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Direct synthesis of two-dimensional (2D) materials with moiré pat-
terns can provide 2D moiré structures with a clean interface and
be useful for future electronics applications. However, the syn-
thesis of moiré structures with small rotation angles is challenging
since such structures possess the tendency to untwist during high
temperature synthesis. Here, we study the moiré structures formed
by epitaxially grown 2H TaSe, monolayers on Au(111). By resolving
atomic configurations using scanning tunneling microscopy (STM),
we reveal the as-grown TaSe, monolayers demonstrate small
rotation angles between 0° to 3° with respect to the underlying Au
lattices. We demonstrate that the deposition sequence of Se and
Ta during growth can make an important difference: first deposit-
ing Se on Au predominantly gives small rotation angles, while first
depositing Ta on Au predominantly results in perfectly aligned lat-
tices. Further, we unveil that defects, including hole and line
defects, are closely related to the changing orientations of moiré
superlattices. Our work provides important insights for the syn-
thesis of small-twist-angle moiré structures and will facilitate
future studies of TaSe, and moiré physics and devices in general.

Moiré patterns are superlattice patterns, formed for example
when a two-dimensional (2D) layer is stacked on another
lattice with lattice mismatch or a twist angle. The large period-
icity (compared to that of the original lattice) moiré potential
not only affects atomic structures, but also changes electronic
bands. Recently, a variety of fascinating quantum states and
phenomena has been reported in 2D van der Waals (vdW)
moiré structures, including for example unconventional super-
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conductivity and Mott insulating states in magic-angle (special
twist angles typically smaller than 2° in twisted multilayer gra-
phene') graphene superlattices,”* quantum trapped excitons*?
and fractional topological states in twisted transition metal
dichalcogenides (TMDCs) bilayers®® and moiré magnetism in
twisted 2D magnets.'**?

Moiré patterns in 2D vdW structures can be prepared by
artificially stacking the mechanically exfoliated 2D layer on
another with a twist angle, which can be controlled by a
tunable experimental transfer stage. With this approach, one
can in principle produce any twist angles and thus fabricate
different designed moiré superstructures. However, the inter-
layer contamination, as well as lack of mass production and
twist angle precision of this method hinder further appli-
cations of 2D vdW moiré structures in future twistronics.
Direct synthesis of moiré structures can produce a clean inter-
face and hold the potential of scalable synthesis, thus over-
coming the limitations of mechanical exfoliation. By lattice
mismatch engineering, hetero-site nucleation or using pre-
rotated substrates, twisted 2D TMDCs and bilayer graphene
have been synthesized.">™"” However, controllable synthesis of
moiré superlattices with small twist angles is difficult. The
ability to achieve small twist angles is of special interest, for
example, in magic-angle graphene systems and other twisted
structures when a relatively large moiré periodicity is desired
for electronic state engineering or device applications.>"°

Previous studies of 2D materials grown on single crystals
have shown occasional growth of moiré superlattices with
small rotation angles.'®>° Factors such as interaction strength,
strain and interfacial adlayers have been widely discussed and
demonstrated to play crucial roles in the final patterns and
rotation angles.”'”* These results highlight the potential of
growing 2D materials on single-crystalline lattices, for the
achievement of controllable growth of small-rotation-angle
moiré structures.

Here we explore the moiré structures formed by epitaxially
grown 2H TaSe, monolayers on Au(111). TaSe, in its 2H phase
is a well-known metallic layered/2D material with interesting
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physical properties ranging from charge density wave (CDW) to
superconductivity.>*>® We resolve the topographic and atomic
structures of the moiré patterns by scanning tunneling
microscopy (STM) and confirm the 2H phase of as-grown
TaSe, by an ultrahigh vacuum (UHV) multiprobe surface ana-
lysis system, including STM, X-ray photoelectron spectroscopy
(xPS) and high-resolution electron energy loss spectroscopy
(HREELS). We reveal that the as-grown 2H TaSe, flakes demon-
strate a variety of small rotation angles spanning from 0° to 3°,
which may result from thermal fluctuation induced by Se at
the interface of TaSe, and Au. Further analysis shows that
defects are associated with changing moiré orientations.
Changing the deposition sequence to first depositing Ta
(instead of Se) on Au gives predominantly alighted lattices
(instead of small twisting angles). Our work opens up an
avenue for the synthesis of moiré patterns with small twist
angles and may facilitate the future exploration of moiré
physics and devices.

TaSe, monolayer flakes were synthesized on Au(111) in an
UHV environment. Se and Ta were deposited sequentially on a
freshly cleaned Au surface by thermal and sputtering depo-
sition, respectively. After annealing at 400 °C in protective Se
flux, TaSe, triangular islands were epitaxially grown on the Au
surface (Fig. 1(a), see growth details in the ESI Fig. S1 and
S2t). The samples were then characterized by STM at room
temperature, at which one does not expect to observe CDW
phases®*2° (typically occurring below 120 K) of 2H TaSe,. In
the magnified STM topographic image, a big TaSe, island
(constructed by a few triangular TaSe, flakes joined together)
displays a hexagonal periodic pattern with a relatively large
periodicity of 16.0 + 0.3 A (Fig. S3a,T where error is the stan-
dard deviation from different measurements at different posi-
tions). This large-periodicity hexagonal pattern, as discussed
below, is the moiré pattern formed between TaSe, monolayer
and underlying Au (111). The height of the flake is ~2.2 A
(Fig. S3b¥), comparable with the height of monolayer TMDCs
grown on Au(111)." This height is smaller than the interlayer
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distance in bulk TaSe, (~6.1 A),? possibly due to the strong
interaction between TaSe, and Au(111) or a reduced tip-
sample tunneling conductance.'® Further, atomic resolution
STM was carried out to understand the moiré pattern. In
Fig. 1(b), except for the large pattern, hexagonal atom arrays
with the periodicity of 3.44 + 0.14 A were observed, consistent
with the lattice constants of TaSe,.> Meanwhile, it is clearly
seen that the lattices of moiré and TaSe, are not aligned per-
fectly, but with a rotation angle of ¢ = 6.0° + 0.9° between
them, which was also distinguished in the 2D fast Fourier
transform (FFT) image (Fig. 1(c)). 2D FFT demonstrates two
sets of hexagonal patterns, representing the reciprocal lattices
of moiré and TaSe,. The angle between the two lattice vectors
kmoire and Krase, is 5.8° = 0.6°, close to the rotation angle
observed in the real space STM image (Fig. 1(c), ¢ = 6.0 + 0.9°).
The epitaxial relation among the TaSe, overlayer lattice, under-
lying Au(111) lattice and moiré superlattice can be demon-
strated by the following equation of reciprocal lattice vectors:
Kmoire = krase, — kau(111) (inset of Fig. 1(c)). Since the magnitude
4r
V3a
the lattice constant in real space), one can calculate the
rotation angle 6 = 1.0° + 0.1° between the TaSe, and underlying
Au(111) by using measured dmoirs = 16.0 £ 0.3 A, Grase, = 3.44 +
0.14 A and ¢ = 5.8° + 0.6°. Note the lattice constant of Au(111)
was not involved in the calculation for rotation angle 6. With
the above method, we obtained a calculated lattice constant
for Au of 2.84 + 0.04 A, in reasonable agreement with the
known lattice constant of Au(111) of 2.88 A.*°

Since TaSe, can present both 2H and 1 T phases and they
exhibit different atomic configurations,” XPS and HREELS
were further conducted to confirm the phase of the as-grown
TaSe,. Core-levels of Ta measured by XPS show one set of
peaks at the binding energies of 23.5 eV and 25.4 eV (Fig. 2(a)),
corresponding to Ta 4f;, and 4fs, orbitals in 2H TaSe,,
respectively®’ (different from those of 1T TaSe, at 22.6 eV and
24.4 eV*?). Meanwhile, XPS spectra of Se 3d exhibit two sets of

of reciprocal space vector for a hexagonal lattice k is (ais

kmoiré
/

L

Low

Fig. 1 Epitaxially grown TaSe, monolayer flakes on Au(111). (a and b) STM images of topographic and atomic structures of the as-grown TaSe;
monolayer flakes. The white and red rhombuses indicate the moiré and TaSe, unit cells, respectively. The white and red arrows are the lattice
vectors of moiré and TaSe, lattices, respectively. The rotation angle between moiré and TaSe; lattice vectors is ¢. (c) A 2D FFT image of Fig. S4,}
which is a bigger-area STM image taken on the same TaSe; flake as that in (b). The red arrows represent reciprocal lattice vectors of moiré and TaSe,
lattices. Inset: the relation between reciprocal lattice vectors of moiré, TaSe, and Au(111) lattices. ¢ and 0 represent the rotation angle between lat-
tices of moiré and TaSe,, and between TaSe, and Au(111), respectively. STM measurement conditions: V, = —0.5V, Iy = 1.0 nA.
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Fig. 2 XPS and HREELS spectra of the as-grown TaSe, monolayers. (a and b) XPS core-level spectra of Ta and Se, respectively. Dark blue lines and
black circles denote the fitted and raw data, respectively. Black lines are backgrounds. Purple peaks in (a) represent the fitted components for Ta.
Yellow and green peaks in (b) represent the fitted components for Se. The light blue peak in (b) represents the Au 5psz/, peak. Fitting details are
shown in the ESI Table S1.} (c) HREELS spectra of the as-grown TaSe, monolayers. Inset: a zoomed-in spectrum of (c) after background subtraction.

peaks. The peaks at lower binding energies of 53.7 eV and
54.6 eV (Fig. 2(b)) are close to those of 2H TaSe, at 53.6 eV and
54.5 eV’" (different from those of 1T TaSe, at 53.3 eV and
54.1 eV*?). In addition, we also observed a minor set of Se com-
ponents at the binding energies of 55.4 eV and 56.3 €V, close
to those of elemental Se (55.6 eV and 56.5 eV).”’ Interestingly,
these components were absent when we switched the depo-
sition sequence of Se and Ta during growth (i.e., depositing Ta
before Se, detailed discussions of growth with different depo-
sition sequences could be found in the following text). The
minor set of Se peaks could be possibly attributed to elemental
Se at the interface between TaSe, and Au(111). Moreover, two
electron energy loss signals were detected at 26 meV and
31 meV (Fig. 2(c)) by HREELS, in fair agreement with the
characteristic E,, and A;, phonon modes® (215 cm™' and
233 cm™, equal to ~27 meV and ~29 meV, respectively) of
monolayer 2H TaSe, previously measured by Raman spec-
troscopy and significantly different from those of 1T TaSe, at
~185 cm™" (~23 meV) and ~105 ecm ™" (~13 meV),** confirming
the 2H phase of the as-grown TaSe,.

To understand the moiré structures of 2H TaSe, monolayers
on Au(111), we analyzed 51 TaSe, flakes based on three experi-
mental batches and obtained the statistical distribution of the
rotation angles between the as-grown TaSe, and Au(111). It
should be noted that, to ensure high quality STM images,
typical sizes of the analyzed flakes are above ~8 nm. Fig. 3(a)-
(c) display three representative moiré patterns. Although they
all present hexagonal moiré patterns, it can be seen that the
orientations between the lattice of moiré and TaSe, are
different. Detailed analysis confirms that the rotation angles
(6) between TaSe, and Au(111) in these three cases are 0.46° +
0.04°, 1.3° + 0.06° and 2.3° + 0.09° (Fig. 3(a)—(c), respectively).
All the analyzed angles are found to range from 0° to 3° and
their distribution is shown in Fig. 3(d). TaSe, flakes with
rotation angles between 1.0° and 1.5° occupy the biggest popu-
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Fig. 3 Different moiré orientations of 2H TaSe, monolayers on Au(111).
(a—c) Atomic scale STM images of the moiré structures on three
different TaSe; flakes. V,, = —1.0 V, I; = 1.0 nA. The angle between moiré
and TaSe; lattices is represented by ¢. The rotation angle between TaSe,
and Au(111) lattices is represented by 6. The white and red rhombuses
indicate the moiré and TaSe, unit cells, respectively. Note the crystal
orientations of Au(111) are different in (a—c) (indicated by the yellow
arrows). It is because (a—c) are results from different experimental
batches and the Au(111) crystal was remounted a few times during the
experiment. (d) Distribution of the rotation angle 9 based on the ana-
lyzed 51 TaSe; flakes.

lation (~32%), and ~82% of the as-grown flakes exhibit
rotations between 0.5° and 2.0°.

Further, we investigated the origin of the small rotation
angles. We observed that the overall lattice rotations of the as-

This journal is © The Royal Society of Chemistry 2025
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grown TaSe, exhibit strong dependence on the deposition
sequence of Se and Ta in the growth. When Se was first de-
posited on Au, TaSe, is likely to present various small rotation
angles (schematically depicted in Fig. 4(a)) as discussed above.
In contrast, when Ta was first deposited on Au, TaSe, mostly
demonstrates perfectly aligned lattices (schematically depicted
in Fig. 4(b)). Topographic and atomic resolution moiré struc-
tures of TaSe, grown by first depositing Ta on Au are shown in
Fig. 4(c) and (d), respectively (more details in Fig. S5t). It can
be seen that the orientations of moiré superlattice and TaSe,
lattice are perfectly aligned with each other, suggesting a 0°
rotation relation between TaSe, and underlying Au lattice. The
periodicity of the moiré superlattice is 16.2 + 0.1 A. Further
analysis (Fig. 4(e)) of 47 TaSe, flakes shows that 6 = 0° domi-
nates the rotation angles, accounting for ~88% of the analyzed
flakes, dramatically different from the case when Se was de-
posited first on Au. We attribute this intriguing difference to
the interfacial fluctuation induced by Se at the interface of
TaSe, and Au(111). Since it is known that interfacial intercala-
tion can trigger twisting in 2D layers,>® when Se is first de-
posited on Au, it is possible that interfacial Se forms on Au
(111) upon annealing,*>*® generating thermal fluctuations and
resulting in the growth of TaSe, with small rotation angles. In
contrast, when Ta is first deposited on Au, no interfacial Se
exists between TaSe, and Au (Fig. 4(f), compared with
Fig. 2(b), only Se XPS peaks corresponding to 2H TaSe,, at the
binding energies of 53.7 eV and 54.6 eV, were observed).
Therefore, TaSe, prefers the perfectly aligned lattices on Au

a Small angle rotated Iamcesw»vvwvwvw HAARAAA AR
s:'v'vwsw%sww»ws:?'v

XA 1. Se deposition
R 2. Ta deposition
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(111). To confirm the existence/lack of interfacial Se, further
characterizations by other surface-sensitive and high-resolu-
tion techniques such as synchrotron XPS*”*® and X-ray stand-
ing wave (XSW)*”*® are worth considering in future studies.

We also observed that changes in the orientations of moiré
superlattices appeared along with defects formed during the
growth. Fig. 5(a) shows the continuity of the moiré superlattice
is disrupted by a hole defect in the TaSe, flake. With the hole
defect in the center, an area within ~8 nm from the defect is
obviously distorted. Moiré orientations could also be affected
by line defects (e.g. edges and grain boundaries). The orien-
tation of the moiré superlattice in Fig. 5(b) demonstrates a
sudden rotation of 20° inside a single triangular flake, indicat-
ing two lattice orientations in this flake. This is unusual for a
single synthesized triangular TMDC flake because it typically
exhibits single crystallinity within the entire flake.*>*® The
different lattice orientations could possibly be attributed to
strain induced during growth from the edges.*' This phenom-
enon was also observed when two TaSe, flakes are connected
by a grain boundary. In Fig. 5(c), two moiré superlattices
exhibit an angle of 9° between them, separated by a grain
boundary that makes a change in the orientations of the two
moiré superlattices.

It has been well-known that defects in 2D materials are
actively involved in triggering local atomic reconstruction,*?
creating novel atomic structures,”® inducing atomic movement
and phase transitions.**** Here, defects may play a role in
inducing local atomic migration and strain field,**® thus con-
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Fig. 4 Moiré structures of 2H TaSe, on Au with different deposition sequences. (a and b) Schematic illustrations of moiré structures of 2H TaSe;, on
Au when changing the deposition sequence of Se and Ta, respectively. (c and d) Topographic and atomic structures images of the perfectly aligned
TaSe; lattices on Au, respectively. V, = —=1.0 V, ; = 1.0 nA. The white and red rhombuses in (c) and (d) indicate the moiré and TaSe; unit cells, respect-
ively. The white and red arrows in (d) are the lattice vectors of moiré and TaSe; lattices, respectively. (e) Distribution of the rotation angle ¢ based on
the analyzed 47 TaSe; flakes grown by depositing Ta first on Au in the growth. (f) Se 3d XPS spectra on a sample grown by depositing Ta first on Au
(111). Black circles and dark blue curves represent raw and fitted curves, respectively. Yellow components are Se in TaSe,. The light blue component

is the Au 5p3,, peak.
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Fig. 5 Moiré orientations near defects. (a) Moiré structures affected by
a hole defect. The black dashed circle approximately outlines the area of
moiré lattices that are disturbed. (b and c) Moiré orientations affected by
line defects. The two black arrows in (b) point to the edges of the flake
(and another flake at lower left). Dashed white lines in (b) and (c) are
guides for eyes for the orientations of moiré superlattices. Black dashed
lines in (b) and (c) approximately indicate the boundaries where moiré
patterns change orientations. V,, = =0.5V, Iy = 1.0 nA.

tributing to lattice rotations. To further clarify the role of
defects in moiré formation, atomic-scale dynamic imaging
approaches, such as transmission electron microscopy (TEM),
could be conducted in future. With electron beam irradiation
during imaging, real-time defect formation and its role in dis-
turbing moiré patterns could be further studied.

Conclusions

In summary, we demonstrated the epitaxial growth of TaSe,
monolayers on Au(111) and the moiré structures formed by
the two lattices. The 2H phase of the as-grown TaSe, was con-
firmed by the observation of characteristic binding energies in
XPS and phonon modes in HREELS spectra. Further, by resol-
ving atomic structures characterized using STM, we observed
different rotation angles between the as-grown TaSe, lattices
and the moiré superlattices. Statistical analysis showed that
the TaSe, lattices exhibited small rotation angles with respect
to the underlying Au(111) lattices, ranging from 0° to 3°, with
most rotation angles between 1.0° and 1.5°. More importantly,
we illustrated that the small-rotation-angle moiré structures
were likely to grow when Se was first deposited on Au.
Depositing Ta first leads to the dominant growth of perfectly
aligned TaSe, lattices. This difference may result from inter-
facial Se which disturbs lattice alignment and weakens
sample-substrate interaction during growth. An interesting
comparison may be made with, for example, the role of a 2D

6478 | Nanoscale, 2025, 17, 6474-6480
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material in remote epitaxy,*”*® where interfacial interactions
are also weakened. Our approach and findings (such as the
deposition order of different elements may lead to different
alignments) may offer new insights to enhance the control of
other methods of 2D materials growth (such as remote
epitaxy), thereby facilitating the fabrication of advanced semi-
conductors and oxide films for future electronics. In addition,
we demonstrated that defects, including hole and line defects,
can be associated with changing orientations of moiré super-
lattices. Our work sheds new light on the understanding of
synthesized moiré structures. Future studies, such as using a
2D single crystal substrate or proper interfacial engineering,
can be conducted for the general synthesis of 2D moiré vdW
structures particularly with small rotation angles, thus promot-
ing both their fundamental studies and twistronic
applications.
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