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ABSTRACT: Strongly correlated electron materials harbor inter- van der Waals interface engineering
esting materials physics, such as high-T, superconductivity, colossal Transfer on 2D Insulator,
magnetoresistance, and metal—insulator transition. These physical

properties can be greatly influenced by the dimensionality and
geometry of the hosting materials and their interaction strengths Cooling 2D ,',',’;tér,'g ~ 4

1,

with underlying substrates. In a classic strongly correlated oxide — > ” V020 )
vanadium sesquioxide (V,0;), the coexistence of a metal—insulator Smpersture

_

Resistance

and paramagnetic-antiferromagnetic transitions at ~150 K makes Tramfe’m" 3P % 20um )
this material an excellent platform for exploring basic physics and & !

developing future devices. So far, most studies have been focused on % —

epitaxial thin films in which the strongly coupled substrate has a = Cooling Voo

pronounced effect on V,0;, leading to the observations of intriguing
phenomena and physics. In this work, we unveil the kinetics of a
metal—insulator transition of V,0; single-crystal sheets at nano and micro scales. We show the presence of triangle-like
alternating metal/insulator phase patterns during phase transition, which is drastically different from the epitaxial film. The
observation of single-stage metal—insulator transition in V,0;/graphene compared to the multistage in V,0;/SiO, evidence
the importance of sheet—substrate coupling. Harnessing the freestanding form of the V,0; sheet, we show that the phase
transition of V,0; sheet can generate a large dynamic strain to monolayer MoS, and tune its optical property based on the
MoS,/V,0; hybrid structure. The demonstration of the capability in tuning phase transition kinetics and phase patterns using
designed hybrid structure of varied sheet—substrate coupling strengths suggests an effective knob in the design and operation
of emerging Mott devices.

Temperature

KEYWORDS: metal—insulator transition, vanadium sesquioxide, domain pattern, van der Waals interface, 2D/3D hybrid structure,
strain effect

or thin films or two-dimensional materials, their observations of intriguing domain structures,'®"” M1 and M2
couplings with the underlying substrates have been phases,'®"? photothermal response’® and anomalously low
found to be critical to affecting their phase stability and electronic thermal conductivity.21 The fabrication of free-
physical properties. Substrates could impose large lattice standing perovskite oxides film such as BiFeO,”” and BaTiO;>’

strains, change the dielectric environment,” and tune the
electron—phonon interactions of the films.”* This could lead
to substantial enhancements of order parameters in ferro-
electrics,"”*™” multiferroics,”” and superconductors.m_12 So
far, in understanding the materials’ physics of strongly
correlated materials at reduced dimension, most studies have
been focused on epitaxial thin films in which substates
(interfaces) have a substantial influence on the materials’
properties.”®"*~'> When the substrate is removed or a weakly
coupled interface (e.g., van der Waals interface) exists instead,
discoveries could arise. For example, the synthesis of a single
crystalline free-standing VO, nanowire has enabled the direct

has led to the discovery of giant polarization (monolayer) and
superelasticity.

Bulk V,0; is a prototypical Mott insulator, which undergoes
a first-order metal—insulator transition from an a-corundum
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Figure 1. Effect of interfacial interaction on metal—insulator transition in V,0;. a, Schematic of the metal—insulator transition in a V,0,
epitaxial thin film during cooling when a 3D material is used as substrate. Strong interaction is expected between the film and the 3D
substrate. The middle panel shows possible massive striped insulating domains (nanoscale) formed during the transition. b, Schematic of the
metal—insulator transition in a V,0; sheet during cooling when the sheet is mechanically transferred on a 3D material. Medium interaction
is expected between the transferred sheet and the 3D substrate. The middle panel shows possible multiple striped insulating domains formed
during the transition. ¢, Schematic of the metal—insulator transition in a V,0; sheet during cooling when the sheet is mechanically
transferred on a 2D material. van der Waals interaction is formed between the transferred sheet and 2D substrate. The middle panel shows a
possible single insulating domain formed during the transition. White: 3D material for epitaxy, purple: 3D material for transfer, gray: 2D
material, orange: metallic phase, light cyan: insulating phase, dark blue lines: strong interaction, blue lines: medium interaction, light blue
lines: van der Waals interaction. d, Resistance switching (continuous) in the epitaxial film on 3D substrate during cooling. e, Resistance
switching (multiple-stage discrete changes) in the transferred sheet on a 3D substrate during cooling. f, Resistance switching (single-stage

sharp change) in the transferred sheet on a 2D substrate during cooling.

paramagnetic metal (high-temperature phase) to a monoclinic
antiferromagnetic insulator (low-temperature phase) with a
transition temperature T, of ~150 K.**~*” The phase
transition in V,0; has been a subject of intensive theoretical
and experimental studies in early decades””” and has been
revisited in recent yealrs.‘%o_32 The transition temperature can
be tuned by pressure, doping, photoexcitation, and electric
field.>*~*" Although the details of electrodynamics of V,0,
remain debatable,”*™* it is agreed that electron—electron
interactions are partially responsible for the insulating state.
Under the Mott-Hubbard picture, the intraatomic Coulomb
repulsion splits half-filled t,, band into an empty upper
Hubbard band and a filled lower Hubbard band, resulting in an
insulating state.

V,0; bulk crystal exhibits a sharp metal—insulator
transition.”” However, its epitaxial thin film shows a
continuous transition due to the existence of massive
heterogeneous nucleation sites and crystallographic de-
fects.”*>**~*° V,0; nanowires, fabricated by plasma etching
on epitaxial thin films, exhibit multiple-stage resistance changes
during the metal—insulator transition,*”*® reflecting the
number of nucleation sites in the small nanowire. Recently,
nanoresolved infrared microscopy’' and X-ray photoemission
electron microscopy*”** have revealed the real-space evolution
of a striped multiple-domain pattern in thin films during the

phase transition. The multiple-domain pining phenomenon in
these thin films*** is likely due to defects which lead to low
nucleation barrier possibly because of a strong film—substrate
interaction. Scanning photoelectron microscopy has revealed
the formation of a trigonal-shaped domain in Cr-doped
V,0,.*’ The intrinsic domain pattern (not defect-controlled)
in V,0; with a low-dimensional geometry has been unknown.
Understanding the intrinsic domain evolution of an archetypal
Mott insulator is of paramount importance for the design and
development of emerging Mott devices.”

Here to understand and tune the phase transition in V,0;,
we apply substrate (interface) engineering. Figures la—c show
the phase (domain) evolution for the V,0; epitaxial thin film
(a) and sheets (b,c) (having a hexagon-like structure) during
cooling with strong chemical epitaxial interaction, coupling
from mechanically constructed interface with three-dimen-
sional (3D) substrate (medium interaction), and weak (van
der Waals) interaction from mechanically constructed interface
with 2D substrate, respectively. It is expected that the
material—substrate interaction strength reduces from the
epitaxial interface (Figure la) to mechanical interface (Figure
1b) to van der Waals interface (Figure 1c).>'™> For the
epitaxial interface (e.g, V,O; on c-plane sapphire), massive
observations show that the transition is continuous reflected by
the continuous change of resistance (Figure 1d), and the
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Figure 2. Morphology and structural analysis of single-crystal V,0; sheets. a, AFM image of a V,0; sheet. b—d, TEM image (b), diffraction
pattern (c) and high-resolution TEM image (d) of a V,0; sheet. e, Schematic of atomic structures of @-corundum (metallic) and monoclinic
(insulating) phases of V,0;. The pseudohexagonal unit cell and primitive unit cell are outlined in red, green, and blue lines. The black and
gray hexagons are guides for the eyes. f,g, Temperature-dependent (80—280 K) Raman spectra (f) and vibration modes (g) of a V,0j sheet,
revealing a structural phase transition with a T, of ~150 K. Scale bars in a: S gm, b: 200 nm, d: 2 nm.

domain shape does not follow the intrinsic hexagon-like
structure of V,0;.>" Based on the recent understanding of the
metal—insulator transition revealed in VO, nanowires when
interfaced with weak-coupled substrates or at free-standing
form, it is expected that in the case of medium interaction, it is
possible that the metal—insulator transition proceeds at
multiple discrete stages that could give multiple-stage discrete
sharp resistance changes (Figure le). In the case of van der
Waals interaction, a single-stage transition may occur, leading
to a single-stage sharp resistance change (Figure 1f). The
material—substrate coupling strength is an effective tuning
knob of the phase transition in V,0;.

Experimentally revealing the metal—insulator transition
kinetics demands the careful design and development of
controlled material-substrate interfaces. Here, to develop
V,0;-based van der Waals and non-van der Waals interfaces,
using flux method (see Methods and SI Figure S1), we
synthesize single-crystal V,0; sheets at nano and micro scales.
We then developed V,0; heterostructures by mechanically
transferring oxide sheets onto few-layer graphene (FLG),
muscovite mica, SiO,/Si and CaF,, or MoS, on V,0j; sheets.
With microscopy, spectroscopy, and transport measurements,
we have observed varied metal—insulator transition dynamics
in different heterostructures. In the MoS,/V,0; heterostruc-
ture, we find that the structural phase transition of V,0; could
generate a dynamic strain in the MoS, monolayer that leads to
the tuning of its photoluminescent property. The demon-
stration of these high quality V,0; heterostructures and our
approach open a window in designing and developing future
Mott heterostructures.

RESULTS AND DISCUSSION

The as-grown single-crystal V,0; sheets have lateral sizes
ranging from tens of micrometers up to millimeters, as shown

in optical microscopy images of SI Figures S2a—l, 3a—1. The
surfaces of these sheets exhibit features of equilateral triangles
or hexagons (e.g, SI Figures S2m, 3f). These features could be
related to the pseudohexagonal structure of metallic phase of
V,0; at room temperature. The atomic force microscopy
(AFM) images and their corresponding height profiles in SI
Figures S4a—j show sheets with thicknesses ranging from a
hundred nanometers up to a few micrometers. Figure 2a is an
AFM image at the center of the equilateral triangle in SI Figure
S2m, revealing a screw-dislocation-driven growth mode.

We characterize the crystal structure of as-grown V,0;
sheets to be the @-corundum phase by using X-ray diffraction
(XRD) measurement (SI Figure SS5a). The out-of-plane
direction of the sheet is [001] (SI Figure SSb). Figures 2b,c,
and SI Figure S6a,f show transmission electron microscopy
(TEM) images and the corresponding diffraction patterns for
different sheets, confirming their a-corundum phases. The
high-resolution TEM images (Figure 2d and SI Figure S7a)
clearly illustrate the pseudohexagonal lattice of V,0;. The fast
Fourier transform (FFT) pattern (SI Figure S7b) and inverse
FFTs (based on their inset patterns with a marked white spot
to highlight lattice fringes) (SI Figures S7c,d) illustrate the
single crystal nature of the sheets.

Figure 2e shows the pseudohexagonal unit cell of the a-
corundum phase containing six V,0; formula units (left panel)
and primitive unit cell of the monoclinic phase containing four
V,0; formula units (right panel). These two structures exhibit
sharply different lattice dynamics (e.g, Raman scattering).
Thus, we investigate the structural phase transition in a V,0;
sheet by a Raman measurement. Figures 2f and g show Raman
spectra of the sheet measured from 80 to 280 K and frequency
shifts of all scattering peaks as a function of temperature,
respectively. The abrupt changes in the Raman spectrum
(lightest cyan spectrum at 150 K compared to the darkest red
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Figure 3. Metal—insulator domain evolutions of single-crystal V,0; sheets on few-layer graphene (a,b) and mica (c,d). a,c, Optical
microscopy images and b,d, metal fraction as a function of temperature during cooling and heating. The V,0; sheet and FLG (a) are
transferred onto a SiO,/Si substrate subsequently. The dark color in the sheet corresponds to its metallic phase, while the light one
corresponds to its insulating phase. The initial insulating nucleus is circled by the black dashed circle in a. The data points (1)—(5) in b and
(1)—(6) in d are calculated from the corresponding images in a and c, respectively. The cooling and heating rate are kept at 1 K/min. Scale

bars in a: 50 gm; c: 100 pm.

one at 160 K, Figure 2f) and scattering peak positions at 150 K
(Figure 2g) clearly indicate a structural phase transition. The
scattering peaks at 186.3 and 339.4 cm™, peaks at 231.5 cm ™,
278.7 and 325.0 cm™' and peak at 603.3 cm™' (150 K) could
be assigned to B%, A, and E; modes, respectively, for the a-
corundum phase.”* The scattering peaks at 206.5 and 290.8
cm ™' and peaks at 248.2 and 507.5 cm™" could be assigned to
E, and A}, modes, respectively, for the monoclinic phase.” It is
noted that a laser (with the illumination wavelength at 532
nm) with a low intensity is used during the measurements to
avoid the laser heating-induced phase transition (SI Figure S8).

The a-corundum-monoclinic (metal—insulator) transition in
V,0; crystals can be investigated by optical microscopy based
on the different optical properties of the metallic and insulating
pheases.38’40 However, in contrast to VOZ,16’17’55 the different
color contrast under optical microscope between the metallic
and insulating domains/phases in V,0; had not been reported.
This may be because the thin films have domains only at the
nanoscale due to their strong interactions with the substrates.”'
Here, in our single-crystal V,0; sheets transferred on different
substrates (by using a dry transfer technique, see Methods), we
observe a color change from dark yellow to light yellow (metal
to insulator) when the temperature is lowered across T,
(Figures 3a—d, Figures 4a—d and SI Figures S9—11ab).
During cooling, for the sheets transferred on FLG (Figures
3a,b) and mica (Figures 3¢,d, and Video S1) that have van der
Waals-like interfaces, we observe single nuclei, and their
metal—insulator transitions are completed within 0.1 K (Figure
3a(2,3)) and 1.1 K (Figure 3c(2—4)) (0.1 K is the test limit),
respectively. However, for the sheets transferred on SiO,/Si
(Figures 4a—d and SI Figures S9a,b) and CaF, (SI Figures

S10a,b, and 11ab, and Videos S2 and S3) that have medium
sheet—substrate interactions (much weaker than the epitaxial
thin film—substrate interaction but stronger than the van der
Waals interaction), we observe multiple nuclei and their
transitions are completed within 40.0 K (Figure 4c(2—7)),
14.4 K (SI Figure S9a(2—10)), 6.9 K (SI Figure S10a(2—8)),
and 5.8 K (SI Figure S11a(2—8)), respectively. Here, the
different transition temperatures for the sheets transferred on
the same substrate may be caused by some other parameters,
such as the size of the sheet.

Particularly, the sheet in Figure 4a (enlarged views of white
dashed rectangles in Figure 4c(1, 3—7)) shows striped
(insulating) domains with a trigonal arrangement during
cooling. Figure 4b is a schematic of this trigonal striped
domain pattern. These striped domains have lengths of tens of
micrometers and widths of a few micrometers. Their sizes are
much larger than that in epitaxial thin films.”"** The trigonal
arrangement could be due to the pseudohexagonal structure of
the metallic phase of V,0;. Meanwhile, some domains nucleate
at the edge of the sheet and grow larger until they merge
together during cooling (Figure 4c(1—7)). During heating,
however, fewer domains nucleate (no striped domains) and the
growth is much faster (Figure 4c(8—14)). Figure 4d plots the
metal fraction as a function of temperature, in which data
points are obtained from Figure 4c(1—14). It clearly illustrates
the multiple states during phase transition. SI Figure S12a,b
shows a second measurement (cooling and heating) for the
same sheet. We observe a similar trigonal striped domain
pattern. It is noticed that these striped domains do not locate
at the same position as those in Figure 4c. The different
positions of striped domains between two measurements
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Figure 4. Metal—insulator domain evolution of a single-crystal V,0;sheet on SiO,/Si. a, Optical microscopy images (selected areas, white
dashed rectangles in c) of a V,0; sheet during the metal—insulator transition (cooling), revealing a trigonal striped (insulating) domain
pattern. The insulating domain in black dashed squares switches back to the metallic phase. b, Schematic of the domain pattern. ¢, Optical
microscopy images of the sheet during the phase transition (cooling and heating). The dark color represents the metallic phase, while the
light color represents the insulating phase. The initial insulating nuclei in ¢ (2) and last metallic domain in ¢ (7) in black dashed circles
indicate a supercooling of the metallic domain up to 40 K. The plot at the central panel shows the metal fraction as a function of temperature
extracted from the optical microscopy images. The data points of (1)—(14) are obtained from the corresponding images in c. The cooling
and heating rate are kept at 1 K/min. Scale bars in a: 10 gm; b: 50 gm.

suggest that the nucleation is a stochastic process here (not
defect-controlled). We need to mention that the cooling and
heating rate was kept at 1 K/min for all samples and devices
(except as specified) and the phase transition of each single
step should occur in subnanoseconds.”

The single-domain and multiple-domain behaviors (trigonal
stripped domain pattern) in the V,0; sheets transferred on
different substrates indicate that the formation and thermody-
namic stability of domains and the kinetics of metal—insulator
transition could be greatly affected by sheet—substrate
interactions (substrate clamping effect).”> The periodic
domain pattern has been widely observed in epitaxial
ferroelectric®®™>’ and magnetic films®*™®® and strained VO,
nanobeams.'®'”*>®* The formation of the periodic domain
pattern reduces the strain energy of the material-substrate
system at the cost of increasing the domain-wall energy. When
V,0; changes from an a-corundum to a monoclinic (metallic
to insulating) phase, the lattice constants along a and b of the
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metallic phase expand by 0.74% and 1.22%, respectively. The
expansion of the insulating domain induces compressive stress
on the nearby metallic domains. This compressive stress could
stabilize the metallic phase, leading to a downward shift of T..
The formed (insulating) domain may switch back to the
original state (black dashed squares in Figure 4a), consistent
with our MD simulations (bottom panels in Figure 2a). This
back-switching is probably due to a local compressive stress
induced by expansions of nearby switched domains. Without
(or with very weak) sheet—substrate interaction, the periodic
domain pattern is not needed since the substrate-imposed
strain is absent (or extremely weak), which is reflected in e.g,,
suspended VO, nanobeams'”>> and our transferred V,0,
sheets on FLG and mica (Figures 3a—d, Figures 4a—d,
respectively). The sheet—substrate interaction in transferred
V,0; sheets on SiO,/Si may be relieved after cooling, as
indicated by buckling of the sheet in SI Figure S12b(7),(8).
Thus, the striped domain is not formed during heating (Figure
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Figure S. Resistance jumps in single-crystal V,0j sheets. a,b, Resistance as a function of temperature for a vertical device (device #1) (a) and
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Inset is an optical image of device #3. Unedited optical images of devices #1—3 can be found in the insets of SI Figures S14a—c. Scale bars in

the insets of a—c: 20 ym.

4c(8—14) and SI Figure S12b(8—14)). This asymmetric
transition behavior between heating and cooling can also be
observed in SI Figures S9—11a,b.

In addition, during cooling, we notice that the initial
insulating nuclei in the V,0; sheet occur at 153 K (Figure
4c(2)) and the metallic domains remain at 113 K (Figure
4c(7)), suggesting a supercooling of the metallic domain up to
40.0 K. This supercooling may be due to the existence of
compressive strain fields in the sheet.”> For the second
cooling—heating cycle, the maximum supercooling of the
metallic domain (SI Figure S12b(2),(7)) decreases to 31.2 K.
This decrease may result from the relief of the sheet—substrate
interaction. For the sheets transferred on 2D materials, due to
their van der Waals interactions, the supercooling of the
metallic domain is expected to be much lower. Indeed, we
observe negligible supercooling of 0.1 K in the sheet on FLG
and 1.1 K on mica, as shown in Figures 3a,b and Figures 3c,d,
respectively.

To help understand the experimental observations on
domain evolutions of a crystalline sheet on substrates with
different interactions, we apply molecular dynamics (MD)
simulations in which we use a simple single-element system
which exhibits displacive solid phase transition for the purpose
of illustrations (see details in Methods, Supporting Discussion,
SI Figures Sl13a—e and Videos S4 and SS). These MD
simulations, although the used single-element system is
different from the complex crystal structures of V,Oj,
demonstrate a similar effect of sheet—substrate interaction on
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the structural phase transition dynamics as the experimental
case of V,0;.

Across the a-corundum-monoclinic transition of V,0;, the
symmetry (space group R3c, 167) of the a-corundum phase is
broken, and V-V dimers elongate (Figure 2e). Under the
Peierls distortion view, the elongation of V—V dimers affects
the degeneracy of ¢; and ¢;* orbitals and the energy levels of ¢;
and a,, orbitals, respectively, resulting in the insulating
behavior.”***% To characterize the electronic phase transition
of V,0;, we have fabricated V,0; sheet-based two-terminal
devices with FLGs as electrical contacts (FLG/V,0,/FLG) by
using the dry transfer technique (see Methods). Here,
transferred FLGs instead of deposited metals are used as
electrodes to minimize the mechanical clamping effect from
deposited films such as Au. The optical microscopy images in
the insets of Figures Sab,c (black dashed rectangles in SI
Figures Sl4ab,c) and SI Figures S1Sac,16a,c show the
fabricated devices (named #1—#7, respectively). The temper-
ature-dependent resistance measurements in Figures Sab
(devices #1, #2) and SI Figures S15b,d,16b,d (devices #4—
#7) exhibit a distinct metal—insulator transition. The
resistances show a single jump during cooling and heating in
Figure Sa (up to 4 orders of magnitude) and SI Figures S15b,d,
while the resistances show multiple jumps in Figure Sb and SI
Figures S16b,d. We need to mention that the magnitudes of
resistance hysteresis are varied in different devices probably
due to the varied contact resistances introduced during the
transfer process.
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Figure 6. Strain effect on MoS,monolayer in MoS,/V,0;heterostructure. a, Atomic schematic of the MoS,/V,0; heterostructure. Upper
panel is a top view, and lower panel is a side view. b, Movements of atoms in the heterostructure (bird’s-eye view of black dashed rectangles
in a) during the metal—insulator transition of V,0;. The lattice expansion in the insulating phase of V,0; (red and blue dashed circles)
induces a tensile biaxial strain in the MoS, monolayer (yellow dashed circles). ¢, Redshift of PL/band gap (Eg to Eg’) in the MoS, monolayer
induced by the tensile biaxial strain. d,e, PL spectra of the MoS, monolayer during the metal—insulator transition of the V,0; sheet (cooling
(d) and heating (e)). The abrupt changes are indicated by black arrows. Insets show optical images of the heterostructure. The color change
indicates the metal (dark, M)-insulator (light, I) transition. The MoS, monolayer is outlined in yellow dashed lines. f, Temperature-
dependent PL peak position (upper panel) and intensity (lower panel) extracted from d and e. Scale bars in the insets of d and e: § ym.

The devices in the bottom-left inset of Figure Sa (device #1)
and SI Figure S15a (device #4) have a vertical configuration
(sketched in the middle-left inset of Figure Sa, the bottom
FLG is between the V,0; sheet and substrate). The device in
SI Figure S15c (device #5) has a planar configuration with a
BN sheet underneath. Due to the van der Waals interaction,
these devices may have single-domain behavior during
measurements. Indeed, single resistance jumps are observed
(Figure Sa and SI Figures S15b,d). The devices in the top-right
inset of Figure Sb (device #2) and SI Figures S16a,c (devices
#6, #7) have a planar configuration (sketched in the middle-
left inset of Figure Sb, both FLGs are on the top of the V,0;
sheet, and the sheet is directly transferred on the substrate).
Thus, the sheet—substrate interactions are relatively stronger
than the van der Waals interaction, and these devices may have
a multiple-domain behavior during the measurement, as
indicated by the multiple resistance jumps in Figure Sb and
SI Figures S16b,d (cyan curves). When they are measured for a
second cooling—heating cycle, the sheet—substrate interaction
may be relieved. As a result, the multiple resistance jumps may
disappear, as shown in the orange plots in SI Figures S16b,d.
We need to mention that changing both cooling and heating
rates from 1 to 20 K/min hardly affects the heterosys behavior,
as shown in SI Figures S15d,17 for device #S.

In addition to temperature, the metal—insulator transition in
V,0; can also be driven by voltage or power.”” Figures 5¢ and
d show the logarithmic current—voltage and resistance-voltage
curves measured at different temperatures, respectively, for
device #3 (inset of Figure Sc). The abrupt current/resistance
change is observed at 160 K with an applied voltage of ~2 V.
Here, this voltage-induced resistance change is probably
triggered by Joule heating.*

By taking advantage of the large lattice expansions of 0.74%
along a and 1.22% along b in the metallic phase of V,0; when
it changes to the insulating phase, here through the same 2D/
3D heterostructure, we demonstrate a strategy to study the
effect of strain on the 2D material. We use a MoS, monolayer
as a model 2D material. Figure 6a shows the top view (upper
panel) and side view (bottom panel) of an atomic schematic of
the MoS,/V,0; heterostructure. Figure 6b (enlarged view of
dashed rectangles in Figure 6a) illustrates the movements of
atoms in V,0; during the metal—insulator transition (dashed
circles are for the insulating phase), inducing a biaxial tensile
strain in the upper MoS, monolayer. Since the deformation
potential of MoS, is negative,” this biaxial tensile strain can
lead to a reduced band gap E, (redshift of photoluminance
(PL)),"”*® as sketched in Figure 6c.
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To fabricate the MoS,/V,0; heterostructure, we exfoliate a
MoS, monolayer from a bulk crystal and then transfer it onto
the surface of a V,0; sheet using the dry transfer technique.
The optical microscopy images of SI Figures S18a,b and insets
of Figures 6d,e display the fabricated heterostructure. Figures
6d and e show PL spectra of the MoS, monolayer at different
temperatures during cooling and heating, respectively. When
the temperature decreases to 146 K (or increases to 166 K),
the V,0; sheet undergoes a phase transition (color change in
SI Figures S18a,b and insets of Figures 6d,e) accompanied by
an abrupt redshift (blueshift) in the PL spectrum. We extract
peak positions of all spectra and plot them in the top panel of
Figure 6f. The temperature-dependent PL peak position shows
a distinct hysteresis. It clearly demonstrates the successful band
gap shift of the MoS, monolayer via the metal—insulator
transition of the V,0; sheet in the MoS,/V,0; hetero-
structure. The redshift of the band gap is about 25 meV,
corresponding to ~0.25% biaxial tensile strain in the MoS,
monolayer (a tuning rate of band gap of 99 meV/% is used®”).
Besides, during the phase transition, the PL intensity is greatly
reduced/enhanced (about 3—4 times), as shown in the lower
panel of Figure 6f This change is much larger than other
experimental values®”® and theoretical predictions.”” The
abnormal high PL intensity for the MoS, monolayer on the
metallic phase of V,0; sheet may be related to a plasmonic
effect’”’ but currently remains unclear. A similar band gap shift
of the MoS, monolayer can also be found in another MoS,/
V,0; heterostructure, as shown in SI Figures S19a—d.

CONCLUSIONS

In summary, we unveil the intrinsic domain structure and
metal—insulator phase transition kinetics of strongly correlated
oxide V,0O; through interface engineering. We show that with a
moderate sheet—substrate coupling strength the insulator/
metal domain exhibits stripped trigonal structure intrinsic to
the pseudohexagon symmetry of V,0; We demonstrate that
van der Waals interface engineering could regulate the phase
transition kinetics and control the transport characteristics of
V,0;-based metal—insulator switching devices. The van der
Waals interface has also been found enabling reciprocal effect
on the 2D material—leading to pronounced change on the
optical gap of the 2D layer. Our work opens an avenue for
engineering the phase transition kinetics of strongly correlated
materials allowing effective tuning of operation characteristics
of future Mott devices.

METHODS

Molecular Dynamics Simulation. See the details in Supporting
Information.

Synthesis. We used the flux method to grow single V,0; single
crystals. First, we filled a S mL graphite crucible with 0.2 g of V,04
powder (>99.6%, MilliporeSigma) and 3.28 g of anhydrous KCl
(>99.5%, MilliporeSigma) and then placed it in an alumina tube
inside a furnace. Second, we evacuated the tube to 0.1 Torr and then
filled it with H,(5%)/Ar gas. We maintained a steady flow of S0 sccm
H,(5%)/Ar at one atm throughout the growth. Third, we heated the
crucible at 20 °C min™" to 900 °C and kept it for 10 h and then
lowered it at 0.5 °C min~' to room temperature. Finally, we washed
the contents of the crucible in water (to dissolve the KCI) and
obtained a large amount of black shiny crystals with a sheet-like shape.

Structural Characterizations. We performed X-ray diffraction
with a Panalytical X’Pert PRO MPD system (with a Cu Ka source
and a PIXcel solid-state line detector). ®-26 scans were acquired with
a divergent beam Bragg—Brentano geometry over a 26 range from

20—80°. We studied vibration modes of V,0; sheets by using a
WITec Alpha 300 confocal Raman microscope with an excitation
source of CW 532 nm.

Microscopy Characterizations. We characterized the morphol-
ogy of V,0; sheets by using a Nikon Eclipse Ti—S inverted optical
microscope. We used a Multimode TM Atomic Force Microscope to
characterize the surface and the thickness of V,0; sheets. We
collected the high-resolution transmission electron microscopy images
and electron diffraction patterns of V,0; sheets by using an FEI F20
TEM operated at 200 kV.

Sheet Transfer. To select sheets with relatively strong bonding
with the substrate, we used a dry transfer technique (all-dry
viscoelastic stamping). First, we used a polydimethylsiloxane
(PDMS) stamp to pick up sheets from the substrate (press and fast
release). Then, we loaded the PDMS stamp with sheets onto a three-
axis micro manipulator which was installed on an optical microscope
(a home-built 2D material transfer system). Next, we located the
sheets having a smooth surface and pressed the stamp on another
substrate by using the micromanipulator on an optical microscope.
Finally, we gently released the PDMS stamp. The sheets that can be
attached on the substrate after releasing the PDMS stamp are
expected to have relatively strong bonding with the substrate. We
cleaned the surfaces of both substrate and sheet by annealing at 200
°C in vacuum and argon plasma etching. There is no residual PDMS
up to the detection limit of XPS,”* as shown in SI Figure S21.

Device and Heterostructure Fabrications. We used the dry
transfer technique to fabricate V,0; sheet based two-terminal devices
with two few-layer graphenes (FLGs) as electrical contacts (FLG/
V,0;/FLG) on metal-patterned substrates. First, we used maskless
lithography (Intelligent Micro Patterning model SF-100 Lightning
Plus, positive photoresist S1813) to draw a pattern (channel distances
of 20 and 30 ym) on a SiO, (~300 nm)/Si(100) substrate. Then, we
deposited a Ti (3 nm)/Au (20 nm) layer onto the photoresists-
patterned substrate by using the e-beam evaporation. After a lift-off
process, we developed the Ti/Au-patterned substrate. Second, we
dispersed the as-grown V,0; sheets in ethanol and dripped them on a
Si(100) substrate. We pressed a PDMS stamp on the substrate and
then released. A few sheets were attached on the stamp surface. Third,
we exfoliated a graphite crystal into FLGs by using scotch tape and
then transferred the FLGs onto a PDMS stamp. Fourthly, we loaded
the PDMS stamps with V,0; sheets and FLGs onto a three-axis
micromanipulator, which is installed on an optical microscope. By
using this manipulator, we aligned and attached the V,0; sheets and
FLGs to the desired positions on the Ti/Au-patterned substrate. After
we gently released the PDMS stamps, we finally fabricated FLG/
V,0;/FLG devices. We controlled the device configurations (vertical
and lateral) by the transfer sequence and alignment of the V,0, sheets
and FLGs. Here we need to mention that, because most as-grown
sheets are not very thin (from a hundred nanometers to several
micrometers), the transfer of a sheet from the PDMS stamp onto a
substrate is challenge. In order to increase the success rate of the
transfer, thin sheets (below 1 um) with a flat, clean surface are
favored. In addition, the transfer of the FLG on the top of the sheet
(again due to the large thickness of the sheet) is also challenging. The
release direction of the PDMS stamp is critical for successful
fabrication of the top electrode. To fabricate the MoS,/V,0,
heterostructures, first, we exfoliated a bulk MoS, crystal into
monolayers by using scotch tape and then transferred the monolayers
onto a PDMS stamp. By using the same 2D transfer system, we
transferred a monolayer onto a V,0; sheet and finally fabricated a
heterostructure.

Transport and Photoluminance Measurements. We meas-
ured I-V and I-t curves by using an Autolab PGSTAT302N
potentiostat. We measured photoluminance spectra by using a WITec
Alpha 300 confocal Raman microscope with an excitation source of
CW 532 nm. We used a cryostage (THMS600, Linkam Scientific
Instruments Ltd.) to change and maintain the temperature of the
devices and heterostructures during the transport and photo-
luminance measurements. The cooling and heating rate were kept
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at 1 K/min for all measurements except for the results in SI Figure
S17 (2, 5, and 20 K/min).
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Video S1: domain evolutions of single-crystal V,0,
sheets (MP4)

Video S2: domain evolutions of single-crystal V,0;
sheets (MP4)

Video S3: domain evolutions of single-crystal V,0;
sheets (MP4)

Video S4: simulation results for strong interaction
(MP4)

Video SS5: simulation results for van der Waals
interaction (MP4)

Simulation Method and Simulation Discussion sections
for molecular dynamics simulations; Figures S1—S4 for
the growth and morphology of single-crystal V,O;
sheets; Figures S4—S8 for structural characterizations;
Figures S9—S12 for domain evolutions; Figures S13, S20
and Table S1 for the results, potential energy, and
parameters for molecular dynamics simulations, respec-
tively; Figures S14—S17 for the transport study (metal—
insulator transition); Figures S18—S19 for the strain
effect of phase transition of V,0;; Figure S21 for the
XPS results (PDF)
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