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ABSTRACT: Bulk Td-WTe, is a semimetal, while its monolayer counterpart is a
two-dimensional (2D) topological insulator. Recently, electronic transport
resembling a Luttinger liquid state was found in twisted-bilayer WTe, (tWTe,)
with a twist angle of ~5°. Despite the strong interest in 2D WTe, systems, little
experimental information is available about their intrinsic microstructure, leaving
obstacles in modeling their physical properties. The monolayer, and consequently
tWTe,, are highly air-sensitive, and therefore, probing their atomic structures is
difficult. In this study, we develop a robust method for atomic-resolution
visualization of monolayers and tWTe, obtained through mechanical exfoliation

and fabrication. We confirm the high crystalline quality of mechanically exfoliated
WTe, samples and observe that tWTe, with twist angles of ~5 and ~2° retains its pristine moiré structure without substantial
deformations or reconstructions. The results provide a structural foundation for future electronic modeling of monolayer and tWTe,

moire lattices.

KEYWORDS: moire patterns, scanning transmission electron microscopy, atomic resolution imaging, monolayer WTe,,

twisted bilayer WTe,, air-sensitive

he field of two-dimensional (2D) crystals and artificial

structures is rapidly expanding and providing new
opportunities in many areas of physics, chemistry, and
engineering. The 2D material library is rich."™ It has been
suggested that more than 1000 layered crystals can potentially
be exfoliated down to their monolayer limit,” only considering
known layered 3D compounds. The physical properties of the
majority of 2D crystals in this large class remain unexplored or
poorly explored, especially those beyond the air-stable
materials, such as graphene and semiconducting transition-
metal dichalcogenides (TMDs). In general, many 2D crystals
and vdW structures are sensitive to their environment, though
their bulk phases may or may not be stable in air. Hence, the
investigation of 2D crystals requires careful processing to avoid
degradation and contamination, which often calls for the
development of new synthesis, fabrication, and measurement
techniques.

An outstanding example is tungsten ditelluride (WTe,).
Bulk WTe, exists in the Td phase, which belongs to the space
group Pmn2, and lacks inversion symmetry. When exfoliating
into individual monolayers, the resulting symmetry elements
switch to space group P2;m with an inversion center. The
monolayer of Td-WTe, is also sometimes referred to as the 17"
phase in the literature.” Each isolated WTe, monolayer
consists of one W plane sandwiched between two Te planes,
where each W atom is bonded to six Te atoms, forming
distorted-octahedral polyhedrons. Within the W plane, the W
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atoms form zigzag chains along the a axis. Monolayer WTe,
was shown experimentally to be a good insulator and exhibit
the QSH effect up to 100 K>~ It was the first realization of a
QSH insulator in an isolated 2D monolayer device. The
insulating ground state of the monolayer is surprising, as it was
not captured by early predictions’ and bulk WTe, is a
semimetal.”” Recent studies have further suggested that the
insulating ground state stems from the formation of excitons:
i.e, monolayer WTe, is an excitonic insulator.'"™"? Upon
moderate electrostatic gating, the monolayer insulator can be
further converted to a superconductor.'”'* More recently,
twisted-bilayer WTe, (tWTe,) with a small interlayer twist
angle (near 5°) was shown to exhibit a strongly anisotropic 2D
phase that behaves like an array of 1D conducting channels
described by the Luttinger liquid theory.'> The result may lead
to new advances in the field of correlated quantum matter and
non-Fermi liquid. Independent scanning tunneling microscopic
measurements on tWTe, focused on how twisting tunes the
QSH properties at various twist anégles and found consistent
moiré effects at small twist angles.'
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Figure 1. Schematic representation of the fabrication of monolayer and twisted-bilayer WTe, for plan-view TEM studies. (a) tWTe, is prepared by
the “tear and stack” technique, using a polycarbonate (PC)/polydimethylsiloxane (PDMS) stamp. (b) 10 nm Pd is deposited on holey Si;N, TEM
grids; subsequently, the sample is placed on the pretreated TEM grid by melting down the stamp. (c) Heating at 190 °C for 10 min causes some of
the Pd to transport along the (t)WTe, layers. This causes the specimens to be strongly attached to the TEM grid; finally the PC residues are
washed off with chloroform. Because of the enhanced adhesion due to the Pd transport on WTe,, the samples survive the washing step. The inset
shows one enlarged TEM grid containing resulting freestanding WTe, samples.

Despite these exciting developments in probing the
electronic properties of the 2D WTe, system, direct
experimental imaging of their atomic structures largely falls
behind, mainly due to WTe,’s air-sensitive nature. The issue is
severe for understanding the physics of 2D WTe, systems since
the underlying structures in realistic samples may well be
different from the simulated patterns based on rigid
monolayers. As a comparison, in the extensively studied
twisted bilayer graphene (TBG) systems, it has been well
established that atomic scale moiré reconstruction and strain
effects are critical to its structural and electronic proper-
ties..'”~*' Lattice reconstruction has been discussed in air-
stable twisted-bilayer TMDs and TMD heterostructures as
well2272* In particular, scanning/transmission electron mi-
croscopy (S/TEM) is widely used as a direct structural
visualization tool.'”*'™** S/TEM studies have shown that
atomic and electronic reconstructions in TBG are significant
when the twist angle is smaller than 1°, resulting in a gradual
transition from an incommensurate moiré structure to an array
of commensurate domains.'”*""** In general, it is important to
directly visualize, experimentally, the underlying 2D crystals
and moiré structures of interest. As far as we know, only a few
studies have imaged monolayer WTe, thus far’*™>* and no
direct imaging of tWTe, samples with an atomic resolution
exist. Beyond WTe,, challenges are universally presented for
air-sensitive 2D materials and their moiré structures.

We first developed a step-by-step methodology to obtain
atomic-resolution STEM images of the highly air-sensitive
monolayer and tWTe,. Our study reveals that WTe,
monolayers obtained through exfoliation with Scotch tape
exhibit a flat morphology without notable rippling or atom
vacancies. This observation stands in contrast to the CVD-
grown samples that were previously investigated.”” This
highlights the differences in monolayer WTe, samples that
are important to consider when discussing their physical
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properties. We also verify that the in-plane structure of WTe,
monolayers does not change in comparison to that of bulk
crystals, which is an important observation for electronic
modeling of the monolayer. We subsequently employ a
methodology identical with that used to image tWTe,, derived
from exfoliated monolayers. Our findings reveal that tWTe,
with angles of ~5 and ~2° exhibit a strong resemblance to the
anticipated moiré pattern, pointing to the absence of significant
lattice reconstructions, although reconstructions might still
appear at other angles. This information is important for
understanding the intriguing electronic properties in the
system, including Luttinger liquid physics. Herein, we
demonstrate the first S/TEM study on a twisted-bilayer
WTe, with an orthorhombic lattice, and the techniques can be
readily extended to directly visualize tWTe, at arbitrary twist
angles, as well as other air-sensitive 2D structures in the future.

WTe, crystals were prepared via self-flux growth. Studies of
the residual-resistance ratio (RRR) and energy dispersive X-ray
spectroscopy (EDS) confirmed the high quality of WTe,
crystals (Figures S1 and S2). Monolayers of WTe, were
exfoliated onto Si/SiO, wafers using Scotch tape (Figure S3).
More experimental details are given in the Supporting
Information (SI). The plan-view TEM sample preparation
process is shown in Figure 1. Suspending 2D materials onto a
holey TEM grid can be challenging due to the fragility of the
materials and weak bonding between the materials and the
grid. It is also important for the materials to survive the
subsequent chemical cleaning processes. We initially tried to
transfer WTe, specimens directly onto holey Si;N, TEM grids
(both as-bought and O, plasma cleaned), but the atomically
thin flake would usually not survive the chloroform bath
necessary for removing the polymer layer, as the flake tends to
move or break during the process. Although monolayers of
WTe, may still be found on a TEM grid this way, the
uncontrolled motion makes it challenging to prepare twisted
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Figure 2. Optical microscopy (OM) images of monolayer and twisted-bilayer WTe,. (a) OM image of a monolayer WTe, on a SiO,/Si substrate.
(b) OM image of a monolayer and a twisted-bilayer WTe, on a PC/PDMS stamp after “tear and stack”. (c¢) OM image of a monolayer and a
twisted-bilayer WTe, after transferring to a holey Si;N, TEM grid. The twisted-bilayer WTe, is highlighted by a pink shadow.
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Figure 3. Experimental and simulated STEM imaging of monolayer WTe,, viewed along the ¢ axis. (a) Crystal structure of single- and few-layer
WTe,. Experimental (b, c) and simulated (d, e) HAADF-STEM images and FFT patterns for monolayer WTe,. Simulated electron diffraction

patterns used the structural information from ref 30.

samples with fixed twist angles. Thus, an improved procedure
was developed to increase the adhesion of WTe, specimens on
the TEM grid, as described in the following. To prepare the
TEM grids, we first treated them with O, plasma and
subsequently deposited a 10 nm layer of Pd, which we found
greatly increases the adhesion between WTe, and the grid after
heat treatment at 190 °C for 10 min, which causes some of the
Pd to transport along the (t)WTe, layers.”” Therefore, the
specimens became strongly attached to the TEM grid. Using
this specially treated adhesion-enhanced Si;N, TEM grids,
suspended monolayer and tWTe, specimens could be reliably
obtained. (Figure 2) More details on how to obtain clean and
crystalline monolayer and tWTe, samples can be found in the
SI section Ensuring High-quality Specimens and Figure S4.
This method could be an efficient route for preparing many
other atomically thin TEM specimens, as well. The optimized
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adhesion layer to deposit on the TEM grid may vary
depending on the material under investigation.

Although the primary objective of this study is to explore the
intrinsic structure of monolayer and twisted-bilayer WTe, by
using S/TEM, it is crucial to conduct a thorough character-
ization of the structure and composition of bulk WTe, crystals
by using cross-sectional S/TEM. This characterization is
necessary to ensure the exclusion of any inaccuracies arising
from atomic-level impurities or defects. Our investigations
have verified that our bulk WTe, crystals exhibit minimal
defects and impurities, making them suitable for obtaining
high-quality monolayer and twisted-bilayer WTe,. For more
detailed information, including structural characterization and
composition analysis of bulk Td-WTe, crystals, please refer to
the SI section titled Structural Characterization and
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Composition Analysis of Bulk Td-WTe2 Crystals and consult
Figures S5 and S6 and Table S1.

We also took the opportunity to study the instability and
degradation of free-standing monolayer WTe, upon air
exposure, where we found that it transforms to a uniform
amorphous oxide within 1/2 h; more discussion on the
degradation of monolayer WTe, in ambient conditions can be
found in the section Instability and Degradation of Single- and
Few-Layer WTe2 Nanosheets in Ambient Conditions and
Figure S7 in the SI. For all other S/TEM images, samples were
carefully preserved in Ar or under vacuum during the entire
experimental procedure to prevent sample degradation.

We are now proceeding to analyze ultrathin WTe, samples
using S/TEM. Previous S/TEM imaging of atomically thin
WTe, was limited to 60—80 kV to reduce the electron beam
damage.”*** In this work, we imaged monolayer WTe, and
tWTe, under 300 kV to obtain atomic-resolution images for
microstructural analysis. Experimental details about how we
reduce beam damage can be found in the section Beam
Damage: 80 kV vs 300 kV of the SI and Figure S8. We begin
with discussing the images of monolayer WTe,, as these
provide the foundation for understanding twisted samples,
discussed later in the paper.

Figure 3 shows the crystal structures of single- and few-layer
WTe, viewed along the ¢ axis. There are significant differences
between single- and few-layer WTe,: (i) the Te atoms in
monolayer WTe, form zigzag chains along the a axis, and such
chain features disappear in few-layer samples due to the ABAB
stacking order; (ii) the distribution of the W atoms along the a
axis becomes more complex when more than one layer is
considered, as visualized in Figure 3a. Since the image
intensity/brightness is directly related to the square of the
atomic Z number in HAADF-STEM images, we can identify W
and Te atoms according to their brightness. This information
is also useful to distinguish monolayer from few-layer samples.
Figure 3b,e displayd the experimental and simulated atomic-
resolution HAADF-STEM images of a monolayer WTe,, while
Figure 3c,d shows the corresponding FFT patterns. The
experimental images display intact structures, which agree well
with the expected results for a monolayer. No beam-induced
lattice displacements or electron-induced vacancies are
observed. These results confirm that monolayer WTe, remains
in the same structure as in its bulk Td orthorhombic phase. For
comparison, an image of a few-layer flake is shown in Figure S9
in the SI; it agrees well with the structure of few layers in
Figure 3a. Therefore, it is easy to distinguish monolayers from
thicker flakes. Table 1 lists the d-spacing of bulk, exfoliated
single-layer, and few-layer Td-WTe,. Within the measurement
error range of TEM, we do not observe significant changes in
d-spacing in the (200), (020), (120), and (130) lattice planes,
when the thickness is decreased. Thus, the crystal structure of

Table 1. Experimental and Simulated d-Spacing of Bulk,
Scotch-Tape Exfoliated Single-Layer, and Few-Layer Td-
WTe,

lattice plane

(200) (020) (120) (130)
sim bulk®® (A) 1.74 3.14 2.34 1.80
exp few-layer (A) 1.72 3.10 2.30 1.76
exp monolayer (A) 1.73 3.16 231 1.78
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the monolayer seems to undergo no significant change or
relaxation as compared to its bulk form.

Another important consideration in characterizing mono-
layers is the potential presence of “rippling”, which may
introduce strain and impact the electronic properties. A recent
study”” reported significant rippling in CVD-grown monolayer
WTe,. This raises the question of whether WTe, monolayers
are inherently corrugated or if the observed rippling is a
consequence of sample preparation. It has been demonstrated
that high temperatures during the CVD process (up to 820
°C) can induce rippling in monolayer samples.”"

In our study, the samples were exposed to a maximum
temperature of 190 °C for 10 min, which is considerably lower
than those reported in previous studies. This relatively lower
temperature and shorter exposure time may have contributed
to the flatter appearance of our samples. To further support
this observation, we examined larger-scale monolayer WTe, in
multiple locations (see Figure S10) and found no evidence of
rippling in the investigated areas. However, it should be noted
that additional research is needed to confirm whether the
difference in heat exposure is indeed responsible for the flatter
samples. Our findings suggest that perfectly flat monolayers of
WTe, can be obtained and emphasize the importance of
sample quality and preparation methods in studying their
properties.

Having established that WTe, monolayers can be imaged at
atomic resolution and are of high quality, we can now proceed
to study the intrinsic structure of tWTe,, focusing on a ~ 5°
twist angle. At this angle, the recently observed exceptionally
large transport anisotropy together with the power law scaling
in conductance in tWTe, has implied the formation of a
strongly correlated 2D non-Fermi liquid phase consisting of an
array of 1D Luttinger liquids."> However, the atomic structure
of this new moiré material remains unexplored.

Figure 4 shows an atomic-resolution STEM image of tWTe,
with a twist angle of ~5°. We confirm the twist angle to be ~5°
via the FFT pattern in the inset, which agrees with the targeted
stack angle aimed at in the fabrication. Each monolayer WTe,
contains sandwiched Te—W—Te layers (Figure SSa), and
consequently, tWTe, consists of six atomic layers. For better
illustration, it helps to consider the moiré patterns formed by
W and Te atoms separately. The W and Te patterns, assuming
rigid layers, are shown in Figure 4a and Figure S11I,
respectively. This simplified view reveals that W atoms form
1D stripes while Te atoms form a triangular moiré pattern,
although the Te layer should also reflect the rectangular
superlattice structure, especially when their distributions in the
vertical direction are considered. The overlapping of the six
atomic layers in tWTe, with a twist angle of ~5° forms a
complex moiré pattern along the ¢ axis as shown in Figure 4b.
The triangular moiré pattern formed by Te atoms is difficult to
identify in experimental STEM images, although STEM is a Z-
contrast technique. However, the 1D pattern formed by W
atoms is clearly observed, which looks consistent with the
simulated moiré pattern formed by only W atoms. The
HAADEF-STEM image of tWTe, confirms the strongly
anisotropic moiré pattern forming a stripelike structure
(owing to its rectangular cell), separated by a fixed interstripe
distance of ~7.3 nm, close to the value reported by Wang et
al.'"® (Figure 4a,c) Figure 4d suggests that the measured image
agrees well with the simulation assuming rigid W layers; thus,
we do not observe obvious reconstruction in tWTe, at this
twist angle of ~5°.
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Figure 4. Moiré patterns of tWTe, with a twist angle of ~5°. (a) Simulated moiré pattern formed by W atoms. The direction of 1D W stripes is
highlighted by a black line. (b) High-resolution STEM image of tWTe, with a twist angle of ~5°. The inset is the FFT pattern. (c) Enlarged STEM
images labeled by yellow frame in (b). (d) Overlay of enlarged experimental STEM images with simulated W moiré pattern.

The assessment of reconstruction in the sample poses some
uncertainty due to the limited resolution of the STEM images.
Quantitative analysis regarding the extent of reconstruction
becomes challenging under these circumstances. Our observa-
tions, based on the comparison between simulated and
experimental STEM images, reveal no detectable reconstruc-
tion within the range of the standard deviation for atomic-
resolution STEM images (0.01 nm). Thus, a shift of atoms
smaller than 0.01 nm may go unnoticed using this approach.
Additionally, as noted above, the simulated images indicate the
formation of 1D stripes by the W atoms and a triangular moiré
pattern by the Te atoms. While the experimental STEM
images clearly display the 1D pattern formed by the W atoms
(in excellent agreement with the nonreconstructed simulated
images), the triangular moiré pattern formed by the Te atoms
remains unresolved in our experiments. Consequently, our
discussion and conclusion regarding potential reconstruction
primarily rely on the behavior of the W atoms. If there is any
reconstruction associated with the Te atoms, it would remain
undetected.

While we established that it seems highly unlikely that lattice
reconstruction affects ~5° tWTe,, it is important to note that
significant reconstruction is usually observed in samples with
much smaller twist angles. We therefore analyzed another
tWTe, sample with a twist angle of ~2°, and the results can be
found in Figure S12 in the SI. At this twist angle we could
again not find any obvious signs of reconstruction; however,
the picture is less clear than in the ~5° degree case. It remains
possible that tWTe, undergoes reconstruction at other angles.
Still, thus far, moiré-induced properties have only been
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experimentally detected in ~S5° tWTe,, which makes our
confirmation of a lack of reconstruction in these samples
relevant.

In principle, the imaging method described herein can be
extended to other highly air-sensitive samples and twisted
devices. We established an approach to obtain atomic-
resolution images of tWTe, samples fabricated from
mechanically exfoliated flakes. Future studies on tWTe, with
different angles can help understand its potentially rich moiré
physics.

In conclusion, we developed a methodology to prepare plan-
view TEM samples from air-sensitive Scotch-tape-exfoliated
monolayer and twisted-bilayer WTe, samples. The procedure
results in clean and suspended monolayer and twisted-bilayer
WTe, specimens. We established that the in-plane crystal
structures of monolayer WTe, are the same as its form in the
bulk parent, confirmed by their identical in-plane d-spacings.
We investigated the moiré patterns of tWTe, with twist angles
of approximately S and 2° and observed no noticeable lattice
reconstruction. This observation is an important input for
modeling of the atomic and electronic structures in this highly
interesting material system. The direct visualization procedure
described in this work deepens the understanding of the
intrinsic microstructure of monolayer and twisted-bilayer
WTe,, which is important for understanding and manipulating
their quantum properties.
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