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Two-dimensional (2D) materials and their heterostructures have been intensively studied in recent years
due to their potential applications in electronic, optoelectronic, and spintronic devices. Nonetheless, the
realization of 2D heterostructures with atomically flat and clean interfaces remains challenging, espe-
cially for air-sensitive materials, which hinders the in-depth investigation of interface-induced phenom-
ena and the fabrication of high-quality devices. Here, we circumvented this challenge by exfoliating 2D
materials in an ultrahigh vacuum. Remarkably, ultraflat and clean substrate surfaces can assist the exfo-
liation of 2D materials, regardless of the substrate and 2D material, thus providing a universal method for
the preparation of heterostructures with ideal interfaces. In addition, we studied the properties of two
prototypical systems that cannot be achieved previously, including the electronic structure of monolayer
phospherene and optical responses of transition metal dichalcogenides on different metal substrates. Our
work paves the way to engineer rich interface-induced phenomena, such as proximity effects and moiré
superlattices.

� 2022 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Since the discovery of graphene in 2004, the study of two-
dimensional (2D) materials and heterostructures has become one
of the most active fields, as they hold great promise for next-
generation quantum devices [1,2]. To date, a wide variety of 2D
materials have been realized, including transition metal dichalco-
genides (TMDCs) [3], hexagonal boron nitride [4], and black phos-
phorus [5]. Compared with bulk materials, 2D materials have a
much higher surface-area-to-volume ratio. Therefore, the inter-
faces between 2D materials and substrates or other 2D materials
can induce various exotic properties, which provides an effective
method for manipulating the properties of 2D heterostructures
through interface engineering. One example is proximity effects,
including proximity-induced superconductivity [6,7], magnetism
[8], and topology [9]. When a topological insulator or ferromag-
netic atomic chain is placed on a superconductor, the coexisting
superconducting and topological orders can give rise to topological
superconductivity, which hosts the long-sought Majorana fer-
mions [10,11]. Another example is interface-enhanced long-range
order, such as superconductivity [12], magnetism [8], and charge
density waves [13]. In addition, the moiré superlattices generated
by stacking 2D materials with specific twist angles have attracted
much attention in recent years. Periodic moiré potentials can lead
to strong electron correlation effects, such as superconductivity
[14] and Wigner crystal states [15,16].

The rapid development of 2D materials requires the preparation
of high-quality ultrathin samples, which has spawned a variety of
fabrication techniques ranging from bottom-up approaches such as
molecular beam epitaxy (MBE) and chemical vapor deposition
(CVD) to top-down approaches such as mechanical exfoliation.
For bottom-up approaches, the growth parameters of each system
need to be optimized, which is time-consuming and inefficient. In
addition, only a limited number of substrates can be used to grow
ulletin,
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specific 2D materials, and only specific twist angles with the sub-
strates can be obtained depending on the growth dynamics. These
facts greatly limit the ability to manipulate the properties of 2D
materials via interface engineering. Top-down approaches provide
greater flexibility than bottom-up approaches. For layered van der
Waals crystals, in principle, ultrathin flakes can be obtained on
arbitrary substrates with controlled twist angles by liquid-phase
or dry exfoliation.

However, traditional mechanical exfoliation is performed in air
or glove boxes, and contaminants are inevitable compared to the
ultrahigh vacuum (UHV) MBE technique. These contaminants are
detrimental to the intrinsic properties of 2D materials, especially
for air-sensitive materials, including black phosphorus [17], transi-
tion metal tellurides [18], and metal iodides [19]. This indicates the
existence of large amounts of adsorbates, which questions the reli-
ability of ex situ measurements of the intrinsic properties of 2D
materials. The preparation of 2D materials and heterostructures
with high-quality interfaces requires direct exfoliation of 2D mate-
rials in UHV to avoid possible contaminants. To this end, several
methods have been developed. For example, the dry contact trans-
fer method can be used to fabricate graphene nanoribbons and
quantum dots [20,21]; direct exfoliation of graphene has been real-
ized on Si(111)-7�7 reconstructed surfaces [22] and epitaxial gra-
phene [23]. However, in-depth research on this technique,
including the universality of other 2D materials and substrates, is
still lacking.

Here, we demonstrate that vacuum exfoliation is a universal
technique to obtain ultrathin 2D materials. The substrates for exfo-
liating 2Dmaterials were obtained by standard surface preparation
methods in UHV, such as annealing, ion sputtering, plasma treat-
ment, and MBE growth. Assisted by ultraflat and clean surfaces,
various 2D materials can be directly exfoliated by a simple ‘‘stamp
and peel-off” procedure, forming an ideal interface with the sub-
strates. The improved interface quality makes it possible to inves-
tigate their intrinsic properties by surface-sensitive techniques. In
addition, this technique enables the investigation of interface-
induced phenomena, such as the different optical responses of
monolayer TMDCs on metal substrates. Our work not only enriches
the diversity of realizable 2D heterostructures but also highlights
the possibility of realizing rich exotic properties through interface
engineering.
2. Methods

2.1. Preparation of the substrates

Single-crystal oxide substrates, including MgO, SrTiO3, and
Al2O3, were annealed at >1000 �C for 6 h in a tube furnace with
appropriate oxygen flux. The as-prepared substrates show atomi-
cally flat surfaces, which were confirmed by atomic force micro-
scope (AFM) measurements. The substrates were then
transferred to the UHV exfoliation system (�10�10 mbar), and
annealed at �600 �C to remove the surface adsorbates. The Si
(111) substrates were annealed at �600 �C for 1 h and then flashed
to 1250 �C several times to form the 7�7 surface reconstruction.
The cleanliness of the substrate surfaces was confirmed by
in situ low-energy electron diffraction (LEED) measurements. Poly-
crystalline metal films, including Au, Ag, Fe, and Cr, were prepared
by growing high-purity metals onto the SiO2/Si substrates in UHV.
For Au and Ag films, Cr buffer layers are required to strengthen the
adhesion with the substrates. Before growth, the SiO2/Si substrates
were annealed at 300 �C to remove surface adsorbates. During
growth, the substrate temperature was kept at room temperature.
The thicknesses of the metal films were calibrated by a thickness
2

monitor, and all metal films for UHV exfoliation were approxi-
mately 10-nm thick.

2.2. Mechanical exfoliation in UHV

Two vertically aligned sample stages were designed for the UHV
exfoliation, as shown in Fig. 1b. One stage is used to fix the sub-
strates, and the other one is used to fix the freshly cleaved 2D
van der Waals crystals. During the whole mechanical exfoliation
process, the vacuum was kept at �10�10 mbar. The exfoliation is
typically conducted �10 min after the preparation of substrates.

2.3. In-situ characterization

After UHV mechanical exfoliation, the sample surface was
checked by an optical microscope mounted outside the vacuum
chamber. The surface quality was checked by in situ LEED (OCI
Microengineering Incorporation). The angle-resolved photoemis-
sion spectroscopy (ARPES) measurements were performed at room
temperature with a SPECS PHOIBOS 150 analyzer and helium dis-
charge lamp (�21.2 eV). Before ARPES measurements, the samples
were transferred to the ARPES chamber without breaking the UHV.
The energy resolution of ARPES was �15 meV.

2.4. Ex-situ characterization

AFM measurements were performed with a commercial facility
(Oxford, Asylum Research Cypher S) in the tapping mode. X-ray
photoelectron spectroscopy (XPS) measurements were performed
using the Al K line (Thermo Scientific ESCALAB Xi+) with a base
pressure <2�10�9 mbar. The XPS peaks were calibrated using
the carbon 1s peak (284.8 eV). The Raman and photoluminescence
(PL) measurements were carried out with an excitation wave-
length of 532 nm (WITec alpha300R). The Raman peak of Si at
520.7 cm�1 was used to calibrate each spectrum. The samples for
optical characterizations were transferred from the UHV chamber
to a glove box without exposure to air and then spin-coated with
PMMA capping layers before taking out for optical characteriza-
tions. All AFM, XPS, Raman, and PL measurements were carried
out at room temperature.
3. Results and discussion

3.1. Exfoliation of ultrathin 2D materials in UHV

A schematic diagram of our method is illustrated in Fig. 1a–c.
The system consists of three parts: preparation, exfoliation, and
characterization. In the preparation chamber, ultraflat and clean
substrates are prepared using standard surface preparation tech-
niques. Freshly cleaved van der Waals crystals are then pressed
onto the as-prepared substrates. The substrate temperature varies
from room temperature to approximately 500 K, depending on the
type of material. After several minutes, the crystals are quickly sep-
arated from the substrates, leaving ultrathin flakes on the sub-
strates. The quality of the exfoliated samples is examined by an
optical microscope through a viewport, as shown in Fig. 1c. The
as-prepared ultrathin 2D materials can be transferred to other
UHV measurement systems, such as LEED, ARPES, and scanning
tunneling microscopy (STM), without breaking the vacuum.

First, we demonstrate that the Au-assisted exfoliation tech-
nique, which can be used to prepare large-scale monolayer 2D
materials [24–27], is compatible with our system. Due to the
strong adhesion of polycrystalline Au films, it is possible to exfoli-
ate a variety of 2D materials at high yields. Fig. 1d shows optical
images of four typical 2D materials: MoS2, WSe2, RuCl3, and black



Fig. 1. (Color online) Mechanical exfoliation of 2D materials in UHV. (a–c) Schematic drawing of the UHV exfoliation process, including preparation of ultraflat and clean
substrate surfaces (a), mechanical exfoliation (b), and in situ characterization (c). (d) Optical images of large-scale 2D materials on polycrystalline Au obtained by the UHV
mechanical exfoliation technique: MoS2, WSe2, RuCl3, and black phosphorus. The 1L and 2L areas are indicated in each picture. Scale bar: 40 lm. (e, f) AFM and Raman
spectroscopy characterization of the exfoliated 2D materials, respectively. Scale bar: 2 lm.
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phosphorus. The large-scale monolayer and bilayer areas are
marked in each picture. To further confirm the quality and thick-
ness of the samples, ex situ AFM and Raman spectroscopy mea-
surements were performed, and the results are shown in Fig. 1e,
f. The surface is predominantly covered by ultrathin flakes, similar
to previous works in air. However, distinct from our UHV exfolia-
tion (Fig. S1 online), the Au substrate degrades quickly in air, and
the exfoliation yield declines rapidly after a few minutes of expo-
sure to air [25].

Next, we show the ability to realize ultrathin 2D materials on
single-crystal substrates with atomically flat interfaces. Such
heterostructures are difficult to realize using traditional mechani-
cal exfoliation techniques for the following reasons. First, for most
materials, atomically clean and flat surfaces are only stable in
3

ultrahigh vacuum. For example, the Si(111)-7�7 surface is prone
to adsorb contaminants when the vacuum is worse than
�1�10�9 mbar. Second, even for stable materials, a large number
of adsorbates or bubbles will be trapped at the interfaces during
the exfoliation process, which may seriously affect their intrinsic
properties [28,29]. Third, the degradation of single-crystal surfaces,
including the adsorption of contaminants or oxidization, tends to
reduce the adhesion energy, which significantly reduces the exfo-
liation yield of ultrathin 2D materials [30]. Therefore, the prepara-
tion of 2D materials on single-crystal substrates with high-quality
interfaces requires all preparation processes to be carried out in
UHV. Previously, MBE has been proven to be an efficient method
for the preparation of high-quality heterostructures, as exemplified
by Bi2Se3/NbSe2 [7] and FeSe/SrTiO3 [12]. However, as mentioned
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above, MBE has significant limitations compared to mechanical
exfoliation, which calls for the development of vacuum exfoliation
techniques.

We selected several typical single-crystal substrates, including
MgO(100), SrTiO3(100), Al2O3(0001), and Si(111). After pretreat-
ment by UHV annealing or flashing, these substrates show atomi-
cally flat surfaces, as confirmed by AFM, STM, and LEED
measurements (Fig. 2a–d). Surprisingly, the exfoliation yield
increases significantly due to the improved surface quality of the
substrates. Taking MoS2 as an example, monolayer flakes can be
obtained on all of these substrates, as shown in Fig. 2e–h. In addi-
tion to MoS2, other 2D materials can also be exfoliated on these
substrates, including graphene, FeSe, and Bi-2212, as shown in
Fig. 2i–l. The quality of these ultrathin 2D materials was confirmed
by Raman and AFM characterizations (Figs. S2–S4 online). The suc-
cessful exfoliation of different types of ultrathin 2D materials on
different substrates indicates the universality of this method,
regardless of the 2D material and substrate. The increased exfolia-
tion yield might originate from the enhanced coulombic attraction
between 2D materials and the substrates since atomically flat and
clean substrates increase the contact areas with 2D materials.
3.2. Characterization of monolayer phosphorene

Due to the improved quality of the surface and interface, the
UHV exfoliation technique enables the study of exfoliated 2D
materials by surface-sensitive techniques. Here, we take mono-
layer phosphorene as an example. Although few-layer phospho-
rene can be easily isolated from bulk black phosphorus, large-
Fig. 2. (Color online) Exfoliation of ultrathin 2D materials on single-crystal substrates. (a
of Si(111). The LEED pattern of each substrate is shown in the inset of (a–d). Scale bar: 400
5 lm.
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scale monolayer phosphorene is still difficult to realize. In addi-
tion, phosphorene is easy to degrade in air compared to UHV
(Figs. S5–S7 online), and exposing phosphorene to air or low-
vacuum conditions will permanently degrade the surface quality.
Such serious degradation hinders an in-depth investigation of its
physical properties by surface-sensitive techniques. To date, only
a few works have been reported on the optical and transport
properties of monolayer phosphorene [31,32], while direct stud-
ies of its structure and electronic properties by LEED and ARPES
are still lacking.

Based on our UHV exfoliation technique, we isolated
millimeter-sized monolayer phosphorene, as shown in the optical
image in Fig. 3a; such large-scale samples enable measurements
using conventional LEED and ARPES techniques. The thickness of
the exfoliated phosphorene was confirmed by AFM and Raman
spectroscopy characterizations, as shown in Fig. S8 (online). The
LEED pattern of the exfoliated monolayer phosphorene is displayed
in Fig. 3c, which shows a rectangular structure. The absence of the
(10) diffraction spots is due to the phase cancellation caused by the
surface glide mirror symmetry [33]. The estimated lattice con-
stants agree with those of bulk black phosphorus, indicating the
absence of structural transition or charge density waves. The
ARPES intensity map along the C-Y direction is shown in Fig. 3f.
A hole-like parabolic band centered at the C point is observed,
which is consistent with previous calculations [34]. The valence
band top is 0.2 eV below the Fermi level, slightly deeper than that
of bulk black phosphorus. The downward shift of the hole-like
bands might originate from electron doping effects of the Au
substrate.
–c) AFM images of MgO(100), SrTiO3(100), Al2O3(0001), respectively. (d) STM image
nm. (e–h) Optical images of ultrathin MoS2, graphene, Bi-2212, and FeSe. Scale bar:



Fig. 3. (Color online) LEED and ARPES characterization of monolayer phosphorene.
(a) Optical image of UHV-exfoliated phosphorene on Au. The lateral size of
monolayer phosphorene is on the order of millimeters. (b) LEED pattern of
monolayer phosphorene exfoliated in UHV. (c, d) Crystal structure and Brillouin
zone of monolayer phosphorene. (e) ARPES intensity plot of monolayer phospho-
rene along the C-Y direction measured at room temperature. The energy of the
incident photon is 21.2 eV. The valence band maximum is located at the C point.
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3.3. Optical responses of monolayer TMDCs on different substrates

Having confirmed the high quality of the exfoliated 2D materi-
als by LEED and ARPES, we move on to show that the improved
quality provides opportunities to realize rich interface-induced
phenomena. Here, we study the optical responses of monolayer
TMDCs on different metal substrates, including Au, Ag, Cr, and
Fe. When TMDCs, such as MoS2, come into contact with Au, the
photoluminescence (PL) signal will be completely quenched
because of the strong charge transfer at the interface [25,35], as
shown in Fig. 4a. However, similar PL quenching effects have not
been verified when monolayer TMDCs are placed on other metal
substrates. The difficulty of such experiments lies in the air sensi-
tivity of other metals. Unlike Au, which is relatively stable in air,
the surfaces of Ag, Cr, and Fe will rapidly oxidize and adsorb con-
taminants under low-vacuum conditions. Therefore, using tradi-
tional mechanical exfoliation techniques, the exfoliated 2D
material is in direct contact with metal oxides or contaminants
rather than with the pristine metal surface. All of these difficulties
can be avoided by the UHV exfoliation technique. Due to the
improved surface quality of metal films under UHV, we success-
fully realized monolayer MoS2 and WSe2 on all of these substrates,
as shown in Fig. S10 (online).

The PL spectra of monolayer WSe2 on different metal films are
displayed in Fig. 4b. For WSe2 on Au, the PL peak at �1.65 eV from
the A exciton is completely quenched, consistent with previous
reports [25]. However, this peak was still visible when WSe2 was
placed on Ag, Cr, and Fe. In addition to the survival of the PL signal,
we observed a significant redshift of the PL peak, which might be
attributed to the enhanced trion photoluminescence [36]. Similar
5

phenomena have also been observed in MoS2, as shown in
Fig. S11 (online). There are three possible reasons for the survival
of the PL signal of TMDCs on Ag, Cr, and Fe. First, these metals
might have much weaker orbital hybridization with TMDCs than
Au, and electrons in the excited states of TMDCs have a lower prob-
ability of transferring to substrates. Second, although Ag, Cr, and Fe
hybridize with TMDCs, the transition of electrons from excited
states to hybridized states is also radiative, leading to the survival
of the PL signal. Third, since the PL spectra were acquired in ambi-
ent conditions, oxygen might penetrate TMDCs, oxidize the top-
most metal layers, and decouple TMDCs from the substrates [37].

The Raman spectra of monolayer MoS2 on different substrates
are displayed in Fig. 4c. Similar to suspended MoS2, the E2g1 and
A1g peaks of MoS2 on Fe and Cr are unimodal with a wavenumber
spacing of �19 cm�1 [38]. The shift of the Raman peaks is negligi-
ble, indicating a weak interaction of these substrates with MoS2.
When the substrate is switched to Au, the A1g peak is split, accom-
panied by a significant redshift and broadening of the E2g1 peak, in
agreement with previous reports [39]. The Raman behavior of
MoS2/Au might originate from charge transfer and local lattice
deformation at the interface, as illustrated in Fig. 4d. In contrast
with Au, the Ag substrate has different effects on the Raman behav-
ior of MoS2. The A1g peak does not split, while the E2g1 peak is split
by �9 cm�1. Since E2g1 is an in-plane vibrational mode, the splitting
of this mode indicates a strong in-plane lattice distortion caused by
the substrate. Similar results have been reported in strained [40]
and twisted bilayer MoS2 [41], but the splitting is smaller than
the current case. In addition, all three Raman modes, especially
2LA(M), show significant enhancement on Ag. The enhancement
of Raman peaks might originate from surface plasmon resonance,
which has been reported in Ag nanoparticle-decorated MoS2 [42].

4. Summary and outlook

To summarize, we report a universal UHV exfoliation technique
for realizing 2D materials and heterostructures with ideal inter-
faces. The improved surface quality grants access to study their
intrinsic properties by surface-sensitive techniques, especially for
air-sensitive materials. In addition, the universality of this tech-
nique provides unprecedented opportunities to realize rich
interface-induced properties. Due to the different optical responses
of TMDCs on metal substrates shown above, a number of intriguing
properties can be readily expected. For example, the superconduct-
ing critical temperature of monolayer FeSe grown on SrTiO3(001) is
enhanced to >60 K compared with bulk FeSe. However, epitaxial
FeSe can only grow along the crystallographic direction of
SrTiO3(001). With the UHV exfoliation technique, one can easily
isolate ultrathin FeSe on SrTiO3 or other substrates with controlled
twist angles (Fig. S14 online). In-depth investigations of these
heterostructures may not only shed light on the mechanism for
the enhanced superconductivity but also be conducive to realizing
superconductors with higher critical temperatures.
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Fig. 4. (Color online) Optical responses of monolayer MoS2 and WSe2 on different metal films. (a) Schematic drawing of the PL quenching process. The transition of electrons
in the excited states of TMDCs to the substrate is nonradiative. (b) PL spectra of monolayer WSe2 on Au, Ag, Fe, and Cr films. The vertical dashed line indicates the peak
position of the suspended sample. (c) Raman spectra of monolayer MoS2 on Au, Ag, Fe, and Cr. The suspended monolayer MoS2 is shown for comparison. (d) Schematic
drawing of monolayer TMDCs on metal substrates. Local strain and electron doping can affect the Raman behavior.
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