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Transition-metal dichalcogenides hosting multiple competing structural and electronic phases are thus ideal
platforms for constructing polytype heterostructures with emergent quantum properties. However, controlling
phase transitions to form diverse heterostructures inside a single crystal remains challenging. In this study, we real-
ize vertical/lateral polytype heterostructures in a hole-doped Mott insulator via thermal annealing-induced struc-
tural transitions. Raman spectroscopy, atomic force microscopy and scanning Kelvin probe force microscopy con-
firm the coexistence of T-H polytype heterostructures. Atomic-scale scanning tunneling microscopy/spectroscopy
measurements reveal the transparent effect in 1H/1T vertical heterostructures, where positive bias voltage induces
in a pronounced superposition of the v/13 x v/13 CDW of the 1T-layer on the 1H-layer. By systematically com-
paring the 1T/1H and 1T/1T interfaces, we demonstrate that the metallic 1H-layer induces a Coulomb screening
effect on the 1T-layer, suppressing the formation of CDW domain walls and forming more ordered electronic
states. These results clarify the interfacial coupling between distinct quantum many-body phases and estab-
lish a controllable pathway for constructing two-dimensional polytype heterostructures with tunable electronic

properties.

DOI: 10.1088/0256-307X/43/3/030705

Introduction. Layered transitionmetal dichalcogenides
(TMDs) have emerged as ideal material platforms for ex-
ploring correlated electronic behaviors owing to their rich
and tunable electronic states, including charge density
waves (CDW),“’S] quantum spin liquids, superconduc-
tivity, =71 and Mott insulators.® ') Their intrinsic two-
dimensional nature allows van der Waals polytype het-
erostructures to be constructed by combining mono-
layers with distinct structural phases while preserving
the individual properties of each layer.!'** More im-
portantly, interlayer interactions can strongly intertwine
the characteristics of different components, giving rise
to emergent electronic states that surpass the intrin-
sic behaviors of individual materials, such as topolog-
ical nodal-point superconductivity, (5] interfacial Kondo
[16] charged interlayer excitons, 7] and interlayer
charge transfer. 1'% These phenomena highlight the sub-
stantial potential of polytyped heterostructures for en-
gineering correlated quantum states. However, conven-
tional methods for fabricating such heterostructures typ-
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ically rely on artificial stacking or epitaxial growth, 223

suffer from inefficiency, susceptibility to impurities, and
defects. Achieving controllable, high-quality, phase-pure
polytype heterostructures within a single crystal remains
challenging.

TaSs, a prototypical TMDs material, serves as an ex-
emplary material for exploring polytype heterostructures
because of its rich crystal structure and phase-dependent
electronic correlation properties. (24-27] Specifically, 1T-
TaS, exhibits a Mott-insulating ground state, 22 where-
as 1H-TaSse exhibits metallic and superconducting be-
havior at low temperatures.®®*!) Atomic-scale integra-
tion of these two electronically distinct phases offers an
ideal platform for manipulating electron correlation and
interlayer coupling. A series of emergent phenomena has
been observed in such systems, including artificial heavy-

331 two-

fermion behavior,®? chiral superconductivity,
component nematic superconductivity, 34 and Kondo-like
[35,36] Notably, external stimuli, such as lasers,

temperature, or electric fields, can trigger a structural

responses.
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phase transition from 1T-TaSs to 1H-TaSs, *7 % enabling
the in situ construction of T-H polytype heterostructures
within a single crystal. Furthermore, doping can drive the
system into a critical regime of competing phases, [1041]
opening new avenues for heterostructure engineering and
the manipulation of exotic electronic states. However, the
direct realization of stable T-H polytype heterostructures
starting from hole-doped Mott insulators has rarely been
reported.

In this study, we successfully realized diverse polytype
heterostructures in hole-doped 1T-TaS, crystals through
thermally induced structural phase transitions. The for-
mation of both vertical and lateral T-H heterostructures
was confirmed using Raman spectroscopy, atomic force
microscopy (AFM) and scanning Kelvin probe force mi-
croscopy (SKPM). High-resolution STM imaging further
uncovers a distinct electronic transparency effect at 1H/1T
interfaces under positive bias voltage, where the v/13x1/13
CDW modulation of the underlying 1T-layer can be de-
tected through the top metallic 1H-layer. Comparative
investigations of the 1T/1H and 1T/1T heterostructures
revealed that the 1T-layer was subjected to Coulomb
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screening by the metallic 1H-layer, which reduced in-
tralayer electron correlations and suppressed the forma-
tion of phase domain walls. In this study, multidimen-
sional polytype heterostructures were fabricated in a sin-
gle crystal, providing a new platform for investigating the
proximity effects between Mott insulating, metallic, and
superconducting phases in two-dimensional materials.
Results and Discussion. 1T-TaSz is a prototypical
platform for studying Mott physics because of its uniquely
correlated electronic ground state. Its layered structure
consists of Ta atoms sandwiched between two S layers,
forming octahedral 1T coordinates as shown in Fig. 1(a).
At low temperature, the ground CDW state of 1T-TaSs is
characterized by the commensurate /13 x v/13 superlattice
of Star-of-David (SoD) clusters, as depicted in Figs. 1(b)
and 1(c). Each SoD contains 13 Ta 5d electrons and 12
electrons of the outer Ta atom pair and forms six occupied
CDW bands, leaving one unpaired electron of the central
Ta atom in a half-filled flat band. This half-filled band
further splits into the upper and lower Hubbard bands
(UHB and LHB) owing to strong electron-electron corre-
lations, resulting in a Mott insulator [Fig. 1(d)]. The Mott
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Fig. 1. Realization of polytype heterostructures via the doped Mott insulator. (a) Atomic structure model of monolayer 1T-
TaSz. (b) Schematic of the v/13 x v/13 SoD cluster superstructure. (c) Atomic models of the SoD cluster with the localized
d?2 orbital (unpaired electron) of central Ta atom. (d) Schematic band structures of correlated CDW state, where the half-
filled flat band splits into UHB and LHB bands via electron correlations. (e)—(1) STM images and corresponding structure
models of the pristine, low-hole-doped (z=~0.77%), medium-hole-doped (z =~2.5%), and high-hole-doped (z=~5%)
TaSz. As the hole doping concentration increases, phase domains (f) and (g), chiral domains (g) and (k), and mixed
domains (h) and (1) progressively appear. (m) Schematic energy landscape and top-view lattice structures of the 1T-phase
(left), intermediate state (middle), and 1H-phase (right). FEharrier denotes the energy barrier between the 1T- and 1H-
phases. (n) and (o) Schematic illustration of the transition from the 1T phase (n) to the 4Hb-phase (o) in the doped Mott
insulator. Scanning parameter: (e) V = 0.5V, I = 100pA; (f)-(h) V =1.0V, I = 120 pA.
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insulating state is highly sensitive to carrier perturbations, 1H-phase can be achieved by various external means
making 1T-TaS2 an ideal material for manipulating exotic such as laser excitation, STM-tip pulses, and thermal
quantum states. annealing. [37-39] Owing to the weakening of electron cor-

Hole doping can effectively modify the flat-band filling relations induced by hole doping, the system can easily
factor and disturb the CCDW order of 1T-TaSs, thereby overcome the energy barrier between the 1T-phase and
triggering a sequence of novel quantum states. [27] Space 1H-phase. Thermal annealing can further promote deli-
scanning tunneling microscopy (STM) images and struc- cate structural transitions, enabling the transition from a
tural models reveal that hole doping disrupts the long- doped Mott insulator to a polytype heterostructure, as
range CCDW order, gradually inducing the formation of illustrated in Figs.1(n) and 1(o). These polytype het-
phase domains, chiral domains, and mixed phase/chiral erostructures retain the electron correlations of the 1T-

domains, as shown in Figs. 1(e)-1(1). Moreover, the in-  phase as well as introduce the metallic/superconducting
troduction of holes weakens intralayer and interlayer in- state of the 1H-phase, providing a unique platform for
teractions, pushing the system into a critical regime in studying the competition, coupling, and proximity effects
which multiple electronic phases compete for similar ener- between electron correlations, CDW, and superconductiv-
gies. Consequently, hole-doped 1T-TaSs disrupts the orig- ity. Such a strategy of synergistic control through “doping
inal Mott insulating state as well as places the system in a and interface” to achieve structural transition significantly
tunable correlated phase space, laying the foundation for enriches the pathways for electronic state manipulation.
realizing polytype heterostructures. For low-hole-doped 1T-TaSz2, local lattice recon-
Previous studies have shown that the energy differ- struction and phase transitions can be induced when

ence between the 1T- and 1H-phases is extremely small the annealing temperature rises above ~450°C. The
[Fig. 1(m)]. The phase transition between 1T-phase and optical microscopy images before and after annealing show
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Fig. 2. Raman and SKPM characterization of the polytype heterostructures in low-hole-doped TaSz. (a) and (b) Typical optical
images of the TaSy before (a) and after (b) the formation of polytype heterostructures. (c) and (d) Raman spectra acquired from
the 1T-phase (c) and 1H-phase (d) regions indicated in (a). Characteristic Raman modes of the 1T- and 1H-phases are marked
with green and blue dashed lines, respectively. (e) and (f) AFM topography (e) and corresponding SKPM surface potential (f)
images of a pristine 1T structure. (g) Line profiles extracted along the dashed lines in (e) and (f). The step height between
adjacent 1T-layers is ~0.6 nm, with no significant surface potential difference observed. (h) and (i) AFM topography (h) and
SKPM surface potential (i) images of vertical 1T-1H heterostructures. (j) Line profiles along the dashed lines in (h) and (i). The
step height and surface potential difference between the 1T- and 1H-layers are ~0.6nm and ~420 mV, respectively. (k) and (1)
AFM topography (k) and SKPM surface potential (1) images of lateral 1T-1H heterostructures. (m) Line profiles along the dashed
lines in (k) and (1). The surface potential difference between the 1T-domain and 1H-domain is ~420mV.
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significant color differences, which indicate the transition
from 1T to T-H polytype heterostructures, as shown in
Figs.2(a) and 2(b). To further confirm this structural
transition, Raman spectroscopy was performed on the dif-
ferent regions shown in Fig.2(b). In the 1T-phase region
[Fig. 2(c)], the Raman spectrum shows three characteris-
tic peaks at approximately 240, 310, and 380 cm ™, corre-
sponding to the E1; mode, the folded phonon mode related
to the CDW, and the Az mode, respectively. In con-
trast, the Raman spectrum of 1H-phase exhibits the char-
acteristic peaks at approximately 210, 285, and 400 cm™*
[Fig. 2(d)], corresponding to the Eig, Eag, and A1z modes.
The Raman spectra confirmed that thermal annealing
drives structural reconstruction from the 1T-phase to the
1H-phase, achieving polytype heterostructures.

The AFM topography and SKPM surface potential im-
ages of the 1T-phase and polytype heterostructures are
shown in Figs.2(e)-2(m) and Fig.S1 in the Supplemen-
tary Materials (SM). For the pristine 1T-phase region
[Figs. 2(e)-2(g)], the AFM topography shows a uniform
layered structure with a step height of ~0.6 nm. The cor-
responding SKPM image and line profile showed no ob-
servable surface potential difference between the different
1T-layers, reflecting their uniform Mott insulating prop-
erties. In the heterostructure, the 1T- and 1H-layers can
be easily distinguished in the SKPM images by their rel-
atively higher and lower surface potentials, respectively.
The vertical heterostructures refer to interfaces formed
by stacking different structural phases along the crystal
c-axis direction, whereas lateral heterostructures refer to

interfaces where different structural phases are adjacent
within the same layer plane. To ensure consistency and
clarity in the presentation, in this paper, 1H/1T de-
notes vertical heterostructures, and 1H-1T denotes lateral
heterostructures.

In the vertical 1T /H heterostructure region [Figs. 2(h)—
2(j)], the surface potential difference between 1T-layer and
1H-layer is ~420 mV. Notably, this potential difference was
higher than the values measured for intrinsic 4Hb-TaS»
and Se-doped 4Hb-TaS,.*?! We propose that hole doping
decreases the work function of the 1T-phase, thereby in-
creasing the potential difference relative to the 1H-phase.
In contrast, isoelectronic Se doping primarily increases the
interlayer spacing and weakens the interlayer coupling.
This reduced coupling suppressed charge transfer, which
increased the work function of the 1T-phase. Moreover,
the SKPM results further demonstrated that a potential
difference of ~420 mV was present at the in-plane domain
boundaries, confirming lateral T-H heterojunctions. Un-
der the current Kelvin probe force microscopy measure-
ment conditions and experimental accuracy, no discernible
difference was observed in the surface potentials of the 1T-
layer of the 1T/1H and 1T /1T heterostructures. The real-
ization of such multidimensional polytype heterostructures
provides a new pathway for directly studying both the ver-
tical and lateral proximity effects between Mott insulators
and metals/superconductors.

Figure 3 presents the atomic-scale STM character-
izations of the vertical 1H/1T and 1H/1H polytype
heterostructures, revealing distinct interfacial electronic
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Structure and electronic properties of vertical 1H/1T and 1H/1H heterostructures.
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(a) and (b) STM image and

structure model of the 1H/1T heterostructure. (c¢) and (d) STM images acquired from the same region of the 1H/1T surface
under negative (c) and positive (d) bias. At negative bias, the 3 x 3 CDW of the top 1H-layer is visible, whereas positive bias
reveals the v/13 x v/13 CDW of the underlying 1T-layer. (e) The Fast Fourier transform (FFT) image of (d). The green and
blue circles correspond to the 3 x 3 CDW and /13 x v/13 CDW wavevectors, respectively. (f) dI/dV spectra recorded from the
1H/1T surface. In addition to the quasi-3 x 3 CDW pseudogap of 1H-layer at the Fermi level, the UHB and LHB features of
the 1T-layer are observed. (g) and (h) STM image and structure model of the vertical 1H/1H heterostructure. (i) and (j) STM
images taken on the same region of 1H/1H surface under negative (i) and positive (j) bias. Only the 3 x 3 CDW pattern of the

1H/1H surface is visible.

(k) FFT image of (j). (1) dI/dV spectra of the 1H/1H surface, showing only the quasi-3 x 3 CDW

pseudogap. Scanning parameter: (a), (c), (g), and (i) V = —0.3V, I = —200pA; (d) and (j) V =0.3V, I = 200 pA.
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modulations arising from the different stacking configu-
rations. Figures 3(a)-3(f) show the structural and elec-
tronic properties of vertical 1H/1T heterostructures. Un-
der a negative bias (occupied state), the 1H/1T surface
exhibited an intrinsic 3 x 3 CDW superlattice of the top
1H-layer, as marked by the green rhombus in Fig. 3(c). In
contrast, under positive bias (unoccupied state), a pro-
nounced electron transparency effect is observed, wherein
the v/13 x v/13 periodic modulation of the underlying 1T-
layer is superimposed upon the 3 x 3 pattern of 1H-layer
[Fig. 3(d)]. The Fast Fourier transform (FFT) analysis fur-
ther confirms the coexistence of these two periodicities,
where the green and blue dashed circles correspond to the
3 x 3 and v/13 x /13 wavevectors, respectively [Fig. 3(e)
and Fig. S2 in the SM].

This bias-dependent behavior indicates that under a
positive bias, electrons from the STM tip can tunnel
through the top 1H-layer into the unoccupied states of
the underlying 1T-layer. In contrast, under negative bias,
the occupied states of the 1H-layer form an energy bar-
rier, causing the tunneling current to mainly reflect the
electronic states of the 1H-layer [Fig. S3 in the SM]. How-
ever, this simple tunneling-decay model cannot fully ex-
plain why the CDW modulation of the 1T-layer remains
clearly visible despite the finite thickness of the 1H-layer
and the presence of a van der Waals gap. To further un-
derstand the underlying mechanism, dI/dV spectroscopy
was performed in the 1H/1T region [Fig.3(f)]. In addi-
tion to the quasi-3 x 3 CDW pseudogap near the Fermi
level from the 1H-layer, the spectra clearly revealed the

characteristic LHB and UHB features of the 1T-phase
[Fig. S4 in the SM]. These results demonstrate that inter-
layer electronic coupling enables the correlated electronic
states of the 1T-layer to effectively influence the local den-
sity of states in the 1H-layer, thereby further enhancing
the visibility of the CDW modulation of the 1T-layer in
the STM images. This observation is consistent with the
interlayer interaction characteristics previously reported in
1H/1T TaS: heterostructures and 4Hb-TaS,. [43,44]

We further conducted comparative studies on the verti-
cal 1H/1H heterostructures, as depicted in Figs. 3(g)-3(1).
The STM images acquired under both negative and pos-
itive biases [Figs. 3(i) and 3(j)] display only the intrinsic
3 x 3 CDW pattern of the 1H-phase. The dI/dV spec-
trum of the 1H/1H region shows only a quasi-3 x 3 CDW
pseudogap without any other electronic features, as shown
in Fig. 3(1). This comparison confirms that the additional
V13 x v/13 modulation arises from interfacial electronic
coupling unique to the polytype 1H/1T interface, provid-
ing evidence for interface-driven electronic modulation in
correlated layered systems.

Figure 4 presents the structural properties of the ver-
tical 1T/1T and 1T/1H polytype heterostructures, reveal-
ing the regulatory mechanisms of different stacking config-
urations on the CDW domain structure and internal in-
teractions of the 1T-phase. As illustrated in Figs.4(a)
and 4(b), the 1T/1T surface exhibited a typical phase
domain network, which is consistent with the bulk low-
hole-doped 1T-TaSs sample. In contrast, the STM image
of the 1T/1H surface displays a uniform and long-range
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Fig. 4. Structure properties of vertical 1T/1H heterostructures. (a) and (b) STM image and schematic diagram of the 1T/1T
surface, with the phase domain walls clearly visible. (c¢) and (d) STM image and schematic of the 1T/1H surface, where the
phase domain walls are suppressed. (e) and (f) STM image and schematic diagram of the 1T/1T step edge. Phase domain

walls in the top 1T-layer are indicated by white dashed lines.

(g) and (h) STM image and schematic diagram of the 1T/1H

step edge. (i) and (j) Schematics of interlayer (T) and intralayer (V) inter-SoD interactions in the 1T/1T configuration. The

1T/1T configuration is under strong interlayer and intralayer inter-SoD interactions.

(k) and (1) Schematic of the interlayer

(T) and intralayer (V) inter-SoD interactions of the 1T/1H configuration. The Coulomb screening effect from the metallic
1H-layer weakens the intralayer inter-SoD interactions, resulting in weak interlayer and intralayer inter-SoD interactions in
1T/1H configuration. Scanning parameter: (a) and (c) V =1.0V, I = 100pA; (e) and (g) V = 0.5V, I = 100 pA.
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ordered structure with strongly suppressed domain walls
[Figs.4(c), 4(d), and Fig. S5 in the SM]. This indicates that
the underlying metal 1H-layer exerts a significant modu-
lating effect on the CDW domains of the 1T-layer. To
further validate the influence of the different stacking con-
figurations on the electronic order of the 1T-layer, the step
edges of the 1T/1T and 1T/1H configurations are shown
in Figs. 4(e)—4(h) and Fig. S6 in the SM. In the 1T/1T step
region [Figs. 4(e) and 4(f)], the upper 1T-layer still exhibits
a dense network of phase domain walls, marked by white
dashed lines. In contrast, the domain structure was sim-
ilarly weakened in the 1T/1H step region [Figs.4(g) and
4(h)], which is consistent with the observations in Fig. 4(c).
This agreement further confirms that the metallic 1H-layer
effectively modulates the local electronic structure of the
adjacent 1T-layer.

Figures 4(i)—4(1) illustrate the microscopic mechanism
underlying the distinct behaviors of these heterostructures.
In the 1T/1T configuration [Figs.4(i) and 4(j)], both the
interlayer inter-SoD interaction (T) and intralayer inter-
SoD interaction (V) remain relatively strong.*” As a

result, the system stabilizes a strong correlated Mott-CDW
state, thereby giving rise to abundant phase domains.
Conversely, in the 1T/1H heterostructure [Figs. 4(k) and
4(1)], the 1H-layer weakens the interlayer coupling and
reduces the interlayer inter-SoD interaction. Moreover,
the free charge carriers within the metallic 1H-layer exert
the coulomb screening effect on 1T-layer. This Coulomb
screening effect weakens the intralayer inter-SoD interac-
tion within the 1T-layer, ultimately resulting in the disap-
pearance of CDW domain structures and the emergence
of a long-range ordered electron distribution. These find-
ings demonstrate that polytype stacking configurations of-
fer an effective degree of freedom for tuning the correlation
strength and CDW domain configuration in 1T-TaS;. By
designing 1H/1T and 1T/1T stacking sequences within a
single crystal, synergistic control over electronic correla-
tion, interlayer coupling, and phase domain structures can
be achieved in single-crystal systems.

The interfacial electronic properties of the lateral het-
erojunctions were systematically investigated, as shown in
Fig.5. Large-scale AFM topography and SKPM surface

(c) T-H heterojunctions
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Fig. 5. Electronic properties of polytype lateral heterojunctions. (a) and (b) AFM topography (a) and SKPM surface potential
(b) images of lateral 1T-1T and 1T-1H heterojunctions. (c) Lateral view of the polytype vertical/lateral T-H heterostructures.
(d) and (e) STM images of lateral 1H/1T-1T/1T heterojunctions taken with positive (c) and negative (d) bias, with the SoD is
distinctly observable under positive bias. The white dotted line indicates the directions of the SoD in the 1H/1T and 1T/1T.
(f) Schematic of the lateral 1H/1T-1T/1T heterojunctions. The sharing S atoms at the phase boundary are highlighted by red,
and the black dotted line indicates the phase boundary in the 1H/1T and 1T/1T. (g) and (h) STM images of lateral 1T/1T-
1T/1H heterojunctions taken with positive (g) and negative (h) bias. (i) Schematic of the lateral 1T /1T-1T/1H heterojunctions.
The charge transfers at the 1T/1H heterointerface contributes the apparent difference of 1T-layer at occupied and unoccupied
states. Blue and red represent the electron depletion and accumulation regions. (j) and (k) STM images of lateral 1T/1H-1H/1H
heterojunctions taken with positive (j) and negative (k) bias. (1) Schematic of the lateral 1T/1H-1H/1H heterojunctions.
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potential images revealed micrometer-scale lateral 1T-1T
and 1T-1H heterojunctions in TaSs, as shown in Figs. 5(a)—
5(c). Atomic-scale STM characterization further revealed
rich electronic behavior at these lateral heterojunctions
[Figs. 5(d)-5(1)]. At the lateral 1H/1T—1T/1T heterojunc-
tions, the SoD superlattice can be resolved in the 1H/1T
region under a positive bias, supporting the universality
of the electronic transparency effect identified in vertical
1H/1T heterostructures. Notably, the orientations of the
SoDs in the 1H/1T and 1T/1T regions are consistent, as
indicated by the white dashed lines in Fig. 5(d). The struc-
tural model further showed that the top S atom arrange-
ment remained nearly identical across the lateral phase
boundary between the 1H- and 1T-phases, as shown in
Fig. 5(f).

In contrast, the lateral 1T/1T-1T/1H heterojunc-
tions displayed markedly different electronic properties.
CDW domain walls were observed in the 1T/1T region,
whereas the domain structure was strongly suppressed in
the 1T/1H region [Fig.5(g)], confirming the pronounced
influence of the metallic 1H-layer on the CDW order of
the 1T-layer. More intriguingly, under positive bias (un-
occupied states), all SoD units in both 1T/1T and 1T/1H
regions exhibit similar shapes and intensities.
under a negative bias (occupied states), the number of
bright SoDs in the 1T/1H region was significantly reduced
compared to that in the 1T/1T region, displaying alter-
nating bright and dark SoD patterns [Fig.5(h), Figs.S6
and S7 in the SM]. This difference can be attributed to in-
terlayer electron transfer at the 1T/1H heterointerface, as
shown in Fig. 5(i). The STM images of the lateral 1T /1H-
1H/1H heterojunctions further confirm that such charge
transfer leads to distinct electronic structures in the occu-
pied and unoccupied states of the 1T-layer [Figs. 5(j)-5(1)].
This behavior is consistent with the bright-dark SoD pat-
terns induced by the partial charge transfer previously ob-
served in Se-doped 4Hb-TaSs,**%5! which is distinct from
the novel quantum states arising from CDW defects. (%)

Our findings reveal that doping-driven structural tran-

However,

sitions can simultaneously construct both vertical and lat-
eral polytype heterostructures within a single-crystal sys-
tem. We identified universal electronic transparency and
Coulomb screening effects at their interfaces. These dis-
coveries provide pathways for modulating the correlated
states, designing artificial polytype interfaces, and con-
structing functional heterostructures. In future, by fur-
ther regulating the doping concentration, pulsed laser ir-
radiation, or localized electric fields, it may be possible to
achieve more complex and patterned polytype interfacial
structures within the same material system.

Conclusion. In this study, both vertical and lateral
polytype heterostructures were successfully realized within
low-hole-doped 1T-TaS, via thermally induced structural
transitions. Raman spectroscopy, SKPM, and STM/STS
measurements collectively identify the coexistence of the
1T- and 1H-phases and resolve their distinct electronic
characteristics at the atomic scale. At the 1H/1T inter-
face, a pronounced electronic transparency effect emerges,
where the CDW modulation of the underlying 1T layer be-
comes visible through the metallic 1H-layer. By comparing

the 1T/1H and 1T/1T stacking configurations, we found
that the metallic 1H-layer imposes a Coulomb screening
effect on the neighboring 1T-layer, suppressing intralayer
electronic correlations and eliminating the formation of
CDW domains. Overall, our results establish a robust ap-
proach for creating high-quality polytype heterostructures
within a single crystal, and provide a solid material ba-
sis for future low-dimensional quantum devices enabled by
phase-engineered architectures.

Methods.

Sample Preparation. The high-quality 1T-Ta;_,Ti;S2
single-crystals were grown by chemical vapor transport
method. Ta (99.99%, Aladdin), TaCls (99.99%, Aladdin),
S (99.99%, Aladdin), and Ti (99.99%, Aladdin) powders
with a nominal molar ratio of 1:0.02:2.05:x (z =~0.77%,
2.5%, 5%) were mixed thoroughly and then loaded into
quartz tubes. Large 1T-Ta;_,Ti;S2 crystals with size up
to 10 mm were collected for further characterization and
measurement. X-ray diffraction and energy-dispersive X-
ray spectroscopy were used to determine the crystal struc-
ture, morphology, and composition of the as-prepared sam-
ples. The Ti-doping contents of all the samples agreed with
the nominal molar ratio of the source materials, demon-
strating controllable synthesis. The polytype heterostruc-
tures were synthesized by heating low-hole-doped 1T-TaS,
(x =~0.77%) to 750 K in high vacuum (<10~ Torr) or in
an argon purged glovebox.

STM. High-quality Ti-doped 1T-TaSs crystals were
cleaved at room temperature in ultrahigh vacuum at a base
pressure of 2 x 1071° Torr, and directly transferred to the
cryogen-free variable-temperature STM system (PanScan
Freedom, RHK). Chemically etched W tips were used for
STM measurements in constant-current mode. The STM
tips were calibrated using a clean Ag(111) surface. Gwyd-
dion was used for the STM data analysis.

Data Availability. The authors declare that the data
supporting the findings of this study are available within
the article and its Supplementary Materials.
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