature
electron mobility (on-state current) along the ripple direction is
improved by ~67.6% (~118.4%) compared to that perpendicular to
the ripple direction.

RESULTS

Cross-step growth of monolayer MoS; on sapphire

To demonstrate the cross-step growth of monolayer MoS,, C-plane
(0001) sapphires with a large miscut angle of ~4° toward M-axis
(defined as C/M-4°) are used. We highlight that introducing a larger
miscut angle facilitates the reconstruction of higher steps by an-
nealing under the experimentally accessible temperature owing to
higher surface instability (31). Figure 1 (A and B) presents the
atomic force microscopy (AFM) images of sapphire surfaces be-
fore (Fig. 1A) and after annealing (Fig. 1B) at ~1300°C for 4 hours
in the presence of oxygen. Obviously, after thermal annealing, the
sapphire surface is reconstructed into atomically flat terraces sepa-
rated by dense sharp steps up to ~10.8 nm in height. It is notewor-
thy that the step height is controllable by adjusting the annealing
temperature (fig. S1).

Figure 1C shows the optical microscopy image of a monolayer
MoS; grown on the annealed sapphire substrate using custom-
designed oxygen-assisted chemical vapor deposition (CVD) system
(fig. S2) (11, 32, 33). It is noteworthy that the introduction of oxygen
can strongly accelerates the reaction kinetics and result in a substan-
tially higher growth rate, e.g., by 10 times, than conventional CVD
approaches (33, 34). The size of monolayer MoS; in the direction
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Fig. 1. Cross-step growth of monolayer MoS; on sapphire. (A and B) AFM images of the C/M-4° sapphire before (A) and after annealing at ~1300°C for 4 hours (B). A
height profile is superimposed in (B), indicating steps up to ~10.8 nm in height. Scale bar, 1 pm. (C) Optical microscopy image of monolayer MoS, grown on sapphire
shown in (B). Scale bar, 20 pm. (B) and (C) are reused images of fig. S1 (F and J, respectively). (D) Bright-field cross-sectional STEM image of monolayer MoS; grown on
sapphire. Scale bar, 20 nm. (E to G) Close-up inspection of cross-sectional STEM images of monolayer MoS, at different step-crossing stages. Scale bars, 1 nm. (H to
J) Dark-field cross-sectional STEM images of the cross-step growth of monolayer MoS; on sapphire with step heights of ~3.2 nm (H), ~6.6 nm (1) and ~10.0 nm (J). Scale
bars, 5 nm. Panels (H), (1), and (J) are reused images of fig. S3 (B, E, and |, respectively).

perpendicular to the steps can reach up to ~20 pm, two orders of
magnitude larger than the terrace width. This suggests that the
as-grown monolayer MoS; can cross a plethora of steps whose
height can be more than 15 times the thickness of monolayer MoS,
(i.e., ~0.6 nm). At first glance, this is fairly unexpected, as it is gen-
erally believed that the lateral growth of monolayer MoS, would
stop upon encountering a high surface step (28, 30). To confirm that
the monolayer MoS, can cross steps up to ~10 nm in height, we
perform the cross-sectional scanning transmission electron micros-
copy (STEM) measurements (Fig. 1D). Instead of stopping growth
near the steps, the as-grown monolayer MoS, can cross sharp steps
in a freestanding manner. The exotic cross-step growth paradigm
of monolayer MoS; on sapphires is further supported by a close-
up inspection of the cross-sectional STEM at different stages when
crossing the steps (Fig. 1, E to G) and also by series of different samples
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with step heights ranging from ~2.4 to ~10 nm (Fig. 1, H to J, and
fig. S3).

Underlying mechanism of cross-step growth

The cross-step growth paradigm of monolayer MoS; on sapphire
transcends the previous understanding. To figure out the underlying
mechanism of cross-step growth of monolayer MoS,, we carry out
ab initio calculations within the context of the first-principles density
functional theory (DFT). Figure 2A illustrates the as-grown mono-
layer MoS; on sapphire, directly following the surface steps. Obvi-
ously, the monolayer MoS; would undergo bending deformation to
reside on the surface step, and the bending curvature of the mono-
layer MoS; (1/R) depends on the step angle 6. It is noteworthy that 6
is defined as the angle between the surface terrace and step (Fig. 2A)
and therefore reflects the steepness of the step. Because of the bending
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Fig. 2. Underlying mechanism of the cross-step growth of MoS,. (A) Schematic diagram for the as-grown monolayer MoS; on sapphire, directly following the surface
steps and undergoing deformation with bending curvature of 1/R. (B) Calculated A against 6. (C) Statistical results for more than 40 MoS, samples grown on sapphire with
different step angle 0 and step height. The red (black) data points correspond to the growth of monolayer MoS, in a cross-step manner (following the step). (D) Typical
cross-sectional STEM images for the as-grown monolayer MoS; that follows the step (left three panels) and cross the step in a freestanding way (right three panels). Right

and left panels of (D) are reused images of figs. S11 and S12, respectively.

deformation, there is a deformation energy cost Eqef for monolayer
MoS;. Egef increases with the bending curvature and thus 0 (fig. S8A),
while it is essentially irrelevant to the crystal orientation of the
bending, i.e., zigzag and armchair directions (fig. S8B). On the other
hand, the interactions between monolayer Mo$S, and the sapphire step
would result in an adsorption energy gain E,q4s (fig. S9). The com-
petition between ,4; and E,q,, defined as A = E,¢ — E, 4, determines
a specific growth mode. If A <0, then the growth of monolayer
MoS,; preferentially tends to follow the surface steps since the ad-
sorption energy gain is larger than the deformation energy cost. By
contrast, the monolayer MoS; would cross the sapphire steps in a
cross-step manner when A > 0 because the deformation energy cost
dominates the growth process.

The calculated A as a function of 6 is shown in Fig. 2B. Clearly,
when the step angle 0 exceeds a critical value 6, = ~ 42°, the adsorption
energy gain is insufficient to overcome the deformation energy cost
and A becomes greater than zero, suggesting the cross-step growth of
monolayer MoS,. It is noteworthy that the M-plane (1010) of sapphire,
which give rises to the largest adsorption energy gain (fig. S9), is
adopted here as the step plane to calculate the A. When considering
other high symmetry planes, such as O- and Al-terminated C-plane
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(0001), the calculated A against 0 are nearly the same, except that
there is some difference in the critical angle 6. (fig. S8, C and D). It
is worth noting that our model predicts a dependence on step angle
0 regardless of step height. This arises because growth kinetics are
not incorporated into our model. Regarding step height, its pri-
mary influence lies in governing the growth kinetics. In our ex-
periments, the effect of step height on growth is observed. As
shown in fig. S10, the growth rate ratio r along the step direction
and perpendicular to the step direction increases with increasing
step height, indicating that the growth perpendicular to the step
direction is hindered.

Guided by the first-principles calculations, we thus perform the
growth of monolayer MoS, on C-plane sapphires substrates with
varying step angles and heights and then conduct the cross-sectional
STEM measurements. Figure 2C shows the statistical results for more
than 40 samples. Regardless of the step height, monolayer MoS,
crosses the steps in a freestanding manner when 6 > 45° +5°
(Fig. 2D and fig. S11), while the growth of monolayer Mo§; follows
the step when 0 > 45° + 5° (Fig. 2D and fig. S12). The good agree-
ment between theoretical calculations and experimental results
explicitly unravels that the competition between deformation energy
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cost and adsorption energy gain underlies the cross-step growth of
monolayer MoS,.

Symmetry-breaking engineering and anisotropic properties
The suspended MoS; near the step edges enabled by the cross-step
growth, in principle, would transform into 1D ripples when trans-
ferred to a flat target substrate, such as the commonly used SiO,/Si
substrates (Fig. 3A). This offers extraordinary opportunities to engi-
neer the rotational symmetry breaking and thus underpin intriguing
anisotropic electronic and optoelectronic properties (35-37). Mean-
while, the presence of freestanding regions in the as-grown monolayer
MoS; substantially reduces its coupling to the sapphire substrate.
The relatively weak coupling is further confirmed by both Raman
spectroscopy (fig. S13) and hexagonal boron nitride pick-up experi-
ments (fig. S14), thereby facilitating the transfer to target substrates
in a simple etching-free manner (38). Figure 3B shows the photograph
of a monolayer MoS, film peeled off directly by a heat release tape
without the aid of any chemical etchant (only deionized water is used)
from the sapphire substrate with step height of ~10 nm. The inset
of Fig. 3B shows the monolayer MoS; film transferred onto a SiO,/
Si substrate by removing the heat release tape. The zoom-in optical
microscope images at nine random locations indicate that the trans-
ferred monolayer MoS; film is intact, clean, and uniform (fig. S15).
It is noteworthy that, for conventional MoS, grown on sapphire with

mono-/bi-atomic steps, transfer typically requires a chemical etchant
(e.g., KOH solution) to etch the sapphire layer beneath the MoS,
film (38-40).

Figure 3C presents a typical AFM height image of the square re-
gion in Fig. 3B. More AFM images can be found in fig. S16. Notably,
arange of 1D ripples orientated along the step direction can be seen.
These 1D ripples are ~200 nm in width and ~0.7 to 2.0 nm in height
(inset of Fig. 3C). The 1D ripple structure breaks the rotational
symmetry and thus reduces the point symmetry from Dsj, to Cyy,
giving rise to emergent anisotropic properties. To confirm the crystal
symmetry breaking and anisotropic properties, we perform the
polarization angle ¢-resolved Raman measurements under the
copolarized configuration (i.e., the polarizations of incident and
emission light are parallel to each). @ is defined as the angle between
the polarization of the excitation laser and the direction of 1D ripples.
Figure 3D shows the normalized intensity ratio between E;;and Ay
modes against the polarization angle @ for a 1D ripple MoS, film
transferred from sapphires with step height of ~10 nm (orange dots)
and a conventional ripple-free MoS, film transferred from sapphires
with step height of ~0.2 nm (blue dots). For the conventional ripple-
free MoS; sample, the intensity ratio between E,, and A1, modes
basically does not change with ¢, coinciding with the results of D3,
point group symmetry (note S1). In stark contrast, for 1D ripple MoS,,
the intensity ratio between E,; and Aj, modes strongly depends on

1 Parallel channel * 1Rnppe
m 1D ripple-free
L ] l—--. r-J L .—I'I' .'—l"
T
b
vl &%
/ o *\
/ \
2% ® iy
/ o
o/ N
A4
L ]
0 20 40 60 80 100
¢ (%)

Fig. 3. Symmetry breaking engineering and anisotropic properties. (A) Top: Schematic diagram of the cross-step growth of monolayer MoS; on sapphire. Bottom:
Schematicillustration of the 1D ripple formation when transferred to a flat target substrate. (B) Photograph of a monolayer MoS; film peeled off by heat release tape from
sapphire with ~10 nm step heights. The lower right inset is a photo of the MoS; film transferred onto a SiO,/Si substrate by removing the heat release tape. (C) AFM image
taken from the square area indicated in (B). The upper right inset is a zoom-in image. (D) Normalized intensity ratio between E,g and A4 modes against ¢ for the MoS;
films on Si/SiO, substrate transferred from sapphires with step heights of ~0.2 nm (blue dots) and ~10 nm (orange dots).
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@, evidencing the symmetry breaking and intriguing anisotropic
properties (36, 37). Moreover, the intensity ratio between E,, and
Ay modes for 1D ripple MoS; can be well described by the equation
derived from C,, point group symmetry (orange line)

I(E,,) ~

I(A,,)
where a, b, and d are matrix elements of the Raman tensor (note S1).
The good consistency between the experimental observations and the

results derived from C,, point group elucidates explicitly the crystal
symmetry breaking of the 1D Mo§; ripples.

d?sin?2¢

1
(acos?@+ bsin’g) g M

Boosted device performance

In addition to the symmetry breaking, the 1D ripple structure might
also induce anisotropic strain field and improve the transistor per-
formance according to previous studies (41-45). Raman measure-
ments uncover a uniaxial tensile strain of ~0.15% (fig. S17). To
verify this, we thus fabricate field effect transistors (FETs) based on
the 1D ripple MoS; transferred from sapphires with step heights of
~10 nm. Figure 4 (A and B) illustrates the device geometry under
vertical (parallel) configuration with Ti-Au-Ti as the back-gate elec-
trode, 20-nm Al,Oj as the dielectric layer, and 1D ripple MoS; as the
channel materials (see Materials and Methods for more details).

Figure 4C plots the output characteristic curves for a typical 1D
ripple MoS, device with channel length/width of 2/4 pm under par-
allel configuration. The overall linear Iy;- V4, output characteristics
suggest an Ohmic contact behavior. Figure 4D presents the transfer
characteristic curves for a typical 1D ripple MoS, device under both
parallel (pink line) and vertical configurations (blue line). A ripple-
free device with monolayer MoS, transferred from sapphires with step
height of ~0.2 nm is also included as the control sample (green line).
The 1D ripple MoS; devices display anisotropic electrical properties,
and the on-state current under parallel configuration is much larger
than that under vertical configuration and higher than that in the
ripple-free device. It is noteworthy that for the conventional ripple-free
monolayer MoS; devices, the electrical properties, such as on-state
current and field-effect mobility, are isotropic (fig. S18), coinciding
with the Raman results (Fig. 3D) and D3y, point group symmetry.

Figure 4E shows a statistical analysis of the on-state currents for
1D ripple MoS, devices under both parallel (bottom panel) and ver-
tical configurations (top panel), as well as the ripple-free monolayer
MoS; devices (middle panel). Notably, a substantial improvement in
on-state currents can be seen for 1D ripple MoS, devices under parallel
configuration. According to Lorentz distribution fittings, the average
on-state current for 1D ripple MoS, devices under the parallel con-
figuration is ~107 pA, which is boosted by ~118.4% compared to
that under the vertical configuration (i.e., ~49 pA) and improved by
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Fig. 4. Electrical characteristics and boosted transistor performance. (A and B) Schematic diagram of back-gate 1D ripple MoS; devices under vertical (A) and parallel
configurations (B). (C) Output curves of the a typical 1D ripple MoS, device with channel length/width of 2/4 um under parallel configuration. Back-gate voltages Vj is
sweeping from —5 to 15 V with a step of 2 V. (D) Transfer curves of 1D ripple MoS, devices under parallel (blue) and vertical configurations (pink), as well as a conven-
tional ripple-free device (green). (E and F) Statistical analysis of the normalized on-state currents (E) and mobility (F) for 1D ripple MoS; devices under parallel (bottom
panel) and vertical configurations (top panel), as well as a conventional ripple-free monolayer MoS, device (middle panel).
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~25.3% as well against the ripple-free devices (i.e., ~87 pA). Further-
more, the field-effect mobility p is extracted by p = G, ﬁ, where
Gm is the transconductance, C; denotes the gate capacita‘néé, Vs is
the source-drain bias, and L and W are channel length and width,
respectively. To ensure consistency and eliminate hysteresis-induced
systematic errors, all mobility values were calculated exclusively from
reverse sweep transfer curves in the strong accumulation region,
where all devices satisfy the linear region condition. Figure 4F shows
a statistical analysis of p at V4, = 1.0 V for 1D ripple MoS, devices
under both parallel (bottom panel) and vertical configurations (top
panel), as well as ripple-free monolayer MoS, devices (middle panel).
The average p of 1D MoS; ripple devices under the parallel configura-
tion is ~37.7 cm® s~' V!, which is enhanced by ~67.6% compared
to that under the vertical configuration (i.e., ~22.5 cm?stvTh
and also improved by ~26.1% against the ripple-free devices (i.e.,
~29.9 cm® 57! V7!). The improvements in field-effect mobility and
on-state current of 1D ripple MoS, devices under the parallel config-
uration are in good harmony with previous results (41-45) and are
benefitted from the strain-trigged change of the band structure,
which can lead to a reduction of electron and hole effective masses
and electron-phonon scattering rates.

DISCUSSION

We demonstrate an unconventional cross-step growth paradigm
wherein monolayer MoS, grown on sapphire can cross over steps up
to ~10 nm in height (more than 15 times of the monolayer MoS,
thickness). On the basis of first-principles calculations, we unveil
that the cross-step growth of monolayer MoS, results from the com-
petition between its deformation energy cost and adsorption energy
gain. The suspended monolayer MoS, enabled by cross-step growth
transforms into 1D ripples when transferred to target substrates,
resulting in symmetry breaking and strain engineering to induce
exotic anisotropic properties and boost the transistor performance.
The room-temperature mobility (on-state current) along the ripple
direction is improved by ~67.6% (~118.4%) compared to that per-
pendicular to the ripple direction. In addition, 1D ripple MoS; FETs
are relatively stable, with negligible degradation in their electrical
performance after 1 week (fig. S20). Our work showcases an exotic
growth paradigm to create and manipulate 2D materials, promising
the prospect for emerging technological applications in electronics,
photonics, and optoelectronics.

MATERIALS AND METHODS

Growth of monolayer MoS; on sapphire

Single-sided polished C-plane (0001) sapphire substrates with a
large miscut angle of ~4° toward the M axis were purchased from
CRYSCORE OPTOELECTRONIC LIMITED. Then, the sapphire
substrates were annealed to reconstitute the surface at a high tem-
perature (e.g., ~900°, ~1100°, ~1200°, and ~1300°C) for 4 or 6 hours
in the presence of oxygen. The growth of monolayer MoS, was
achieved in a custom-designed three-temperature zone CVD system
with multi-sources design. Typically, sulfur powder (Shanghai Aladdin
Biochemical Technology, 99.999%, 25 g) was placed in the center
mini-tube flowed with 40-standard cubic centimeter per minute
(sccm) Ar, 85 cm from the sapphire substrate. MoO; powder (Alfa
Aesar, 99.999%, 210 mg) was pressed into thin flacks by a hydraulic
press and divided into three equal parts, which were individually
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placed in three quartz tubes with equilateral triangular distribution
flowed with Ar/O, (40/2 sccm), 42 cm from the sapphire substrate, and
the other three empty tubes are also flowed with Ar/O, (40/2 sccm).
During the growth, the sulfur powder was heated to 180°C by a heat-
ing mantle in the temperature zone I. The MoOj flacks and sapphire
substrate were heated to 580°C and 930°C in the temperature zones
IT and III, respectively. In addition, the pressure of CVD system was
kept below 1 torr during the growth process. All zones ramped to
target temperatures within 30 min, held for 20 min (continuous
film), and then naturally cooled to room temperature under a con-
stant Ar flow (160 sccm).

Structural and spectroscopic characterizations

The cross-sectional MoS,/sapphire samples were fabricated in a
Thermo Scientific Scios 2 system by focused ion beam (FIB) technology
including coating with a protective layer at a polishing voltage of
5 kV (16-pA current). To minimize sample damage caused by ion
beam milling during the FIB process, the MoS, sample surface was
coated with a mechanically exfoliated h-BN (~60 nm), and then an
Au film (~10 nm) was deposited by Gold Spray Meter. In addition,
the residual contamination from the sample surface was removed in
a precision ion polishing system at 2 kV (8.9-pA current). The FIB
cut direction is always chosen to be vertical to the sapphire step
direction. The as-prepared FIB samples (8 pm by 2 pm) were further
processed by gallium ion polishing (Gatan 691, at 2 kV and 8.9 pA)
to remove surface contamination and damaged layers. The annular
dark-field and annular bright-field STEM characterizations were
performed by an aberration-corrected STEM (JEM-ARM200F) at
200 kV. AFM imaging was carried out by Asylum Research Cypher
S under tapping mode using the tip AC240TS-R3 (Oxford instru-
ments). Raman and photoluminescence spectra were collected with
a HORIBA spectrometer (LabRAM HR Evolution) in a confocal
backscattering configuration (confocal pinhole of 100 pm) at room
temperature. A solid-state laser at 532 nm is focused onto the samples
along the z direction by a 100X objective with a spot size less than
1.5 pm. To uncover the fascinating anisotropy, we perform the polar-
ization angle-resolved Raman measurements under the copolarized
configuration. The excitation laser beam is passed through a linear
polarizer and then a half-wave plate. The half-wave plate can tune the
polarization angle in the xy plane. The backscattered light is passed
through the same half-wave plate. Another linear polarizer is placed
in front of the nitrogen-cooled charge-coupled device to selectively
detect the components parallel to the polarization of excitation laser.

Theoretical modeling and simulations

All calculations were performed using density functional theory and the
plane-wave projector-augmented wave method (46) as implemented
in the Vienna Ab-initio Simulation Package (VASP) code (47). An
energy cutoff of 400 eV and a vacuum length of 15 A were used for
all materials. The criteria of energy and force convergence were set
to 1.0 X 107° eV and 0.01 eV A™", respectively. Nonlocal exchange
correlation functional rvv10 of Sabatini was adopted to describe
the long-range van der Waals interaction (48). A Gamma-centered
Brillouin zone sampling grids of4 x4 X 1,3x1X 1,and 1 X 8 X 1
was applied for the adsorption of MoS; on a-Al,O; of C plane, the
adsorption of MoS; on a-Al,O3 of M plane, and all MoS, ribbons,
respectively. For ribbon with limited size, periodic boundary conditions
were used in all directions, and a 15-A vacuum space was inserted
in both the ribbon-width direction and the out-of-plane direction.
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Along the ribbon axial direction, the smallest bulk unit period was
used, all atomic coordinates of the flat ribbon were relaxed, and the
structure of bent ribbon was obtained by fixing the distance between
the two edges of a ribbon during structure relaxation. Specifically, this
was achieved by fixing the outermost edge atoms (Mo atom). For
periodically curved MoS; ribbon, all structures were fully relaxed in
all directions.

Device fabrications and measurements

To fabricate back-gate FET, 15-nm Ti (3 nm)/Au (10 nm)/Ti (2 nm)
is patterned and deposited on silicon substrate with 300-nm silicon
oxide as local back gate. Next, 20-nm AL O3 is applied as dielectric
insulator using atomic layer deposition at a temperature of 200°C,
using water and trimethyl aluminum as precursors. Subsequently,
the MoS; film is transferred onto the Al,O3 layer from its initial
growth substrate by a heat release tape assisted with deionized water
(without the aid of any chemical etchant). The channel area is then
defined using lithography, followed by reactive ion etching to shape
it. Last, contact electrodes are defined by lithography and 43-nm Au
(10 nm)/Ti (3 nm)/Au (30 nm) were finally deposited. The entire pat-
terning procedure was carried out within the electron beam lithog-
raphy system (Eline, Raith), using polymethyl methacrylate as the
photoresist material. Metal electrodes are deposited using a custom-
built electron beam deposition system and then subjected to the lift-off
process. All electrical measurements in the main text are performed
at room temperature with an Agilent semiconductor parameter ana-
lyzer under a base pressure of 107 torr.
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