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When stacking two-dimensional (2D) materials with a lattice mismatch and/or a small twist, moiré superlattice
emerges with fascinating electronic and optical properties. The fabrication of such stacked 2D materials usually requires
multiple transfer and stack processes, assisted by a certain transfer medium which needs to be removed afterwards, and it
is very challenging to maintain pristine and clean surfaces/interfaces for these stacked structures. In this work, we report
a facile direct bonding method for fabrication of twisted MoS, bilayers with ultra-clean surfaces/interfaces. Novel inter-
layer interactions are revealed in the as-fabricated high-quality samples, leading to twist-angle related dispersion behavior
of various Raman modes, such as layer breathing modes, shear modes and E>; modes, as well as indirect bandgap exci-
tons. Field-effect transistors (FETSs) of twisted MoS, bilayers also exhibit angle-dependent performance, which could be
attributed to the band structure evolution. This facile method holds significance for the future integration of pre-designed
multilayer 2D materials and paves a way to explore underlying physical mechanisms and potential applications.

Keywords: two-dimensional (2D) materials, direct bonding, moiré superlattice, twistronics
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1. Introduction

Two-dimensional (2D) moiré superlattice has given rise
to a cornucopia of new phenomena, such as twist angle
correlated electron states,!!'2! moiré excitons!®! and moiré
phonons.[®71 The most well-known 2D moiré superlattice
is the magic-angle twisted bilayer graphene (TBG) recently
demonstrated by Cao et al.!'l Fabrication of high-quality
moiré system with precise twist angles is essential for the
study of many intriguing physics. Generally, the fabrication
of twisted 2D homo/heterostructures includes two strategies:
direct growth and artificial stacking. While the former is con-
strained by thermodynamic mechanisms, the constituent ma-
terials are limited and they currently lack the capability for
twist-angle control.’®-1% The latter applies to many different
2D materials and allows precise twist-angle control; but poly-
mer supporting layers are usually involved during the transfer
process, then contaminations such as polymer residues are in-
evitably present.[!1-17]

we demonstrated a direct wafer bond-
stacked 2D
homo/heterostructures without any involvement of polymer

Recently,

ing method to realize wafer-scale
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or chemical solution.!'8! However, wafer-to-wafer alignment
for precise twist-angle control remains an unsolved challenge
and twist-angle dependent properties remain unaddressed for
as-fabricated 2D homo/heterostructures. In this work, we re-
port a direct bonding of single-crystalline monolayer MoS;
with hundred-micron domain sizes for twisted bilayers. A
pre-alignment solution to the previous direct bonding method
is developed, enabling twist angle control at a precision of
40.2°. The as-fabricated twisted bilayer MoS; (tb-MoS5;)
features ultra-clean and flat surface/interface, large-scale ho-
mogeneity, and strong interlayer coupling. The Raman fin-
gerprint reveals the crystallographic reconstruction at small
twist angles as well as engineering of indirect bandgap. The
electrical measurements show an anomalously high mobility
at the twist angle of 59.1°, which relates to the emergence of
flat band in large moiré superlattice near 60°. This new fabri-
cation method offers distinct advantages in the fabrication of
precisely angular-controllable twisted homo/heterostructures,

exhibiting unique optical evolution and electronic states.
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http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

016803-1


https://doi.org/10.1088/1674-1056/ae1c23
https://cstr.cn/32038.14.CPB.ae1c23
mailto:jyliu@iphy.ac.cn
mailto:ychai@polyu.edu.hk
mailto:gyzhang@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 016803 (2026)

2. Method

The monolayer MoS; we use is grown on sapphire
substrate via oxygen-assisted chemical vapor deposition (O-

19201 Controlling

CVD) as described in our previous works.!
the growth time enables the growth of triangular large-grain
monolayer MoS, samples. The bonding process is performed
in a glove box with water/oxygen concentration lower than
0.1 ppm. The bonding is conducted in a homemade appara-
tus, consisting of upper/lower flat plates. In the equipment, the
hydraulic pressure module provides precise press force control
(0-50000 N), and the temperature module controls the temper-
atures (20-500 °C) of both the upper and lower plates. Dur-
ing the bonding process, the temperature and pressure for both
plates are 180 °C and ~ 30 MPa, respectively. After pressure
release, the bonded pair delaminates spontaneously, leaving
as-fabricated tb-MoS,.

To characterize the fabricated samples, Raman measure-
ment is conducted on a Horiba LabRAM HR evolution Raman
system with a 532 nm laser excitation. An 1800 lines/mm
grating is used, providing a resolution of ~ 0.7 cm~!. An
ultra-low frequency (ULF) module is added for Raman mea-

surements below 50 cm~!.

The Raman spectrum is col-
lected at 300 K in ambient atmosphere, and the photolumi-
nescence (PL) spectrum at 300 K (78 K) is collected in am-
bient atmosphere (nitrogen atmosphere). Atomic force mi-
croscope (AFM) and piezoelectric force microscopy (PFM)
imaging are performed by Bruker multimode 8 and Asy-
lum cypher, respectively. Atomic-resolution high-angle an-
nular dark-field (HAADF) scanning transmission electron mi-
croscope (STEM) images are acquired by the aberration-
corrected JEM-ARM300F2 TEM operating at 300 k'V.

As for the fabrication of FET devices, the tb-MoS, sam-
ples are transferred onto 20 nm Al, O3 dielectric layer via wet
transfer method. After a standard ultraviolet (UV)-lithography
patterning process, Au/Ti/Au electrodes are evaporated via an
electron beam. Finally, the tb-MoS; is patterned into ribbon
channels by UV-lithography and plasma etching. The electri-
cal measurement is conducted in a Janis 4-probe station by an
Agilent B1500 semiconductor parameter analyzer.

3. Results
3.1. Fabrication of tb-MoS;, with precise twist angle con-
trol

Figure 1(a) illustrates the entire process including two
steps: 1) pre-alignment and 2) direct bonding. The constituent
MoS, are triangular large-grain monolayer MoS, grown on
double-side polished (DSP) sapphire substrates (Fig. S1) by
O-CVD. The triangular shape allows for orientation measure-
ments under optical microscope during alignments, and trans-
parent DSP sapphire enables a clear visualization when sam-

ples are viewed from its backside. The pre-alignment is re-
alized using a transfer stage for precise twist-angle control.
First, the back side of as-grown MoS,/sapphire samples are
adhered onto the center of two bare sapphire wafers via trans-
parent adhesive (Bisphenol-A polycarbonate, PC). The bot-
tom sapphire base is fixed on the rotatable bottom stage, while
the upper sapphire base is attached to the upper stage with a
transparent polydimethylsiloxane (PDMS) film supported by
a glass slide. Figure 1(b) shows the optical microscope im-
age of upper (dotted yellow line) and lower (dotted dark-blue
line) MoS, triangles with a preset twist angle of 56.8°. Af-
ter alignment, the glue (carbon tapes) that pre-adhered around
the MoS, pieces are brought into contact, fixing the sapphire
pair. The PDMS film detaches from the upper sapphire base
and then starts the bonding process.

A typical as-fabricated tb-MoS, sample is shown in
Fig. 1(c) with the twist angle of 56.68° (the angle deviation o
~ 0.12°). More tb-MoS; samples are shown in Fig. S2 and all
the angle deviations are within 0.2°. In Table S1, we summa-
rize angle deviations of typical transfer methods from previ-

12.13.17.21.22] hne can see that our method features

ous results, [
one of the best alignment accuracies with considerably large
size. These results reveal the effective angle control of our
pre-alignment method. The holes and cracks in some samples
are attributed to identical adhesion forces between two MoS;
films and their growth substrates. As shown in Fig. S3(a),
the bonded pair includes three interfaces: two MoS,—sapphire
interfaces and one MoS;-MoS, interface. During debond-
ing, the interface with the weakest adhesion forces delami-
nates. For bonding that uses two identical MoS; films, i.e.,
lefsubstratel ~ fL27subslrate2a as shown in Fig- S3(b), the com-
petition between two identical adhesion forces leads to frag-
ment of bonded bilayer MoS, (Fig. S3(d)). This issue can be
addressed by choosing samples with significant difference in
adhesion forces (Fig. S3(c)), the resulting sample in Fig. S3(e)
shows complete transfer of the overlapped MoS, area.

3.2. High-quality nature of as-fabricated th-MoS;

Using this method, we fabricate a series of high-quality
tb-MoS, (Fig. S4), and the ultra-clean surfaces/interfaces are
confirmed as follows. In a typical AFM image (Fig. 1(d)), the
surface roughness is 0.047 nm, much flatter than that of sam-
ples fabricated by wet transfer method (0.519 nm) and pick-
up dry transfer method (1.33 nm) as shown in Fig. S5. The
clean interface leads to a strong interlayer coupling, as demon-
strated by moiré patterns (Fig. S6) imaged by the PFM.?*! The
moiré superlattice **! in plane-view STEM images (Figs. S7
and S8) and interlayer spacing of 6.19 A (close to the value
in bulk MoS,) in cross-section (Fig. S9) HAADF-STEM im-
age further provide direct evidence for strong-coupling in our
samples.
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To further study the effect of interlayer coupling, we ac-
quire Raman spectra on a 59.6° tb-MoS; sample shown in
Figs. 2(a) and 2(b). Two strong low-frequency interlayer vi-
bration modes, i.e., layer breathing mode (LB) and shear mode
(S), appear in Fig. 2(a), indicating a great interlayer coupling.
These modes are fingerprints of well-coupled moiré superlat-
tice and are sensitive to twist angles.[zs] Figure 2(c) exhibits

the corresponding spatial mapping of frequency and intensity
of LB and S modes, respectively. The uniform distribution in-
dicates large-scale homogeneity and twist-angle uniformity in
our samples. The spatial mapping images of Eo; and A mode
from as-fabricated tb-MoS; and as-grown 1L MoS, are shown

in Fig. S10, also revealing the uniformity of our samples.

Pressure

Glass slide

| ¥

PDMS |
ire b.

As-grown MoSs/sapphire I. Pre-alignment

(b) Before bonding

Sapphire b

apphire

' Heat

II. Direct bonding

III. As-fabricated tb-MoS,

40 pm (c) After bonding

s

2.0 nm

—2.0
5 pm
Ra=0.047 nm

Fig. 1. Fabrication of bonded tb-MoS, with precise and controllable twist angles. (a) The schematic of pre-alignment and direct bonding
process to obtain high-quality bilayer. (b) The optical images of monolayer MoS; prepared for pre-alignment, the yellow and dark-blue dotted
lines outline the upper and lower triangles that artificially aligned to 56.80°. (c) The optical images of as-fabricated tb-MoS; after direct
bonding and the obtained angle is measured as 56.68°. (d) The AFM image of as-obtained tb-MoS,.

(a) ——59.6° tb-MoS, (b) [ ——59.6° tb-MoS, Au
s — 1L r——1L
—— Substrate ——Substrate

Intensity

0 40 80 120 160 200 240
Raman shift (cm™1)

S peak position (cm~1) S peak intensity (arb. units)

(e)

19 belll |

Intensity

24 1100

280 320 360 400
Raman shift (cm~1)

LB peak position (cm™') LB peak intensity (arb. units)

1800

37

Fig. 2. Raman characterizations of as-fabricated tb-MoS, with strong interlayer coupling and great homogeneity. (a), (b) Comparison of Raman
spectra of 59.6° th-MoS,, monolayer (1L), and substrate. (c) The peak position and intensity mapping images of shear (S) and layer breathing

(LB) modes, the scale bar is 2 pum.
3.3. Twist-angle dependent properties in th-MoS,

In tb-MoS,, the twist angle can engineer the atomic
reconstruction, in-plane strain distribution and optical band
structure,*®! which can be reflected via Raman spec-
tra. The moiré phonons exhibited in Fig. 3(a) are folded
acoustic phonons under the modulation of periodic moiré
potentials,!”-?’! and vary with the twist angles. The evolu-
tion of moiré phonon is determined by moiré period A (A =

a/[2sin(0/2)], where a is the lattice constant of MoS;). By
calculating the phonon dispersion with respect to the recipro-
cal lattice vector g!7-?8-301 (see details in Fig. S11), we obtain
the evolution of folded longitudinal acoustic (FLA) and folded
transverse acoustic (FTA) as a function of the twist angle (cal-
culated FLA and FTA in Fig. 3(c)). FLA and FTA extracted
from Fig. 3(a) fit well with calculated results, demonstrating

the high quality of our samples.
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Fig. 3. Twist-angle dependent properties in tb-MoS;. (a) Moiré phonons in
arrows (FLA). (b) Low-frequency Raman spectra showing LB and S modes

tb-MoS, with different twist angles, marked by red arrows (FTA) and black
in tb-MoS, with different twist angles. (c) The calculated evolution of FTA

(red dotted line) and FLA (black dotted line) with respect to twist angle, with the dots showing corresponding experimental results extracted from (a).
(d) The 0-dependent evolution of Raman shifts of LB/S mode near 0°. The colored background indicates relaxed regime (6 < 2°, pink), intermediate
regime (2 < 6 < 4.9°, green) and rigid regime (6 > 4.9°, white). (e) The 6-dependent evolution of A exciton, B exciton and indirect bandgap exciton. The
inset exhibits PL spectrum of tb-MoS; and 1L MoS; at 300 K. (f) FWHM of LB/S mode (upper panel) and E; mode (bottom panel) near 0°.

Previous studies on tb-MoS, reveal a transition from rigid
lattice to relaxed lattice when the twist angle decreases to near
0°.[23:3132] This transition is also observed in our samples. As
shown in Figs. 3(b) and 3(d), S mode appears and LB mode
shows a sudden blue shift when twist angle 6 is less than
4.9°.

constructed region that contributes to the emergence of the S

This phenomenon is attributed to the formation of re-

mode with enhanced restoring force. These behaviors indicate
the transition from rigid regime (6 > 4.9°) to relaxed regime
(0< 6 <2°).B1

In the relaxed regime, the full width at half maximum

(FWHM) of S mode (Fig. 3(f)) undergoes a rapid decrease
from 0° to 2°, originating from the decreased in-plane strain
that reduces the strain-induced splitting effect of the doubly
degenerate S mode.[?3] The reduced strain is also verified by
similar behavior in the FWHM of E, mode (Fig. 3(f), the
full spectra is shown in Fig. S12). In the relaxed regime, the
moiré superlattice consists mainly of the MX’/X’'M-stacking
domains that are more energetically-favored,3!! verified by
our PFM results of large MX'/X'M domains. As the moiré
period undergoes a large drop from 0° to 2° (Fig. S13), the

MX'/X'M domain area decreases, and the in-plane strain is
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also modulated. When 6 > 2°, the moiré period is less than
10 nm, the strain among superlattice gradually becomes sta-
ble, and FWHM of S mode and Ejg remain unchanged, (31]
referred to as the intermediate regime. As for LB mode, the
FWHM increases as twist angle increases from 0° to 4.9°
(Fig. 3(f)) along with a rapid frequency red shift at 4.9°, in-
dicating a splitting here due to phonon-phonon coupling.3!]
When 6 > 4.9°, the unchanged frequency and FWHM of LB
mode indicate a stable rigid-superlattice.

PL spectrum also reveals the twist-angle dependent opti-
cal band structure (Figs. 3(e) and S14). As shown in the inset
in Fig. 3(e), MoS; undergoes a transition from direct bandgap
to indirect bandgap from monolayer to bilayer, with the ap-
pearance of indirect bandgap exciton. Figure 3(e) summa-
rizes the positions of excitons as a function of the twist angle.
Please also refer to Fig. S14 for low-temperature PL spectrum.
The indirect bandgap exciton shows blue shift from 1.35 eV

(~0° to 1.58 eV (~ 30°), and shifts to 1.5 eV when the angle
reaches higher; while the positions of A and B excitons remain

nearly unchanged, in agreement with previous results.[!334]

3.4. Electrical properties of th-MoS,

The electrical properties of tb-MoS, at different twist
angles ranging from 0° to 60° are also investigated. The
schematic device structure is shown in the inset in Fig. 4(a).
The output curves (Fig. 4(a)) from a typical 59.1° tb-MoS;
device exhibit linear behavior, suggesting an ohmic contact.
Figure 4(b) shows the transfer curve from the same device and
the on/off ratio reaches 10”. The average field-effect mobility
is summarized in Fig. 4(c), and it can be seen that the mobil-
ity slightly drops at around 10°/51.6° and reaches a maximum
value of ~ 50 cm?-V~1.s7! at 59.1°. The high mobility near
60° can be attributed to high density of states from the flat

electronic band.[*>37]

2 Toon @ THi
59.1° _ )| _ a1
~ 51 somee  prm V=10V 0 =1V
£ 101 1 1075 4
= ~ 10
< 7] ] < 7]
2 0 1077
7 Vg=—1V! 3
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120 & ?g *l | I
o w0
4 6 8 10 & 0 10 20 30 40 50 60
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Fig. 4. The electrical properties of tb-MoS,. (a) The output curve of the 59.1° tb-MoS,. Inset: top left image exhibits schematic of a FET
device, bottom right optical image shows the fabricated sample with the scale bar of 20 um. (b) The electrical transfer curve of the 59.1°
tb-MoS,. (c) The twist-angle dependent mobility of tb-MoS,, the error bar indicates the variations within the same angle.

4. Conclusion

We report a direct bonding method with precise angu-
lar alignment to fabricate large-scale, ultra-clean, uniform and
high-quality tb-MoS, with a twist angle accuracy of 0.2°.
In our as-fabricated samples, twist-angle dependent behav-
ior of moiré phonons, interlayer vibration modes, and indi-
rect bandgap are studied, revealing the evolution of superlat-
tice, in-plane strain, as well as optical band structure. We also
fabricate electrical devices with various twist angles and find
signature of flat band near 60°. Our work provides a facile
method to fabricate a moiré system and could pave a way for
moiré physics and emerging applications.
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