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Crystal engineering for novel functionalities with
oxide thin film epitaxy

Daichi Oka® and Tomoteru Fukumura*®®

Oxides have become recognized as one of the most promising next-generation electronic materials due
to the varieties of rich functionalities such as superconductivity, ferromagnetism, ferroelectricity, transpar-
ency, etc. In addition to the great diversity of functionalities, oxygen affinity with many other elements pro-
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vides opportunities for crystal engineering in oxides: the properties can be tuned by modification of the
bonding state of oxide ions. Epitaxy has been used as a powerful method to conduct such crystal engi-
neering on oxides in the form of thin films. We give a review of recent advancements related with crystal

engineering of oxide thin films via epitaxy techniques that control the microscopic crystallographic

rsc.li/crystengcomm environment.

1 Introduction

Over the long period of human history, oxides have been used
as structural materials, insulators, and ceramics because of
their superior stability in air. In this half century, their versa-
tile functionalities have been unveiled, such as transparency,
electric/ionic conductivity, ferroelectricity, ferromagnetism,
multiferroicity, and superconductivity, all of which could con-
tribute to key functions in next generation devices."® In con-
trast with established semiconductors such as Si and III-V
compounds, oxides possess a large number of chemical com-
positions and crystal structures owing to the extraordinary af-
finity of oxygen to many elements. The oxygen affinity also en-
ables the formation of various kinds of atomic coordination
networks via oxygen ions, providing the possibility of combin-
ing various functionalities and constructing future devices be-
yond silicon-based technology.” Accordingly, “crystal-
engineering” is useful to control properties of oxides by
changing the microscopic crystallographic environment as de-
scribed in this article.

In the initial period of oxide electronics, oxides have been
investigated as ceramic materials mainly in the form of bulk
powders, sintered pellets, and polycrystalline films on de-
mand of the traditional ceramic industry. Such oxides are
usually the most stable phases due to the mostly thermody-
namic equilibrium processes. Since the discovery of high-T.
superconductivity in layered cuprates,'® the significant prog-
ress of thin film epitaxy techniques of oxides has boosted ox-
ide electronics. For example, high quality epitaxial thin films
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are indispensable for the fabrication of heteroepitaxial struc-
tures such as the Josephson junction.'* In addition, such epi-
taxy techniques are useful not only for thin film growth of
existing functional oxides but also for thin film synthesis of
new compounds and metastable phases via crystal engineer-
ing of oxides."*

At the initial stage of epitaxial growth, a single crystalline
substrate serves as a seed for thin film crystallization. The
initially deposited thin film becomes a self-seed for the sub-
sequently deposited thin film, and eventually a complete epi-
taxial thin film is deposited. Single crystalline substrates sta-
bilize various metastable structures owing to the epitaxial
force, yielding novel functionalities. Such behaviour has al-
ready been recognized in the cases of Si and III-V semicon-
ductors. However, more ionic oxides seem to be more attrac-
tive to tailor various structures and functionalities via crystal
engineering using thin film epitaxy.

In this review article, we provide an overview of the recent
progress in thin film epitaxy of homogeneously structured ox-
ides as a convenient tool to create rich functionalities
through chemical design. In section 2, representative film
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Fig. 1 Schematic diagram of a perovskite heterostructure with
compressive strain showing the possible influence of epitaxy on thin
films.
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growth techniques are introduced. In section 3, successful ex-
amples of crystal engineering of oxides are described, as
schematically shown in Fig. 1. This review article does not
intend to cover all fields and pioneering works of oxide epi-
taxial thin films. A detailed insight into the heteroepitaxy of
nonisostructural complex oxides has been recently reviewed
by Wong et al.'® Extensively studied oxide heterointerfaces,
heterostructures, and self-assembled structures are discussed
elsewhere.'*"?

2 Film growth techniques

Various techniques of oxide thin film epitaxy have been de-
veloped so far (Table 1). Pulsed laser deposition (PLD),
sputtering deposition, and molecular beam epitaxy (MBE) are
classified as physical vapour deposition methods, in which
atomic, molecular, and/or ionic chemical species are physi-
cally evaporated by means of laser irradiation, ion bombard-
ment, and thermal heating, respectively. These highly
established and easy-to-use techniques are widely used be-
cause of the availability of high quality thin films. On the
other hand, chemical vapour deposition (CVD) and some
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solution-based methods are cost-effective and easy-to-modify
processes. Also, novel deposition techniques such as hybrid
MBE, atomic layer deposition (ALD), and mist CVD have been
developed for scientific and industrial studies.

Growth mechanism and phase stability depend on each
technique. In gaseous phase processes, the oxidation state of
the thin film can be tuned by proper supply of gases such as
oxygen and ozone. In solution processes, the oxidation state
can be tuned by oxidizers and reductants. The kinetic energy
of the deposited species is an important factor.?° The kinetic
energy in the case of thermal evaporation techniques such as
MBE and CVD is as small as ~0.1 eV, often resulting in for-
mation of the most stable phase with less intrinsic chemical
vacancies in crystals. In contrast, sputtering deposition and
PLD generate species with a high kinetic energy of several eV
for the deposition of oxides. The deposited species such as
atoms and molecular clusters are sometimes trapped at a lo-
cal minimum state in the energy landscape rather than the
global minimum state owing to the high kinetic energy; thus
metastable phases are sometimes formed. Also in the case of
low temperature thermal processes such as ALD and
topotactic reactions, metastable phases are sometimes

Table 1 Typical growth conditions and advantages/disadvantages of representative epitaxial thin film growth methods. OP, BP and AP stand for opera-

tion pressure, base pressure, and atmospheric pressure, respectively

Particle

Pressure energy Temperature

Methods  Sources Supply Atmosphere (Pa) (eV) (°C) Advantage Disadvantage
Pulsed Sintered Laser Vacuum, O,, OP: 1-100  500-1200 e Stoichiometric * Low
laser ceramics/single crystals ablation Ar, H,, N,, or BP-10 transfer growth rate
deposition mixtures BP: e Wide applicability e Spontaneous
107-107° defect formation
Sputtering Sintered Sputtering  Ar, Ne, K, OP: 1-10 500-800 ¢ High growth rate e Damage by
ceramics/metal plates Xe, O,, H,, 102-10 e Large area ionized particle
N, or BP: e Elemental
mixtures 107°-107° selective
supply rate
Molecular Elemental Thermal Vacuum, O,, OP: 0.1-1 500-1200 ¢ Easy control of * Low
beam substances/metal evaporation or O; BP-10° supply ratio of elements growth rate
epitaxy organics BP: e Precise stoichiometry e Fixed target
107%-107" (hybrid MBE)
Chemical Metal Thermal H,, Ny, O,, 100-AP  0.1-1 100-800 ¢ Easy control of o Low
vapour organics/hydride/halide evaporation O;, H,O or composition crystallinity
deposition and gas flow mixtures e Limitation
of precursor
(vapour
pressure)
Atomic Metal organics Thermal 0,, 03, N, 100-AP  0.1-1 200-400 ¢ Flat even e Fixed target
layer evaporation on textured
deposition of precursor surface
molecules e Large area
Solution  Precursors soluble in  Direct Atmospheric AP — 500-1000 o Easy setup o Low
route solvents supply of or controlled e Large area crystallinity
precursor conditions
solutions
Mist Precursors soluble in Gas flow of  O,, O3, N, AP — 500-1000 ¢ Easy setup e Limitation of
chemical solvents precursor e Large area pressure
vapour solution
deposition mist
Solid — — Atmospheric 107-AP — 500-1200 « Flexible control of * Highly
phase or controlled conditions material
epitaxy conditions dependent
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obtained because of the reaction not attaining the global
minimum. In this section, the basic principles of film syn-
thetic methods and recent advances are described from the
viewpoint of crystal engineering.

2.1 Pulsed laser deposition

The main components of PLD are a precursor target and a
substrate usually placed face-to-face with each other in a vac-
uum chamber and a high power laser for ablation of the tar-
get (Fig. 2a).>"?* The target is typically a sintered ceramic pel-
let or a single crystal of oxides, and its composition is the
same as that of the films because of usually unchanged trans-
fer of the composition during deposition as described below.
A short wavelength is generally preferable in the case of ox-
ides because negligible particles are generated on the film
due to the short penetration depth of laser light. The most
commonly used lasers are the Nd:Y;Al;0;, (Nd:YAG) solid
state laser with a harmonic wavelength 1 between 255 and
1064 nm and ultraviolet excimer gas lasers such as KrF (1 =
248 nm), XeCl (A = 308 nm), and ArF (1 = 157 nm). Excimer la-
sers possess higher energy stability in the ultraviolet region,
and hence are appropriate to deposit flat and dense films of
oxides. The atmospheric conditions inside the chamber are
highly flexible depending on the film compounds: various
gases such as O,, N,, H,, Ar, NO,, etc. can be used at a wide
range of pressures from 0 to ~100 Pa. The ablation process
with a nanosecond scale duration, ~5 ns and ~20 ns for Nd:
YAG and excimer lasers, respectively, consists of complicated
multiple steps despite a seemingly simple process.”> When a
target is ablated by a laser pulse, the target surface is locally
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heated up rapidly within the picosecond scale to melt and
then evaporate. The ejecta, so-called plume, absorbs the laser
pulse to promote plasma formation including electrons, ions,
molecular clusters, and so on. Subsequently, the adiabatically
expanded plume is propagated normal to the target surface
on the substrate, resulting in film deposition. The directional
and instantaneous propagation of the plume contributes to
an approximately complete transfer of the chemical composi-
tion from the target to the film, which is a considerable ad-
vantage of PLD. This is the case especially when the atmo-
sphere is under high vacuum, in which collision between the
ejected species and the existing gaseous molecules is negligi-
ble** though the transfer of stoichiometric composition is
not always ideal as described in section 3. Because of the
high kinetic energy of the chemical species in plume under
high vacuum, the PLD process is highly non-equilibrium,
sometimes leading to the formation of metastable phases.
PLD chambers are generally equipped with a substrate
heater for high temperature deposition. A halogen lamp
surrounded by a gold mirror has been widely used for the
heater. Today, infrared continuous solid state lasers such as
the Nd:YAG laser, which was originally used as a steel cutter,
are available for higher temperature and rapid heating and
cooling.>® The substrate temperature quickly exceeds over
1000 °C. Also, reduction of the laser spot size is useful to
make a temperature gradient within a 1 cm-sized substrate,
enabling rapid optimization of growth temperature.*® Such
efficient optimization of growth parameters was attempted
also for film composition by using a combinatorial ap-
proach.>” Here, the system is equipped with a combination
of automatic moving masks and a target exchanger, in which
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Fig. 2 Typical setups of physical vapour deposition. (a) Pulsed laser deposition, (b) rf sputtering deposition, and (c) molecular beam epitaxy.
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a combinatorial thin film library with discrete phases and
composition-spread phases can be manufactured on a single
substrate.

In situ monitoring of the film structure during growth is
applied for efficient optimization of growth conditions and
understanding of film growth mechanisms by using reflec-
tion high energy electron diffraction (RHEED). An electron
beam arriving at the sample surface with a shallow incident
angle is reflected and probed on a photoluminescence detec-
tor screen placed at the opposite side of the electron gun as a
diffraction pattern (Fig. 2a). Because of the small penetration
depth of the electron beam, the diffraction pattern reflects
the crystal structure and morphology of the topmost surface
of the film. The temporal change of diffraction intensity dur-
ing deposition corresponds to the surface coverage and
growth mode of molecular layers.”® Hence, the deposition of
a superlattice can be conducted.> By using the combinatorial
approach, parallel synthesis of superlattices with different se-
quences is possible.*°

2.2 Sputtering deposition

Sputtering deposition is one of the most frequently used film
growth methods especially in industrial applications due to
its large areal deposition with a high growth rate.*’*> The
chamber is filled generally with inert gases such as noble
gases and N, with a pressure of around 1-10 Pa. For deposi-
tion of films, the electrical bias between an anode beneath
the target and a cathode attached to the substrates acceler-
ates positively ionized atoms of the process gas up to a ki-
netic energy of 0.1-10 keV, which impinge on the target sur-
face on the anode, invoking a glow discharge with a relatively
high current density.>* The ejected particles lose their kinetic
energy significantly by collision with the high pressure gas
molecules before reaching the substrate surface.

For sputtering of insulators, high frequency rf voltage (typ-
ically 13.56 MHz) is applied, while dc voltage is used for con-
ductors such as metals (Fig. 2b). Recently, magnetrons were
often attached to the backside of targets for capturing sec-
ondary electrons from the target surface, in order to increase
the yield rate of ejected atoms and to prevent sputtering dam-
age of the film surface by the electrons. Reactive sputtering is
also used to deposit oxide films by oxidizing metal species
from the target under O, gas during deposition, in which a
dc voltage source is often used and is cost effective in spite
of a lower deposition rate than that of rf sputtering.

A high kinetic energy of about 1 keV of incident ions re-
quired for a sufficient yield rate over unity (knock-on mode)
tends to degrade film quality by generating defects such as
grain boundaries and gas implantation. Hence, reduction of
gas pressure has been attempted by several methods such as
collimation of ions, gas ionization with rf induced plasma,
and ion beam assisted deposition.>* Because of the different
sputtering rate for each element and the multiple scattering
of the ejected particles, stoichiometric transfer like the PLD
process is usually difficult. Accordingly, binary oxides are the

This journal is © The Royal Society of Chemistry 2017
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major target for the sputtering method, though precise opti-
mization of deposition conditions enables the deposition of
complex oxides and even their superlattices.**®

2.3 Molecular beam epitaxy

MBE is a film growth method based on the straightforward
concept of supplying each constituent atom of the objective
material in an appropriate ratio. The constituent atoms are
supplied on the substrate separately from Knudsen effusion
cells under ultrahigh vacuum conditions (Fig. 2c).*” Oxygen
is usually supplied from O,, O3, or O radical gases. Recently,
a quite small MBE chamber, less than 1 m® in volume, has
been developed, enabling sample transfer in vacuo to vacuum
measurement systems such as a synchrotron beam line,*®
similar to a small PLD chamber.*®

Compared to PLD and sputtering, the MBE process sup-
plies highly pure constituent elements with much smaller ki-
netic energy due to the thermal evaporation characteristics,
usually realizing an almost thermal equilibrium condition.
Thus, the resultant phase diagram is almost governed by
thermodynamics.*>*" If the composition is properly tuned,
highly stoichiometric and pure thin films of binary oxides
can be deposited, as demonstrated by e.g. a fractional quan-
tum Hall effect in the Mgy 05Zn.950/ZnO heterostructure.*?

In the case of complex oxides, off-stoichiometry often hap-
pens because of a poorer desorption process due to the ionic
nature of oxides. A breakthrough was achieved by the devel-
opment of a technique called “hybrid MBE”, in which MBE
and high vacuum CVD are combined.”® In this method or-
ganic metal is used as a precursor, which desorbs from the
film in case of excess composition. Son et al. reported the
highest electron mobility over 30000 cm® V™' s™" in La-doped
SrTiO; epitaxial thin film deposited from Sr, La, oxygen
plasma, and titanium tetraisopropoxide precursors.**
Matsubara et al. observed a quantum Hall effect in a 6-doped
STO epitaxial thin film deposited using hybrid MBE.*> These
results are indicative of the successful growth of ideally stoi-
chiometric and very high quality films.

2.4 Chemical vapour deposition

Chemical vapour deposition (CVD) using chemical reactions
during deposition is categorized as a counterpart of physical
vapour deposition techniques. CVD includes various relatives
such as plasma CVD, low pressure CVD, and metal-organic
CVD. These CVD processes are suitable for industrial applica-
tions because of high operation pressures from low vacuum
to atmospheric pressure.

CVD consists of three main processes: transfer of precursor
molecules, chemical reactions at the substrate, and removal of
by-products.®’ Firstly, thermally evaporated precursors are
transferred to the reactor by gas flow. Then, the precursors are
in part adsorbed and decomposed into the objective solid
phase and by-products on heated substrates in the reactor. The
by-products, designed to have a higher vapour pressure, are
desorbed from the substrate, yielding the objective material

CrystEngComm, 2017, 19, 2144-2162 | 2147
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films. Compared to the homogeneous decomposition reaction
of precursors in the gas phase prior to deposition on the sub-
strate, the heterogeneous reaction of precursors on the sub-
strate surface is preferable to deposit a dense and smooth film
strongly bonded with the substrate.*® For the decomposition of
precursors, plasma and light including laser can be used in-
stead of heat, sometimes causing uncontrollable chemical reac-
tions.”” Haga et al. succeeded in synthesizing high quality epi-
taxial thin films of ZnO by controlling the reactivity between
Zn(C,H;), and CO, with plasma.*® CVD processes under high
vacuum conditions are also useful to synthesize unstable com-
pounds under high pressure. In such processes, precursor spe-
cies are supplied to the substrate as a molecular beam without
collision like in MBE, and individual decomposition of each
supplied molecule takes place.*® High vacuum CVD used for a
AlL,O; film®° was later applied to high-T¢ superconductor thin
films such as YBa,Cu;0,_, (ref. 51) and LaBa,Cu;0;_,.>> CVD
combined with MBE was used for complex oxide thin films as
described above.

2.5 Atomic layer deposition

ALD is an emerging technique to obtain highly flat and
homogeneous films, categorized as a CVD process. Layer-by-
layer self-limiting chemical reactions of organic precursors
enable obtaining homogeneous films on various surfaces in-
cluding nanostructures with a high aspect ratio.>*>* ALD can
be conducted under low vacuum and low temperature, thus
it is applied for various applications such as flat panel dis-
plays. For example, binary oxide AO, films are deposited in
the following sequence (Fig. 3). Metal organic precursors sup-
plied with inert gas are adsorbed on the bare substrate sur-
face to form a single molecular layer with full coverage, and
unreacted precursors and by-products are removed with inert
gas by purging the chamber. Next, the layer was fully oxidized
to form AO, by introducing co-reactants such as H,O and O,
followed by purging to remove redundant co-reactants and
by-products. By repeating these cycles, a thin film of AO, is
deposited in a layer-by-layer manner. For the deposition of
complex oxides, the corresponding molecular layers are de-
posited alternately (e.g. AO and BO, layers to form perovskite
ABO;), resulting in difficult control of stoichiometry in ter-
nary and quaternary oxides.”

Step A s
R
— P —
Dose A Purge
Step B

¢

—
DoseB

e
Purge

Fig. 3 Depositing sequence of binary material using atomic layer
deposition. Reproduced with permission from ref. 53. Copyright 2013,
American Chemical Society.
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Recently, appropriate precursors were developed to obtain
epitaxial thin films of ternary oxides. For example, Coll et al.
reported the direct growth of spinel Co,FeO, epitaxial thin
films on the (100) and (110) planes of STO substrates at a low
temperature of 250 °C.%° In this case, the Co-rich spinel pure
phase was obtained as a fully relaxed film, exhibiting isotro-
pic ferromagnetic behaviour down to 10 nm thick. Emery
et al. reported the epitaxial growth of Sn doped In,O; on the
(100), (110), and (111) planes of YSZ substrate also at a low
temperature of 250 °C.°” Excellent coherent growth on the
substrate was seen in contrast with the case of the spinel
films despite the lack of an atomically flat surface like MBE
and PLD deposited films.

2.6 Solution process

One of the most frequently used solution processes in oxide
film growth is the sol-gel method. In this method, precur-
sor gels are prepared by dissolving metal compounds such
as alkoxides into solvents, followed by hydrolysis and gela-
tion reactions at a mild temperature of <100 °C.”® These
gels are dip- or spin-cast on substrate homogeneously and
are crystallized by calcination. During the gelation process,
the component elements are homogeneously mixed at an
atomic level in contrast to the vapour phase reactions,
where the distribution of adsorbed atoms/molecules is
predominated by kinetics, so that the film is formed almost
in an equilibrium state. The easy processing is useful for
practical applications, although there are several concerns
such as the toxicity of organic solvents and precursors, in-
sufficient growth rate, and poor film quality. Zhao et al. re-
cently developed a fast growth route of YBa,Cu;0;_s epitaxial
thin films using a nontoxic propionate-based solution.>® The
obtained film showed superconducting behaviour with a
critical current density as high as 3.7 MA cm™ at 77 K. Also,
a technique called prompt inorganic condensation (PIC) is
being studied extensively.®” In PIC, environmentally friendly
aqueous solutions of metal nitrates are used as precursors
in order to obtain high quality films.

The solution process is suitable for complex oxides with
multiplex crystallographic blocks due to its quasi-equilibrium
nature. For example, Rivas-Murias et al. reported the success-
ful synthesis of epitaxial thin films of misfit cobaltates
([AO],[C00,]) (A = Bi, Ba, Sr, Ca, Co) by sintering spin-coated
aqueous solutions including polyethyleneimine.®® The poly-
ethyleneimine decomposed at a slightly lower temperature
than crystallization, preventing undesirable reactions,
resulting in a clear epitaxial interface with LAO substrates.
The cobaltates are composed of periodically stacked insulat-
ing rock salt [AO] layers and electrically conducting edge-
sharing CoOg octahedral layers, exhibiting bulk-like p-type
electrical conduction and good thermoelectric properties. It
is noted that epitaxial thin film deposition of the cobaltates
was difficult by using physical vapour deposition techniques
due to the interfacial amorphous layer probably formed by
their non-equilibrium nature.®>

This journal is © The Royal Society of Chemistry 2017
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2.7 Mist CVD

Mist CVD is a solution based technique developed recently
(Fig. 4).°°" A solution of precursors in a supply unit is
converted into mist particles whose diameters are 2-3 pm using
an ultrasonic transducer. The mist is diluted and transferred by
carrier gas on the substrate in a reaction unit. Because of the
simple setup operated under atmospheric pressure, the system
is highly cost-effective. In addition, a high vapour pressure of
precursors is unnecessary. The only requirement for precur-
sors is solubility in solvents, which is not a difficult problem.

The epitaxial growth of various binary oxides such as ZnO,
Ga,0;, Al,0; and In,0; has been demonstrated.®* Despite the
ambient growth conditions, these films showed high crystallin-
ity with a narrow full width at half maximum (FWHM) of the
rocking-curve, less than 0.01°, comparable to that of the vac-
uum processes.®® As a result, various thin films of mixed crys-
tals and heterostructures have been deposited.®* Recent studies
were extended to epitaxial thin film growth of ternary oxides
such as bismuth iron and yttrium aluminium garnets.®**”

2.8 Topotactic reaction

A topotactic reaction is a post-deposition treatment to incor-
porate or remove elements while maintaining the crystal
framework of mother compounds.®® Light ions with low elec-
tric charge such as H', H', Li*, O*” and F are often used in
topotactic reactions because of their high ionic conductivity.
For topotactic reactions of oxides, gaseous, liquid, and solid
reagents can be used. Though topotactic reactions can be
conducted for both bulk and thin film specimens, the thin
film specimen has an advantage due to the high speed and
homogeneous reaction (Fig. 5).%°

Topotactic reactions are sometimes reversible. Zhang et al.
reported that ordered oxygen vacancies in semiconducting
rhombohedral SrCoO,s are easily compensated for by
annealing in air to form metallic cubic perovskite SrCoOs3,
and restored by further annealing in vacuum.”® Yoshimatsu
et al. succeeded in reversible control of the topotactic reac-
tion of Li" ions in LiTi,0, epitaxial thin film as the anode in
a Li-ion battery structure using an electrochemical method.”*
The superconductivity of LiTi,O, was suppressed by interca-
lating Li" ions, whereas it was recovered by successively
deintercalating Li" ions.

Supply unit Reaction unit

Dllutlon Assist

)
ii 3)
Ca ”rler @

Ultrasomc N ="
transducers ps

Exhaust

Fig. 4 Schematic setup of mist CVD. Reproduced with permission
from ref. 63. Copyright 2014, The Japan Society of Applied Physics.
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Fig. 5 Relative fluorine concentration (C(x)) vs. depth (x) curves after
topotactic reaction, calculated for 80 nm thick thin film and bulk
sample. The details are described elsewhere.®® Reproduced with
permission from ref. 69. Copyright 2014, The Royal Society of
Chemistry.

3 Engineering of functionality

Lattice structures of epitaxial thin films are modulated by un-
derlying substrates and/or epitaxially stacked adjacent layers
(Fig. 1). Because the lattice structure significantly influences
various physical properties of oxides, such structural modula-
tions are useful to conduct engineering of functionality. For
example, ferroelectricity in ionic crystals is sensitive to lattice
modulation because lattice strain directly affects the polariza-
tion usually originating from atomic displacement.”>”* Struc-
tural engineering is also effective to control magnetism be-
cause of the crystal field splitting governed by lattice
symmetry and the exchange coupling strongly depending on
the bond length and tilt angle of M-O-M bonds (M: transi-
tion metal).”*

The bond length/angle and coordination state in a crystal
unit can be varied via epitaxial growth, i.e. lattice distortion
and polymorphism, respectively. It is possible to stabilize a
coordination state of a metastable polymorph via lattice
matching between film and substrate. Also, it is possible to
maintain the mother compound structure even in the case of
heavier impurity doping beyond its thermodynamic solubility
limit, enabling very heavy doping in comparison with the
bulk specimen. On the other hand, mismatch in lattice con-
stants and/or symmetry between film and substrate causes
strain in the film, resulting in lattice distortion under biaxial
tensile/compressive strain, defect formation, and bond
tilting. Such variations of bonding possibly cause a drastic
change in the electronic structure and physical properties, es-
pecially when several electronic phases compete with each
other. In this section, we will provide an overview of various
examples of crystal engineering in oxide epitaxial films
reported recently.

3.1 Metastable polymorphs

Increasing phase stability using lattice matching, called epi-
taxial force, is the basic idea in all studies of epitaxial growth.
A polymorph is stabilized on specific substrates possessing a

CrysttngComm, 2017, 19, 2144-2162 | 2149


https://doi.org/10.1039/c7ce00322f

Published on 06 March 2017. Downloaded on 9/24/2024 9:30:11 PM.

Highlight

similar structure. This approach has been widely applied to
find novel metastable phases and to investigate structure de-
pendent physical properties.””

TiO, exhibits many functionalities by impurity doping and
is one of the most extensively studied oxides that have many
polymorphs: rutile, anatase, brookite, columbite, cotunnite,
baddeleyite, and fluorite.”® The rutile and anatase phases are
the primary and secondary most stable phases under atmo-
spheric conditions, respectively. The two stable polymorphs
can be selectively formed on different substrates: the rutile
phase on o-Al,O; substrate and the anatase on lattice-
matched perovskite substrates such as LAO and STO.”®””
Thus, their physical properties can be compared easily. For
example, the anatase structure is more favourable to acquire
both high transparency (over 95% at a wavelength of 600 nm)
and low resistivity (~2 x 10™* Q cm at room temperature) by
Nb doping (Fig. 6).”%”°

Another example is the recently achieved growth of high
quality a-Ga,0O; (corundum structure) epitaxial thin films by
mist-CVD.*® The a-phase is more attractive than the most sta-
ble B-phase from the viewpoint of functionality engineering,
because of its capability to form a solid solution with other
corundum oxides. For instance, wide range bandgap engi-
neering from 3 to 9 eV is possible in solid solution with Al,O;
and In,0;, respectively.®* (Al,Ga;_,),0; exhibited a linear vari-
ation of the bandgap between 5.3 and 8.8 eV, while
(In,Ga;,),03 showed a variation of the bandgap between 3.8
and 5.3 eV with bowing due to the relatively small miscibility
between In,0; and Ga,0;. Control of magnetism is also pos-
sible in a-Ga,0; by mixing with magnetic corundum oxides
such as Cr,0; and Fe,03, and (Gay 45Fey 55),03 showed ferro-
magnetic properties at room temperature.®!

The plane direction of the substrate can also be used to
control the polymorphs. Lee et al. reported the selective
growth of VO, polymorphs on perovskite oxide substrates
(Fig. 7). Due to uniaxial or biaxial lattice matching between
the film and the substrates in addition to their lattice sym-
metry, tetragonal VO, A-phase can be deposited on the (011)
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Fig. 6 (a) Resistivity and internal transmittance (at a wavelength of
600 nm) of Ti;_,Nb,O, epitaxial thin films. (b) A photograph of STO
substrate (left) and Tig.94Nbg 0602 epitaxial thin film on STO substrate
(right). Reproduced with permission from ref. 79. Copyright 2010,
WILEY-VCH.
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planes of STO and LAO, but monoclinic B- and M1- phases
on the (001) and (111) planes, respectively. The R-phase ap-
pears through phase transition from the M1-phase at high
temperature. Because VO, shows largely varied physical prop-
erties such as electrical conductivity depending on the crystal
structure (Fig. 7e), the selective growth of polymorphs is use-
ful for their understanding and applications.

Epitaxial force can stabilize the metastable chemical com-
position, which otherwise results in phase separation. Lee
et al. found a novel phase Sr,Ti;O,,4 in a Ti-rich STO epitaxial
thin film.** This metastable phase was obtained only in the
case of a eutectic composition of 21 mol% SrO and 79 mol%
TiO, on the (111) planes of perovskite oxides such as STO
and (LaAlO3), 3—~(SrAly 5Ty 503)0, (LSAT) at low growth tem-
perature. Sr,Ti;O,4 is composed of local STO-like layers sepa-
rated by TiO, monolayers that have edge- and face-shared
TiOe octahedra with mixed valence Ti** and Ti**. The super-
exchange interaction between the Ti*" sites resulted in an
antiferromagnetic insulating characteristic. It is noted that
the thermal conductivity was as low as 1.3 W mK similar to
glasses, in which the low thermal conductivity was attributed
to the significant interlayer phonon scattering and the low
out-of-plane electrical conductivity.

3.2 Doping beyond solubility limit

Impurity doping is a fundamental way to tailor functionali-
ties in semiconductors including oxides. The ionic charge
and size of dopants significantly affect the physical proper-
ties of the mother compound. The amount of impurity dop-
ing has an upper limitation, i.e. solubility limit, over which
phase separation or structural transition occurs, prohibiting
heavier doping possibly connected with the emergence of
novel physical properties. The epitaxial force extends the sol-
ubility limit while preserving the mother structure.

ZnO is an extensively investigated oxide semiconductor be-
cause of its promising potential for applications such as light
emitting diodes (LEDs), photodetectors, and transparent tran-
sistors. To these ends, chemical doping is important to
achieve p-type ZnO and bandgap engineering.***> For p-type
doping, a wide range of dopants such as lithium, alkaline
metals, copper, nitrogen, and phosphorus have been exam-
ined.** For bandgap engineering, the dopants were usually
divalent ions such as Mg?* and Cd**, resulting in bandgap
widening and narrowing, respectively. Here, the most stable
phase of MgO and CdO is the rock salt structure,
constraining their thermodynamic solubility limit in wurtzite
ZnO to as low as <4% and <2%, respectively.>® However, the
solubility limits of MgO and CdO in ZnO were extended up to
~50% and ~70%, respectively, by epitaxial stabilization of
the wurtzite structure on o-Al,O; (0001), ScAIMgO, (0001),
and ZnO (0001), where the solubility limits depended on the
growth method, conditions, and also the buffer layer.®”~*'
The extended solubility resulted in a broad range of bandgap
engineering ranging from 1.8 to 4.5 eV for wurtzite (Zn,Mg,
Cd)O. Also, bandgap widening by alloying with wurtzite BeO
whose bandgap is 10.6 eV has been suggested,”> and a
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Fig. 7 Schematic crystal structures of (a) VO,(B) on ABO3(001), (b) VO»(A) on ABO5(011), (c) VO»(M1), and (d) VO(R) on ABO3(111) substrates. (e)
Temperature dependence of resistivity for VO,(B), VO,(A), VO,(M1), and VO,(R) films. Reproduced with permission from ref. 82. Copyright 2016,

Macmillan Publishers Limited.

Bey.0sMgo 5221 400 epitaxial thin film showed a bandgap of
5.11 eV.”® The largely variable bandgap of doped ZnO is now
applicable for barrier layers of quantum wells in LEDs, the
semiconducting layer of Schottky photodetectors, the accep-
tor layer of solar cells, and so on.?>°%%

Epitaxial stabilization of a doped semiconductor beyond
the solubility limit of impurities sometimes leads to a new
class of compounds, e.g. oxide-based diluted magnetic semi-

conductors such as transition metal doped ZnO, and a high
temperature diluted ferromagnetic semitransparent semicon-
ductor (Ti,Co)O, with anatase and rutile types, discovered
using the combinatorial approach.’®®® (Ti,C0)O, shows a
large magneto-optical effect in the ultraviolet-visible region
and an anomalous Hall effect, and its magnetism can be con-
trolled between paramagnetic and ferromagnetic states at
room temperature by an electric field effect as well as
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Fig. 8 (a) Magnetic-field dependence of the anomalous Hall conductivity oay for anatase Tip.90C00.1002-5 films at 300 K, measured at different
gate voltages (Vgs) using an electric double layer transistor. The values of electron density n at each Vg are also shown. Reproduced with permis-
sion from ref. 100. Copyright © 2011 by the American Association for the Advancement of Science. (b) Anomalous Hall conductivity oan at 300 K for
anatase Tip.90C00.1002-s films grown in various oxygen pressures. Reproduced with permission from ref. 99. Copyright © 2011 American Institute
of Physics. (c and d) Real-space images around Co in (c) rutile Tip.09C00.0102 and (d) Tip.95C00.050> films reconstructed from X-ray fluorescence
holograms. (e and f) Structure models obtained from the images in (c) and (d), respectively. Reproduced with permission from ref. 101. Copyright
2016, AIP Publishing.

This journal is © The Royal Society of Chemistry 2017 CrystEngComm, 2017, 19, 2144-2162 | 2151


https://doi.org/10.1039/c7ce00322f

Published on 06 March 2017. Downloaded on 9/24/2024 9:30:11 PM.

Highlight

chemical carrier doping (Fig. 8a and b),”>'% representing an
electron carrier-mediated exchange interaction. Although di-
valent Co has been supposed to substitute the Ti site, a re-
cent study of X-ray fluorescence holography indicated a local
suboxidic coordination of CoO,Ti, (Fig. 8d and f) in ferro-
magnetic rutile (Ti,Co)O,, whereas ordinary substitution of
Co at the rutile Ti site was observed in paramagnetic (Ti,Co)
0, with low Co concentration (Fig. 8c and e)."”" In spite of
the unclear relationship between the high temperature ferro-
magnetism and the suboxide structure, this result suggests
that formation of hidden local structures in doped oxides is a
new strategy to design novel functionalities.

3.3 Unusual valence state

Owing to the advanced thin film techniques introduced in
section 2, unusual valence states can be stabilized in thin
films. Since an unusual valence state could lead to unconven-
tional electronic states, chemical control of such valences is a
possible way to find novel functionalities.

Recently, epitaxial thin films of rock salt YO with unstable
Y>* (4d") were synthesized using the non-equilibrium condi-
tion of the PLD process.'”® Here, Y metal was used as a target
and the unusual valence state was attained under precise
control of minute partial oxygen pressure during growth by
using Ar/O, mixed gas. In contrast with the band insulator
Y,0; with Y**, YO behaved as a narrow gap semiconductor
and exhibited tuneable electrical conduction as a function of
the amount of oxygen vacancy. The magnetoresistance
showed weak antilocalization behaviour, which is attributed
to strong spin-orbit coupling in the conducting 4d electrons.

ThCr,Si, type R,0,Bi (R = rare earth or Y) has another un-
usual valence compound with a Bi*~ square net, recently syn-
thesized in a polycrystalline-powder form.'”® To obtain epi-
taxial thin films of Y,0,Bi, reductive solid phase epitaxy was
adopted.’® Y and Bi powders sandwiched between PLD-
deposited Y,0; amorphous films on CaF, substrates were
subjected to two-step heating in an Ar + H, flow: the first
low-temperature heating for alloying Bi and Y to reduce Bi by
Y with a low redox potential, and the second high-
temperature heating for solid phase epitaxy of the Y,0,Bi
phase. This method was significantly improved by one step
in situ heating of multilayer precursor [Y/Bi/Y,03],5 with sub-
nanometre layers (Fig. 9)."°> The obtained films possessed
high crystallinity and a flat surface, which allowed observa-
tion of intrinsic magnetoresistance reflecting the 2D nature
and strong spin-orbit interaction of the Bi*>~ square net. Fur-
thermore, this investigation resulted in the discovery of 2 K

superconductivity in bulk Y,O,Bi polycrystal with excess
106

oxygen.

3.4 Anion substitution

Instead of cation substitution in complex oxides frequently
used for chemical modification, anion substitution is prevail-
ing as an alternative route to synthesize new functional com-
pounds. Hydride (H'), fluoride (F7), and nitride (N*7) ions
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Fig. 9 Schematic illustration of the synthetic procedure of Y,O,Bi
epitaxial thin film via solid phase epitaxy. Reproduced with permission
from ref. 105. Copyright 2015, American Chemical Society.

can substitute oxygen sites in oxides owing to their similar
ionic radii, thus mixed-anion oxides such as oxyhydrides,
oxyfluorides, and oxynitrides have been synthesized with a
broad range of chemical compositions and crystal struc-
97 However, the fundamental properties of these
mixed-anion oxides have been scarcely investigated because
of the difficulty in high quality synthesis. Topotactic synthe-
sis usually used for bulk specimens requires severe synthetic
conditions such as high temperature and pressure for the re-
action between stable oxide precursors and anion sources,
resulting in an uncontrollable composition, structure, and
homogeneity. In contrast, epitaxial thin film growth has sev-
eral advantages such as a homogeneous milder post-
deposition reaction,®® direct synthetic route under finely
tuned conditions,'*® and structural stabilization via epitaxial
force.109,110

Oxyhydride epitaxial films were prepared by reaction of ox-
ide precursor films with hydration reagents such as CaH,.
The hydride ion serves as an electron donor enabling heavy
and tuneable electron doping. Yajima et al. and Bouilly et al.
reported insulator-to-metal transition in ATiO;_,H, (A = Ca,
Sr and Ba) epitaxial thin films by hydridation,"*"""* in which
the electrical conductivity was systematically tuned in the
range of 0 < x < 0.5. The same group transformed an anti-
ferromagnetic insulator EuTiO; epitaxial thin film into a fer-
romagnetic metal EuTiO, ,9H,; film with a Curie tempera-
ture of 12 K,"** which is higher than those of EuTiO; g, (Eu,
La)TiO;, and Eu(Ti,Cr)Os;, suggesting a smaller chemical dis-
order in EuTiO,;oH,,;. Katayama et al. obtained the first
non-layered perovskite Sr-Co-O system, c-axis oriented
SrCoOH, (x = 1.6 * 03, y = 1.2 * 0.2) film, from
brownmillerite SrCoO,; film by topotactic reaction with
CaH,.'"* Here, SrCoO,H, was formed not on LSAT substrate
but on STO substrate with a smaller lattice mismatch owing
to the epitaxial stabilization. The shorter b- and c-axis length
(0.370 and 0.3702 nm) than the a-axis length (0.416 nm) indi-
cated the preferential formation of a 2D Co-H-Co network in
the bc plane rather than random 3D distribution of hydro-
gen, probably causing the splitting of t,, orbitals and
bandgap widening from 0.35 eV of SrCoO,; to 2.1 eV of
SrCoO,H,,.

Moon et al. reported the fluorination of brownmillerite
SrFeO;_; (6 ~ 0.5) into perovskite oxyfluoride SrFeOs; ,F,.'"
Poly(vinylidene fluoride) (PVDF) spin-cast on the film was

tures.

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7ce00322f

Published on 06 March 2017. Downloaded on 9/24/2024 9:30:11 PM.

CrysttngComm

used as a fluorination reagent by annealing in an oxygen flow
at 600 °C. SrFeO;_.F, was semiconducting with a mixed va-
lence state of Fe** and Fe", reflecting the insulating SrFeO; s
with Fe*" and metallic SrFeO; with Fe®, respectively.
Katayama et al. reported SrFeO;_,F, epitaxial thin films by re-
action of SrFeO;_; thin film with spatially isolated PVDF in
an Ar gas flow at a low temperature of 100-270 °C.*° The
fluorine content in the SrFeO; ,F, films increased with in-
creasing reaction temperature up to 270 °C, and decomposed
into SrF, and Fe;O, at higher temperature. The fluorination
reaction was promoted more by a larger amount of oxygen va-
cancy in SrFeO;_s, and the fluorine amount x was widely var-
ied in the range of 0.8 < x < 1.5.

Highly stable oxynitrides in comparison with
oxyhydrides and oxyfluorides have been widely investi-
gated as pigments, photocatalysts, and phosphors due to
their bandgap harvesting visible and ultraviolet light.'*®
Since nitrogen ions are difficult to introduce into oxides
with topotactic reactions partly due to the very low diffu-
sion coefficient, the oxynitrides are usually powder speci-
mens. Thus, the electrical properties have been scarcely
investigated. In the case of epitaxial thin films, nitrogen
can be in situ incorporated into oxides during film depo-
sition by reactive rf magnetron sputtering,""” pulsed reac-
tive crossed beam laser ablation,'*® and other epitaxy
techniques. Such thin films enable various characteriza-
tion techniques.

The nitrogen plasma assisted pulsed laser deposition
(NPA-PLD) method was adopted for perovskite CaTaO,N epi-
taxial thin film.'®” In this method, nitrogen radicals were
supplied from a plasma source during deposition of
CaTaO,N film on an STO substrate, where a Ca,Ta,O,
sintered target was used. Compared to film specimens
obtained by other methods,"**"*° the CaTaO,N film showed
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smaller dielectric loss probably due to the high crystallinity
and chemical homogeneity. A SrTaO,N epitaxial thin film
synthesized with the same method showed small classical
ferroelectric regions surrounded by a relaxor-like matrix
(Fig. 10a-d)."® This result is in stark contrast to paraelectric
or wholly relaxor-like bulk SrTaO,N specimens,''*'*' possi-
bly caused by stabilization of a trans-type anion coordina-
tion in the compressively strained epitaxial thin film
according to the first principles calculation (Fig. 10e and f).
Such strain engineering on anion coordination can be a
new approach to tailor novel functionalities in mixed-anion
oxide epitaxial thin films. Electrically conductive oxynitrides
are also available with NPA-PLD. Suzuki et al. synthesized
metastable anatase TaON epitaxial thin film with the aid of
epitaxial stabilization."®* TaON showed a rather high mobil-
ity of ~17 em® V' s at room temperature with an
electron density of 3.7 x 10" cm™ supplied from oxygen
vacancy. Electrical properties such as electrical conductivity
and magnetism were controlled by the nitrogen content in
films like hydride in oxyhydrides. Takahashi et al. synthe-
sized AX-type CoO,N, epitaxial thin film, in which the an-
ion ratio y/(x + y) was systematically controlled in the range
from 0 to 0.63."** CoO,N, showed a structural phase transi-
tion from rock salt (y/(x + y) < 0.5) to zinc blend (y/(x + y)
> 0.5) structure. For the former, insulator-to-metal transi-
tion was induced by increasing nitrogen up to y/(x + y) >
0.34, concomitant with a drastic increase in saturation
magnetization near the phase boundary. Recently, a
topotactic synthetic route for oxynitrides was developed by
Yajima et al'** BaTiO,_  H, precursor was transformed to
BaTiO;_,N,,,; via nitridation with NH; at an unusually low
temperature of 375-550 °C, by utilizing the lability of hy-
dride ions in oxyhydrides. The BaTiO,,N,, epitaxial thin
film maintained the ferroelectric nature of BaTiOj;.

(e) Bulk SrTaO,N f)
cis-type

Strained SrTaO,N film
trans-type

@ sr
® Ta
@0
o

SrTiO, substrate

Fig. 10 (a) Topographic and (b) piezoresponse images of SrTaO,N epitaxial thin film. (c and d) Local piezoresponse examined by switching
spectroscopy at positions A and B in (b). (e and f) Schematics of (e) unstrained bulk SrTaO,N with a cis-type anion arrangement and (f) tetragonally
strained SrTaO,N thin film with a trans-type anion arrangement epitaxially stabilized on SrTiO3z substrate. Reproduced with permission from ref.

109. Copyright 2014, Macmillan Publishers Limited.
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3.5 Epitaxial strain

Since the demonstration of enhanced Curie temperature in
compressively strained BaTiO; epitaxial thin films,'** the ef-
fects of epitaxial strain caused by lattice mismatch between
film and substrate have been extensively investigated for vari-
ous (quantum) ferroelectric compounds such as STO,'**
Pb(Zr,Ti)0;,"*” and BiFeO;,"*® recently reviewed by
Damodaran et al."* Also, multiferroicity has been artificially
generated by inducing ferroelectricity in magnetic com-
pounds. Takahashi et al. reported single phase multiferroicity
in ferromagnetic double perovskite La,NiMnOs epitaxial thin
film by appending ferroelectricity via lattice stretching along
[111]cupic ON STO substrate.®® 1t is noted that this ferroelec-
tricity is driven by displacement of the A-site without lone
pair electrons, as scarcely seen in perovskite oxides. Yun
et al. reported high quality epitaxial thin films of metastable
layered multiferroic BigFeCoTiz;O,3 on a conducting LaNiO;
buffer layer.'*' LaNiO; significantly stabilized the film crystal-
lization by preventing the divergence of electrical potential
due to spontaneous polarization of the film through charge
screening. The film showed phase switching in piezoresponse
at room temperature, probably induced by the compressive
strain from the substrate.

In addition to ferroelectricity, magnetism can also be
controlled by strain because the bond angle between transi-
tion metal ions varies their exchange coupling, as demon-
strated in (La,Sr)MnO; thin film on perovskite substrates
decades ago."*” Yang et al. reported an anomalous phase di-
agram of La, ,Sr,CoO; under epitaxial strain.'* Under ten-
sile strain, ferromagnetism was induced in LaCoO; thin film
due to a superexchange interaction between high spin-low
spin-high spin Co®" ions. On the other hand, ferromagne-
tism was strongly suppressed in La;_,Sr,CoO; (x ~ 0.2) thin
film due to reduced double exchange coupling between
Co®" and Co*" ions: the hole doping effect and local lattice
strain caused by the introduction of Sr in addition to tensile
strain assisted transition from high spin state Co®>* into low
spin state Co** ions. Li et al. controlled interfacial magne-
tism between G-type antiferromagnetic SrMnO; (001) and
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ferromagnetic (La,Sr)MnO; (001) epitaxial thin films via oc-
tahedral tilting tuned by strain as a function of SrMnO;
thickness and type of substrate."** Here, the Dzyaloshinskii-
Moriya (DM) interaction of the bilayer is expressed as

5-(§FM XEAFM), where D denotes the DM vector and S

and S are spin vectors of FM and AFM layers, respec-

tively. The DM interaction is finite only in case of out-of-
phase tilting along the [100] direction in the antiferromag-
netic layer under a magnetic field along the [010] direction
(Fig. 11a). As expected by first principles calculation that
the out-of-phase tilting along the [100] direction is stabilized
under tensile strain, the most tensilely (compressively)
strained film with the smallest SrMnOj; thickness deposited
on STO (LAO) showed the highest (lowest) exchange biases,
and the strain effect relaxed gradually with increasing
SrMnO; thickness (Fig. 11b and c).

Intriguingly, an epitaxial strain effect on the physical prop-
erties was manifested not only at the film-substrate interface
but also at the surface. Marin et al. reported significantly
suppressed saturation magnetization and an enhanced coer-
cive field in compressively or tensilely strained ferromagnetic
(La,Ca)MnO; epitaxial films."*® Electron holography revealed
the presence of an about 20 nm thick antiferromagnetic layer
around the surface region. As a consequence of the coupling
effect between e, orbital ordering and Jahn-Teller distortions
induced by strain, in addition to the relaxation of long-range
interaction at the surface, the antiferromagnetic ordering
emerged only at the surface, yielding the exchange bias.

Hirai et al. suggested that oxygen deficient materials are
suitable for strain engineering of physical properties.’*® Oxy-
gen deficient perovskite SrFeO,g films with tensile strain
showed metal-to-insulator transition accompanied by charge
disproportionation of Fe*°®" into Fe*" and Fe'" at 620 K far
above that of the bulk specimen, 70 K. The amount of oxygen
deficiency itself was varied by epitaxial strain. Petrie et al.
reported the formation of intermediate oxidation states
SrCo0O;_5; between perovskite SrCoO; and brownmillerite
SrCo0,; under tensile strain.?” With increasing tensile
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Fig. 11 (a) Sketch of the G-type antiferromagnetic/ferromagnetic interface given for antiphase tilting about the [100] (a axis) with the sign of the
Dzyaloshinskii-Moriya interaction term shown in the right simplified diagram for the whole interface. (b and c) Magnetization curves of (La,Sr)
MnO3 (20 u.c.)/SrMnOs (t) on STO (b) and LAO (c) for different SrMnO3 thicknesses (t = 10, 20, 30, and 40 u.c.). Reproduced with permission from

ref. 134. Copyright 2015, Macmillan Publishers Limited.
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strain from 1.0% to 4.2%, ¢ linearly increased from 0.1 to
0.25, resulting in ferromagnetic metal to antiferromagnetic
insulator transition. According to calculation, tensile strain
destabilized the ground state due to the reduced intercalation
formation enthalpy of oxygen, giving a route to modify oxy-
gen conduction in oxides. Farokhipoor et al. reported epitax-
ial strain control of cation deficient domain wall density in a
multiferroic system.'*® Tensilely strained TbMnO; film on
STO substrate with a lattice mismatch of 5% showed dense
formation of the domain walls which occupy as high as 25%
of total film volume to release the large strain (Fig. 12a). At
the domain wall, Tb was replaced by Mn (Fig. 12b and c) to
enhance net magnetization (Fig. 12d and e). Such artificial
control of local lattice structure can be used to form novel
crystal structures and functionalities.

3.6 Defect formation

As mentioned in section 2, it is often difficult to transfer stoi-
chiometric composition from source to film. Even in the case
of PLD, off-stoichiometric thin films are often deposited. As
reported by Ohnishi et al., laser fluence is one of the most
significant factors that govern the film composition,'*’
suggesting that the kinetic energy of the chemical species
during deposition influences the chemical composition in
thin films by defect formation. Such defects in epitaxial films
and heteroepitaxial structures usually cause undesired effects
on the physical properties, but recently have been exploited
to develop novel functionalities. Lee et al. controlled the
amount and site of vacancies in STO thin films systematically
by growth condition.’*® The c-axis lattice constant, propor-
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Fig. 12 (a) HAADF-STEM image of TboMnOz-SrTiOs interface. (b) Domain wall in ToMnOs close to the interface with SrTIO3, superposed on the
proposed atomic model. (c) Proposed columnar structure of substitutional Mn cations (light blue) at domain wall. (d) In-plane magnetization
curves at 10 K for ToMnOs5 films with various thicknesses. (€) Remanent magnetization versus the inverse of film thickness. The inverse domain area
(or density of domain walls) is also plotted. Reproduced with permission from ref. 138. Copyright 2014, Macmillan Publishers Limited.
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tional to the amount of Sr vacancy, was increased by laser en-
ergy, while an insulator-to-metal transition accompanied by
reduced transmittance was induced by introducing an oxygen
vacancy via oxygen flow rate without significant change in
the lattice parameter. Sarantopoulos et al precisely con-
trolled the amount of Sr and O vacancies in STO epitaxial
thin films by changing the partial oxygen pressure during
PLD growth."*' Uniform tetragonal distortion along 50 nm
thick film due to Sr vacancy, in spite of the presence of film/
substrate interfacial defects, resulted in splitting of t,, states
coupled with the spin-orbit interaction. The lowered degener-
acy was manifested as the emergence of an anomalous Hall
effect and anisotropic magnetoresistance, similar to LAO/STO
interfaces and quantum wells, possibly caused by long range
magnetic ordering.

Defect induced strain is an efficient way to modulate fer-
roelectricity like lattice mismatch induced strain. Damodaran
et al. reported significant c-axis expansion of up to 4.1% in
PLD-deposited stoichiometric BaTiO; films with increasing
laser fluence (Fig. 13a)."*> This expansion was attributed to
dipole formation from charged point defects along the out-
of-plane direction in addition to the compressive epitaxial
strain from GdScO; substrates. These defects enhanced the
Curie temperature up to 800 °C without impairing insulating
properties (Fig. 13b and c).

Recently, ferroelectric-like behaviours were observed using
piezoelectric force microscopy in heterostructures composed
of non-ferroelectric oxides such as STO, TiO,,'** and LAO.'*
Sharma et al. investigated LAO epitaxial thin films deposited
on the lattice-matched conducting Sr,,CaysRuO; bottom
layer on LSAT substrate.’*® By excluding extrinsic effects such
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Fig. 13 (a) Reciprocal space maps around the 103- and 332-diffractions of BaTiOs films and GdScOs substrate as a function of laser fluence of 1.5,
1.8, 2.1, 25, and 2.7 J cm™. (b) Temperature dependence of out-of-plane c-axis lattice parameters with different laser fluences for BaTiOs/
SrRuO3/GdScOs (110) heterostructures. (c) Ferroelectric hysteresis loops for the heterostructure grown at 1.8 J cm™2, revealing the presence of
strong polarization even at 500 °C. The inset shows the evolution of the polarization from 25 to 500 °C. Reproduced with permission from ref.

142. Copyright 2014, John Wiley & Sons, Inc.

as surface charge effects and current induced electromechan-
ical responses, the ferroelectric-like behaviour was attributed
to bistable distributions of ions and oxygen-vacancies in the
films. The stable distributions were switched not only by an
external electric field but also by mechanical force with an
atomic force microscope tip. The latter corresponds to a
flexoelectric effect generating an internal electric field pro-
portional to the applied stress. Such a ferroelectric-like re-
sponse caused by ion/vacancy migration was suggested for
potential switching applications with mechanical-write and
electrical-read.

3.7 Substructure propagation

Chemical bonding across the film/substrate heterointerface
is associated with not only lattice matching but also substruc-
ture propagation as seen in the octahedral rotation in perov-
skite heterostructures. The latter is an interesting effect be-
cause the chemical bonding angle significantly affects
physical properties such as optical band gap, magnetism,
and polarity.

The propagation effects of octahedral rotation in perov-
skite heterostructures were suggested earlier than direct or
indirect observation.'**™*° Recently, Aso et al. directly ob-
served in-phase octahedral rotation around the [001]ono di-
rection near the interface of perovskite SrRuO; film on
GaScO; substrate, in which both crystals have a Pbmn ortho-
rhombic structure.’®® The RuO, octahedron in the thin film
was forced to rotate in order to match the rotation angle of

2156 | CrystEngComm, 2017, 19, 2144-2162

the ScOg octahedron in the substrate, whereas the topmost
apical oxygen in the ScOg octahedron was dragged from its
original site because of their largely different octahedral tilt
angle 6 (0 = 168° and 156° for SrRuO; and GdScO;, respec-
tively). The substructure propagation was relieved within only
4 unit cells while the in-plane lattice parameter of the film
was perfectly locked. The rotation angle in the film was con-
trolled by inserting a buffer layer. In the case of the BaTiO;
buffer layer, STRuO; transformed into the tetragonal phase
due to the large ionic radius of Ba, resulting in strong sup-
pression of octahedral rotation.”>* On the other hand, the tilt
angle was controllably reduced by inserting a Ca, sSrosTiO3
layer with different thicknesses from 1 u.c. to 4 u.c.: § = 180°
for 4 u.c. as in the case of the BaTiO; buffer layer (Fig. 14a-
h).’*> Interestingly, the rotation angle was constant along the
whole thickness of the SrRuO; layer probably due to the
bistability of the orthorhombic phase (6 = 168°) and tetrago-
nal phase (6 = 180°). The influence of the octahedral rotation
angle on the electronic structure was manifested as magnetic
anisotropy of ferromagnetic SrRuO; thin films. The easy
magnetization axis was rotated by about 45° at § = 175°
(Fig.  14i). The details were recently reviewed
elsewhere."™

The substructure propagation is observed in various epitax-
ial thin films. Liao et al. observed a large octahedral rotation
propagated from NdGaO; substrates to adjacent 4 u.c. layers
in (La,Sr)MnO; epitaxial thin films.">* The magnetic easy axis
was rotated from the original b-axis in bulk to the a-axis as
was not observed in the films on the STO buffer layer,

This journal is © The Royal Society of Chemistry 2017
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indicating that the large octahedral rotation induces the mag-  films.">> Magnetism significantly depended on the LaCoO,

netic anisotropy rotation. Qiao et al. investigated the influ-  film thickness on STO substrates: moderately correlated
ence of symmetry mismatch on LaCoO; epitaxial thin  diamagnetic behaviour for 5 u.c. thick film and strongly
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shows magnetic hysteresis curves at 5 K. The bottom inset shows low-magnification cross sectional HAADF images. (b and c) HAADF (left)/ABF
(right) images of (b) 5 u.c. and (c) 15 u.c. LaCoOs films in the [110] projection. Red dots represent the oxygen columns in LaCoOs5 film. (d) Magneti-
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correlated ferromagnetic behaviour for 15 u.c. thick film
(Fig. 15a and d). The strong correlation for the latter can be
rationalized by the decrease of crystal field splitting caused by
expansion of CoOg octahedra under tensile strain. The accom-
panying octahedral tilt decreases Co-O bond covalency which
favours magnetic order (Fig. 15c¢ and e). On the other hand
the moderate correlation and diamagnetism in the thinner
film was caused by suppressed octahedral tilting due to
mismatch in the octahedral rotation angle (Fig. 15b and e).
The authors proposed that heteroepitaxial strain introduces
volume change in the octahedron more efficiently than chem-
ical substitution does.

Out-of-plane atomic displacement of substructure in a
polar substrate also propagates into the film. Chen et al
investigated the structural change in ferromagnetic (La,Sr)
MnO; epitaxial films on 20 u.c. thick ferroelectric BaTiO;
bottom layers.'”® In the case of the spontaneous polariza-
tion in BaTiO; backward to the interface, hole accumula-
tion and structural asymmetry at the interface caused a
shift of Mn ions in phase with that of Ti ions in BaTiO;
accompanied by a small decrease of c/a, resulting in bro-
ken degeneracy of Mn e, orbitals to stabilize the d,.. or-
bital (Fig. 16a, ¢ and e). In the case of the opposite spon-
taneous polarization, hole depletion caused tetragonal
distortion (c/a > 1) of the (La,Sr)MnO; unit cell, resulting
in broken degeneracy of Mn e, orbitals to destabilize the
dy. . on the contrary (Fig. 16b and d). Accordingly, the d
electron population in the transition metal oxide film was
controlled by switching spontaneous polarization in the
adjacent ferroelectric layer. Later, Preziosi et al. observed
the change in electron population of Mn e, orbitals by
polarization switching in (La,Sr)MnO; epitaxial thin film

2158 | CrystEngComm, 2017, 19, 2144-2162

on Pb(Zr,Ti)O; layer by means of X-ray linear dichroism
(Fig. 16f and g)."*’

4 Qutlook

In this review, we presented recent advances in growth tech-
niques of functional oxide epitaxial thin films and their crys-
tal engineering for novel functionalities. Atomic-scale control
of films is possible from aspects of both chemical composi-
tion and crystal structure. Accordingly, research fields utiliz-
ing oxide epitaxy technology are rapidly spreading: oxide
ionics,"®'®" interface phenomena'® such as formation of
2DEG'®>%® and topological states,"®” low dimensional
electronics,®®"7° quantum effects,"””* and 4d/5d oxide
electronics. In order to develop these fields further,
comprehensive understanding of not only the film growth
processes including metastable structure formation and ionic
migration but also the atomic-scale electronic states at the
interface and the ultrathin layer and of interplay between
electron, spin, and orbital are indispensable. To this end, cut-
ting edge thin film growth methods and atomic-scale analyti-
cal tools are important. Crystal engineering of functional ox-
ides is important for not only basic science but also practical
applications, contributing to the discovery of novel phenom-
ena and invention of next generation applications. In addi-
tion, the development of oxide thin film epitaxy will merge
modern silicon and III-V semiconductor technologies and ox-
ide electronics. The crystal engineering of oxides even on
non-oxide substrates is possible."”*'”*> Also, organic-inor-
ganic hybrid devices are under investigation."”®'”” The com-
bination of oxides with different classes of materials would
further expand these emerging research fields.
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