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Large-Area 2D Layers Enables Efficient and Precise
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1. Introduction

Moiré superlattices, consisting of rotationally aligned 2D atomically thin

layers, provide a highly novel platform for the study of correlated quantum
phenomena. However, reliable and efficient construction of moiré
superlattices is challenging because of difficulties to accurately angle-align
small exfoliated 2D layers and the need to shun wet-transfer processes. Here,
efficient and precise construction of various moiré superlattices is
demonstrated by picking up and stacking large-area 2D mono- or few-layer
crystals with predetermined crystal axes, made possible by a
gold-template-assisted mechanical exfoliation method. The exfoliated 2D
layers are semiconductors, superconductors, or magnets and their high
quality is confirmed by photoluminescence and Raman spectra and by
electrical transport measurements of fabricated field-effect transistors and
Hall devices. Twisted homobilayers with angle-twisting accuracy of ~0.3°,
twisted heterobilayers with sub-degree angle-alignment accuracy, and
multilayer superlattices are precisely constructed and characterized by their
moiré patterns, interlayer excitons, and second harmonic generation. The
present study paves the way for exploring emergent phenomena in moiré

superlattices.

Moiré superlattices, formed by stacking 2D
mono- or few-layer crystals at a specific
twist angle, have emerged as novel cor-
related material systems due to their tai-
lored band topology and electronic cor-
relations induced by the periodic moiré
potentials.'}] Tuning the twist-angle de-
gree of freedom and the types of constituent
2D layers,!* including graphene, transi-
tion metal dichalcogenides (TMDs), and
beyond, enables the observation of exotic
quantum phenomena, such as unconven-
tional superconductivity,>¢! correlated in-
sulating states,”®] moiré excitons,!*?! frac-
tional quantum anomalous Hall states,!!3]
and interfacial ferroelectricity.'**] How-
ever, the construction of moiré superlat-
tices faces reproducibility and efficiency
issues!’®!7] due to the small sizes (usually
smaller than 40 pm) and the extremely low
production yield of constituent 2D mono- or
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few-layer crystals obtained by the conventional Scotch-tape ex-
foliation method."! A tear-and-stack method!!* has been de-
veloped to construct twisted homojunctions, in which a mono-
or few-layer flake exfoliated by the Scotch-tape method is torn
into two sections, and then one section is picked up and stacked
onto the other section with a specific twist angle using dry-
transfer techniques.!?"! This method typically requires the exfo-
liated mono- and few-layer crystals to be isolated from thick crys-
tals, as well as lateral dimensions larger than 30 um, which is
challenging for TMD exfoliation!*1°] and extremely difficult for
exfoliation of air-sensitive materials. To construct twisted het-
erojunctions, two constituent atomically thin layers are angle-
aligned through their straight edges(®?!"?2] or their crystal axes
as determined by polarization-resolved second harmonic genera-
tion (SHG).[>2] However, the straight edges are typically used for
aligning graphene/hBN heterostructures,[®2122] but rarely used
for aligning twisted TMD heterobilayers due to uncertainties
of zigzag directions of exfoliated monolayer TMDs inferred by
the straight edges considering their small sizes. Polarization-
resolved SHG measurements before alignment complicate the
fabrication process and are not applicable to determine the crys-
tal axes of air-sensitive or centrosymmetric crystals.

To overcome the issue of small sizes of exfoliated crystals by
the Scotch-tape method, a gold-assisted exfoliation method!?*24l
has been developed to obtain large, 2D monolayers. The method
has universal applicability to a wide variety of 2D materials.[?’]
However, due to the strong interaction between a gold film and
2D crystals, a wet-transfer process (wet-etching of the underly-
ing gold film) is entailed when attempting to transfer the exfoli-
ated 2D crystals. The prerequisite for constructing high-quality
moiré superlattices is the ability to dry-transfer the exfoliated
2D crystals. Degradation and contamination arising from wet-
transfer hinder the observation of correlated quantum phenom-
ena from moiré superlattices. Therefore, the gold-assisted exfoli-
ation method is excluded from constructing high-quality moiré
superlattices. Other exfoliation methods have been developed,
including gold-tape exfoliation,!*] Al,0;-assisted exfoliation,!2°]
vacuum exfoliation, 28! suspended-material exfoliation,?] and
gold-mesh tape exfoliation.’*] These methods encounter prob-
lems in fabricating moiré superlattices, such as difficulties in de-
taching exfoliated 2D layers from substrates,!?%! the need for a
wet-transfer process!®®! to fabricate heterostructures, small sizes
of exfoliated 2D layers, 262939 and narrow applicability to specific
types of 2D crystals.[25:26:2830] Therefore, to construct moiré super-
lattices efficiently and precisely, it is critical to develop a univer-
sal, efficient, and dry-transfer-compatible mechanical exfoliation
method for obtaining large-area and high-quality constituent 2D
layers.

In this paper, we report the efficient and precise construc-
tion of moiré superlattices enabled by a novel gold-template-
assisted (Au-template-assisted) mechanical exfoliation method.
Using this approach on pre-fabricated Au-patterned SiO, sub-
strates, a wide variety of 2D atomically thin crystals, including
TMDs, superconductors, and magnets, are successfully exfoli-
ated. The exfoliated mono- and few-layer crystals in direct con-
tact with exposed rectangular SiO, reach a dimension of 40 ym
with high production yield. We have conducted Raman, photo-
luminescence (PL), and SHG characterizations of the exfoliated
2D TMD layers (WS,, MoS,, WSe,, and MoSe,) to confirm their
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quality, uniformity, and surface cleanness. Moreover, these opti-
cal signals of TMD layers on exposed rectangular SiO, substrates
are significantly stronger than those on Au films. This indicates
the apparent advantages of our Au-template-assisted exfoliation
method in studying the intrinsic optical properties of atomically
thin 2D layers compared to the conventional Au-assisted exfoli-
ation method.**! Furthermore, we have successfully fabricated
field-effect-transistor (FET) devices and Hall devices by picking
up exfoliated bi- to few-layer BP and NbSe, . These results demon-
strate that our Au-template-assisted mechanical method is com-
patible with dry-transfer techniques and has broad applicability
in studying layer-dependent electrical transport properties of 2D
materials. The high yield of uniform and clean, large-area 2D
crystals using our exfoliation method enables the construction
of high-quality moiré superlattices with excellent reproducibil-
ity, high efficiency, and precise custom twist angles. By picking
up and stacking either two adjacent flakes or different flakes
aligned through their adjacent long straight steps across layers,
twisted homojunctions with angle-twisting accuracy of ~0.3° or
heterojunctions with sub-degree angle-alignment accuracy are
obtained. These moiré superlattices are further characterized by
visualization of moiré patterns, polarization-resolved SHG, inter-
layer excitons (ILXs), and SHG spectra. The present work paves
the way for exploring emergent phenomena in moiré superlat-
tices and can accelerate the development of twistronics.

2. Results and Discussion

2.1. Au-Template-Assisted Mechanical Exfoliation Method

The Au-template-assisted mechanical exfoliation approach that
we introduced to facilitate the construction of moiré superlattices
is illustrated in Figure 1a. The Au-patterned SiO, substrates are
fabricated using the standard photolithography and bilayer resist
lift-off techniques (see Experimental Section for details). The sur-
face of the Au-patterned SiO, substrate is divided into two types
of regions: one consists of isolated rectangles of exposed SiO,,
while the other is covered by a thin layer of continuous Au film
(=10 nm). To simplify the description, we refer to the two types
of regions as the rectangular SiO, surface and the Au film in the
following text, respectively. Prior to exfoliation, it is necessary to
perform an argon (Ar) plasma etching process for surface clean-
ing of Au-patterned SiO, substrates (see Experimental Section for
details).

To demonstrate the feasibility of the Au-template-assisted me-
chanical exfoliation method, we chose MoS, as a representa-
tive crystal to carry out the exfoliation process. As shown in
Figure 1b,c, large-area monolayer (1L), bilayer (2L), and trilayer
(3L) MoS, on rectangular SiO, surfaces are successfully ob-
tained. The isolated atomically thin layers on rectangular SiO,
surfaces have lateral sizes of 30 um X 40 um. The maximum
size of continuous atomically thin layers achievable on the Au-
patterned SiO, substrates using the Au-template-assisted exfoli-
ation method reaches a millimeter scale, which is comparable
with the maximum size achievable on the Au-film substrates us-
ing the Au-assisted exfoliation method!?*! (Figure S1, Supporting
Information). In Figure S1c (Supporting Information), it can be
seen that the macroscopic size of exfoliated 2D layers is almost
the same as the size of the bulk crystals for both methods. Due
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Figure 1. Au-template-assisted mechanical exfoliation of large-area 2D atomically thin layers. a) Schematic depiction of the Au-template-assisted me-
chanical exfoliation method, including fabrication of Au-patterned SiO, substrates (spin coating of photoresist, photolithography, developing, SiO,
etching, Au deposition, lift-off), surface cleaning by argon plasma, and mechanical exfoliation. Finally, large-area 2D atomically thin layers are obtained
on Au-patterned SiO, substrates. b) Optical image of exfoliated large-area monolayer (1L) MoS,. c) Optical images of exfoliated large-area bilayer (2L),
and trilayer (3L) MoS,. The sizes of the isolated atomically thin layers on rectangular SiO, surfaces reach dimensions of 30 um x 40 um. d) AFM
image of exfoliated monolayer MoS, near the boundary of rectangular SiO, substrate and the surrounding Au film. e) Atomically resolved LFM image
of monolayer MoS, on rectangular SiO, substrate. The perfect-crystal lattice and clear diffraction pattern indicate the cleanness and high quality of
exfoliated-monolayer MoS,. f-m) Optical images of exfoliated typical large-area 2D atomically thin layers, including semiconductors (WSe,, WTe,, black
phosphorus), superconductor (NbSe,), quantum spin liquid (RuCl;), ferromagnets (NiPSs, Cr,Ge,Teg), and antiferromagnet (CrCls).

to the presence of some cracks (Figure S1a,b, Supporting Infor-
mation), the maximum size of continuous atomically thin lay-
ers achievable is usually smaller than the macroscopic size of ex-
foliated 2D layers. Compared with the conventional Scotch-tape
exfoliation on normal SiO, substrates, the lateral sizes of exfo-
liated 2D layers and the production yield are greatly improved
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by our Au-template-assisted exfoliation (Figure S2a,b, Support-
ing Information) on Au-patterned SiO, substrates. We also fab-
ricated Au-patterned SiO, substrates with patterns of different
shapes and sizes, including rectangles with sizes of 15 x 20 um?,
rectangles with sizes of 20 X 30 um?, rectangles with sizes of
30 x 40 um?, circles with a diameter of 32 um, and ribbons with a
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width of 20 um (Figure S2c—g, Supporting Information). Further-
more, when the distance between adjacent rectangles is reduced
from 60 ym (Figure S2d, Supporting Information) to less than
10 um (Figure S2h, Supporting Information), the area ratio of ex-
posed SiO, over the entire Au-patterned substrate increases from
~10% to ~60%. The exfoliation results and the thickness unifor-
mity for each SiO, rectangle remain unaffected. As the exfoliation
yield is directly proportional to the total number of SiO, rectan-
gles within a specific region with a constant area, the exfoliation
yield is increased when reducing the distance between adjacent
SiO, rectangles. Considering both the exfoliation yield and the
large areas of 2D layers, rectangles with sizes of 30 X 40 um? are
the most preferred patterns for exfoliation, with the distance be-
tween each rectangle reduced to less than 10 pm.

We tried to enlarge the sizes of the SiO, rectangles and investi-
gate the influence of feature sizes on the exfoliation yield of MoS,
(Figure S3, Supporting Information). The exfoliation yield gradu-
ally decreases from ~60% to ~6% as the sizes of the SiO, rectan-
gles increase from 30 x 40 to 60 x 80 um?. Upon further enlarge-
ment to 80 X 120 um?, although the exfoliation yield drops signif-
icantly to #0.1%, it is still possible to find SiO, rectangles covered
by monolayer MoS,. The feasibility of our Au-template-assisted
mechanical exfoliation method relies on two key points. First, the
continuous Au film provides sufficient adhesion force between
2D crystals and the Au-patterned SiO, substrates.[?32*] Second,
the relatively smooth transition at the boundary of rectangular
SiO, substrate and surrounding Au film ensures the continu-
ous exfoliation of mono- to few-layer crystals. Figure 1d shows
an AFM image of a monolayer MoS, sample and a height profile
across the boundary of the rectangular SiO, substrate and sur-
rounding Au film. The height profile indeed presents a relatively
smooth transition, except for the presence of nanoscale hollows
(~4.7 nm) or sub-nanometer steps at the boundary, which are
unavoidable during the fabrication process of Au-patterned SiO,
substrates. Figure le and the inset are an atomic-resolution im-
age of the monolayer MoS, sample on a rectangular SiO, sub-
strate and its corresponding fast Fourier transformation (FFT)
result. A clear crystal lattice is observed, indicating the cleanness
of the exfoliated monolayer MoS,.

Beyond MoS,, a variety of atomically thin large-area 2D
crystals from monolayer to few-layer can be obtained using
our Au-template-assisted mechanical exfoliation method. The
exfoliated 2D crystals include semiconductors (WSe,, WTe,,
black phosphorus), superconductor (NbSe,), quantum spin lig-
uid (RuCly), ferromagnets (NiPS;, Cr,Ge,Te,), antiferromagnet
(CrCl,), and others (Figure 1f~m; Figure S4, Supporting Informa-
tion), demonstrating the universality of our Au-template-assisted
mechanical exfoliation method. It is worth noting that for certain
crystals, such as BP, PtSe,, and FeSe, obtaining monolayer sam-
ples on a SiO, surface using our Au-template-assisted exfoliation
method remains challenging due to the insufficient adhesion
force between those monolayers and the Au-patterned SiO, sub-
strates. Optimizing the Au-patterned SiO, substrate to achieve
a completely smooth transition at the boundaries of rectangular
SiO, and its surrounding Au films may be a feasible approach to
increase the exfoliation yield of those monolayers. Similar to the
Au-assisted exfoliation method, 2324l the exfoliated 2D atomically
thin layers on Au-patterned SiO2 substrates exhibit continuous
changes in layer thickness with clear optical contrasts, 32l mak-
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ing it convenient to determine the corresponding layer number
of mono- or few-layer crystals (Figure S5d,h, Supporting Infor-
mation). The layer numbers of exfoliated 2D layers on rectangu-
lar SiO2 substrates are further confirmed by the following optical
characterizations.

2.2. Raman and PL Spectra of Exfoliated 2D Atomically Thin
Layers

In 2D atomically thin crystals, Raman and PL spectroscopies
are highly sensitive to strains, defects, and doping, and, there-
fore, they are widely used as indicators of crystal quality.[25293]
Figure 2a—d shows Raman spectra of exfoliated monolayer and
bilayer TMDs (WS,, MoS,, WSe,, and MoSe,) on rectangular
SiO, substrates and monolayer TMDs on Au films, for which
the Raman intensity is multiplied by a factor of 10. Notably, for
monolayer and bilayer TMDs on rectangular SiO, substrates,
all the dominant Raman peaks have symmetric lineshapes and
high signal-to-noise ratios. However, due to the strong bind-
ing energy!?®! and strainsi**l between 2D layers and Au film,
the Raman-peak intensity of monolayer TMDs on Au films is
significantly reduced, with a lower signal-to-noise ratio, while
the second-order phonon vibration modes (marked by aster-
isks in Figure 2a—c) are barely visible. We also measured Ra-
man spectra of other 2D atomically thin layers, such as NbSe,,
black phosphorus (BP), and Cr,Ge,Te,, and discussed their
layer-dependent Raman characteristics in Figure S6 (Supporting
Information).

Figure 2e-h shows the PL spectra of monolayer and bilayer
TMDs on rectangular SiO, substrates and monolayer TMDs on
Au films, for which the PL intensity is multiplied by a factor
of 100. The PL signals are essentially completely quenched for
monolayer TMDs on Au films, which is attributed to the strong
charge transfer at the interface.[?#?”33] In contrast, all monolayer
TMDs on exposed rectangular SiO, substrates present a narrow
full-width at half-maximum (FWHM) of ~38 meV at 1.93 eV
(WS,, Figure 2e), ~#53 meV at 1.82 eV (MoS,, Figure 2f), 53 meV
at 1.61 eV (WSe,, Figure 2g), and ~52 meV at 1.53 eV (MoSe,,
Figure 2h), respectively. All of these FWHM values are compa-
rable to or smaller than the previously reported FWHM values
of monolayer TMDs obtained by either the conventional Scotch-
tape exfoliation method or the CVD growth method (Table S1,
Supporting Information). The narrow FWHM of the PL peaks
indicates the high quality of our exfoliated monolayer TMDs.

Furthermore, Raman, PL, and SHG intensity mappings are
conducted to confirm the uniformity of exfoliated monolayer
TMDs. Figure 2i shows an optical image of an exfoliated mono-
layer MoS, sample on the Au-patterned SiO, substrate. Both
the Raman intensity mapping of the E1 2 g mode (=382 cm™!,
Figure 2j) and the PL intensity mapping of the A exciton
(~1.82 eV, Figure 2Kk) of exfoliated monolayer MoS, samples on
rectangular SiO, substrates are very uniform, indicating their
high quality and uniformity. The distinct intensity contrasts be-
tween monolayer TMDs on exposed rectangular SiO, substrates
and monolayer TMDs on Au films suggest that SiO, substrates
are more favorable for studying the intrinsic optical properties
of 2D crystals. This is further confirmed by the SHG intensity
mapping on monolayer WS, (Figure 21). Slight inhomogeneity
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Figure 2. Raman spectra and PL spectra of TMD layers (WS,, MoS,, WSe,, MoSe,) obtained by the Au-template-assisted exfoliation method. a—d)
Raman spectra of monolayer and bilayer TMDs on both rectangular SiO, substrates and monolayer TMDs on Au films at room temperature. Due to
the strong interaction of 2D materials with Au films, the Raman intensity of monolayer TMDs on Au films is greatly suppressed. e—h) PL spectra of
monolayer and bilayer TMDs on rectangular SiO, substrates and monolayer TMDs on Au films at room temperature. The normalized PL intensity of
monolayer TMDs on rectangular SiO, substrates is stronger than that on Au films. The small FWHM of monolayer WS, (x37 meV), MoS, (~53 meV),
WSe, (=53 meV), and MoSe, (~52 meV) reveals the high quality of exfoliated TMD layers. i) Optical image of an exfoliated monolayer MoS,. j) Raman
mapping image of the monolayer MoS, in (i). k) PL mapping image of a monolayer MoS,. ) SHG mapping image of a monolayer WS,. The Raman, PL,
and SHG mapping images indicate the monolayer nature and uniformity of exfoliated layers on the rectangular SiO, substrates. The distinct mapping
intensity contrasts between monolayer TMDs on exposed rectangular SiO, substrates and monolayer TMDs on Au films suggest that monolayer TMDs
on SiO, substrates are more favorable for studying the intrinsic optical properties of 2D crystals.

of strain distribution is observed at the rectangular edges due
to the high sensitivity of optical signals to strain variations.[>29]
Occasionally, minor wrinkles and holes are observed in one cor-
ner of the rectangular SiO, substrates, as seen in Figure 2i-l.
These effects arise from the bursting of monolayer-capped bub-
bles, which are unavoidably formed in one corner of the rectan-
gular SiO, substrates when 2D crystals on polydimethylsiloxane
(PDMS) are contacted with Au-patterned substrates.

2.3. Layer-Dependent Electrical Transport Properties of BP and
NbSe,

Gold-film substrates are not suitable for studying the intrinsic
electronic properties of 2D materials due to the charge doping ef-
fect of gold films on 2D materials.*®! Dry-transfer techniques are
widely used in studies of intrinsic electrical transport properties
of exfoliated 2D atomically thin crystals. Through dry-transfer
techniques, high-quality encapsulated structures or clean dielec-
tric interfaces are achieved,[*’-*! and arbitrarily designed charge
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transfer doping is possible by transferring cleanly exfoliated 2D
materials onto functionalized substrates.[***!] The direct exfolia-
tion of mono- to few-layer 2D atomically thin crystals on exposed
rectangular SiO, substrates by our Au-template-assisted exfolia-
tion method eliminates the gold-doping effect and significantly
facilitates the dry pick-up of mono- to few-layer 2D atomically
thin crystals. We choose three typical 2D atomically thin crys-
tals (BP, NbSe,, and MoS,) to fabricate field-effect transistors or
Hall devices by dry-transfer techniques for studying their layer-
dependent electrical transport properties. Due to the degradation
of few-layer BP and NbSe, in air, the study of the electrical trans-
port properties of these materials is quite challenging, requiring
additional protection or encapsulation.?*#?] This issue is circum-
vented during our device fabrication process, which is carried out
on a motorized transfer stage inside a glovebox (see Experimen-
tal Section). Figure S7 (Supporting Information) shows optical
images taken during different fabrication steps of a representa-
tive top-gated bilayer BP FET to illustrate the compatibility of our
Au-template-assisted exfoliation method with dry-transfer tech-
niques.
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Figure 3. Layer-dependent electrical transport properties of 2D atomically thin BP and NbSe,. a) Optical image of a top-gated bilayer BP FET with pre-
patterned Cr/Au (3 nm/18 nm) contact electrodes and transferred graphite serving as the gate electrode. Inset: schematic of the top-gated BP FET. b)
Transfer characteristics of BP FETs with varying channel thickness (bilayer, four-layer, and six-layer) at V4, = 0.3 V in logarithmic scale. The bilayer device
exhibits n-type dominated transport behavior and a high on/off ratio of more than 10. Both the four-layer and six-layer devices show ambipolar transport
behavior with comparable on/off ratios on the hole doping and electron doping sides. c) Output characteristics of the top-gated bilayer BP FET in (a) at
Vgs ranging from 0 to 1 V. The gate voltage V; is from —3 to 6 V with a step of 1 V. d) Optical image of a bilayer NbSe, Hall device with pre-patterned
Cr/Au (3 nm/18 nm) contact electrodes. e) Temperature-dependent resistance of NbSe, devices with varying thickness (bilayer, trilayer, five-layer, and
bulk). As the thickness of NbSe, varies from bulk to bilayer, the T_(0.5Ry) decreases from 6.81 to 5.25 K. f) Temperature-dependent resistance of the
bilayer NbSe, device in (d) under different out-of-plane magnetic fields. Inset: H,-T phase diagram defined by R(H.,, T) = 0.5Ry.

Figure 3a shows an optical image of the bilayer BP FET with
the corresponding schematic of the device structure shown in the
inset. Transfer characteristics of top-gated BP FETs with varying
thickness (bilayer, four-layer, and six-layer) at V,, = 0.3 V in loga-
rithmic scale are shown in Figure 3b. The bilayer device exhibits
n-type dominated transport behavior and an on/off ratio of more
than 107, which is superior to the previously reported bilayer BP
FET.*] Both the four-layer and six-layer devices show ambipolar
transport behavior with comparable on/off ratios on the hole dop-
ing and electron doping sides. Figure 3c shows the output char-
acteristics of the top-gated bilayer BP FET at Vy, ranging from 0
to 1V and gate voltage V, ranging from -3 to 6 V with a step of
1V, from which a trend of current saturation is observed. More
details about transport measurements of BP FETs are shown in
Figure S8 (Supporting Information). In contrast, the thickness of
BP layers used in reported field-effect transistors and Hall devices
is usually larger than 3 nm (>five-layer),?>*** while studies of
thinner BP layers are limited to optical characterizations,[7:324]
such as Raman, PL, reflection spectroscopy, and angle-resolved
photoemission spectroscopy. Therefore, the successful electrical
transport measurements of BP devices fabricated with thin BP
samples down to the bilayer demonstrate the significant advan-
tages of our Au-template-assisted mechanical exfoliation method
in studying the electrical transport properties of atomically thin
2D crystals.

We have further investigated the layer-dependent supercon-
ducting properties of atomically thin NbSe, Hall devices. A typi-
cal optical image of a bilayer NbSe, Hall device with pre-patterned
Cr/Au electrodes is shown in Figure 3d. Figure 3e shows the
temperature dependence near the superconducting transition of
the normalized resistance (R/R,) for NbSe, Hall devices of vary-
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ing thickness (bilayer, trilayer, five-layer, and bulk). R, represents
the normal-state resistance taken at T = 8 K. A bulk NbSe, Hall
device was fabricated by the deterministic transfer method!?’!
with a referenced T. of 6.81 K. Superconductivity is observed
for all samples down to the bilayer thickness. As the thickness
of NbSe, varies from five-layer to bilayer, the superconducting
transition temperature (T, defined as the temperature at which
R = 0.5Ry) decreases from 6.40 to 5.25 K, which is consistent
with previous reports.3*4246] Additionally, the five-layer NbSe,
Hall device shows a sharp superconducting transition with a AT
of 0.17 K, while a broadening is observed for NbSe, Hall de-
vices of trilayer thickness (AT = 0.57 K) and bilayer thickness
(AT = 1.82 K). We also conducted temperature-dependent re-
sistance measurements of the bilayer NbSe, device under dif-
ferent out-of-plane magnetic fields (Figure 3f) and plotted the
H,,-T phase diagram (the inset in Figure 3f). H,, is the upper
critical field defined by R(H,,, T) = 0.5Ry. A linear relationship
between H_, and T is observed, which can be explained by the
standard Ginzburg-Landau (GL) theory of 2D semiconductors,

b T . .
H,(T)= WZ(O)Z (1- f)’ where ¢, is the magnetic flux quantum

and &, (0) is the in-plane GL coherence length at zero temper-
ature. A linear fit between H,, and T yields &, (0) = 10.1 nm,
which is close to the bulk value and consistent with the pre-
viously reported value on bilayer NbSe,.l**] More details about
transport measurements of NbSe, Hall devices are shown in
Figure S9 (Supporting Information). Comparisons of the layer-
dependent T., T cetr Tegeror AT, residual resistance ratio, H, (0),
and &, (0) of few-layer NbSe, are shown in Table S2 (Supporting
Information). The successful fabrication of atomically thin NbSe,
Hall devices down to bilayer thickness further demonstrates the
excellent compatibility of our Au-template-assisted mechanical
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exfoliation method with dry-transfer techniques, which greatly
facilitates the construction of van der Waals heterostructures. As
for monolayer NbSe,, while we can obtain it, the relatively small
size of ~10 um (Figure S4h, Supporting Information) brings a
challenge in fabricating high-quality encapsulated devices. De-
spite having devoted great efforts to directly fabricate a mono-
layer NbSe, Hall device on an exfoliation substrate, the extreme
sensitivity of monolayer NbSe, hinders the observation of su-
perconductivity (Figure S10, Supporting Information). We also
fabricated top-gated monolayer, bilayer, and trilayer MoS2 FETs
(Figure S11, Supporting Information), and confirmed the feasi-
bility to directly fabricate devices on the Au-patterned SiO, sub-
strates (Figure S12, Supporting Information).

2.4. Construction of Moiré Superlattices

Our Au-template-assisted mechanical exfoliation can produce
large-area 2D atomically thin crystal arrays on rectangular SiO,
substrates and is compatible with dry-transfer techniques, en-
abling the efficient and precise construction of various moiré su-
perlattices, including twisted homobilayers, heterobilayers, and
multilayer superlattices. First, we fabricated twisted MoS, homo-
bilayers by picking up and stacking two adjacent monolayer MoS,
layers on rectangular SiO, substrates (Figure S13a,b, Support-
ing Information) using a poly(propylene) carbonate (PPC) film-
capped hemispherical PDMS mounted on a glass slide. Figure 4a
shows an optical image of a typical ~1° twisted MoS, homobi-
layer with color-coded areas supported by hBN/PPC/SiO, stack.
A schematic is shown in the inset of Figure 4a. No obvious bub-
bles are observed in the AFM image (Figure 4b), demonstrat-
ing the clean interface and flat surface of the twisted homobi-
layer. These features are further confirmed by the measured root-
mean-square (RMS) roughness of 205 pm. The height profile
across the step shows the monolayer features of each MoS, layer
(~0.65 and ~0.44 nm). It is noted that there are some challenges
in picking up the exfoliated 2D layers to construct moiré superlat-
tices. For example, the inappropriate hBN thickness can increase
the likelihood of failure to pick up the hBN/2D-layers stack using
PPC, and the formation of some cracks and wrinkles leads to the
reduction in the lateral sizes of the uniform regions of the fabri-
cated moiré superlattices to 10-20 um (Figure S13c, Note S1, Sup-
porting Information). To characterize the interface quality of the
fabricated twisted MoS, homobilayers, we visualized their moiré
patterns by piezoresponse force microscopy (PFM). Figure 4c,d
shows lateral PFM amplitude images of ~1° and =~3° twisted
MoS, homobilayers, respectively, revealing clear moiré patterns
with periods of ~#22.0 and ~6.1 nm, confirming the high-quality
interfaces. For the 0.1° twisted MoS, homobilayer (Figure S13c,
Supporting Information), due to the large period of the moiré pat-
tern and significant atomic reconstruction, visualization of the
moiré superlattice with such a small twist angle is rather chal-
lenging. The PFM amplitude images of the ~0.1° twisted MoS,
homobilayer show distorted moiré patterns (Figure S14, Support-
ing Information). Next, we discussed the angle-twisting accuracy
of the fabricated twisted MoS, homobilayers. We visualized the
moiré patterns of four twisted MoS, homobilayer samples with a
targeted twist angle of 56° and targeted moiré period of 4.51 nm
by PFM (Figure S15, Supporting Information) to precisely assess

Adv. Mater. 2024, 2313511

2313511 (7 of 12)

www.advmat.de

the angle-twisting accuracy. Clear moiré patterns (Figure S15a,
Supporting Information) and corresponding FFT patterns with
sixfold symmetry (Figure S15b, Supporting Information) were
observed at eight randomly selected positions. By analyzing the
FFT spots, we were able to measure reciprocal vectors along three
directions (marked by red dashed lines), then moiré periods and
twist angles with an error bar were extracted (see Note S2, Sup-
porting Information for more details). The angle-twisting accu-
racy is defined by comparing the measured twist angle with the
targeted twist angle (Figure S16, Supporting Information). The
targeted twist angle is 56°, and the obtained twist angles are all
within the range of 55.7-56.3°, indicating an angle-twisting accu-
racy of ~0.3°.

Beyond the twisted MoS, homobilayers, we also fabricated
twisted WS, /WSe, heterobilayers by angle-aligning the straight
steps across layers of exfoliated WS, and WSe,, as shown in
Figure S17b,d (Supporting Information). The multiple adjacent
straight steps across WS, or WSe, layers (marked by magenta
and white dashed lines) have lateral sizes of up to 100 um and
are either parallel or at a #60° angle to each other, indicating the
high precision in determining the zigzag directions of WS, or
WSe, layers by their straight steps across WS, or WSe, layers
(marked by magenta and white dashed lines) have lateral sizes of
up to 100 um and are either parallel or at a ~60° angle to each
other, indicating the high precision in determining the zigzag di-
rections of WS, or WSe, layers by their straight steps. The mono-
layer TMDs on rectangular SiO, substrates (marked by the black
dashed circles) are adjacent to the straight steps and have the
same crystal orientations with the determined zigzag directions.
Therefore, we can easily and efficiently construct the twisted
TMD heterobilayers by angle-aligning the adjacent straight steps
of constituent TMDs layers (see Experimental Section, Figure
S18, Supporting Information).

Figure 4e,f shows an optical image and an SHG mapping
image of a twisted WS,/WSe, heterobilayer (sample 1). The
heterobilayer region shows enhanced SHG mapping intensity
compared to their individual-monolayer region, indicating an
R-stacking configuration. Figure 4g shows the polarization-
resolved SHG signals of the twisted WS,/WSe, heterobilayer
(magenta symbol), the monolayer WSe, (green symbol), and
the monolayer WS, (blue symbol). The polarization of the in-
cident laser is controlled by a motorized half-wave plate in the
setup for the polarization-resolved SHG measurements with
a laboratory coordinate system (Figure S19, Supporting In-
formation). The polarization-resolved SHG intensity varies as
1,(0)  sin?[3(9—0,)],1*7*8] where I, is the perpendicular compo-
nent of SHG intensity when configuring the pass plane of po-
larizer along the y-axis, 6 is twice the rotation angle of the half-
wave plate, and 6, is the angle of the armchair direction relative
to the x-axis (see Experimental Section for more details about the
configuration of SHG measurements). More twisted WS, /W Se,
heterobilayers (samples 2—4) and their corresponding SHG map-
pings and polarization-resolved SHG intensities are shown in
Figure S20 (Supporting Information). We fitted the polarization-
resolved SHG signals and extracted the armchair-direction angle
60, with an error bar, as shown in Figure 4h. The error bar repre-
sents the uncertainty 6 of the armchair direction determination,
which is 0.2-0.3°. The twist angle of the WS, /W Se, heterobilayer
is ® = |0,(WS,)—0,(WSe,)| with an accuracy A of ~26, where
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Figure 4. AFM, SHG, and interlayer exciton characterizations of twisted homobilayers, heterobilayers, and multilayer superlattices. a) Optical image of
a = 1° twisted MoS, homobilayer on hBN with color-coded areas representing hBN (green), bottom monolayer MoS, (orange), top monolayer MoS,
(blue), and the overlapping region (violet) respectively. Inset: schematic structure of the fabricated twisted MoS, homobilayer. b) AFM image and height
profile of the ~1° twisted MoS, homobilayer in (a). No obvious bubbles are observed along with the measured RMS roughness of ~205 pm, demon-
strating the high-quality interface and clean surface of the twisted sample. The height profile across the step shows the monolayer features of each MoS,
layer (~0.65 nm, ~0.44 nm). c,d) Lateral PFM images of ~1° and ~3° twisted MoS, homobilayers with evident moiré patterns. e) Optical image of a
~0.5° twisted WS, /WSe, heterobilayer (sample 1, R-stacking) on SiO, substrate with a thin hBN capping layer. f) SHG mapping of the area marked by
the red dashed square in (e), which demonstrates the enhanced SHG signal at the overlapping (heterobilayer) region for an R-stacking heterobilayer.
g) Polarization-resolved SHG signals and the corresponding fittings of the twisted WS, /WSe, heterobilayer (magenta symbol), the constituent mono-
layer WSe, (green symbol), and the constituent monolayer WS, (blue symbol). h) The armchair directions of monolayer WS,, monolayer WSe,, and
overlapped WS, /WSe, heterolayer (samples 1-4) derived from the sixfold fittings of the polarization-resolved SHG signals. i) Comparison of the twist
angle distribution with reported twisted TMD heterobilayers. j) Schematic of the type Il band alignment of the WS, /WSe, heterobilayer displays the
formation of interlayer excitons. k) PL spectra of ~0.5° (sample 1) and ~58.4° (sample 2) twisted WS, /WSe, heterobilayers at room temperature. The
peaks at ~1.46 eV (sample 1, R-stacking) and ~1.50 eV (sample 2, H-stacking) indicate the existence of ILXs. |) TSHG spectra of monolayer, bilayer,
trilayer, twisted bilayer (A|A), twisted four-layer (AB|BA), twisted six-layer (ABAJABA) MoS, superlattices. The twisted angles are 0° (A|A), 60° (AB|BA),
and 0° (ABA|ABA) respectively. The SHG signal of the twisted four-layer MoS, superlattice is remarkably enhanced.

0.(WS,) and 6,(WSe,) are the fitted armchair-direction angles
of WS, and WSe,, respectively. The angle-alignment accuracy of
twisted TMD heterobilayers is defined as the difference between
targeted and obtained twist angles. Then we compared the angle-
alignment accuracy of samples prepared by different alignment
methods, as shown in Figure 4i and Table 1. Previously, fabri-
cation of twisted TMD heterobilayers by stacking individual lay-
ers either with the all-dry viscoelastic stamping method!*1020:4]
or with the dry pick-up method(*1150-52] relied on polarization-
resolved SHG to predetermine the crystal axes before the align-
ment, which complicates the fabrication process and reduces the
efficiency. For comparison, the angle-alignment accuracy of our
present method to fabricate twisted TMD heterobilayers by sim-
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ply angle-aligning the straight steps across layers is below 1°,
which is comparable or smaller than that of the above methods.
Furthermore, our method can extend to centrosymmetric, multi-
layer, and air-sensitive materials due to the simplicity to get large-
area 2D crystals with reliable straight steps on Au film.

As schematically shown in Figure 4j, when stacking mono-
layer WS, and WSe, to form twisted heterobilayers, type-II en-
ergy band alignment is built and interlayer excitons in which elec-
trons and holes reside in WS, and WSe,, respectively, are present.
To reveal the features of the interlayer excitons, we measured
the PL spectra of twisted WS,/WSe, heterobilayers with both
R-stacking (sample 1, ~0.5°) and H-stacking (sample 2, ~58.4°)
configurations at room temperature, as shown in Figure 4k. The
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Table 1. Comparison of angle-alignment accuracy of twisted TMD heterobilayers fabricated by different alignment methods. Note that the estimation of
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angle-alignment accuracy may differ from each other. In cases where reports mention the angle-alignment accuracy without specifying the twist angle,

we use (0°) or (60°).

Sample number

Twisted TMDs Targeted twist angle Obtained twist Twist angle determination

Angle-alignment Alignment methods Ref

D[] angle @ + A [°] accuracy A [°] accuracy |P—@| []
1 WS, /WSe, 0 05+04 <0.5 05+04 Angle-align the adjacent straight steps This work
2 60 584+ 0.4 1.6+ 0.4 across crystal layers
3 0+0.5 0+0.5
4 0.4+0.5 0.4+0.5
5 MoSe, /WSe, ©0) (0) — 0) =1 Angle-align the predetermined crystal 19]
6 MoSe, /WSe, 0 ~2 _ ~2.0 axes using polarization-resolved SHG ~ [10]
7 MoSe, /WS, 60 ~57 . ~30 by the all-dry viscoelastic stamping [10]

method

8 MosS, /WSe, 60 ~58.7 — ~13 (4]
9 MoTe,/WSe, (60) (60) — (0) 0.5 Angle-align the predetermined crystal 13]
10 WS, /WSe, 0 ~0.5 0.3 05+03 axes using polarization-resolved SHG ~ [11]
n MoSe, /WS, © ©) . (0) + 2.0 by the dry pick-up method 50]
12 WS, /WSe, (0) (0) — (0) £0.5 151
13 WS, /WSe, 60 60 + 0.3 03 0403 (2]
14 MoSe, /WS, 0 ~1.8 — ~1.8 Angle-align the straight edges of crystal 2]

flakes

PL peaks located at #1.61 and ~1.93 eV are intralayer-exciton
peaks of the WSe, and WS, monolayers, respectively. The PL
peaks at ~1.46 and ~1.50 eV reveal the formation of interlayer
excitons in both ~0.5°and ~58.4° twisted WS,/WSe, heterobi-
layers, which is guaranteed by the high quality of our fabricated
twisted heterobilayer samples. Note that the specific shape and
intensity of interlayer exciton peaks vary from location to loca-
tion on the twisted heterobilayer region (Figure S21, Support-
ing Information), which is common and consistent with previous
reports.[*10.55]

The capability of our Au-template-assisted mechanical exfo-
liation method to produce large-area 2D crystal arrays enables
the construction of twisted multilayer homojunctions by arbi-
trarily stacking adjacent 2D layers with different thicknesses.
For example, it is highly convenient to fabricate ~0° twisted bi-
layer (AJA), ~60° twisted four-layer (AB|BA), and ~0° twisted
six-layer (ABA|ABA) MoS, superlattices (Figure S22, Support-
ing Information). The SHG spectra of these twisted multilayer-
MoS, homojunctions exhibit an increased signal intensity com-
pared to their constituent monolayer, bilayer, and trilayer MoS,
counterparts (Figure 4l), due to the broken inversion symmetry
of the fabricated twisted homojunctions. Notably, the SHG sig-
nal intensity of the twisted four-layer MoS, is remarkably en-
hanced, being approximately six times that of monolayer MoS,
and two times that of both the twisted bilayer and six-layer MoS,
homojunctions.

3. Conclusion

In summary, we have developed a gold-template-assisted me-
chanical exfoliation method that is compatible with dry-transfer
techniques and facilitates the construction of moiré superlattices
with high efficiency, precision, and reproducibility. Our exfolia-
tion method provides a universal and simple approach to obtain
large-area 2D atomically thin layers of high quality, uniformity,
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and cleanness and can be used to study intrinsic optical prop-
erties and layer-dependent transport properties of various crys-
tals, such as TMDs, superconductors, magnets, and air-sensitive
materials. Moiré patterns, interlayer excitons, SHG imaging,
and polarization-resolved SHG are performed to characterize
our constructed moiré superlattices: twisted MoS, homobilay-
ers, twisted WS,/WSe, heterobilayers, and twisted multilayer-
MoS, homojunctions. For twisted homojunctions, the angle-
twisting accuracy is ~0.3° achieved by picking up two adjacent
2D monolayers. For twisted heterobilayers, the angle-alignment
accuracy achieved by angle-aligning the straight steps of two in-
dividual constituent 2D monolayers is sub-degree. The present
work opens avenues for designing a wide range of novel moiré
superlattices and exploring emergent phenomena based on new
moiré systems.

4. Experimental Section

Fabrication of Au-Patterned SiO, Substrates: An SPR220-LOR bilayer
resist lift-off process was used to fabricate Au-patterned SiO, substrates
by photolithography. LOR 5A resist was spin-coated at 4000 r min~',
and SPR220 3.0 was spin-coated at 5000 r min~' on pre-cleaned Si/SiO,
(285 nm) substrates, followed by baking at 180 °C for 5 min and 110 °C
for 90 s, respectively. Then, a photolithography process was conducted
using the Heidelberg DWL 66+ laser writing system. After developing the
bilayer resist by AZ 300MIF developer and deionized water, reactive ion
etching (RIE) with CHF;/Ar as the etching gas was used to etch the ex-
posed SiO, to a depth of 12 nm, with the patterned photoresist serving as
a mask. Subsequently, Cr/Au (2 nm/13 nm) was deposited using an elec-
tron beam evaporation (EBD) system. At last, the remaining photoresists
were removed by the standard lift-off process. The lift-off process involved
four ultrasonic steps in which substrates were sequentially immersed in
acetone, isopropanol, AZ 300MIF developer, and deionized water. In this
way, batch production of Au-patterned SiO, substrates could be achieved.
It was noted that SiO, etching was necessary before metal deposition to
get a flat substrate.
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Mechanical Exfoliation: The Au-patterned SiO, substrates were
cleaned using RIE with argon as the etching gas for 1 min. The freshly
cleaved layered crystals on PDMS (Gel-Pak) were then immediately
pressed onto the cleaned substrates for ~20 s on a hotplate heated to
100 °C. After gently separating the substrates and PDMS, large-area 2D
atomically thin crystals could be obtained on Au-patterned SiO, sub-
strates.

Raman and PL Characterizations: Raman and PL spectroscopies were
mainly performed by a WiTec alpha 300R confocal Raman microscope. The
signals were excited using the 532 nm laser focused by a 100X microscope
objective. The laser power was set to 0.5-2 mW for TMDs (WS,, MoS,,
WSe,, and MoSe;), 0.1 mW for NbSe,, and 0.5 mW for BP. Raman spectra
of Cr,Ge, Teg were performed by a Horiba HR Evolution confocal Raman
microscope with a laser power of 0.2 mW. During optical characterizations,
NbSe,, BP, and Cr,Ge,Teg thin layers were protected by PMMA capping
layers.

Fabrication Process of Transport Devices: The BP, NbSe,, and MoS, lay-
ers on exposed rectangular SiO, substrates were exfoliated using the Au-
template-assisted mechanical exfoliation method. Thin hBN flakes (10—
20 nm) were deposited onto the exfoliated atomic flakes with rectangu-
lar shapes by the deterministic transfer method.[?°l A poly(propylene)
carbonate (PPC) film was placed on a hemispherical polydimethylsilox-
ane (PDMS) to create the PPC/PDMS stamp mounted on a glass slide.
The stamps were used to pick up the hBN-capped atomic layers to form
BP (NbSe, or MoS,)/hBN/PPC/PDMS stacks at ~45 °C. For top-gated
BP FETs, the stacks were slowly deposited onto pre-patterned Cr/Au
(3 nm/18 nm) serving as the source and drain electrodes at 80-90 °C.
At this temperature, the viscosity of PPC was decreased, allowing it to
be detached from hBN. Then, the exfoliated graphite flakes on PDMS
were transferred onto hBN to serve as top-gate electrodes. For NbSe,
Hall devices, the stacks were carefully deposited onto pre-patterned Cr/Au
(3 nm/18 nm) Hall bar electrodes. For top-gated MoS, FETs, the stacks
were slowly released onto two closely spaced (5-10 um) graphite flakes
serving as the source and drain electrodes. Then, Cr/Au (5 nm/50 nm)
top-gate electrodes were defined by standard electron-beam lithography
and deposited by EBD.

Transport Measurements:  Electrical characterizations of top-gated
MoS, (monolayer, bilayer, and tri-layer) and BP (bilayer, four-layer, and six-
layer) FETs were carried out using a Keithley 4200 semiconductor char-
acterization system (4200-SCS) and a Janis probe station at a vacuum of
107> Torr. Transport measurements of bilayer, trilayer NbSe, Hall devices
were performed in a He-3 cryostat with a superconducting magnet (He-
lioxVT, Oxford Instruments). The longitudinal resistance was measured by
a four-probe method with an AC probe current I,. = 1 pA. Transport mea-
surements of five-layer and bulk NbSe, Hall devices were performed in
a Physical Property Measurement System (PPMS, Quantum Design Inc.)
using the resistivity option with an AC drive mode.

Construction of Moiré Superlattice: 1) Twisted MoS, homobilayers
were fabricated using hBN/PPC/PDMS stamps mounted on glass slides
to sequentially pick up two adjacent monolayer MoS, flakes at a cer-
tain twist angle (see Figure S13, Supporting Information). The PPC film
together with the stacked sample was then peeled, flipped over, and
placed onto a Si/SiO, (285 nm) substrate for subsequent AFM char-
acterizations. 2) Twisted WS,/WSe, heterobilayers were fabricated by
angle-aligning the straight steps across crystal layers. First, two adja-
cent WS, flakes and two adjacent WSe, flakes on rectangular SiO,
substrates with specific crystal orientations determined by their nearby
straight steps (Figure S17, Supporting Information) were selected, and
transferred thin hBN flakes onto WSe, flakes. Second, PPC/PDMS
stamps were used to pick up one WSe,/hBN stack at 45 °C and
angle-aligned the WSe, flake with one WS, flake through their nearby
straight steps across crystal layers. Third, the WSe,/hBN stack on the
PPC/PDMS stamp was slowly released onto the WS, flake at 80 °C.
The fabrication process allowed the simultaneous creation of both
R-stacking (0°) and H-stacking (60°) twisted WS,/WSe, heterolayers
(Figure S18, Supporting Information). 3) Fabrication processes for twisted
multilayer-MoS, homojunctions were similar to those for twisted MoS,
homobilayers.
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AFM Characterization: AFM imaging was performed with an Asylum
Research Cypher S AFM. Lateral Force Microscopy (LFM) for atomic-
resolution images was conducted using a conductive Au-coated tip
(NANOSENSOR gp-BioAC). Vector PFM and DART (dual AC resonance
tracking) PFM for visualization of moiré patterns were carried out using a
conductive diamond-coated tip (Adama AD-2.8-AS).

Second-Harmonic-Generation  Characterization: The  polarization-
resolved SHG measurements and SHG imaging were performed on
a WiTec alpha 300RA confocal Raman microscope (see Figure S19,
Supporting Information), using a 1064-nm laser generated by an NPI
Rainbow picosecond-laser system (pulse width ~15 ps, repetition rate of
80 MHz). The laser power was adjusted from 4 to 20 mW. A half-wave
plate was set in the common optical path of the incident laser and the
SHG signal. It was utilized to control the polarization direction of the
incident laser automatically by software. To facilitate the determination
of the armchair and zigzag directions of monolayer TMDs, a laboratory
coordinate system was established with x, y, and z-axes. The initial laser
polarization and the initial fast axis of the half-wave plate were along
the x-axis. During the polarization-resolved SHG measurements, the
half-wave plate was rotated clockwise in the xy plane. The SHG signal was
first spectrally filtered, and then decomposed parallel (x) or perpendicular
(y) to the initial laser polarization by an analyzer and finally detected by a
UHTS spectrometer system coupled with a CCD detector.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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