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ABSTRACT: Controlling superconducting phase transition on a two-dimensional
(2D) material is of great fundamental and technological interest from the viewpoint of
making 2D resistance-free electronic circuits. Here, we demonstrate that a 1T-to-2H
phase transition can be induced on the topmost monolayer of bulk (<100 nm thick)
1T-TaS, by thermal annealing. The monolayer 2H-TaS, on bulk 1T-TaS$, exhibits a
superconducting transition temperature (T) of 2.1 K, which is significantly enhanced
compared to that of bulk 2H-Ta$,. Scanning tunneling microscopy measurements
reveal a 3 X 3 charge density wave (CDW) in the phase-switched monolayer at 4.5 K.
The enhanced T, is explained by the suppressed 3 X 3 CDW and a charge-transfer
doping from the 1T substrate. We further show that the monolayer 2H-TaS$, could be
switched back to 1T phase by applying a voltage pulse. The observed surface-limited
superconducting phase transition offers a convenient way to prepare robust 2D
superconductivity on bulk 1T-Ta$S, crystal, thereby bypassing the need to exfoliate

monolayer samples.
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roup-VB layered transition metal dichalcogenides
G (TMDs) MX, (M = Nb or Ta and X = S or Se)

are ideal systems to explore various electronic
ordering behaviors, including superconductivity and charge
density waves (CDWs)."” Different from group-IVB (Zr and
Hf) and group-VIB (Mo and W) TMDs that are usually
semiconductors with relatively large band gaps,’~® group-VB
TMDs are metallic at room temperature and undergo
superconducting phase transition at sufficiently low temper-
ature. Another attractive aspect of group-VB TMDs is their
vast varieties of atomic and electronic structures associated
with the formation of CDWs,”” ™ therefore serving as good
model systems for investigating the coexistence and competi-
tion between various charge-ordered states."’"® Polymorph
transitions arising from different intralayer stacking in Ta$, has
been intensively researched with a view for controlling
polymorph-specific properties such as metallic—insulator
transition, superconductivity, and charge density wave order.
In Ta$,, by a change of stacking order in response to pressure
or temperature, the bulk crystal can adopt octahedral (1T),
trigonal prismatic (2H), or other alternating configurations
(4Hb and 6R).”'*'> 1T-Ta$, has a rich phase diagram: metal
above 543 K, incommensurate charge density wave (ICCDW)
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below 543 K, nearly commensurate charge density wave
(NCCDW) below 350 K, and commensurate charge density
wave (\/13 X \/13 CCDW) state below 200 K.>*''” Bulk
1T-TaS, does not show superconductivity except when
subjected to high pressure or intercalation of extrinsic
elements.'”'® In contrast, bulk 2H-TaS, develops 3 X 3
CDW modulation at 75 K and a superconductivity phase at 0.8
K 21920

Metallic layered TMD compounds offer an opportunity to
realize superconductivity down to monolayer thickness. From
an application perspective, a monolayer superconductor
presents the alluring prospect of a dissipationless device that
can be miniaturized vertically and offer potential solutions to
the thermal management issues facing current silicon-based
complementary metal oxide semiconductor (CMOS) technol-
ogy.”' At the atomically thin limit, the competition between
electron—phonon coupling, electron—electron interactions,
and disorder provides stabilization or destabilization forces to
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the charge-ordered state. In particular, the microscopic
formation mechanism of CDW and superconductin§ phases
at the atomically thin limit is not well understood.'”'® Recent
work reported that vertically scaling the thickness of 2D
materials can change the superconducting transition temper-
ature (T.). In 2H-NbSe,, for example, T. was found to
decrease from the bulk value of 7.2 K to between 1 and 3 K for
the monolayer,'”'"**"** and this has been attributed to the
enhancement of electron—phonon coupling constants.”” In
contrast, enhanced T. had been reported on few-layer 2H-
TaS,;'"*>*® a T, of 3.4 K is reported on monolayer 2H-TaS,,
as compared to 0.8 K of the bulk crystal. The suppression of
CDW order, which competes with superconducting pairing,
has been proposed to be responsible for the enhanced T, in
2H-TaS,”

Phase-controlled synthesis of TMDs offer a strategy to
fabricate metal/semiconductor or metal/superconductor tran-
sition for electronic applications.””*® It is technically
challenging to prepare monolayer 2H-TaS, by chemical
vapor deposition or mechanical exfoliation; thus a reliable
and scalable method for preparing a superconducting
monolayer is highly desirable. A monolayer superconductor
is prone to electronic instability arising from interfacial
electron—phonon coupling.””*° To reduce interfacial lattice
strain experienced by a monolayer 2H flake on a hetero-
substrate, one strategy is to create 2D superconductivity on the
surface of a bulk crystal. For example, 2D superconductivity
with an effective thickness of 1.5 nm has been induced on bulk
MoS, flakes that are tens of nanometer in thickness by ionic
gating.31

Herein, we investigate surface-limited polymorph conversion
on a 1T-TaS, crystal that is tens of nanometer thick by
exploiting the tendency for surfaces to undergo thermally
induced relaxation, whereby the conversion of the surface to a
monolayer 2H polymorph creates 2D superconductivity on a
bulk crystal. The polymorph conversion has been verified by
scanning tunneling microscopy (STM) to be restricted to the
topmost layer. In addition, we performed transport measure-
ments and found that the 2H-1T heterostructure device
behaves as a metal without a Mott phase transition and exhibits
a superconducting transition at 2.1 K, which is about 3 times
higher than the T, of bulk 2H-TaS,. Our work demonstrates a
simple approach to induce monolayer superconductivity on
bulk crystal by allowing the surface to undergo polymorph
transition, leading to an insulator—superconductor van der
Waals (vdW) heterostructure.

RESULTS AND DISCUSSION

Figure 1 shows the relative stability of the 1T and 2H
polymorphs for monolayer TMDs calculated using density
functional theory (DFT). It is clear that the energy differences
between the 1T and 2H polymorphs of group-VB TMDs are
significantly smaller than those for group-IVB and group-VIB
TMDs. In particular, TaS, possesses an energy difference of
less than 0.1 eV per formula unit (fu.) between the 1T and 2H
polymorphs, which is possibly the smallest energy difference
between the two polymorphs among known TMDs; thus it is
chosen for this study due to the possibility of achieving facile
polymorph conversion by heat or electrical energy.

Figure 2b shows the topography of an as-cleaved 1T-TaS,
sample obtained using STM at 77.8 K. It is known that at this
temperature, 1T-Ta$, exists in the CCDW phase accompanied
by a \/ 13 X 4/13 reconstruction of the atomic lattice.”*”** A
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Figure 1. Energy difference between 1T and 2H polymorphs of
group-IVB, VB, and VIB TMDs. Data were obtained using DFT
calculation with the SCAN+rVV10 functional. While the most
stable polymorphs for some of the tellurides, e.g., NbTe,, TaTe,,
and WTe,, are various distorted 1T polymorphs, we included these
materials in the plot to illustrate the general trend.

zoom-in view in Figure 2¢ confirms the CCDW phase with a
measured distance of about 12.1 A between the centers of two
bright spots. Figure 2d shows the differential conductance (dI/
dV) spectrum on the CCDW surface (black line), which
resolves two prominent peaks located at —0.24 eV (lower
Hubbard band) and 0.19 eV (upper Hubbard band),
respectively, thus opening a Mott gap of 0.43 eV. Beyond
the lower Hubbard band, the peak at —0.35 eV is due to the
top of subvalence band of TaS,. A dip around —0.3 eV that
splits the lower Hubbard peak and the valence peak is ascribed
to the CDW formation. The shape of the dI/dV spectrum is
consistent with previous reports of 1T-TaS,*"”

The sample was then subjected to thermal annealing at
above 250 °C in ultrahigh vacuum (UHV). Figure 2e shows
the surface topography after annealing. Under the same
tunneling condition, ie., bias, current and temperature, the
surface topography exhibits a significant change from that
before annealing (Figure 2b). A zoom-in view in Figure 2f
shows that the surface periodicity changes to 1 X 1, which we
attribute to a transition to 2H polymorph because a 1 X 1
periodicity is unexpected on the surface of the 1T polymorph
at this temperature. The dI/dV spectrum recorded on this 1 X
1 surface, as shown in Figure 2d (red line), reveals a metallic
state with a finite density of states (DOS) around the Fermi
level (Eg). The two Hubbard peaks observed on the as-cleaved
1T-TaS, surface disappear. In addition, a sharp peak (marked
by green arrow) at —0.35 eV appears, the origins of which are
due to convoluted DOS from both 2H and 1T polymorphs,
according to DFT calculations (Figure 6e). It indicates that the
top surface has transferred to the 2H polymorph from the
original 1T, as shown in Figure 2a. A small dip in the dI/dV
spectrum with shoulders at —0.1 and 0.05 V is observed,
arising from the indirect gap between Ta-dz* bands near Fermi
surface and higher Ta-d bands.*>**

Devices were fabricated on samples before and after
annealing to study the emergence of superconductivity. The
resistance—temperature (R—T) curves were measured using a
four-probe device configuration (Supplementary Figure S1)
and displayed in Figures 3a and b. The 1T-TaS, sample
without annealing shows a typical semiconducting behavior;
that is, the resistance increases with the temperature
decreasing. The sudden increase of resistivity at 185 K
indicates a transition from the NCCDW to the CCDW
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Figure 2. Polymorph transition on the 1T-Ta$, surface by thermal annealing. (a) Schematic of a monolayer polymorph transition occurring
in the topmost monolayer of 1T-Ta$S,. (b) STM topography of the as-cleaved 1T-Ta$, surface. Scale bar, 50 nm. (c) Zoom-in view of the as-

cleaved 1T-TaS, surface showing the CCDW phase with a \/ 13 X

\/ 13 periodicity. Scale bar, 5 nm. (d) dI/dV spectra recorded on the 17T-

TaS, surface before (black) and after (red) thermal annealing. The arrow marks are discussed in the text. (e) STM topography of a 1T-Ta$,
surface after annealing at 250 °C. Scale bar, S0 nm. (f) Zoom-in view of the annealed surface showing a 1 X 1 periodicity. Scale bar, 5 nm.

(g) Zoom-in view of a pit on the annealed surface showing \/ 13 X
All STM/STS data were obtained at 77.8 K.

\/ 13 periodicity in the pit and 1 X 1 periodicity outside. Scale bar, 10 nm.

phase.””** Upon heating, the reverse transition from CCDW
to NCCDW exhibits a hysteresis with a transition temperature
of 260 K; essentially, the R—T curve is consistent with that of
1T-TaS,, as reported previously.”' >

In sharp contrast, the annealed sample shows a metallic
behavior; that is, the resistance decreases as temperature
decreases. As shown in Figure 3b, the resistance varies linearly
with temperature until T, which is attributed to phonon-
limited resistivity and characteristic of metallic behavior. The
inset of Figure 3b shows that the superconducting transition
occurs at about 2.1 K. It is well known that 2H-TaS, presents a
superconducting phase; therefore we attribute the presence of
superconductivity to a 1T-to-2H surface polymorph transition.
Since the 2H polymorph is far more conducting than the
insulating 1T polymorph, especially at low temperature, the 2H
phase dominates the electrical transport properties. It is
important to note that the T, observed here is about 3 times
that of bulk 2H-TaS, and its R—T relation deviates from the
trends reported for bulk or few-layer 2H-Ta$, devices.'"*"*®
The residual resistance in the superconducting phase is

nonzero; this is due to crystal imperfections in the fabricated
2H-Ta$, monolayer.”® It was reported previously that at 70 K
the bulk 2H phase undergoes a quick drop in resistance, which
is due to the appearance of 3 X 3 CDW; however such a
fingerprint feature is absent in the R—T curve in Figure 3b,
suggesting that the 3 X 3 CDW phase is suppressed to much
lower temperatures.

To further characterize the electronic transport property of
the 2H-1T heterostructure formed by the surface 1T-to-2H
polymorph transition, an out-of-plane magnetic field was
applied to the sample. Figure 3c shows the R—T curves at
various perpendicular magnetic fields. T, is gradually lowered
as the field strength increases, which is a typical feature of a
type-Il superconductor.*®*” Figure 3d shows longitudinal
resistance as a function of perpendicular magnetic field at
various temperatures. The magnetoresistance in the super-
conductivity range is positive. The 2H-1T heterostructure
presents an upper critical field (B,,) of 1.4 T at 250 mK. The
2D nature of this superconductivity can be deduced from the
superconducting coherence length of monolayer 2H-TaS,,

DOI: 10.1021/acsnano.8b07379
ACS Nano 2018, 12, 12619-12628


http://dx.doi.org/10.1021/acsnano.8b07379

ACS Nano

a 2000 b s
1600} 6ol
g 1200} warming up %
8 \ é 40} 2
S 800f b 15
@ 2
3 @ 20} 10
@ 400f 5
—
Cooli
0 C 1 oo Ing L. 0 i 1 1 1 00 1 1 1 2 1
150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)
c 20 (’ 20
_ 15} _ 15}
g g
[0] [0]
o o
§ 10} 5 10
2 °
[ 23
[0] [0)
4 [v4
5t 5t
0 L L A L L L 0 . L . . L
00 05 10 15 20 25 30 35 -18 -12 -06 00 06 1.2 1.8
Temperature (K) Magnetic Field (T)

Figure 3. Electrical transport measurements of the 1T-TaS, samples without and with thermal annealing. (a) In-plane resistance as a
function of temperature (R—T curve) of the 1T-Ta$S, sample without annealing. The NCCDW-to-CCDW phase transition occurs at 185 K,
and the CCDW-to-NCCDW phase transition occurs at 260 K. (b) R—T curve recorded on the annealed 1T-TaS, sample showing a
superconducting transition at 2.1 K, as highlighted in the inset. (c) R—T curves of annealed 1T-TaS$, in the superconducting range under
varying magnetic fields perpendicular to the surface. (d) Resistance as a function of the perpendicular magnetic field of annealed 1T-Ta$, at

varying temperatures.
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Figure 4. XPS spectra of the 1T-Ta$S, surface before and after annealing, showing the S 2p and Ta 4f core levels. As labeled in the plots,
“pristine” indicates the sample before annealing, and “annealed@250 °C” indicates the plot of the sample after annealing.

which is calculated to be 15.3 nm according to the equation

2:2“ where o~ 2.07 X 107" Wb and & is the

superconducting Ginzburg—Landau (GL) coherence length.38
This value is larger than the thickness of the monolayer 2H-
TaS, and close to recent results reported on few-layer 2H-TaS,
flakes,” suggesting that the superconductivity is in the 2D
limit.

As bulk 1T-TaS, is not superconducting, the observed
superconducting transition in Figure 3b should originate from
the polymorph-converted monolayer 2H-TaS,. STM imaging,
which directly probes the top 1 or 2 layers of the sample

2 =

12622

surface, provides strong evidence that a monolayer 2H-TaS, is
created on top of the bulk 17-TaS,. On the annealed surface,
there are broken areas (or pits) where lower layers are exposed,
thus allowing the first and second layer to be differentiated.
The STM line profile across the edge of the pits reveals that
the height of the edge is about 0.6 nm, which is equivalent to
the thickness of a TaS, monolayer (Supplementary Figure S2).
Atomic resolution STM images within the pits show that the
bottom layer preserves the 4/13 X \/ 13 CCDW phase,
whereas the topmost layer shows a 1 X 1 phase (see Figure 2g
as well as Supplementary Figure S2 obtained on another pit
from the surface).
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Figure S. Polymorph transition excited by applying a tip voltage
pulse in the annealed 1T-TaS, surface. (a) STM image of the
annealed 1T-Ta$, surface with relatively low negative bias (V, =
—0.5V, I, = 300 pA), showing 1 X 1 periodicity. (b) Similar to fa),
but with a relatively high positive bias (V, = 1 V, I, = 300 pA),

where a \/ 13 X 4/13 superstructure is superposed on the 1 X 1
lattice. (c) STM image of the annealed 1T-TaS, surface after
applying a voltage pulse of V, = 3 V for 300 ms. Imaging condition
is V; = —0.5 V and I, = 300 pA. (d) Similar to (c), but with imaging
condition V, = 1 V and I, = 300 pA. All images in this figure were
obtained at 77.8 K. Scale bar is 5 nm in all images.

Our results indicate that thermal annealing provides the
activation energy for transforming the 1T to the more stable
2H phase. Under our UHV annealing condition, the phase
transition is limited to the surface, due possibly to the greater
ease of structural relaxation of surface atoms. Raman
spectroscopy was also used to track the polymorph transition
(Supplementary Figure $4). The CCDW folded-back peaks®
were observed before and after annealing, indicating that the
deeper layers of the crystals retained their 1T polymorph
structure and were not degraded by heating, as shown in
Figure S4. However, although we are able to see the 1T-to-2H
polymorph transition using STM, we are not able to resolve
the 2H phase clearly by Raman spectroscopy due to its surface-
limited thickness and the overlap of the 2H signal with the 1T
phase.***!

In order to further confirm this 1T-to-2H polymorph
transition after thermal annealing, high-resolution photo-
emission spectroscopy was conducted. As shown in Figure 4,
the evolution of the S 2p and Ta 4f spectrum after annealing
clearly shows that the 2H phase appears in the 1T-TaS,
sample. The S 2p core-level spectrum of pristine 17T-TaS,
shows well-resolved peaks at 161.4 (2p;;,) and 162.6 eV
(2p1/2), which agrees well with the reported S 2p spectrum of
1T-TaS,*” After annealing at 250 °C for 2 h in UHV, new
peaks at 160.8 eV (2p;,, purple) and 162.0 eV (2p, 5, pink)
appear, which are the signature peaks of S 2p for the 2H phase

TaS,."* The Ta 4f core-level spectra of 1T-TaS, before and
after annealing are shown in Figure 4b. The peaks located at
23.1, 25.0 eV, and 23.7, 25.6 eV are attributed to the CDW
phase of 1T-TaS,.*" A new doublet component with binding
energies of ~22.8 and ~24.7 eV (filled with purple and pink) is
observed for the annealed sample, which is attributed to Ta**
4f,/, and Ta*" 4f;,, of 2H-Ta$, "

To rule out that the possibility that the surface phase change
we observed is due to different sample thickness or substrate
effects, we have prepared samples of different thickness and
placed them on either Au/Si or SiO,/Si substrates. The results
show that the phase transition is independent of sample
thickness and substrate and only dependent on the annealing
temperature. We also did not observe a significant increase of
defect density on the TaS, surface before and after annealing
by using STM.

Another evidence for the phase change being limited only to
the topmost layer is from bias-dependent STM images on the 1
X 1 region (i.e., away from the pits). Using different tip bias
voltages, we can see through the top layer so that the \/ 13 x
\/ 13 CCDW phase in the second layer can be imaged
simultaneously with the 1 X 1 phase of the topmost layer. As
shown in Figure Sa and b, only a 1 X 1 surface structure is
observed on the top 2H polymorph at a low negative bias using
STM. At high positive tip bias, the 1 X 1 surface structure is
overlapped by a \/ 13 X \/ 13 CDW arising from the
underlying 1T polymorph.

To switch off the superconducting state of the 2H
monolayer, an external stimulus is necessary. Applying a
voltage pulse by an STM tip had been found to induce the 2H-
to-1T polymorph transition;* similarly, we observed that a
bias voltage above +2.5 V can induce a 2H-to-1T polymorph
transition. The effective area of the polymorph transition
depends on the applied voltage. As shown in Figure Sc and d,
after a voltage pulse, two distinct polymorphs, with unit cells of

13 x \/ 13 and 1 X 1 periodicity, respectively, and separated
by a domain boundary can be clearly resolved in the STM
image. Our work hints at the possibility of inducing a global
2H-to-1T phase transition by driving an electrical current
through the sample, which would be ideal for achieving
controlled switching between the non-superconducting and
superconducting phases.

To understand the energetics of the thermally induced phase
transition, it is instructive to calculate the enthalpy of
formation for monolayer TaS, in 1T and 2H polymorphs,
with and without CDWs. The \/13 X \/13 CDW of the 1T
polymorph is characterized by a Star-of-David-shaped atomic
lattice,” as shown in Figure 6a. For the 2H polymorph,
however, the 3 X 3 CDW is only observed at temperatures
below 77 K.***® Our DFT calculations reveal that free-
standing monolayer 2H-TaS$, with 1 X 1 structure is 88 meV/
f.u. more stable than the 1T polymorph. Although the \/ 13 X

13 CDW reconstruction, as shown in Figure 6a, significantly
lowers the energy of the 1T polymorph by about 58 meV/fu.,
its energy is still higher than the 2H polymorph. The 2H
polymorph could be further stabilized by about 13 meV/fu.
through the formation of the 3 X 3 CDW. We considered
various possible structures for the 3 X 3 CDW,"” and the one
with the lowest energy is shown in Figure 6a, where the longest
and shortest Ta—Ta distances are 3.44 and 3.15 A,
respectively, compared to 3.32 A in the case of the 1 X 1
structure. Taken together, our calculation suggests that the 2H
polymorph is lower in energy than the 1T polymorph by about
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Figure 6. CDWs of the annealed 1T-TaS$, surface at different temperatures. (a) Top and side views of atomic structures of the 3 X 3 2H
polymorph and the \/ 13 X \/ 13 1T polymorph. Arrows in the top view of the 3 X 3 2H polymorph show the directions of the atomic
displacements. Brown-colored lines in the top view of the \/ 13 X \/ 13 1T polymorph show the so-called Star of David, in which all atoms
move toward the center of the star. (b) STM topography of annealed 1T-TaS$, obtained at 4.5 K (V, = —0.4 V, I, = 400 pA), showinga 3 X 3
periodicity. Scale bar, S nm. (c) FFT image of (b). The outmost six spots are due to the 1 X 1 periodicity. The spots due to the 3 X 3
periodicity are marked by arrows, four of which are yellow-colored, indicating the strong spots, and two of which are white-colored,
indicating the weak spots. (d) STM topography of annealed 1T-Ta$, obtained at 10 K (V, = —0.4 V, I, = 400 pA). Scale bar, § nm. (e) FFT

image of (d) showing clearly the \/ 13 X 4/13 periodicity.

43 meV/fu. Including spin—orbit coupling (SOC) in the
calculations produced the same results. Since the 2H
polymorph is more thermodynamically stable than 1T, these
results explain why annealing bulk 1T crystal in a vacuum
activates the transition to 2H.

The coexistence of superconductivity and CDW provides
important clues to the mechanism for enhanced T, **™° Given
the competition between CDW and the superconducting
phase, increasing T, by suppressing CDW is one of the most
significant challenges in high-T_ superconductivity research, for
which similar strategies have been applied on TMDs.”>*" The
formation of the 4/13 X \/ 13 CCDW in the 1T polymorph
opens a wide band gap and prohibits superconductivity. In the
case of the 2H polymorph, while the DOS at the Fermi level is
significantly reduced by the formation of the 3 X 3 CDW, it is
still finite'®'”>>>* (Supplementary Figure S3). It has been
proposed that in few-layer 2H samples the CDW is suppressed,
which leads to enhanced T.. The main evidence of CDW
suppression is based on the vanishing of the commonly
observed turning point in the R—T curve at around 77 K as the
thickness scales to the 2D limit."""***° However, in atomically
thin 2H-TaS,, the relationship between the 3 X 3 CDW and
the superconducting phase is not clear.”” We did not observe
the 3 X 3 CDW on the surface-switched superconducting
sample at 77.8 K by STM at first. However, lowering the
temperature to 4.5 K causes the 3 X 3 CDW phase to emerge,
as shown in Figure 6b, where a weak 3 X 3 superstructure
overlapping on a 1 X 1 2H surface can be seen. The periodicity
of this superstructure can be resolved by a Fourier transform of
the STM image, as shown in Figure 6¢c, where other than the
six 1 X 1 spots, extra spots due to a 3 X 3 periodicity, as
marked by arrows, can be clearly identified. The direct
observation of 3 X 3 CDW down to 4.5 K suggests the possible
coexistence of superconductivity and CDW in monolayer 2H-
TaS,.

Once the sample temperature is increased to ~10 K, the 3 X
3 CDW disappears, as shown in Figure 6d, and only the \/ 13
X 4/13 lattice spots, originating from the second layer, can be
observed in the Fourier transform in Figure 6e. This result
suggests a significantly lower CDW transition temperature than
that in bulk 2H-TaS,. The formation of CDWs typically
reduces the DOS near Ep. In the 1T-phase, the DOS will be
reduced to zero; that is, a gap opens, which completely
suppresses the superconductivity.”> In the 2H phase, the DOS
at Ey is still finite, which is responsible for the observed T.. Our
observation of a partly suppressed 3 X 3 CDW is consistent
with the enhanced T..

To study the electronic coupling between monolayer 2H-
TaS, on the 1T-TaS, substrate, a model was built for DFT
calculations, in which the substrate is made of two layers of 1T-
TaS,, both of which are in the \/13 X \/13 CDW phase with
the star centers aligned. A monolayer of 2H-Ta$S, with the 1 X
1 lattice structure is allowed to adsorb on top of the bilayer 1T
substrate, as shown schematically in Figure 7a. Figure 7d and e
show the calculated band structure and density of states of the
2H-1T heterostructure, respectively. Figure 7e shows the DOS
projection onto the 2H monolayer and the 1T substrate, where
only the Ta 5d components are shown because they dominate
the electronic structure near Eg (set as 0 eV). The calculated
DOS is consistent with the STS measurement shown in Figure
2d, revealing a dip near Eg, a sharp increase below Eg with a
peak at —0.3 eV, and a small increase above Eg. It can be seen
that the Ta 5d DOS states in the 2H monolayer (the blue dots
in Figure 7d and the blue line in Figure 7e) mainly spread from
—0.5 eV to about +1.3 eV. By analyzing the charge densities,
we can identify that the d band of the 2H monolayer is
contributed by the d: states. There are clear energy gaps that
separate the d 2 band from higher and lower bands. Due to the
narrowness of the d,2 band, STM or STS measurement samples
the 2H monolayer only when the bias is in the region of about
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Figure 7. Electronic structure of the 2H-1T Ta$, vdW heterostructure and charge transfer doping across the interface. (a) Atomic structure
of the model system used to simulate one monolayer of 2H-Ta$, on the bilayer 1T-Ta$S, substrate. The structure was relaxed using the
SCAN-rVV10 functional. The isosurfaces show the charge density difference, where the green color represents charge deficiency and the
purple color represents charge excess. (b) Charge density difference (see text) averaged in the x—y basal plane. (c) Integrated charge
difference from the bottom of the supercell (ie., at z = —16 A). (d) Band structure and (e) DOS of the model 2H-1T Ta$S, vdW
heterostructure in (a). In the band structure plot, each state is projected onto the 1T substrate and the 2H monolayer. States with larger
projection on the 2H monolayer or 1T substrate are plotted in blue or light brown color, respectively. Similarly, the projections of DOS on
the Ta 5d states in the 2H monolayer and 17 substrate are shown by blue and brown lines, respectively. The dashed line in (b), (c), and (d),
which extends into (a), marks the center of the vdW gap between the substrate and the 2H monolayer, which is taken as the interface.

—0.5 to about +0.5 eV, beyond which the electronic states
from the 1T substrate will dominate the spectrum. This
explains that at high bias (either positive or negative) the
topmost 2H monolayer TaS, becomes “transparent” and STM
can see through the top layer and resolve the \/ 13 % \/ 13
CDW from the second layer, as shown in Figure 5b and d."’

Another possible T, enhancement mechanism is the charge
doping from the substrate,”** which has been proposed to be
crucial for a monolayer FeSe high-T, superconductor.””*
Electron doping was also reported to suppress CDW in
TMDs.”> In general, excess charge could influence phase
stability in TMDs. For example, electrostatic doping of 2H
phase TaSe, can lead to a structural phase transition to the 1T
phase.’® Similar transitions can also be induced by STM
tips.*>>” Our DFT calculations of monolayer 1T- and 2H-TaS$,
show that 1T-TaS$, has a significantly smaller work function
(5.35 eV for the \/13 X \/13 CDW phase) than that of 2H-
TaS, (6.07 eV for the 3 X 3 CDW phase). This difference
results in electron doping from the 17T substrate to the topmost
2H monolayer, as shown in Figure 7b and c. To verify the
presence of charge transfer, we calculate the difference of the
charge densities of the whole system and the separated 1T
substrate and 2H top layer by Ap = pit = P = Prot = P11—sub
— Pati-top Where Py P17_guy and popy_iop are plane-averaged (in
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the x—y basal plane) charge densities of the whole model, the
1T substrate, and the 2H top layer, respectively. p,r_qp and
Pani-top Were calculated by removing the 2H monolayer and the
1T substrate, respectively, while maintaining the atomic
structures unchanged. As can be seen in Figure 7b, on the
1T substrate side (i.e., the part lower than the horizontal
dashed line), there is an overall charge density reduction, while
in the 2H monolayer there is a charge density accumulation.
This charge transfer can also be visualized in the plot of charge
density difference in Figure 7a, where the green color
isosurface represents charge deficiency and the purple color
represents charge excess. Figure 7c shows the integrated charge
(q) from the bottom of the supercell (i.e., from about z = —16
A). At the interface between the 1T substrate and 2H top layer
(ie, at z = 0 A), the total charge deficiency from the 1T
substrate (i.e., the total transferred charge to the 2H
monolayer) is about 0.31 electron per \/ 13 X \/ 13 cell.

CONCLUSION

We have discovered that a 1T-to-2H polymorph transition can
be induced on the surface of bulk 1T-TaS, (<100 nm thick)
simply by thermal annealing. The relaxation is most
pronounced at the surface due to larger freedom for atom
displacement, which allows the thermodynamically more stable
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2H polymorph to manifest. STM measurement confirms that
the transition to 2H-TaS, occurs in the topmost layer only,
thus affording a surface-confined 2D superconductivity with a
T. of 2.1 K, which is significantly enhanced from that of the
bulk 2H crystal. STM measurement further evidences that the
3 X 3 CDW phase is suppressed and exists at 4.5 K in the 2H
monolayer, which could be correlated to the enhanced T..
DFT calculation reveals the presence of transfer doping of
electrons from the 1T substrate to the 2H monolayer, which
may contribute to the enhanced T.. Our work provides a
simple method to fabricate a CDW Mott-insulator/super-
conductor vdW heterostructure, which could serve as a
platform to study the proximity effect of CDW on super-
conductivity.

METHODS

STM/STS Measurements. Our experiments were performed in an
Omicron UHV system containing a sample preparation chamber
(base pressure below 5 X 107'° mbar) and an analysis chamber (base
pressure below 2 X 107'! mbar) equipped with a low-temperature
STM. To avoid surface contamination in the air, a freshly cleaved 17T-
Ta$S, sample was quickly transferred into the preparation chamber.
The sample was annealed at about 200—250 °C for 2—3 h by applying
a dc current and then cooled to room temperature before transferring
to the analysis chamber to carry out STM experiment. STS
measurements were performed in constant-height mode using
standard lock-in technique (f = 773.1 Hz, V,,, = 16 mV). The dI/
dV spectrum taken on a Au(111) surface was used as the reference for
tip calibration.

Transport Measurement. For transport measurements, the
devices were fabricated by the standard electron beam lithography
process using poly(methyl methacrylate) (PMMA) as positive resist.
Electrodes were deposited through thermal deposition of Cr (S nm)/
Au (65 nm), as shown in Figure S1. A thin h-BN flake (~20 nm) was
transferred on top of the test samples in a nitrogen-filled glovebox as
an encapsulation layer to avoid oxidation in the air during
measurements. Low-temperature transport measurements were
performed in a 4He cryostat and a 3He/4He dilution cryostat with
a standard four-probe setup.

XPS Measurements. High-resolution photoemission spectrosco-
py (PES) was performed using the beamline facilities in the National
Synchrotron Radiation Laboratory (NSRL, China). All the measure-
ments were performed at room temperature in a UHV chamber
equipped with a Scienta R4000 electron energy analyzer and with a
base pressure of 1 X 107'® mbar. The S 2p and Ta 4f spectra were
measured using 240 eV photon energy with an energy resolution of 24
meV and a beam spot size of 0.2(H) X 0.1(V) mm?% The photon
energy was calibrated using the Au 4f;, core-level peak (84.0 eV) of
gold foil in electrical contact with the sample. The least-squares peak
fit was performed employing a Shirley background subtraction,
asymmetric peak profiles for Ta$S, species, and Voigt photoemission
profiles with constant Lorentzian (10%) and Gaussian (90%) line
shapes for TaO, species. For S 2p and Ta 4f doublets, the spin—orbit
splitting differences of ~1.19 eV with a branching ratio of 2 (2 p5/,):1
(2 py/») and ~1.88 eV with a branching ratio of 8 (4 f,/,): 6 (4 ;)
were used for peak fitting, respectively. The full width at half-
maximum for each doublet was fixed during the peak-fitting process.
The 1T-TaS, flake samples were prepared in a glovebox and directly
adhered on molybdenum sample holders by gentle pressure; then the
sample was transferred quickly to a PES chamber within a few of
minutes of air expose. The annealing process was carried out in an
adjoined UHV preparation chamber (base pressure <5 X 107'° mbar).

Raman Measurements. An NT-MDT Raman spectroscopy
system with a 633 nm He—Ne wavelength laser was employed to
conduct a low-temperature Raman measurement. The laser was
focused on the sample through a 50X objective, with a 1 ym spot size.
The sample was mounted in a sealed temperature chamber, with a
pressure below 1 X 1072 Torr to minimize oxidation and to ensure

effective cooling during the measurement. The measurement
temperature can be lowered to 78 K in a cold—hot cell with a
temperature stability of +0.1 K.

DFT Calculation. Our calculations were performed using the
Vienna ab Initio Simulation Package (VASP) employing a planewave
basis set. We used the strongly constrained and appropriately normed
(SCAN) exchange—correlation functional amended by the rVV10
functional for the vdW interaction. The ion cores were represented by
the projector-augmented wave (PAW) potentials. The kinetic cutoff
energy for the planewaves was set to 40 Ry; 18 X 18 X 1, 6 X 6 X 1,
and § X 5 X 1 k-point grids were used for the (1 X 1), (3 X 3), and
(\/ 13 X 4/13) supercells, respectively. Structural optimizations were
carried out until the force on each atom was smaller than 0.5 mRy/
Bohr. Spin—orbit interaction was added to the all-electron part of the
PAW Hamiltonian by a variational treatment in VASP.
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