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ABSTRACT
Various preparations and uses of single crystal metals are discussed. We briefly review (i) preparation methods of single crystal metals such
as growth from melts, epitaxial deposition in vapors and solutions, and abnormal grain growth in solids and (ii) uses of single crystal metals
according to their produced shapes (“bulk” vs “film and foil”). We pay special attention to recent advances in the preparation of large area
single crystal metal foils and their potential uses.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5114861., s

INTRODUCTION

A grain in metallurgy is a small or microscopic single crystal,
which has a periodic arrangement of atoms. Most metals in gen-
eral use are polycrystalline, thus consisting of grains separated by
grain boundaries (GBs), whereas single crystal metals have a single
grain throughout the entire sample and have no GBs. Single crystal
metals have different properties and uses than their polycrystalline
counterparts. For example, they have anisotropic properties (e.g.,
elastic constants, linear thermal expansion, linear compressibility,
and electrical resistance), while randomly oriented polycrystalline
metals usually have isotropic properties.1 The mechanics of single
crystal metals differ from polycrystalline metals because the strength
of a metal is strongly related to the size of the grain. During deforma-
tion, dislocations propagate in the grain through the appropriate slip
systems and GBs impede their motion so that they “pile up” at GBs.
This limits the plasticity and hence increases the yield strength of
metals. Single crystal metals with extremely large grains are generally
weaker and more ductile than polycrystalline metals.2 GBs in poly-
crystalline metals scatter electrons so that single crystal metals have

a higher electrical conductivity at room temperature. The scattering
of electrons at GBs is temperature dependent because it is related to
electron-phonon coupling, but it has been found that at tempera-
tures below about 70 K, such scattering does not contribute signif-
icantly to the change in electrical conductivity because the motion
of phonons is suppressed at this temperature.3 Single crystal met-
als generally have a uniform surface orientation and relatively flat
surfaces compared to polycrystalline metals. These surface proper-
ties are especially important for the heteroepitaxial growth of other
materials such as thin films and in catalysis for various chemical
reactions at the surface.

Single crystal metals are prepared by methods that can be clas-
sified in terms of phase transformations: liquid-solid (from melts or
solutions), vapor-solid, or solid-solid. In the next three sections, we
briefly describe growth from melts, epitaxial deposition in vapors
and solutions, and abnormal grain growth in solids for the prepara-
tion of single crystal metals. We shall not cover chemical synthesis
routes for intermetallic compounds with a well-defined stoichiom-
etry. We also compare the preparation methods for single crystal
metals and their shape-dependent uses (“bulk” vs “film and foil”).
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In particular, we focus on large-area single crystal metal “foils” that
have been intensively studied during the past few years and consider
their potential uses.

GROWTH OF SINGLE CRYSTAL METALS FROM MELTS

Conventional methods for preparing single crystal metals are
based on liquid-solid phase transitions. When a large volume of
molten metal is supercooled, multiple nuclei are formed at the same
time by homogeneous nucleation, yielding a polycrystalline product.
A seed crystal having a specific crystallographic orientation and of
the same metal is typically used for inhomogeneous nucleation, and
a crystal having the same orientation as the seed can be grown from
the melt.4 The Czochralski and Bridgman methods are generally
used to make bulk single crystals in large quantities.5

In a typical Czochralski process, a seed attached to a rod is “low-
ered” into contact with the molten metal contained in a crucible,
and the rod is then slowly pulled out from the melt, yielding a single
crystal by solidification.3,6 During single crystal growth, the crystal
is rotated for better heat and mass transport, yielding a large crystal
with a cylindrical ingot shape [Figs. 1(a) and 1(b)].3 The rotation and
pulling processes in the Czochralski method are precisely controlled
to get a high quality crystal.

The Bridgman method is simpler than the Czochralski method
because it is not based on mass transport, only heat transport. In
addition, the heat transport is more easily controlled by using a fur-
nace rather than the complex rotation and pulling processes as in
the Czochralski method. A container or a mold filled with the metal
is passed through a furnace, which imposes a temperature gradient
to produce a single crystal from the melt by unidirectional solidifi-
cation from one end to the other.7,8 By adjusting the shape of the
container or mold, the shape of the single crystal product can be
controlled [Figs. 1(c) and 1(d)].7 In the Bridgman method, because
nuclei are generated by supercooling of the melt at the liquid-solid
interface, the crystal growth rate from these nuclei in the initial stage
is very fast, resulting in the formation of a single crystal with many
defects or a polycrystal in the presence of multiple nuclei. These
problems can be overcome by remelting some of the nucleated crys-
tals or by controlling the mold design (a conical end to generate a
nucleus at one point or a small channel to allow only one nucleus
having a fast growing crystallographic orientation to pass into the
melt).9 The most ideal solution for the supercooling and nucleation
problems is the use of a single crystal seed. A better-quality single
crystal can be obtained when a seed crystal is used. However, even
though a seed crystal is used, single crystal metals produced by the
Bridgman method are typically of lower quality than those produced
by the Czochralski method because the melt and the growing crystal
are in contact with the container so that the container material may
be included as an impurity on the edge of the crystal. In addition, the
orientation of the crystal may deviate because of unintended nucle-
ation by the container or stress caused by the difference in thermal
expansion between the container and the crystal during growth.

EPITAXIAL DEPOSITION IN VAPORS AND SOLUTIONS

Single crystal metals can be produced by epitaxial deposition
from vapors or solutions onto substrates, which act as seed layers.
A single crystal metal produced by epitaxial deposition can be a film

FIG. 1. (a) Schematic of the Czochralski method and (b) photograph of a single
crystal Cu ingot made by the Czochralski method. Reprinted with permission from
Cho et al., Cryst. Growth Des. 10, 2780–2784 (2010). Copyright 2010 American
Chemical Society. (c) Schematic of the Bridgman method for shaped crystals and
(d) photographs of a wax model for the mold preparation (top) and a Ni-based
single crystal superalloy blade (CMSX-6 containing 10.0 wt. % Cr, 5.0 wt. % Co,
6.0 wt. % Ta, and other minor elements less than 5 wt. %) made from the mold.
Reprinted with permission from D. Ma, Front. Mech. Eng. 13, 3 (2018). Copyright
2018 Author(s), licensed under a Creative Commons Attribution 4.0 IPL License.

on a substrate or a foil if the film is in some way detached from the
substrate.10–12 Perhaps the simplest method to prepare single crystal
metals through vapor-solid phase transformation is physical vapor
deposition (PVD). The metal to be deposited as a thin film is vapor-
ized and transported through a vacuum or using inert carrier gases.
Typical examples are molecular beam epitaxy (MBE)13–15 and sput-
tering.16–24 In general, MBE can produce a higher quality epitaxial
film than sputtering because it is performed under ultrahigh vac-
uum (UHV, 10−9–10−10 Torr)13–15 conditions, while sputtering is
performed under relatively high pressure (10−2–10−3 Torr)17–22 con-
ditions that cause possible oxidation of the metal. In addition, the
metal species that reach a substrate by sputtering have a much higher
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energy due to ionization than the thermally evaporated metal species
in MBE. Uniform epitaxial deposition of metals can be obtained by
MBE closer to the thermal equilibrium condition, while sputtering
often produces relatively low quality films (e.g., rough surfaces or the
presence of polycrystalline regions) due to their difficulty in control-
ling the metal clusters formed on the substrate. The growth of high-
quality single crystal metal films using a single crystal metal as the
sputtering target has been recently reported. The authors proposed
that a single crystal target can produce more uniform as-sputtered
metal clusters in terms of size and kinetic energy compared to a
polycrystalline target, resulting in homogeneous crystal growth on
the substrate.19,20

Epitaxial deposition of single crystal metals can also be achieved
through solution processes, such as by electrodeposition onto metal-
lic12 or semiconducting substrates,10,25,26 and insulating substrates
with metallic buffer layers.11 These approaches are generally less
costly than vapor phase methods, but it is necessary to consider
other factors, e.g., change in film morphology depending on the
potential, the change in potential during deposition of metals, the
chemisorption of anions, and the evolution of hydrogen gas to
obtain high-quality single crystal metals.27

Single crystal substrates that are atomically flat with few defects
and free of any adsorbents such as oxygen and water are preferable
for the epitaxial deposition of single crystal metal films. The lattice
mismatch between the deposited metal and the single crystal sub-
strate is an important factor that determines the epitaxial growth.
The lattice mismatch is defined as (depitaxial layer − dsubstrate)/dsubstrate,
where d is the in-plane lattice constant. If the lattice mismatch is
large, an epitaxial metal film can be under an unsustainable interfa-
cial stress so that epitaxy is not achieved. However, epitaxial depo-
sition can be achieved despite a large lattice mismatch by forming a
“coincidence site lattice” between a metal and a substrate. For exam-
ple, it has been reported that although Si(111) and Au(111) have a
lattice mismatch of −24.9%, Au (111) can be epitaxially deposited
on Si(111) because 4 unit meshes of Au and 3 unit meshes of Si form
a coincidence site lattice (+0.1%).10,25 Epitaxy can be classified into
three growth modes according to the combination of the deposited
metal and the single crystal substrate: layer-by-layer growth (Frank-
van der Merwe mode), 3D island growth (Volmer-Weber mode),
or island growth after layer growth (Stranski-Krastonov mode). In
general, when the lattice mismatch between the single crystal sub-
strate and the metal film with a particular surface orientation is small
(e.g., homoepitaxy or near zero misfit), a pseudomorphic layer with
respect to the orientation of the substrate can grow via the Frank-
van der Merwe mode. If the lattice mismatch is relatively large, a
film can grow by the Volmer-Weber mode. 3D islands are nucleated
first and grown to eventually form a continuous film by coalescence
of these islands. The Stranski-Krastonov mode is the intermediate
between the Frank-van der Merwe and Volmer-Weber modes. In the
Stranski-Krastonov mode, a film grows layer-by-layer in the initial
stage, but above a critical thickness, misfit dislocations or undu-
lations are created at the surface to relieve the stress accumulated
by lattice mismatch. This changes the growth mode to the Volmer-
Weber mode. In many cases of depositing a metal on a dielectric
substrate, a film can grow by the Volmer-Weber mode.28,29 For
Volmer-Weber epitaxy, all isolated 3D nuclei must have the same
orientation with an epitaxial relationship with the substrate. The
deposition temperature (at the substrate) is a very important factor

in obtaining these epitaxially oriented nuclei. The deposited metal
clusters must grow above a critical size in order to act as nuclei
with an epitaxial relationship with the substrate. In general, at low
temperatures, since the adsorption rate of the metal vapor is faster
than the lateral growth rate of the adsorbed metals, relatively low-
quality or polycrystalline films consisting of very small metal clusters
are formed. In contrast, at high temperatures, a smaller number of
nuclei grow to a relatively larger size, and epitaxially oriented high
crystallinity films can be obtained.16,18,19,23 However, if the tempera-
ture is too high, the 3D islands can grow in the vertical (e.g., whiskers
or rod shape) rather than in the lateral direction, resulting in a
discontinuous film.7,28 In addition, other contributions such as sur-
face/interface energy and strain arising from the interface between
the metal and the substrate should be taken into account at high
temperature, which in some situations prevents epitaxial growth.13,28

It is therefore important to find the optimum temperature range
for each metal and substrate.7,19,30 In order to improve the quality
of deposited metal films (e.g., oxide removal and rearrangement of
nonepitaxially deposited metal islands at low temperature), anneal-
ing at high temperatures after deposition is sometimes done.16,17,21,24

This process is called “epitaxial grain growth.” This postannealing
minimizes the total energy of the film, which consists of the free sur-
face energy of the films and the interfacial energy between the film
and the substrate.

The dominantly oriented grains in the film are determined by
the compromise of minimizing free surface energy and minimiz-
ing interfacial energy. If the contribution of the interfacial energy to
the total reduction in energy during epitaxial grain growth is large,
the final orientation of the film may have an epitaxial relationship
with the substrate. Otherwise, sometimes a different film orientation
compared to the film grown by conventional epitaxy is obtained.28

This is related to abnormal grain growth in which only a few grains
with a specific orientation with a low energy grow preferentially.
Abnormal grain growth will be discussed in more detail in the next
section.

Epitaxial deposition often results in the formation of a metal
film with twin orientations on a single crystal substrate. For exam-
ple, when 3-fold rotational symmetry metals such as Cu(111) are
deposited on 6-fold rotational symmetry substrates such as α-
Al2O3(0001), the deposited (epitaxial) metal can have two differ-
ent orientations with a twin relationship.14,17–19,21 The formation of
these twin boundaries can be suppressed by modifying the inter-
face between the metal and substrate (e.g., by the introduction of
a thin buffer/seed layer22 and/or chemical functionalization at the
interface21) or by depositing the metal at high temperatures.16,18

Increasing the adhesion between the metal and substrate by inter-
facial modification or deposition of the metals at high tempera-
ture promotes lateral growth of metal clusters, thereby reducing the
probability of grains forming with different orientations. In a simi-
lar manner, there are reports that postannealing also can eliminate
these twin orientated grains by the selective growth of a few grains
that consume these twin oriented grains.16,21

CONVERSION OF POLYCRYSTALLINE TO SINGLE
CRYSTAL METALS BY ABNORMAL GRAIN GROWTH

GBs present in polycrystalline metals are, in most cases, ther-
modynamically unstable and should disappear if not for the sluggish
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kinetics of the process. For metals at temperatures very low rela-
tive to their melting point, this does not happen (kinetically limited)
because the rate of atomic diffusion in metals is slow. If metals are
annealed at high temperatures where a relatively rapid diffusion of
their atoms is possible, atoms can rearrange to form the lower energy
configuration. Grain growth is a process in which grains grow in a
polycrystalline solid at high temperature, removing GBs and lower-
ing the energy of the crystalline solid. If grains grow uniformly over
the entire sample, it is said to have a monodisperse size distribution
of grains. If grain growth occurs inhomogeneously, i.e., with only
a few grains growing relatively large, a bimodal size distribution of
grains is seen. The former is called “normal grain growth” and the
latter “abnormal grain growth.”

In particular, abnormal grain growth is the key to producing
single crystal metals through the growth of grains. If a limited num-
ber of grains in a polycrystalline matrix grow selectively and reach a
size similar to that of the entire sample, the conversion of the poly-
crystalline metal into a single crystal is achieved. In normal grain
growth, especially for thin films or foils, the maximum size of the
(grown) grains is strongly related to the thickness of the sample.
When the grain size is much smaller than the thickness, the grains
can grow rapidly in a three-dimensional manner that is mainly
driven by the curvature of the GBs. If the grains grow and eventu-
ally form a columnar grain structure where the size of the grains
reaches the thickness of the sample, the growth of the grain is limited
to one direction and the driving force for grain growth decreases.
The development of thermal grooves where the GBs intersect the

free surface, which happens as a result of equilibrium between sur-
face tension and GB tension in columnar grain metals, can also limit
the motion of GBs, resulting in termination of grain growth. In gen-
eral, the maximum grain size that can be realized in normal grain
growth is usually two or three times the thickness of the sample.31

In order to grow grains much larger than the thickness of the sam-
ple and reach its lateral dimensions (millimeter or centimeter scale,
or larger), normal grain growth must be prevented so that abnor-
mal grain growth can occur. Abnormal grain growth is known to
occur as a result of factors such as strain,5,32–37 surface energy,38–42

texture,42,43 and second-phase precipitates,44–46 when polycrystalline
metals are annealed above their recrystallization temperatures. For
example, a strongly textured metal is composed of grains with simi-
lar orientations and inevitably has a large fraction of low angle grain
boundaries of low energy so that the driving force for normal grain
growth is lower. If a new grain with a completely different orienta-
tion appears, it can form high angle grain boundaries of high energy,
resulting in its abnormal growth.31,42 Below, we will discuss the con-
version of polycrystalline metals into single crystals by abnormal
grain growth, when mainly driven by strain and surface energies.

The oldest and best-known method of preparing a single crys-
tal metal through abnormal grain growth is critical strain annealing
[Fig. 2(a)],5,32,33 which generally consists of three steps: (1) briefly
annealing a polycrystalline metal above the recrystallization tem-
perature to remove residual stress in the sample, (2) straining the
sample by a slight plastic deformation, (3) final annealing at a tem-
perature that is typically higher than the first (brief) annealing. The

FIG. 2. (a) (Left) Schematic of the tem-
perature gradient furnace and its anneal-
ing temperature profile and (right) photo-
graph of a single crystal iron rod made
by critical strain annealing. Adapted with
permission from S. Kadeckov and B.
Sestak Cryst. Res. Technol. 2, 191
(1967). Copyright 2006 John Wiley and
Sons. (b) (Left) Stress-strain curve of
a Mo sheet and (right) photograph of
a single crystal Mo sheet made by
plastic deformation at high temperature.
Reprinted with permission from P. J.
Noell and E. M. Taleff, JOM 67, 2642
(2015). Copyright 2015 Springer Nature.
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key step in this process is the introduction of a small amount of
strain that generates a limited number of nuclei and drives their
growth during the final annealing. If the strain reaches a critical
level, it can result in the polycrystalline metal growing into a sin-
gle crystal during the final annealing, due to grain growth from a
limited number of nuclei. In addition, straining by plastic defor-
mation increases the dislocation density in the grains and enables
them to grow faster and larger. If the strain is much lower or higher
than this critical level, it can result in a polycrystalline metal due to
no remarkable grain growth or grain growth from a large number
of nuclei, at lower and higher strains than the critical level, respec-
tively. A furnace with a temperature gradient is used to direction-
ally grow the grain from one nucleus, and this has been found to
increase the yield of single crystal metal. It has also been reported
that single crystal metals can be obtained by applying plastic defor-
mation during annealing because in situ straining can promote
the motion of GBs, thereby resulting in abnormal grain growth
[Fig. 2(b)].34–36 Methods using this approach usually prepare single
crystal metals in the form of a bar, sheet, or a wire. The preparation
of complicated crystal shapes is rather challenging, since inhomoge-
neous plastic deformation in samples with complex shapes can cause
fracture.

Achieving single crystal metal foils by abnormal grain growth
has been intensively studied only in the past few years. All grain
growth is basically related to the rearrangement of atoms into a

lower energy configuration when atoms diffuse at a high tempera-
ture. Abnormal grain growth in thin foils is driven by minimizing
the surface energy due to their shape because they have a larger
surface to volume ratio than other forms of the metal. For exam-
ple, when a face centered cubic (fcc) metal foil is annealed at a high
temperature, abnormal growth of a grain having a {111} surface can
occur resulting in single crystal metal foils.39–42 Because the {111}
surface has the lowest surface energy of all fcc surfaces,47–49 a grain
with {111} surface has a growth advantage over other grain orienta-
tions. However, if a metal foil is annealed when strongly attached
to a substrate, similar to the case of a deposited metal on a sub-
strate, the interfacial stress between the foil and substrate increases,
which affects grain growth in the foil. The presence of these interfa-
cial stresses in thin foils can cause the growth of grains with surface
orientations other than those with a lower surface energy,50,51 or they
can prevent the growth of a large grain with a {111} surface, thereby
resulting in polycrystalline foils.42 In order to minimize such a stress
from interfacial contact, we recently invented “contact-free anneal-
ing,” in which the foil is freely suspended in certain gas atmospheres
(for example, hydrogen) while being annealed (Fig. 3). Using this
method, we can reproducibly convert commercial polycrystalline
metal foils into single crystal metal foils for (to date) Cu, Ni, Pt, Co,
and Pd with the surface orientations having the lowest energy.42 In
addition, we have taken the thus-produced single crystal Cu(111)
foil and electroplated various amounts of Ni on both sides and then

FIG. 3. (a) Schematic of the quartz holder from which the Cu foil is suspended and (b) photograph of the holder with the foil schematically shown in (a). (c) Photograph of the
annealed single crystal Cu foil (the rulers in the photographs are centimeter scale), (d) X-ray diffraction (XRD) 2θ scans of the three regions in the annealed single crystal Cu
foil indicated by P1-P3 in (c), and (e) Electron back scattered diffraction (EBSD) inverse pole figure (IPF) maps in the normal direction. Reprinted with permission from Jin
et al., Science 362, 1021 (2018). Copyright 2018 The American Association for the Advancement of Science.
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annealed such samples to generate single crystal Cu/Ni(111) foils,
with fine tuning of the Ni concentration possible.52

The final orientation of the foil after abnormal grain growth is
highly affected by the texture of the initial or intermediate stages of
the annealing of the foil. For example, we observed that cold rolled
Cu foils with a strong {112} ⟨111⟩ texture in the early and interme-
diate stages of annealing can be converted into single crystal foils
with {111} ⟨112⟩ texture by abnormal grain growth. This occurs
by the abnormal growth of {111} ⟨112⟩ orientated grains formed
in the final stage of annealing. Such a {111} ⟨112⟩ grain with the
lowest surface energy grows larger by consuming {112} ⟨111⟩ ori-
ented grains with a relatively higher energy. On the other hand, other
cold rolled-Cu foils having strong {112} ⟨111⟩ but also additional
{100} ⟨001⟩ textures show a different final orientation after abnormal
grain growth. In the intermediate stage of annealing, the initial {100}
⟨001⟩ texture, which is relatively lower in energy than {112} ⟨111⟩,
developed so that the {112} ⟨111⟩ texture disappeared. Then, this
{100} ⟨001⟩ texture in the intermediate stage consequently resulted
in centimeter-scale grains close to the {100} surface orientation.42 In
general, according to manufacturing history, commercial metal foils
can have different initial textures that result in different orientations
after annealing.

The gas atmosphere (composition, pressure) can be an impor-
tant factor for the conversion to single crystal metal foils. In particu-
lar, the presence or absence of H2 gas during annealing influences
the conversion into single crystal metals. Hydrogen penetrates all
metals and in many stabilizes vacancies, thus increasing their equi-
librium concentration. This increased vacancy concentration can
promote the rearrangement of metal atoms during annealing, possi-
bly enhancing conversion into a single crystal metal foil. For exam-
ple, we have reported that polycrystalline Cu, Ni, and Co foils can-
not be converted to single crystals during annealing in the presence
of Ar without hydrogen, and single crystal Cu(111), Ni(111), and
Co(0001) foils were only obtained during annealing with mixtures
of H2 and Ar gases. On the other hand, single crystal Pt(111) foils
were obtained during annealing with but also without hydrogen, due
to the much higher vacancy concentration in Pt than in the three
other metals at the annealing temperature we used.42 It was reported
that single crystal Cu(001) foils were obtained by preoxidation of a
polycrystalline Cu foil in a hydrogen-free atmosphere followed by
sequential reductions under H2 gas at high temperature.53 It was
claimed that the surface of the Cu was oxidized during high temper-
ature annealing (e.g., over 1000 ○C) in a hydrogen free atmosphere
by the presence of trace amounts of oxygen in the furnace and the
surface oxide layers stabilized the {001} surface orientation rather
than the {111} surface orientation, thereby resulting in single crystal
Cu(001) foils or {001} textured foils.53,54

COMPARISON OF DIFFERENT PREPARATION
METHODS OF SINGLE CRYSTAL METALS AND THEIR
SHAPE-DEPENDENT USES (“BULK” VS “FILM
AND FOIL”)

We have discussed growth from melts, epitaxial deposition in
vapors and solids, and abnormal grain growth in solids for the prepa-
rations of single crystal metals. Each growth method has different
advantages and disadvantages, and the uses of single crystal metals
can depend on the shape produced.

The methods to grow single crystal metals from melts require
a high temperature to melt the metal, and the process of growing
the single crystal by solidifying the melt needs to be carefully con-
trolled, which means that a relatively large investment for equipment
is required. Therefore, single crystal metals prepared by these meth-
ods are relatively expensive. As an example, a commercial single
crystal Cu plate made by the Czochralski method currently costs
over $ 150 per square centimeter (for a typical thickness of 1 mm
and a purity of 99.99 wt. %, one side polished). Compared to that of
a polycrystalline Cu plate with the exactly same specifications (about
$ 30 per square centimeter), it is obvious that considerable cost is
involved in the manufacture of the former. The epitaxial deposition
of metals onto a single crystal substrate to generate single crystal
films is less expensive and typically simpler than growth from the
melt. Of course, this method calls for a single crystal (“wafer”) sub-
strate, and the size of the single crystal film is thus limited by the
size of the single crystal substrate. Abnormal grain growth in solids
to generate single crystal metal samples has the advantage of being
relatively inexpensive, because it involves the conversion of com-
mercially available polycrystalline metal samples into single crystals.
For example, a polycrystalline Cu foil with a thickness of 80 μm
and a purity of 99.9 wt. % can be converted to a single crystal and
costs less than $ 0.05 per square centimeter.52 If process optimiza-
tion for mass production is done, there is a possibility that large area
single crystal metals (cm scale or more) can be obtained at a very
low cost.41,42,55

The growth of single crystal metals from melts is used for the
mass production of bulk single crystals, the most typical of which
are single crystal superalloys. Particularly, examples are Ni-based
superalloys, for example, Mar-M200 (9.0 wt. % Cr, 10.0 wt. % Co,
12.5 wt. % W) and Hastelloy X (22.0 wt. % Cr, 9.0 wt. % Mo,
18.5 wt. % Fe, with the balance being Ni). Other minor elements
are present in both these superalloys, but each of these constitutes
less than 5 wt. %. These have been widely used as turbine blade
materials in aircraft and in gas and steam engines.7,56–58 Turbine
blades are generally exposed to high temperature and pressure con-
ditions for extended periods of time, and under these conditions,
even stress that is below the yield stress may accumulate over time,
eventually causing plastic deformation of the material, i.e., “creep”.
Creep is caused by the sliding of GBs that can result in the inter-
granular fracture of materials, and in a turbine blade, it occurs
mainly at GBs perpendicular to the stress axis, so that making tur-
bine blades with a columnar grain structure aligned along the stress
axis is a way to avoid this. The use of single crystal metals without
GBs as turbine blade materials is more effective than using unidi-
rectional columnar structured metals to reduce the creep behavior
(Table I).7,56–58

Because bulk single crystal metals are generally produced in
large ingots, they must be cut into smaller pieces and their cut sur-
faces polished if necessary for practical uses. They are mainly pro-
cessed into sheets or bars, and have been used to study the intrinsic
properties of single crystals and also as substrates for fundamental
scientific studies such as in surface science. Because polycrystalline
metals consist of numerous crystal grains, it is typically not possible
to measure the properties of a selected grain and GB. The prop-
erties of a crystallographic grain can be measured by using single
crystal samples having the same orientation as it. Studying the prop-
erties of single crystal metals can also be of great help in predicting
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TABLE I. Creep and stress-rupture properties of the Ni-based superalloy Mar-M200. Adapted with permission from F. I. Versnyder and M. E. Shank, Mater. Sci. Eng. 6, 213
(1970). Copyright 1970 Elsevier.

1400 ○F/100 k.s.i 1600 ○F/50 k.s.i 1800 ○F/30 k.s.i

Rupture Min. creep Rupture Min. creep Rupture Min. creep
life (h) rate (in./in./h) life (h) rate (in./in./h) life (h) rate (in./in./h)

Equiaxed grains 4.9 70.0× 10−5 245.9 3.4× 10−5 35.6 23.8× 10−5

Unidirectional columnar grains 366.0 14.5× 10−5 280.0 7.7× 10−5 67.0 25.6× 10−5

Single crystal 1914.0 2.2× 10−5 848.0 1.4× 10−5 107.0 16.1× 10−5

the properties of their polycrystalline counterparts. For example,
if there are data on the mechanical properties of grains obtained
from single crystal samples and the microstructural data of the
polycrystalline metal such as the orientations of individual grains,
the arrangement of grains, and dislocations, it is possible to esti-
mate the mechanical properties of the polycrystalline metal to some
extent.59,60

As model systems, single crystal metal surfaces are critical to
obtain a fundamental understanding of catalysis and predicting the
behavior of real catalysts. Various catalytic reactions such as the
oxygen reduction reaction (ORR), carbon dioxide reduction reac-
tion, carbon monoxide oxidation, hydrogenation/dehydrogenation
of hydrocarbons, and the dissociation of molecules on catalytic
surfaces of single crystal metals such as Pt, Pd, Ag, and Cu have
been studied in terms of the reaction rate, the catalytic activity and
absorbed reactants and products.61–65 For example, the ORR activity
of single crystal Pt is highly dependent on its crystallographic orien-
tation [e.g., Pt(111) > Pt(211) > Pt(110) > Pt(100) in alkaline solu-
tions], and the activity can also be affected by structures such as ter-
races and steps that are present on the surface of the crystal (e.g., the
adsorption of O or OH species in ORR takes place first at the steps).63

If the catalytic properties of different crystal planes are determined
from single crystal metal surfaces used as model catalysts, the prop-
erties of real catalysts, even nanoparticles, which are composed of
differently oriented facets and steps, can be predicted.66,67

As already mentioned, epitaxial film growth on single crystal
substrates yields single crystal thin films, and abnormal grain growth
can be used to prepare shapes, such as rods, bars, and more impor-
tantly, foils. For surface studies, single crystal samples have typically
been obtained by cutting from expensive large bulk single crystals.
The processes of slicing and then polishing to have a smooth sur-
face also add to the cost of the process. In contrast, single crystal
metal films and foils, especially those produced by high tempera-
ture annealing, can have an atomically flat surface (with sub-nm
scale roughness in terrace regions over several tens of microme-
ters19,20,24,42 and a roughness of a few nanometers even in relatively
rough stepped regions23,42) without the need for any polishing. The
essentially flat surfaces of single crystal metal films and foils allow
them to be used in surface studies, especially as model catalysts.
For example, the selectivity of the carbon dioxide reduction reac-
tion on Cu(111), Cu(001), and Cu(751) single crystal films has been
studied, and the Cu(751) film was reported to be the most selec-
tive.65 However, using single crystal metal foils as model catalysts
has not yet been reported since these have been intensively studied

only in recent years, but recent studies on the local catalytic activity
in the micrometer scale grains of polycrystalline Pt, Pd, and Rh foils
by photoemission electron microscopy (PEEM) suggest that single
crystal metal foils can also be used as model catalysts.68

Single crystal metal films and foils can serve as good substrates
for the heteroepitaxial growth of other materials due to their uni-
form crystallographic orientation and flat surfaces. In particular,
two-dimensional (2D) films such as graphene and hexagonal boron
nitride (hBN) have been grown on such metal foils by chemical
vapor deposition (CVD), and this process has been upscaled for
producing large area films.69 Both graphene and hBN have been
grown on polycrystalline metal substrates by CVD, but as a result,
they are polycrystalline, consisting of randomly oriented crystallites
with GBs between them. GBs are known to degrade the mechan-
ical and electrical properties of 2D materials,70,71 and therefore, the
growth of 2D materials without GBs is of great importance. Cu(111),
Ni(111), and Co(0001) have small lattice mismatches with graphene
of −3.4%, −1.2%, and −1.8%,72,73 respectively, and have been found
to be good substrates for the epitaxial growth of graphene [Fig. 4(a)].
Until now, most studies on the epitaxial growth of graphene on
single metals have focused on Cu(111) substrates17,18,20,22,24,39,40,74–76

since the low carbon solubility of Cu allows the formation of a uni-
form monolayer single crystal graphene through self-limited growth.
It has been reported that graphene islands grown on Cu(111) or
Cu/Ni(111) alloy foils have regular hexagonal shapes and are aligned
in a particular direction due to their identical or similar crystal ori-
entations.39,40,42,52,74,75 When graphene islands with the same crystal
orientation grow and coalesce, there is no GB formation,40,52 result-
ing in single crystal graphene films [Fig. 4(b)]. Because of the absence
of GBs, single crystal graphene grown on single crystal metal sub-
strates was reported to have better mechanical and electrical prop-
erties compared with polycrystalline graphene grown on polycrys-
talline metal substrates (e.g., Young’s modulus: 796 ± 63 and 733
± 70 GPa, and hole mobility: 1.1 × 104 and 6.9 × 103 cm2/V s for
single crystal and polycrystalline graphenes, respectively).75,76 How-
ever, the growth of single crystal graphenes on single crystal metal
substrates still has some issues that need to be addressed. One is
the formation of parallel “folds,” which are three-layer graphene
regions that can have lengths of millimeters and widths from tens
to hundreds of nanometers. Such folds are caused by the differen-
tial thermal contraction between the metal and the epitaxially grown
graphene during cooling [Fig. 4(b)].52,75,76 The elimination of such
defects should further improve the performance of single crystal
graphene.
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FIG. 4. (a) Atomic models of graphene grown on Cu(111) (left) and Cu(100) (right). The graphene grown on Cu(111) is a single crystal, while that grown on Cu(100) is
polycrystalline due to the lattice mismatch between graphene and substrate. Reprinted with permission from Ogawa et al., J. Phys. Chem. Lett. 3, 219 (2012). Copyright 2012
American Chemical Society.85 White lines are graphene and blue spheres are Cu atoms. (b) SEM images of graphene grown on Cu/Ni(111) alloy foils for different growth
times. Graphene islands grow in alignment with each other, and due to their same orientation, join together to form single crystal graphene. Yellow lines indicate the alignment
directions of the graphene islands and yellow arrows indicate folds in the graphene layer. Adapted with permission from Huang et al., ACS Nano 12, 6117 (2018). Copyright
2018 American Chemical Society.

hBN can also be grown epitaxially on single crystal metal sub-
strates, such as Cu(111), Ni(111), and Co(0001), and because it
has a lattice constant similar to graphene, it also has small lattice
mismatch with these metals.69 Epitaxial growth of aligned triangu-
lar hBN domains on Cu(111) foils has been reported;77,78 however,
domains with two different orientations were observed. Similar to
the epitaxial deposition of Cu(111) on α-Al2O3(0001) discussed in
the previous section, since hBN has 3-fold rotational symmetry, two
different triangular domains having a twin relationship to each other
can be grown on the topmost atom layer of a Cu(111) surface, which
has a 6-fold rotational symmetry. When these antiparallel domains
coalesce during growth, commensurate stitching does not occur and
domain boundaries are formed.77 To circumvent this problem, a
recent study reported that the large area single crystal hBN film can
be produced on a Cu(110) vicinal surface instead of a Cu(111) sur-
face.55 They claimed that the vicinal surface of Cu(110) has parallel
steps in the ⟨211⟩ direction, and coupling between these step edges
and hBN zigzag edges can cause the unidirectional growth of hBN
domains, resulting in a single crystal hBN film. This suggests that
single crystal metal substrates, when appropriately processed, can be
successfully used to grow various 2D materials even when there is a
large lattice mismatch between the substrate and the grown material.

FUTURE PERSPECTIVES

In this section, we briefly consider a few potential applications
of large-area single crystal metal foils. However, we expect that as
such foils become readily available, many creative ways to use them
will be found.

Due to the absence of GBs that cause electron scattering and
decrease electrical conductivity, metal single crystals have a higher

electrical conductivity than their polycrystalline counterparts.79 For
example, the room temperature electrical conductivity is around 7%
higher for a single crystal Cu(111) foil when compared to poly-
crystalline Cu [Fig. 5(a)].42 Similarly, a ∼9% higher room temper-
ature electrical conductivity was reported for a single crystal Cu wire
made from Czochralski-grown single crystal Cu, when compared to
a polycrystalline Cu wire.3 Thus, single crystal metal foils can sub-
stitute for polycrystalline metals in many areas including electrically
conductive wires or electrodes after proper processing to the desired
shapes and could potentially lead to significant improvement in per-
formance and energy saving. For example, a transparent and flexible
organic light-emitting diode (OLED) has been reported by using a
single crystal Au foil as an electrode, which showed a sheet resis-
tance of 7 Ω/sq with 25% transmittance at 500 nm wavelength and
only a 4% increase of resistance even after 4000 bending cycles. In
addition, an epitaxially grown Cu2O semiconductor on such Au foil
showed better efficiency with a diode quality factor of 1.6, compared
to a polycrystalline Cu2O diode with a diode factor of 3.1 due to
reducing the possible electron-hole recombination at GBs (an ideal
diode factor is 1.0) [Fig. 5(b)].10

Another potential application of single crystal metal foils is
in the field of high temperature superconductors (HTSs). Single
crystal metal foils might be used as substrates for the growth of
second-generation (2G) high temperature superconducting in the
form of a large area thin film that could be processed to form wires.
YBa2Cu3O7−δ (YBCO) is widely used as the superconducting mate-
rial in 2G HTS to enable a high current-carrying capacity, which is
dependent on the degree of orientation of the YBCO layers. The
rolling-assisted biaxially textured substrate (RABiTS) method has
been used to grow biaxially textured large-area YBCO at low cost.
In this method, the texture of the metal (usually a Ni- or Cu-based
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FIG. 5. (a) (Left) Photograph and opti-
cal microscope image of Cu strips made
from Cu foils, and (right) resistivity of
the as-received and single crystal Cu
foils with 99.9% and 99.999% purities.
Adapted with permission from Jin et al.,
Science 362, 1021 (2018). Copyright
2018 The American Association for the
Advancement of Science. (b) (Left) Pho-
tograph of a 28 nm-thick transparent
and flexible single crystal Au foil, (mid-
dle) an OLED device made on this
foil, and (right) dark saturation current
density and diode quality factor of epi-
taxial and polycrystalline Cu2O diodes.
Adapted with permission from Mahen-
derkar et al., Science 355, 1203 (2017).
Copyright 2017 The American Associa-
tion for the Advancement of Science. (c)
Schematic of the Rolling-assisted biax-
ially textured substrates (RABiTS) pro-
cess: a randomly oriented Ni plate is con-
verted to a copper-type textured Ni foil
by cold rolling. It is then converted to the
cube textured (a kind of biaxial texture)
Ni foil by annealing. Finally, the metal
and/or oxide buffer layer(s) are epitaxi-
ally deposited onto the biaxially textured
Ni foil for the deposition of YBCO [the
(111) pole figures of the insets repre-
sent textures in each step]. Reprinted
with permission from Goyal et al., Appl.
Supercond. 4, 403 (1996). Copyright
1996 Elsevier. (d) Schematic structure
of 2G HTS using a RABiTS. Reprinted
with permission from Goyal et al.,
MRS Bull. 29, 552 (2004). Copyright
2011 Cambridge University Press.

alloy) foils is controlled by cold rolling and recrystallization to
obtain a biaxial texture. A layer of YBCO layer is then “epitaxi-
ally” deposited on the metal foil (after the sequential deposition
of buffer layers) to achieve a biaxially textured 2G HTS [Figs. 5(c)
and 5(d)].80–84 In superconducting materials, the current loss at the
GBs is related to their misorientation angles. Polycrystalline mate-
rials with random grain orientations mainly consist of high angle
boundaries (with a misorientation angle between grains >5○), and
therefore have a more disordered structure than those with low angle
boundaries (misorientation angle between grains <5○) and, conse-
quently, high losses occur when current passes through these dis-
ordered boundaries. On the other hand, biaxially textured materials
are composed of grains with similar orientations with a high frac-
tion of low angle boundaries and can therefore carry higher current
than randomly oriented polycrystalline materials.84 If large area sin-
gle crystal metal foils are used as the substrate instead of biaxially
textured foils, epitaxial deposition of YBCO layers with an almost
single crystal orientation with the absence of GBs might be achieved,

perhaps resulting in a higher current carrying capacity than the HTS
made from biaxially textured metal foils.

We repeat that the main advantage of single crystal metal foils
is in the production of a large area single crystal foils by a process
that is relatively inexpensive. Many other uses will be discovered and
identified as scientists and engineers use such foils.
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