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Van der Waals oxide heteroepitaxy
Ying-Hao Chu1,2,3

The research field of oxide heteroepitaxy suffers from the characteristics of misfit strain and substrate clamping, hampering the
optimization of performance and the gain of fundamental understanding of oxide systems. Recently, there are demonstrations on
functional oxides epitaxially fabricated on layered muscovite substrate. In these heterostructures, due to the weak interaction
between substrate and film, they show the lattice of films close to bulk with excellent strictive properties, suggesting that these
critical problems can be potentially solved by van der Waals oxide heteroepitaxy. In addition, by exploiting the transparent and
flexible features of muscovite, such a heteroepitaxy can deliver new material solutions to transparent soft technology. In this paper,
the history, development, and current status of van der Waals oxide heteroepitaxy are addressed and discussed. In the end, new
research directions in terms of fundamental study and practical application are proposed to highlight the importance of this
research field.
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INTRODUCTION
Strong interactions among degrees of freedom such as lattice,
charge, orbital, and spin as shown in the center part of Fig. 1 result
in a broad spectrum of intriguing functionalities in oxides, such as
high temperature superconductivity, colossal magnetoresistance,
and multiferroicity. Thus, oxide materials are ubiquitous in modern
science and technology due to their fascinating physical proper-
ties and study on oxides represents an important research
direction of materials science. Recently, strongly correlated
electron systems in oxides1 form a new playground for next-
generation electronic devices. In the process of the minimization
and integration of electronic devices, materials in thin-film form
are more favorable. Thus, a lot of researchers have been
enthusiastically devoted to comprehensive investigation and
advanced modulation of these intriguing phenomena in oxide
thin films, nanostructures, and interfaces.2

In order to achieve the best performance and acquire the
fundamental understanding of oxide thin films, the fabrication of
oxide heteroepitaxy has been developed. Originally, the hetero-
epitaxy was focused on the growth of high-quality films on single-
crystalline substrates. In this type of heteroepitaxy, a selection of
suitable substrate with similar crystal structure and lattice
parameters is very important to obtain high quality heteroepitaxy
since the atoms of substrate and film are linked by a formation of
strong chemical bondings. Later on, the technique has been
extended to create artificial superlattice3 and self-assembled
lateral heteroepitaxy4,5 as shown in the bottom right panel of
Fig. 1, to obtain more functionalities of oxide heteroepitaxy.
However, there are two critical characteristics of epitaxial growth.
The first one is the epitaxial strain due to a lattice mismatch
between film and substrate. The misfit strain can lead to a change
of the ground state, an interdiffusion of chemical elements, or
formations of defects accumulated at interfaces due to the
accommodation of the strain energy. Since it can not be avoided
in a heteroepitaxial system, there are numerous studies that

exploit the advantages of misfit strain to engineer the function-
alities of thin films.6,7 The other one is the substrate clamping
effect. Since the film is strongly tied to the substrate by the
formation of bonding, the lattice interaction of substrate and film
has to be taken into account when an epitaxial film is deformed.
This effect is essential especially in strictive materials, such as
piezoelectrics and magnetostrictive materials. When external
stimuli such as electric or magnetic fields are applied, the lattice
responding to the external fields has to overcome this effect,
which in general, degrades the performance of strictive materials
in thin-film form.
In order to solve these problems, the realization of free-standing

samples provides a feasible solution. The creation of a free-
standing oxide film can be tracked down to the 1990s, when the
technique of laser lift-off was used to transfer epitaxial GaN film
from sapphire to Si substrates.8 The same idea has been employed
to create free-standing ferroelectric films and then transfer them
to other substrates.9 The problem of substrate clamping effect can
be partially solved depending on the selection of new bonding
material between substrate and film. Another approach to remove
substrate clamping is the creation of nanostructure.10–12 As an
increase on the aspect ratio of nanostructure, the contact area of
film and substrate is decreased. Thus, more volume fraction of film
is free to move and the clamping effect is reduced. Recently, a
solution-removable layer has been used as a sacrificial layer
between film and substrate.13–15 After the heteroepitaxial growth,
this layer is removed by being soaked in a solution, leaving a free-
standing film in the solution. Then, the free-standing samples can
be transferred to any suitable substrates. So far, no direct growth
of a heteroepitaxy can surmount these two problems simulta-
neously, setting up a critical barrier of epitaxial growth. Therefore,
an alternative approach capable of overcoming aforestated
constraints can expand the domain of the oxide heteroepitaxy.
van der Waals (vdW) epitaxy was reported by Koma as shown in

the bottom left panel of Fig. 1.16–19 Currently, it serves as a
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new paradigm of heteroepitaxy involving two-dimensional
(2D)-layered materials with unique and promising properties.20–
23 The key feature of such an epitaxy involves weak vdW
interactions between layers yielding high-quality films with a
reduction of threading dislocations. In vdW epitaxy, the epilayer
grows with its bulk lattice despite lattice mismatch as large as
60%.24 Therefore, epilayer has bulk single-crystal-like crystalline
quality and the vdW interface is abrupt on an atomic scale without
intermixing and chemical cross contamination. Recently, the
lateral form of vdW has been also demonstrated with an abrupt
interface, creating more possibilities of designing 2D heteroepi-
taxy.25 In principle, no stress or strain is induced by substrate
across the contact plane in such a heteroepitaxy. Initially, vdW
epitaxy strictly implied the growth of (2D) layered material on
other (2D) layered substrates, but later it has been extended to the
quasi-vdW epitaxy, the heteroepitaxial growth of (2D) layered
materials onto 3D substrates or vice-versa as shown in the top
panel of Fig. 1. The quasi-vdW epitaxy is intermediate to
conventional and vdW epitaxies. The key advantage of this type
of heteroepitaxy is the feature of weak interaction between film
and substrate, resulting in a tolerance of lattice match and an
almost strain-free sample. In order to apply such a concept for
oxide heteroepitaxy, a search of layered oxides is of importance.
Typically oxides crystallize in structures based on the close

packing of oxygen anions forming tetrahedral and octahedral sites
occupied by cations.26 In oxides, one special family is silicates.
According to the Si4+/O2- radius ratio and the feature of Si–O
bond, a very strong preference for the formation of (SiO4)

4-

tetrahedra in silicates occurs. Depending on the atomic ratio of
Si4+/O2-, a series of silicate structures are formed, including
completely interconnected tetrahedra, sheets, chains, and rings.
Silicate structures with sheets, such as mica, kaolinite, and
montmorillonite, are layered materials. Micas are the most
abundant subgroup of phyllosilicates. As shown in Fig. 2, the
structural unit of layered mica (~1 nm) contains two silicate
tetrahedral sheets (SiO4) on either side of a sheet based on

aluminum octahedron (AlO6) and these layer stacks are held
together by interlayer cations. The tetrahedral sheet consists of
honeycomb arrangement of hexagons of SiO4 tetrahedra such
that each tetrahedron shares its basal oxygens with the adjacent
tetrahedron. Si ions of these layers are partially replaced by Al ions
(1/3) to give a net negative charge. The apical oxygens together
with hydroxyl group lying below the center of SiO4 hexagon of
tetrahedral layer form the octahedral layer. These sandwiched-
layer units with strong covalent bonding within them are weakly
held together by interlayer cations resulting in a vdW gap.
Cleavage of muscovite (KAl2(Si3Al)O10(OH)2: a = 5.33 Å, b = 9.23 Å,
c = 10.22 Å, and β ~ 100°) along this vdW gap layer produces two
large, atomically flat surfaces, with equal but randomly distributed
K+ atoms preserving charge neutrality, making muscovite mica an
ideal substrate for vdW heteroepitaxy.27 The surface of mica
provides an interesting playground for the study of 2D ion
diffusion, 2D crystal nucleation, surface conductivity, molecular
surface phenomena of adhesion, friction, and colloidal
interactions.28

Gold thin film on muscovite substrate was an early demonstra-
tion of a heteroepitaxy with mica substrate.29 Recently, due to a
quick rise of the research on 2D layered materials, more materials
were studied. For example, epitaxial Bi2Te3 thin films have been
prepared on muscovite as a potential solution for transparent
conducting electrode.30 Following up, oxide materials were
extensively explored.31–33 Currently, most common oxide struc-
tures including rocksalt, wurtzite, perovskite, spinel, and antifluor-
ite, were demonstrated in a heterostructure with determined
epitaxial relationships as shown in the summary table of Fig. 2.
Since there is no strong chemical bonding between substrate and
film, the quality of van der Waals oxide heteroepitaxy depends on
the competition of surface energy and the coherency of the
symmetry between muscovite and film. Typically, three- or six-fold
axis with the lowest surface energy will be the orientation of
epitaxial film on muscovite. In most oxide epitaxial systems on
muscovite, the lattice constants and properties were shown to be

Fig. 1 Degrees of freedom and schematics of various heteroepitaxies

Van der Waals oxide heteroepitaxy
Y-H Chu

2

npj Quantum Materials (2017)  67 Published in partnership with Nanjing University

1
2
3
4
5
6
7
8
9
0



close to bulk materials or single crystals. A good system to
illustrate the characteristics of strain-free and removal of substrate
clamping is the CoFe2O4/muscovite system.34 The lattice para-
meters were found to be very close to bulk, indicating a mitigation
of the strain. Since CoFe2O4 is a magnetostrictive material, it was
found that the magnetostrictive coefficient is very close to the
single crystal value, suggesting a lack of substrate clamping.
vdW heteroepitaxy on muscovite is an excellent platform to

develop oxide heteroepitaxy without strain and substrate clamp-
ing. Therefore, it is very crucial to examine the characteristics of
muscovite and identify key features of this type of oxide
heteroepitaxy.27 Mica possesses very high yield strain and the
thickness of a single cleaved mica sheet can be controlled down
to few microns with superior flexibility. In fact, a bending radius
down to 0.03 cm is reported for 100 nm thick mica sheet.35 Due to
the weak vdW interaction, the overlayer can be peeled off easily
from mica creating an unconstrained or free-standing thin film. In
addition, a thin mica (~100 µm) sheet exhibits extraordinary
transmittance in the ultraviolet-visible-infrared range of the
electromagnetic spectrum. Its high melting point (1150–1300 K)
makes it compatible with modern thin film processes. They are
tolerant against chemicals for use in biomedical and wearable
applications. All these features qualify mica as a destination
substrate for flexible and transparent electronics.
In order to promote vdW oxide heteroepitaxy on muscovite for

flexible and transparent electronics, functional materials on
muscovite should be developed. Since muscovite is insulating
and transparent, to build up transparent conducting oxides,
serving the fundamental components in optoelectronic applica-
tions, seems to be the first step. Currently, high-quality oxide
heteroepitaxy on muscovite with Indium Tin oxide and Al-doped
zinc oxides are all developed, showing good flexibility, transpar-
ency, and cyclability.36 Recently, flexible VO2/muscovite hetero-
epitaxy has also been demonstrated,37 owing to its
metal–insulator transition in the vicinity of room temperature,
delivering a material solution using correlated electrons. Further-
more, a recent study has shown the growth of epitaxial Fe3O4 on
muscovite to advance the field of spintronics, because Fe3O4 is the

most attractive material for such applications due to its high Curie
temperature (858 K) and predicted nearly 100% spin polariza-
tion.38 The verification of the cyclability and endurability of Fe3O4/
muscovite heterostructure opens a new pathway towards flexible
spintronics. Lately, there is a demonstration of the heteroepitaxy
with Pb(Zr,Ti)O3, a classic ferroelectric material, on muscovite.39 An
extensive exploration of device performance validated a robust
ferroelectric memory device with good flexibility and cyclability.
Furthermore, the heteroepitaxy on muscovite provides a solution
to show excellent performance of strictive materials, such as
piezoelectric Pb(Zr,Ti)O3 and magnetostrictive CoFe2O4. It is very
straightforward to combine them together to form a magneto-
electric composite system. A recent study based on flexible
BiFeO3–CoFe2O4 heteroepitaxy on muscovite represents an
important progress along this research direction since such a
heterostructure can be used to optimize the performance due to a
minimization of the substrate clamping effect.40 It also suggests
that the research field of oxide heteroepitaxial nanocomposite on
rigid substrates can be transferred to muscovite substrate,
providing more materials for flexible applications.41,42 Based on
these studies, more functional oxides will be implemented on
muscovite epitaxially in order to expand the material database on
muscovite for flexible and transparent electronics.
To sum up, vdW oxide heteroepitaxy is a new and fast-growing

research direction not only for fundamental research but also for
practical applications. In terms of fundamental study, there are
several new research directions. (1). Since there are no dangling
bonds on the surface of muscovite, one could expect the
formation of new structure analog to the case of graphene and
diamond. Thus, the control of competing growth mechanism is
the key to this success. The test of new structures based on
conventional 3D functional oxides will be implemented in the
ultrathin (few unit cells) regime. (2). vdW oxide heteroepitaxy with
various dimensionalities of materials including nanowires and
nanodots on muscovite should be explored for potential
applications.43 (3). Currently, the orientation of films in most cases
follows the lowest energy of surfaces. Thus, there is no
misorientation control of vdW oxide heteroepitaxy, implying an

Fig. 2 A summary on the current status of vdW oxide heteroepitaxy31,34,36–40

Van der Waals oxide heteroepitaxy
Y-H Chu

3

Published in partnership with Nanjing University npj Quantum Materials (2017)  67 



important research direction since the anisotropic property is a
key feature in most epitaxial thin film system. (4). In the field of
strongly correlated electron systems, the interactions among
degrees of freedom are mediated by the strong chemical bonds
such as covalent and ionic bonds. There is no systematic study yet
to understand various interactions across van der Waals gaps.
However, this is very important especially for the applications of
2D materials, since the properties of 2D layered materials could be
very sensitive to the environment. This may provide a new
approach to tune the properties of 2D materials. (5). The
combination of 3D functional oxides with other 2D layered
materials based on the results on muscovite will also be a new
research direction. In terms of practical applications, due to the
flexible and transparent nature of muscovite, there are continuous
research works demonstrating the possible solution for flexible
electronics.44,45 (6). New heteroepitaxy on muscovite could be
developed based on other material families such as Si-, III–V, II–V,
and metal-alloy-based materials, serving a new platform to
integrate devices with various material combinations. (7). In the
push for this research direction, a standard approach to produce
muscovite wafer is needed. As shown in the top panel of Fig. 3,
currently 2”–6”muscovite wafers can be generated in a laboratory.
However, the quality of natural muscovite is not stable due to a
variation of composition and the size of artificial ones is still small
(less than 10 cm by 10 cm). Thus, the production of mica
substrates with large size is a challenge of manufacturing. In
order to build up the fabrication chain, the design rules of
fabrications should be developed to generate more architectures
for device manufacturing as shown in the left-bottom panel of
Fig. 3. Currently, transparent and flexible devices are dominated
by polymer substrates. Identification of new applications such as

wearable devices as shown in the right-bottom panel of Fig. 3 by
taking the advantages of muscovite systems is crucial to
overcome the barrier of entering commercial market. There are
numerous opportunities and exciting challenges in the field of
vdW oxide heteroepitaxy, waiting for more researchers to work
together to use this new platform for future soft technology with
superior mechanical, chemical, and thermal stabilities.
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