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The broad spectrum of electronic and optical properties exhibited
by oxides offers tremendous opportunities for microelectronic
devices, especially when a combination of properties in a single
device is desired. Here we describe the use of reactive molecular-
beam epitaxy and pulsed-laser deposition to synthesize functional
oxides, including ferroelectrics, ferromagnets, and materials that
are both at the same time. Owing to the dependence of properties
on direction, it is often optimal to grow functional oxides in
particular directions to maximize their properties for a specific
application. But these thin film techniques offer more than orien-
tation control; customization of the film structure down to
the atomic-layer level is possible. Numerous examples of the
controlled epitaxial growth of oxides with perovskite and perovs-
kite-related structures, including superlattices and metastable
phases, are shown. In addition to integrating functional oxides
with conventional semiconductors, standard semiconductor
practices involving epitaxial strain, confined thickness, and
modulation doping can also be applied to oxide thin films.
Results of fundamental scientific importance as well as results re-
vealing the tremendous potential of utilizing functional oxide thin
films to create devices with enhanced performance are described.

I. Oxides Beyond SiO,

NTIL recently, the word “oxide” could only mean one thing
to anyone working in the semiconductor industry—SiO,.
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But as every ceramist knows, oxides are an exciting class of
electronic materials in their own right. Oxides exhibit the full
spectrum of electronic, optical, and magnetic behavior: insulat-
ing, semiconducting, metallic, superconducting, ferroelectric,
pyroelectric, piezoelectric, ferromagnetic, multiferroic, and
nonlinear optical effects are all possessed by structurally com-
patible oxides. The unparalleled variety of physical properties of
oxides holds tremendous promise for electronic applications.
Analogous to today’s semiconductor device structures, many
device concepts utilizing oxides will likely use alternately layered
structures where dimensions are minute enough to observe
quantum size effects (nanometer-scale thicknesses).

The physical behavior of oxides confined to quantum size di-
mensions is not well established, and an understanding of the effect
of such confinement (reduced dimensionality) on the physical
properties of these structures cannot be achieved without the
controlled preparation of well-ordered crystalline samples. Equally
exciting are the new functionalities that can emerge at oxide inter-
faces. For instance, the interface between appropriate antiferro-
magnetic materials has been shown to be ferromagnetic.'”
Similarly, charge transfer at the interface between appropriate
nonmagnetic insulators® can give rise to a magnetic’ or supercon-
ducting'® electron gas. These examples offer a glimpse of the new
or enhanced functionalities that can be achieved by nanoengineer-
ing oxide heterostructures with atomic layer precision. As we show
in this article, it is possible to structurally engineer crystalline
oxides with a precision that rivals the structural control achieved
in today’s most advanced semiconductor structures.

Examples of the functional properties of specific oxides are
listed in Table I. The oxides chosen were those with exceptional
properties for each category. These include the oxide with the
highest known electron mobility (SrTiOs),!! change in resistance at
a metal-insulator transition (EuO),"> superconducting transition
temperature (HgBa,Ca,CusOg.,),> switchable spontaneous po-
larization (PbZr,Tips0;'* and BiFeO5'>'®), piezoelectric coeffi-
cient (PbZn,;3Nb,;05-PbTiO3),"  magnetization — (Eu0),”

magnetoresistance (Pr 75Ty 04Cag26MnO5_5),>! magnetostrictive
coefficient (CoggFes,04),2 Verdet constant (EuO)*—a measure
of the strength of the Faraday effect, spin polarization (CrO5),
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Table I. Examples of the Properties of Oxides
Property Value Oxide material References
Mobility n=22000 cm*- (V-s)"' 2K) SrTiO; Tufte and Chapman''
Metal-insulator transiton ~ AR/Ryz,, > 10 EuO Petrich et al.'?
Superconductivity T.=135K HgBa,Ca,Cu;054. . Schilling e al."
Ferroelectricity P, =105 uC/cm2 PbZry,Tip 03 Vrejoiu et al'
P, =100 pC/ecm? BiFeO; Wang et al.,"” Li et al.'®
Das et al.,'’ Dho et al.'®
Piezoelectricity ds33 = 2500 pC/N PbZn, 3Nb,;305-PbTiO;  Park er al.”®
Ferromagnetism M;=6.9 pg/Eu EuO Matthias et al.*°
Colossal magnetoresistance ~ AR/Ry > 10" (CNY) Prg 7Sr.04Cag ,6MnO5_5 Maignan et al?!
Magnetostriction Xioo = —590 x 107° CoggFe>,04 Bozorth et al.??
Faraday effect v=4x10°°-(T-cm)”! EuO Ahn and Shafer®®
Spin polarization P>98% CrO, Soulen ef al.,** Anguelouch er al.*’
Ferromagnetic Tc=105K BiMnO; Hill and Rabe,”® Moreira dos
and Santos ef al.,”® Sharan et al.,>°
ferroelectric Baettig et al.’!
simultaneously Tc=250 K LuFe,0,4, FeTiO3 Ikeda et al., Fennie?’

and the ferromagnetic ferroelectric with the highest reported>®
(LuFe,0,) or predicted”’ (FeTiOs) transition temperature. A chal-
lenge with materials that are simultaneously ferromagnetic and
ferroelectric is that they are often too conductive for the fabrication
of conventional ferroelectric switching devices. The ferromagnetic
ferroelectric with the highest transition temperature on which a
conventional polarization-electric field hysteresis measurement has
been reported is BIMnO; (TC~ 105 K).%

(1) Perovskites

The crystal structures of the oxides with the outstanding prop-
erties listed in Table I are shown in Fig. 1.*> Half of the oxides

O Ba » Cu o0
® Ca VEu @ sr
e Co @ Fe o Ti

belong to the same structural family—perovskite. The perovs-
kite 4BOj; structure can accommodate with 100% substitution
some 30 elements on the A4 site and over half the periodic table
on the B site, as shown in Fig. 2. Given the chemical and
structural compatibility between many perovskites, this mallea-
ble structural host offers an opportunity to customize electronic,
magnetic, and optical properties in thin films in ways not
possible with conventional semiconductors.

The electroceramics industry currently utilizes the diverse
electrical properties of oxides in separate components made
primarily by bulk synthesis and thick-film methods for capaci-
tors, sensors, actuators, night vision, and other applications.
A significant opportunity exists, however, to combine these

PbZr, ,Ti; .0,
BiFeO,
PbZn,;Nb,.0,—PbTiO,
Pry,Sr, .Cag MnO.
BiMnO,

Fig.1. The crystal structures of the oxides with the exceptional properties described in Table I. Two equivalent representations of these crystal struc-

tures are shown: the atomic positions (above) and the coordination polyhedra (below). The oxygen atoms occupy the vertices of the coordination
polyhedra. Color is used to distinguish the two types of oxygen coordination polyhedra in Cog gFe, 04, octahedra (orange), and tetrahedra (green). The
pseudocubic subcell of the perovskites PbZr,,Tig 303, BiFeOs, PbZn,3Nb,303-PbTiOs, Prg 751 04Cag2MnO;_5, and BiMnOs is shown for clarity.
The relative sizes of the atoms reflect their relative ionic radii as given by Shannon.
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Fig.2. A compilation of elements of the periodic table that can occupy
the three sites (4, B, and X) of the perovskite crystal structure with 100%
occupancy (based on the data in Landolt-Boernstein’?).

properties together in oxide heterostructures where multiple
properties can be utilized to yield functional integrated devices.
Integration of epitaxial stacks of oxide crystals is motivated by
the similarity in crystal structure (the perovskite oxides listed in
Table I all have perovskite subcell dimensions in the 3.85-4.05 A
range), the chemical compatibility that exists between many
oxides, and the directional dependence of properties that can be
optimized for particular applications by controlling the
orientation of a single crystalline film. In addition to synthesiz-
ing oxide heterostructures that integrate relatively thick layers
of different oxides together, new oxides can be engineered at
the atomic-layer level. Although now commonplace in the
growth of semiconductors, such an ability is relatively new
to oxides and makes possible the discovery/engineering of
higher performance smart materials by exploiting the
exceptional electrical, optical, and magnetic properties of oxides
and building a coupling between these properties into oxide
heterostructures.

(2) Perovskite-Related Phases

Structure—property relations have been studied for a great many
oxides using solid-state synthesis methods. Many cases have
been found where the property of a structurally related family of
oxides (i.e., a homologous series) changes drastically from one
end to the other of the series. Examples include the Sr,.,
Ru,,03,+1 Ruddlesden—Popper homologous series’*>® shown
in Fig. 3. In this series the positive integer n corresponds to the
number of perovskite layers that are sandwiched between dou-
ble SrO rock-salt layers. The n=1 (Sr,RuO4) member of the
series is paramagnetic and at very low temperature (<1.5 K)
superconducting,®” whereas the n = oo (SrRuO;) member of the
series is ferromagnetic.*® The structural change accompanying
this drastic change in properties involves going from a corner
sharing RuOg octahedral network that is connected in all three
dimensions for the n = co member (SrRuOs) to the » =1 mem-
ber (Sr,RuQy,), where the RuOg octahedra are only connected in
two dimensions and double SrO layers completely disrupt all
corner sharing of the RuOg octahedra along the c-axis. Many
other equally fascinating homologous series exist in perovskite-
related oxide structures showing interesting variation in ferro-
magnetic, ferroelectric, superconducting, and metal-insulator
behavior.

An example of an important ferroelectric homologous series
is the Aurivillius homologous series with general formula
Bi,05(4,,_1B,03,+1) shown in Fig. 4. Here again the positive
integer n denotes the number of perovskite layers that in this

n=>5

Fig.3. The n=1 (Sr,RuOy), n=2 (Sr3Ru,07), n=3 (SryRu30,¢),
n=4 (SrsRuy0;3), n =5 (SrgRus0y¢), and n= oo (SrRuO3) members
of the homologous Ruddlesden—Popper series of compounds
Sr,,+1R1,,03,,41. Ru*" lie at the center of oxygen coordination polyhe-
dra (octahedra). The filled circles represent Sr>* ions (reprinted from
Haeni et al.,*° with permission; ©2001 American Institute of Physics).

case are sandwiched between Bi,O, layers. The structures shown
include the layered n="2 Aurivillius compound SrBi2Ta209
widely used in ferroelectric random access memories (Fe-
RAM).* Over 500 million FeRAM chips containing either
SrBi,Ta,Og or Pb(Zr,Ti)O5 ferroelectrics have been made and
worldwide production currently exceeds 70 million units per
year.*® Also included in Fig. 4 is an n = 6 Aurivillius compound
Bi;(Mn,Ti)s0,; into which the ferromagnetic perovskite
BiMnO; has been inserted,*! and at the end of the series is the
n= oo three-dimensional perovskite structure.

When one desires to study the change in a property that oc-
curs as # is varied in detail, however, solid-state synthesis meth-
ods often fall short. Invariably researchers have only been able
to find conditions of temperature and pressure yielding single-
phase products for low values of n and for n = co. Attempts to
make intermediate » values result in uncontrolled inter-
growths."**'”7% Calculation of the energy of formation of sev-
eral homologous series of layered oxide phases indicates the
reason for this dlfﬁcultyﬂilfferences in formation energy be-
come smaller and smaller as n increases.”>’* Thus, apart from
theoretical calculations, little is known about how the properties
of a series of structures vary with » as the dimensionality of the
structure changes. Because of correlated electron effects in many
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Fig.4. Examples of the n =1, n =2 (SrBi;Ta,Oy, SrBi;Nb,Oy), n =3
(BiyTi3015), n=4, n=35, and n= oo (PbTiO3, SrTiO;, and BaTiO;)
members of the Aurivillius homologous series of compounds with gen-
eral formula Bi,Oy(A4,_;B,03,+1). B ions lie at the center of the oxygen
coordination polyhedra (octahedra). The filled circles represent A ions.
These structures consist of alternating sheets of Bi,O, and n4 BO; per-
ovskite layers.
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homologous series of interest, experimental measurements are
an important part of understanding the effect of dimensionality
on these oxides.”

A key advantage of the use of thin film techniques for the
preparation of oxide heterostructures is that single-phase epit-
axial films with intermediate n values can often be synthesized
even though nearby phases have similar formation energies.
This is made possible by the ability to supply incident species in
any desired sequence with submonolayer composition control.
A particular phase can often be grown by supplying the con-
stituents in an ordered sequence corresponding to the atomic
arrangement of these constituents in the desired phase.

II.  Synthesis of Epitaxial Oxide Films by Pulsed-Laser
Deposition (PLD) and Molecular-Beam Epitaxy (MBE)

Significant advances in deposition technologies and substrates
over the past two decades have enabled the growth of oxide thin
films with high structural perfection and the ability to customize
oxide layering down to the atomic layer level. These advances
were spurred by the discovery of high-temperature supercon-
ductivity over 20 years ago.®'¥? Existing thin film deposition
techniques were rapidly adapted to the challenges of functional
oxides, including PLD,**®*® high-pressure®** and off-axis sput-
tering,”> '%?  reactive coevaporation,'m’105 and reactive
MBE.”®196 114 These physical vapor deposition techniques
yielded high-quality oxide superconductor films just a few nano-
meters in thickness,''> 7 superlattices of superconducting ox-
ides with atomic-scale thickness control and abrupt
interfaces,! %8126 and the construction of new oxide super-
conducting phases with atomic layer precision.”®'?” Chemical
techniques including metal-organic chemical vapor deposition
(MOCVD)'? %3 and chemical solution deposition (CSD)'#+ 148
have also been adapted and applied to functional oxides, par-
ticularly ferroelectrics. In recent years, a growing cadre of
researchers has applied these physical and chemical techniques
with increasing precision to the growth of an ever-broadening
set of functional oxide materials. Relevant achievements include
the synthesis of oxide superlattices with atomic-scale thickness
control and abrupt interfaces’"! 131171497157 34 the synthesis of
metastable oxides.”®!%8 1! These advances in thin film deposi-
tion technology have made it possible to customize oxide he-
terostructures with subnanometer precision.

(1) PLD

The PLD technique is ideally suited to the rapid investigation of
multicomponent functional oxides because it (1) allows them to
be grown in a relatively compact and inexpensive chamber, (2)
provides nearly stoichiometric composition transfer from the
target to the sample if the growth conditions are optimized, (3) is
compatible with oxidant pressures ranging from ultra-high
vacuum (UHYV) to atmospheric, (4) is amenable to the growth

pow S s 126,150,152-155 :

of superlattices with nanometer precision, and (5) is
capable of ablating a wide variety of materials.5!62-163

A schematic of a PLD system is shown in Fig. 5. The process
amounts to flash evaporation of the surface of a multicompo-
nent target. Its key elements are an UV laser capable of vapor-
izing the surface layer of the multicomponent target when
suitably focused down to a high energy density (fluence) by a
lens. The vaporized material, containing a variety of atomic,
molecular, and excited species, is transported through the low
vacuum environment (typically 100 mTorr of O,) where it
condenses on the substrate. If the substrate presents a suitable
template for the depositing species, epitaxial growth can occur in
which the deposited species follow the crystalline template of the
substrate to extend the crystal.

A schematic showing how the presence of a substrate may
influence the crystallization of a multicomponent mixture of de-
positing species is shown in Fig. 6.1% In the example shown, the
growth of SrBi,Nb,Oy (or equivalently SrBi,Ta,Oy) on SrTiO;,
the film and substrate have different chemistries and crystal
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Fig.5. A schematic diagram of a pulsed-laser deposition system ded-
icated to the controlled synthesis of oxide heterostructures. The key
components are the UV laser whose output is focused by a lens to a
sufficient fluence to vaporize the surface of the multicomponent oxide
target. The vaporized material from the target is deposited on the heated
substrate to form an epitaxial film. For the deposition of multilayers, a
multiple-target carousel is used.

structures, yet just like the game Tetris™ the depositing atoms
find low-energy configuration(s) to extend the single-crystal
substrate into an epitaxial overlayer. In Fig. 6(a) the low-
energy configuration is unique and the resulting epitaxial film
is single crystalline with an orientation relationship (001)
SrBi)NbyOoll(001)  SrTiO; and [100] SrBi,Nb,Ooll  [110]
SrTiO5. M%7 In the other two cases, Figs. 6(b) and (c), several
energetically degenerate low-energy configurations exist, leading
to an epitaxial film with two or three types of domains related to
each other via 180° or 120° rotational twinning, respectively. In
Fig. 6(b) the (110) SrTiO; surface is shown faceted as has been
observed to occur at the growth conditions for SrBi,Nb,Oq
films.'®® Thus, the epitaxy is actually occurring locally on the
(100) and (010) faces of the faceted (110) SrTiOj; substrate as has
also been reported for the growth of epitaxial films of other
perovskite-related phases on (110) SrTiOs."%'"! The orienta-
tion relationship for Fig. 6(b) is ~(116) SrBi;Nb,Oyll(110)
SrTiO5 and (i) [001] SrBiNb,Ooll[100] SrTiO; and (ii) [001]
SrBi,Nb,O,lI[010]SrTiO5 for the two growth twins.H!%® For
Fig. 6(c) the orientation relationship is (103) SrBi;Nb,Oyll(111)
SrTiO; and approximately (i) [001] SrBi,Nb,Oyll[100] SrTiOs;,
(it) [001] SrBi;Nb,Ogll[010] SrTiO;, and (iii) 5001] SrBi,
Nb,Ool[001] SrTiO; for the three growth twins.H!">!"> For
clarity, another view of the threefold degenerate epitaxial rela-
tionship of the growth of SrBi,Nb,Oy on (111) SrTiO5 is shown
in Fig. 6(d), where it can be more clearly seen that the three
possibilities for the orientation of the c-axis of the SrBi,Nb,Oy
lie approximately parallel to the (100) axes of the SrTiO; sub-
strate.

The chief advantages of PLD are its relatively modest cost
and, after optimization of the growth conditions, the nearly
faithful composition transfer from target to substrate, which
allows a single multicomponent target with the same composi-
tion as the desired film to be used,®®!9*1% alleviating the need
for accurate composition control. PLD offers an extremely

n addition to the ikl SrBi;Nb,O, indices given, kAl SrBi,Nb,Oy indices are also im-
plied. The latter indices are omitted for clarity, but arise because of transformation twinning
that occurs on cooling as the tetragonal SrBi,Nb,Oy (the stable polymorph at growth tem-
perature) goes through a phase transition where it becomes orthorhombic at room tem-
perature with a~b and «a being the axis of the ferroelectric along which the spontaneous
polarization exists.
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Fig.6. The crystal structure and orientation of SrBi,Nb,Oy (or equivalently SrBi,Ta,0q) grown on (a) (001) SrTiO;, (b) (110) SrTiO3, and (c) (111)
SrTiO;, showing the low-energy epitaxial orientation relationship(s). Another view of the threefold degenerate epitaxial relationship of SrBi,Nb,Oy on
(111) SrTiO5 is shown in (d) for clarity (reprinted from Lettieri et al.,'’* with permission; ©2000 American Institute of Physics). SrBi-Nb,Oy and
SrBi,Ta,0g grow epitaxially on (001) SrTiO; with the c-axis parallel to the substrate surface normal, on (110) SrTiO; in a twofold twin structure with the
c-axes tilted by +45° from the surface normal, and on (111) SrTiOs in a threefold twin structure with the ¢ axes tilted by 57° away from the surface
normal. The SrBi;Nb,Oy is drawn and its unit cell is outlined in its tetragonal state above its Curie temperature (~430°C, Landolt-Boernsteinl“). Note
that the growth temperature is well above the Curie temperature of SrBi,Nb,Oy, and so the crystallography shown is relevant during nucleation and
growth of the epitaxial film. After cooling through the Curie temperature, each of the growth twins shown is twinned further due to a—b twinning, leading
to a doubling of the expected twin states at room temperature. The orthorhombic axes of only one of the twin variants of the SrBi,Nb,Oy films are

drawn.

powerful means of scouting for materials with promising prop-
erties by enabling the rapid preparation of new materials in
epitaxial form: thin single crystalline extensions of the underly-
ing crystalline template provided by the substrate. Its key dis-
advantages are the micrometer-sized ‘‘boulders” common to
PLD films®®!9271 a5 well as the energetic species present, which
can lead to interlayer mixing and extended lattice constants due
to ion bombardment effects.!”* 7 Stating that PLD provides
stoichiometric composition transfer from target to substrate is
an oversimplification. Careful studies have shown that only with
careful tuning of deposition parameters (chamber pressure, laser
fluence, target—substrate distance, etc.) can films with composi-
tion near to that of the target be attained.'”®

Techniques that can be used during film deposition to provide
information on the nucleation and growth mechanisms in real
time, rather than relying on “pathology” after the growth, are

extremely useful for improving the quality of oxide thin films.
Reflection high-energy electron diffraction (RHEED) is partic-
ularly useful in this context. Differential pumping has enabled
RHEED to be used at the relatively high pressures of PLD'8%-8!
leading to tremendous improvements in the ability to tailor ox-
ides at the atomic level. Because of the many possible phases and
phase transitions in functional oxide systems, such in situ ana-
lytical tools that increase our understanding of the growth pro-
cess and allow the growth conditions to be adjusted during
growth are crucial to achieving improvements in the atomic layer
engineering of oxides.

(2) Oxide MBE

The MBE method of thin film growth may be thought of as
atomic spray painting, as shown in Fig. 7 in which an oxide
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Fig.7. A highly schematic representation of the molecular-beam epi-
taxy (MBE) growth of a (001) SryBiyTi;0Oy4 film on a (001) LaAlOs—
Sr,AlTaOg (LSAT) substrate by reactive MBE.

ferroelectric structure, e.g., SryBiyTi;024 (an n =7 Aurivillius
phase) is schematically assembled layer by layer. The flux of
spray from each atomic or molecular beam is controlled by the
temperature (and thus vapor pressure) of the effusion cell in
which each species is contained. The duration of spray is indi-
vidually controlled for each beam by shutters, which control not
only the open time (and thus dose), but also the sequence in
which species reach the growth surface. By controlling the shut-
ters and temperature of the evaporant (which control dose and
flux, respectively), the layering sequence of the desired structure
can be customized. This technique is capable of controlhng the
layering of oxides on a unit cell leve]. 76 80:110-113.117.119.124,157
low growth temperature is frequently used to klnetlcally
minimize subsequent bulk reordering and to minimize the loss
of the customized (and often metastable) layered structures. The
huge difference between surface and bulk diffusion rates in
oxides'®*'® enables the growth of films with excellent struc-
tural order while at the same time preserving the potentially
metastable layering of an oxide superlattice.

MBE is a vacuum deposition method in which well-defined
thermal beams of atoms or molecules react at a crystalline

Vol. 91, No. 8

surface to produce an epitaxial film. It was orlglnally developed
for the growth of GaAs and (Al,Ga)As,'®* but due to its un-
paralleled ability to control layering at the monolayer level and
compatibility with surface-science techniques to monitor the
growth process as it occurs, its use has expanded to other semi-
conductors as well as metals and insulators.'®>'8¢ Epitaxial
growth, a clean UHV deposition environment, in sifu charac-
terization during growth, and the notable absence of highly en-
ergetic species are characteristics that distinguish MBE from
other thin film methods used to prepare functional oxide thin
films. These capabilities are key to the precise customization of
oxide heterostructures at the atomic layer level. MBE is tradi-
tionally performed in UHV chambers to avoid impurities. In
addition to molecular beams emanating from heated crucibles
containing individual elements, molecular beams of gases may
also be introduced, for example to form oxides or nitrides. This
variant of MBE is known as “reactive MBE”'®’ in analogy to its
similarity to “‘reactive evaporation,” which takes place at higher
pressures where well-defined molecular beams are absent. Reac-
tive evaporatlon has also been extensively used to grow functional
oxide films,'®® but here we limit our discussion to reactive MBE.

MBE has enjoyed significant success in the preparation of
semiconductor microstructures with nanoscale thickness control
and exceptional device characteristics. Examples of the thickness
control achieved in semiconductors include interspersing layers
as thin as one monolayer gO .28 nm) of AlAs at controlled
locations into a GaAs film'®® and alternating monolayers of
GaAs and AlAs to make a one-dimensional superlattlce 0 This
nanoscale control has enabled tremendous flexibility in the de-
sign, optimization, and manufacturmg of new devices, especially
those making use of quantum effects.'®

The use of MBE to grow functional oxides dates back to
1985, when it was used to grow LiNbO; films.!*>!%* Since that
time it has been used to grow the oxide superconductors
(Ba,K)BiO3, (Ba,Rb)B103, (La,Sr)QCuO4, YB32CH307_5,
NdBa,Cu;07_5, SmBa,Cu3;0;_5  DyBa,Cu;0;_5, and
Bi,SroCa, 1Cu, 09,14 for n=1-11"""1719 the  oxide
ferroelectrics  LiNbOs;,'*'%°  LiTa0;,'°* BaTiOs,”>1%02%
PbTiO;,>'122% and BiyTizs01,2272%: the incipient ferro-
electric ~ SrTiQ, - !14197:198. 204 209218 the  ferromagnets
(La,Ca)MnO5,>" 20 (La,Sr)Mn0O;,>"- 20 ynd B o222 ~227. the
ferrimagnet Fe;O4 228 the magnetoelectric Cr,05°%; the multi-
ferroics BiFeO322*2%! and YMnO;>%%%; and superlattices of
these phases. 7767 110.119.124157.199234-237 Ajpguoh the use of

MBE to grow functional oxides is much less mature than its use
for compound semiconductors, examples included in this article
show how the layering capabilities of MBE can control the
composition profile of multicomponent functional oxides along
the growth direction with subnanometer precision. This capa-
bility is relevant to the fabrication of epitaxial device structures
and to the nanoengineering of new functional materials.

The configuration of an MBE system for the growth of
ferroelectric oxides differs in several important ways from
today’s more conventional MBE systems designed for the
growth of semiconductors. The major differences are the
required presence of an oxidant species, more stringent
composition control, and to have adequate pumping to handle
the oxidant gas load.

A schematic diagram of the growth chamber of an MBE
system used in the growth of functional oxides is shown in
Fig. 8. The particular example shown is a Veeco 930 (Veeco
Compound Semiconductor Inc., MBE Operations, St. Paul,
MN). A single-crystal substrate, heated to the desired growth
temperature, is located near the center of the MBE growth
chamber. Aimed at the substrate are molecular beams of the
constituent elements of the functional oxide to be grown. Each
molecular beam is created by a separate effusion cell, each at a
different temperature to provide the desired flux of the partic-
ular element contained in a crucible within each effusion cell.
Elements are wused because multicomponent mixtures
(especially oxides) rarely evaporate congruently.?**?* In such
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Fig.8. A schematic diagram of the growth chamber of a molecular-
beam epitaxy (MBE) system for the growth of multicomponent oxides.
The growth chamber contains molecular beams (emanating from elemen-
tal sources), shutters, and ozone distillation and introduction, along with
in situ characterization by reflection high-energy electron diffraction
(RHEED), real-time spectroscopic ellipsometry (RTSE), mass spectrome-
try, quartz crystal microbalance (QCM), and atomic absorption spec-
troscopy (AA). The MBE geometry shown corresponds to a Veeco 930.

cases of incongruent evaporation, where the composition of the
evaporant is not the same as its source, the composition of the
source changes over time, resulting in a change in the absolute
fluxes and relative concentrations of the species emitted from it.
This would lead to serious composition-control issues. This
problem is avoided by using elemental sources. An additional
advantage of elemental sources is the completely independent
control of the sequence in which the molecular beams of the
elemental constituents are supplied to the substrate. The molec-
ular beams impinge upon the substrate unless they are blocked
by shutters. These shutters, which are positioned at the output
end of each effusion cell, are controlled by a computer, which
enables the elemental fluxes to be supplied to the substrate either
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at the same time (codeposition) or separately (sequential depo-
sition). Because of the long mean free path inherent to MBE, the
shutters do not need to seal tightly. Rather they only need to block
the line-of-sight transfer of atoms or molecules from the source to
the substrate. The chamber walls are kept cool to impede species
that collide with the walls from ever reaching the substrate; ideally
only the species in the molecular beams emanating from the
sources with open shutters ever reach the substrate.

To oxidize the elemental species reaching the substrate to
form the desired functional oxide, a molecular beam of oxidant
is used. The tolerable pressure of this oxidant is limited so as not
to destroy the long mean free path necessary for MBE. The
maximum pressure depends on the MBE geometry, the element
to be oxidized, and the oxidant species used, but oxidant
pressures less than about 10~* Torr are typically required for
MBE.”® While molecular oxygen has been used for the growth
of oxides that are easily oxidized,”®157:192:193.196-205,210-215.217,
222-228232.235-237 gxidants with higher activity are needed for the
growth of ferroelectrics containing species that are more difficult
to oxidize, e.g., bismuth-, lead-, or co‘}aper-containin oxides.
For this purpose, purified ozone* 776/ 110:112.114.117.119.203.206-
20921621823023L234 1 ol sources! 94 195:199200228.229233 oy o
been successfully used.

Inadequate composition control has been a major problem for
previous oxide MBE work,”® and the success and improvement of
MBE for the controlled growth of multicomponent functional
oxides is crucially dependent on accurate composition control.
The use of atomic absorption spectroscopy (AA) for oxide MBE
composition control has allowed fluxes to be measured with an
accuracy of better than 1%.%** The MBE system shown in Fig. 8
also contains a retractable quartz crystal microbalance to provide
an absolute in situ flux measurement at the position of the wafer
(before growth) for calibration of the fluxes before or after growth
and calibration of the AA signals. The depositing fluxes of all the
sources can be simultaneously monitored during growth by AA.
The measured AA signal is fed into the MBE computer control
system, which integrates the AA fluxes and closes the appropriate
shutters after the desired dose has been delivered to the substrate.
In addition, modern oxide MBE systems also contain features
found in semiconductor MBE systems: in situ RHEED, mass
spectrometry, load-locked wafer introduction, real-time spectro-
scopic ellipsometry,?*' substrate temperature measurement sys-
tems that utilize the temperature dependence of the bandgap of
oxide substrates,*>*1-24224 myltibeam optical stress sensors
(wafer curvature measurements to quantify film strain),2*>%
time-of-flight ion scattering and recoil spectroscopy,>*® and even
low-energy electron microscopy.>*®

RHEED is widely used in MBE for the in situ characteriza-
tion of the growing surface. The sensitivity of this grazing angle
diffraction technique to surface structure is ideal for monitoring
the evolution of growth from initial nucleation to the deposition
of each subsequent layer. The formation of intermediate reac-
tion products or impurity phases can be readily monitored and
the growth conditions adjusted during growth accordingly.

The multielement deposition control, growth flexibility, and
in situ monitoring advantages of MBE are well suited to the
growth of multicomponent functional oxides that cannot be
produced in single-phase form by bulk techniques, including the
customized growth of new metastable materials, and hetero-
structures containing these phases. Other deposition techniques,
in particular PLD, are, from an economic and process simplicity
perspective, generally better suited than MBE to the synthesis of
heterostructures made up of phases, each of which can be pro-
duced by bulk techniques in single-phase form (i.e., where the
formation energy of each phase is sufficiently favored over other
phases that could accommodate its composition).

III.  Orientation Control

Except for the most trivial properties (e.g., density), functional
properties depend in general on direction. Because of this there
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exist in general optimal orientations for an epitaxial oxide film
for any particular application. This might be the ones that align
the spontaneous polarization of a ferroelectric material with the
direction of the applied electric field from the electrodes that
surround it to maximize the switchable polarization. Or it might
be orientation that minimize the temperature variation of the
resonant frequency of a piezoelectric oscillator. Whatever
the application, the ability to control the orientation of the
epitaxial film through the choice of substrate, its orientation
(see, e.g., Fig. 6), and the 7%rowth conditions is a key
advantage of epitaxial growth.!”>?*7-2% Orjentation control is
vital to the preparation of samples suitable for establishing the
intrinsic properties of materials, especially those that cannot be
prepared as bulk single crystals due to their metastability, high
melting temperatures, or phase transitions that occur on cool-
ing. When it comes to applications, techniques that can improve
the functional properties of oxide films by controlling film tex-
ture through epitaxial growth on a grain by-grain basis (local
epltax‘?/) are also utilized, e.g., ion-beam-assisted de 08i-
tion?>**% and rolling-assisted biaxially textured substrates>>®>
for the growth of YBa,Cu;0; superconducting cables>® as well
as Pb(Zr,Ti)O5 in FeRAMs.>¥

Iv.

(1) Substrates and Substrate Preparation

The importance of the quality of the underlying crystalline tem-
plate, on which an epitaxial film is grown, cannot be overem-
phasized. For conventional semiconductors (e.g., silicon and
GaAs) highly perfect single crystals, chemical mechanical
polishing, and chemical etching methods to prepare smooth
and damage-free surfaces for epitaxial growth, and detailed
knowledge of surface reconstructions all exist, and are a key
to the success of semiconductor technology. For the growth of
superlattices of functional oxides, tunneling heterostructures,
etc., where the intrinsic properties of films with thickness in the
nanometer range are desired, the availability of appropriate
substrates and methods to prepare smooth and highly perfect
surfaces on which epitaxial growth is initiated are also crucial.

For functional oxides with perovskite structures (e.g., SrTiOs,
BiMnO3, BiFeO;, Pb(Zr,T1)03, and PbZn1/3Nb2/3O3beTiO3),
chemically and structurally compatible perovskite substrate ma-
terials are needed. Intensive work on high-temperature super-
conductors stimulated the production of many perovskite single
crystals®™*® 2% to diameters up to 4 in. as well as spawning
a number of new perovskite and perovskite-related sub-
strates.’’° 27> These single-crystal perovskite and perovskite-
related substrdtes include YAIO;,2%° LaSrA104,%"° LaAlO5,267-2%
LaSrGaQ,,””! NdGa0,,%!% (LaAIO3)o 29-(Sry /2A11,2Td03)071
(LSAT).222™ LaGa0,.2% SrTi0s,2> 2" and KTa0%*; many
are produced with structural perfectlon rivaling that of conven-
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tional semiconductors. The pseudotetragonal or pseudocubic
a-axis lattice spacings offered by these commercial substrates, to-
gether with the corresponding lattice spacings of several func-
tional oxides with perovskite and perovskite-related structures,
are shown in Fig. 9. As can be seen in Fig. 9, the lattice constants
of the available perovskite substrates tend to be smaller than
many of the ferroelectric and multiferroic®” perovskites of cur-
rent interest. This is because most of the commercially available
perovskite substrates were developed for high-temperature super-
conductors, which typically have lattice constants in the 3.8-3.9 A
range. Rare-earth scandate (REScOj3) substrates have been re-
cently developed with the larger lattice constants of ferroelectric
and multiferroic perovskites in mind.?0 2%

In addition to appropriate substrate single crystals, a method
to prepare substrates with a specific chemical termination of the
surface is a prerequisite for atomic-layer-controlled thin film
growth of epitaxial heterostructures. For example, chemical-me-
chanically polished (001) SrTiO5 substrates display a mixture of
SrO and TiO, terminated surfaces. Kawasaki er al.”®> showed
that an NH4F-buffered HF solution with controlled pH enables
etching of the more basic SrO layer and leaves a completely
TiO, terminated surface on the substrate.?®® This method of
preparing a TiOp-terminated (001) SrTiO; surface has been
further perfected by Koster et al.*®® SrO-terminated (001)
SrTiO; substrates can also be prepared.”®” A means to prepare
low-defect surfaces with controlled termination has also been
developed for (001), LaAlO;,2%%° (110) NdGaO;,zsg (001),
LSAT,?® KTa0;,>° and (110) DyScO; substrates.”*® Here the
p subscript refers to pseudocubic indices.

(2) Epitaxial Oxide Heterostructures

(A) Structural Quality of Epitaxial Films Versus Single
Crystals:  An example of the structural perfection possible in
functional oxide films is shown in Fig. 10(a) where the rocking
curve full-width at half-maximum (FWHM) of a strained SrTiO3
film and typical commercial SrTiOj single crystals are comlpared.
With rocking curve widths as narrow as 7 arc sec,’ these
epitaxial SrTiO5;/DyScOs; films not only have the highest struc-
tural quality ever reported in heteroepitaxial films of any oxide
grown by any technique, but they even have better structural
perfection than SrTiO; single crystals.”””?’8%? Similarly, as
shown in Fig. 10(b), the growth of BaTiO; films on GdScO;
substrates has achieved films with narrower rocking curves than

BaTiO; single crystals.®' Epitaxial films of BiFeO3*
BiMnO;,** EuTiOs, (La,Sr)MnO;,*° and BaTiOs/SrTiO;
superldttlces237 all with rocking curve FWHM <10 arc sec have

been prepared by MBE on REScO; substrates. These narrow
rocking curves are made possible by the excellent structural
perfection of commercially available REScO; substrates™*?%4;
they are grown by the Czochralski method, which is not appli-
cable to either SrTiOz or BaTiO3. The rocking curve widths of
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Fig.9. A number line showing the pseudotetragonal or pseudocubic a-axis lattice constants in angstroms of some perovskites and perovskite-related
phases of current interest (above the number line) and of some of the perovskite and perovskite-related substrates that are available commercially (below

the number line). (Adapted from Schlom et al.**)
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Fig.10. (a) Rocking curves and full-width at half-maximum (FWHM)
of three commercial SrTiO; single crystals (one grown by floating zone
(FZ) and two by flame fusion) showing the variation in structural quality
together with an epitaxial 350-A-thick SrTiO; film grown on a (110)
DyScO; substrate by molecular-beam epitaxy (MBE) at 650°C under
biaxial tension of &= +1.1%. (b) Rocking curves and FWHM of a
commercial BaTiOj single crystal and an epitaxial 1000-A-thick BaTiO;
film grown on a (110) GdScO; substrate by MBE at 650°C under biaxial
compression of &= —1.0%. (From Schlom ez al.**)

these functional oxide films are within instrumental error identical
to those of the substrates upon which they are grown.

(3) Epitaxial Integration of Oxides with Semiconductors
An important technological enabler is the ability to epitaxially
integrate functional oxides with conventional semiconductors.
Although the structural quality of films of functional oxides
grown on semiconductor substrates is far from the quality of
these materials grown on appropriate oxide substrates, significant
improvements have been made over the last seven decades (and
especially in the last two decades) because oxides were first epit-
axially integrated with semiconductors.?*®*7 Several routes now
exist for the epitaxial integration of functional oxides with semi-
conductors including (001) Si, 1%6204205.210.212-215225.226.298-306
(001) Ge,l98,204,307,308 (001) GaAS’304.309,310 (001) InP’311,312 and
(0001) GaN.>**313315 Using these routes a multitude of func-
tional oxides, with conducting top and bottom electrodes when
desired, have been epitaxially integrated with semiconductor
materials, 196-198:204.205.225226,28.299.301.304.307-309.313314316326 Tpig
capability could play a significant role in future hybrid devices.
Combining functional oxides with existing semiconductor tech-
nology greatly enhances the materials properties available for use
in microelectronics, optoelectronics, and spintronics, by bringing
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new functionalities to conventional semiconductor platforms.
Epitaxial integration with silicon is particularly important due to
it being the backbone of modern semiconductor technology. Un-
fortunately, direct growth of functional oxides on silicon is fre-
quently accompanied by extensive interdiffusion or chemical
reactions that degrade the properties of the oxide, the underlying
silicon, or both, and leads to electrically active defects at the semi-
conductor/oxide interface (Dy).**” 33 Such defects at the semicon-
ductor/oxide interface preclude many potential applications, e.g.,
FeRAMs with a nondestructive readout based on the resistance of
the semiconductor channel.>**3* That PbTiOs;, BaTiO;, and
SrTiO; are all unstable in direct contact with silicon is evident
from the chemical reactions below>**%:

. . AGS o =—T9.312K, . .
3Si + PbTiO3 — PbSiO3 + TiSiy, (0]
. L AG =—101.802, . .
3Si + BaTiO;3 — BaSiO; + TiSi,, ?2)
and
. L AG =872, .
3Si + SrTiO; — SrSiO3 + TiSi,. 3)

For each of these reactions AG$ s the free energy change
of the system when the reaction between reactants and products,
all taken to be in their standard state (the meaning of the °
superscript), é)roceeds in the direction indicated at a temperature
of 1000 K.3*® Note that all of the above reactions are energet-
ically favorable (AG<0). This is true not only at 1000 K (a
typical processing temperature), but at all temperatures between
room temperature and the melting point of silicon. Conse-
quently, the focus of a great deal of materials research has
been devoted to overcoming this fundamental obstacle through
the identification of compatible buffer layers for use between
silicon and functional oxides.?**3**37 Many factors must be
considered in selecting materials for use as buffer layers between
silicon and a particular oxide: chemical reactions, interdiffusion,
crystal structure, and lattice match are some of the most impor-
tant 273-304.347.348

The importance of avoiding interfacial chemical reactions,
i.e., the need for a thermodynamically stable interface between
the silicon substrate and the functional oxide or the buffer layer
leading to the functional oxide is underscored by the observation
that nearly all oxides that have been directly epitaxially inte-
grated with silicon are either thermodynamically stable or pos-
sibly thermodynamically stable in contact with silicon. A
periodic table depicting which elements have binary oxides
that are stable or potentially stable in contact with silicon is
shown in Fig. 11.3*3% Also shown in Fig. 11 are those elements
with binary oxides that have been epitaxially grown on silicon.
BaO is the only binary oxide that thermodynamic data show to
be unstable in contact with silicon, yet can be grown epitaxially
on it at low temperatures (below ~200°C).2**210-39 Nonetheless
when BaO/Si films are heated or when growth is attempted at
higher temperatures, reaction between BaO and silicon is ob-
served as expected. 0333

The large difference in thermal expansion coefficient between
silicon (which averages 3.8 x 107 K ! between room tempera-
ture and 700°C)*** and oxide ferroelectrics (typically 10 x 107°
K™") remains a significant problem. Upon cooling after growth,
the functional oxide films are in a state of biaxial tension, which
can lead to cracking in thick films.3*%3%

V. Customizing Oxides at the Atomic Layer Level

(1) Metastable Phases

(A) BiMnO;, Ba,RuOy4, LuScOj;: Epitaxial growth can
be used to create metastable phases by utilizing lattice
misfit strain energies and interfacial energies to favor the
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desired metastable phase over the equilibrium phase (epitaxial
stabilization).!>+3%63% In contrast to bulk synthesis, in epitaxial
growth, strain and interfacial energies play a significant role.
Specifically, strain energies due to lattice mismatch are often
sufficient to shift the energetics of phase stabilities. For suffi-
ciently thin films, the interfacial free energy and strain free en-
ergy terms can overcome the volume free energy differences
between polymorphs to make a desired metastable form have
the lower total free energy (volume+interfacial+strain). Nu-
merous examples of epitaxially stabilized phases exist in
semiconductor, metal, and alkali halide systems‘lgz’%(F359
Examples of metastable functional oxides grown by PLD and
MBE include Ba,RuO4'*® BiMnOs,'®® and LuScO;.'®' In
these examples a substrate with a good lattice and structural
match to the desired metastable phase is used to provide
the interfacial+strain free energy bias that favors it over the
equilibrium phase. Some of these metastable Phases have been
produced in bulk by high-pressure synthesis'>!%; others are
totally new.'®!

BiMnO; holds the record (Table I) as the material that is be-
lieved to be simultaneously ferromagnetic and ferroelectric at
the highest temperature®® >® on which a conventional polariza-
tion-electric field hysteresis loop has been reported.”® Although
it was the suggestion of possible simultaneous ferromagnetism
and ferroelectricity in BiMnOj; that started the recent renais-
sance of activity in multiferroics,”® advances in computers and
first principles methods have allowed these authors to perform
more accurate calculations from which they conclude that
BiMnO; is not ferroelectric.’® At atmospheric pressure BiMnO;
is unstable and phase separates to a mixture of Bi,Os; and
Bi,Mn404.°% In bulk, BiMnOj; is made in powder form at pres-
sures of typically 60000 atm and a temperature of 1100 K,
where it is the stable phase.>*' % But to establish the properties
of BIMnOj3 and especially to determine whether or not it is truly
ferroelectric, large single crystals or epitaxial films are desired.
Using epitaxial stabilization, BiMnO; films have been prepared
with several orientations.>®!'®* Although the epitaxial films
have the same symmetry as BiMnO; made at high pressure,
they are too leaky (so far) for reliable ferroelectric measurements.
Nonetheless, second harmonic generation (SHG) measurements
made on metastable BiMnO; films are consistent with it being
ferroelectric.*

Because of the unusual properties of the superconductor
Sr,Ru0,,** ruthenates with closely related structures are of great
interest to help pin down the characteristics of Sr,RuQO, respon-
sible for its unusual superconducting behavior. For example, in
light of the observation that hydrostatic pressure reduces the su-
perconducting transition temperature (75) of Sr,RuO,, it is de-
sirable to investigate the properties of Ba,RuQO,4 in which the larger
Ba’* ion is substituted for Sr**, expanding the structure. Utilizing
such chemical substitutions to induce “chemical pressure” (nega-
tive pressure in this case) is common in superconducting re-
search.*®® The only hitch to its use in this case is that Ba,RuOy4
is not isostructural with Sr,RuO,4 when synthesized at atmospheric
pressure. ™11 36737 1y bylk, Ba,RuO, powder isostructural with
Sr,RuO, has been synthesized using pressures of 65000 atm.>”' As
an alternative to the difficult task of growing extremely pure single
crystals at 65000 atm, epitaxial stabilization has been used to pre-
pare the metastable K,NiF-type polymorph of Ba,RuO,.!*

LuScOs is another example of a new metastable phase prepared
using epitaxial stabilization.'®" All attempts to prepare it using
high-pressure synthesis techniques as a perovskite (isostructural to

SAlthough these authors did not determine the crystal structure of the stable form of
Ba,RuO, that they synthesized at atmospheric pressure and 1000°~1100°C, they did report
the XRD pattern of the Ba,RuQO, that they made (which is completely different than the
K,NiF, form reported by Kafalas and Longo®”’) and described it as having “low symme-
try.”

““There is one report in the literature of the synthesis of Ba,RuOy with the K,NiF,
structure that does not mention the use of high-pressure methods: Prosychev and Shaply-
¢in®’*3"! and Gadzhiev and Shaplygin.*’**7 In addition to not stating the symhesis7pres-
sure, however, no X-ray or structural data are presented. As Kafalas and Longo®” and
Popova et al.>***3% both contradict this claim and present X-ray data, their results are taken
as evidence that Ba,RuO,4 with the K,NiF, structure is metastable at atmospheric (or lower)
pressure and synthesis temperatures of 1000°~1100°C, as used in both Popova ez al.>**3% for
bulk synthesis and Jia et al.'*® for epitaxial films.
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Fig.11. Pictorial summary of which elements M have an oxide (MO,)
that may be thermodynamically stable in contact with silicon at 1000 K.
Elements M having no thermodynamically stable or potentially ther-
modynamically stable oxide (MO,) are shaded (hatched), and the reason
for their elimination is given. Also shown are the elements M having an
oxide (MO,) that has been experimentally demonstrated to be stable in
direct contact with silicon. Performing the thermodynamic analysis over
the full range of temperatures for which relevant thermodynamic data
are available (as much as 300-1600 K) does not alter the conclusions
shown. (Adapted from Schlom and Haeni*®.)

the available REScOj3 substrates), using pressures up to 60000
atm, were unsuccessful.>’*3”> But with an appropriate perovskite
substrate, the perovskite polymorPh of LuScO; was readily syn-
thesized by epitaxial stabilization.'®!

These are just a few of many success stories in the preparation
of metastable functional oxides by epitaxial stabilization.'” An
obvious approach to prepare the metastable ferroelectric ferro-
magnet with the highest predicted transition temperature, FeTiO4
with the LiNbO; structure (see Table I) is epitaxial stabilization.>’

(2) New Phases

(A) Ruddlesden—Popper Phases: In addition to prepar-
ing new metastable phases, MBE can be used to select a partic-
ular phase from among a homologous series of phases with
nearly equal formation energies. An example is the creation of
high-n Ruddlesden—Popper phases. These layered structures can
be created by atomic-layer engineering using MBE. An example
is the phase-pure growth of the n=1-5 members of the
St,+1T1,03,+1 and Sr,;+1Ru, 03,4+, homologous series.”’ %0
The crystal structures of the n = 1-5 members of this homolo-
gous series are shown in Fig. 3.

Complexities of the SrO-TiO, phase diagram have frustrated
efforts to prepare bulk single crystals of any members of the
Sr,+1Ti1,03,+ series other than the n = oo end member, SrTiOs.
The single-crystal growth of the n=1 member of the series,
Sr,TiOy, is complicated (if not prohibited) by a phase transition
at 1550°C and a peritectic decomposition at 1860°C.>™ The
n=2 member, Sr;Ti,O;, has a peritectoid decomposition at
1580°C,*”® which prohibits growth of single crystals of this phase
from the melt.

Using reactive MBE the first five members of these Ruddlesden—
Popper homologous series have been prepared.”” * X-ray diffrac-
tion (XRD) (Fig. 12) and high-resolution cross-sectional TEM im-
ages (Fig. 13) confirm that these films are epitaxially oriented and
contain relatively few intergrowths. Detailed investigations using
quantitative HRTEM methods reveal that the films have the ex-
pected 1 = 1-5 structures.”® Among these films, the 7= 1-3 thin
films are nearly free of intergrowths, while the =4 and 5 thin
films contain noticeably more antiphase boundaries in their per-
ovskite sheets and intergrowth defects.”® The Sr,,;Ru, 03, films
contain fewer defects than their Sr,;Ti,03,+; counterparts and
even the high-n Sr,. R, 05,4, films are >98% phase pure.%
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Fig.13. High-resolution cross-sectional TEM images of the same five members of the (a) Sr,,11T1,03,+ (reprinted from Haeni et a
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Fig.12. 0-20 X-ray diffraction scans of the first five members of the (a) St,,4 1 Ti,O3,+1 (reprinted from Haeni et al.,”” with permission; ©2001 American
Institute of Physics) and (b) Sr,4Ru,03,+; Ruddlesden—Popper homologous series (reprinted from Tian et al.,* with permission; ©2007 American
Institute of Physics). Substrate peaks are labeled with an (*) and the plots are offset for clarity.
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with permission;

©2001 American Institute of Physics) and (b) Sr,,+Ru,03,+; Ruddlesden-Popper homologous series shown in Fig. 12 (reprinted from Tian et al.®°
with permission; ©2007 American Institute of Physics). The two adjacent white rows in the images correspond to the [100] projections of the rock-salt
SrO layers. Between the double SrO layers lies the [100] projection of the SrTiO; and SrRuOj; perovskite sheets. The arrows in (a) indicate the position of
the interface between the Sr,,4Ti,03,+; films and (100) SrTiO; substrate on which they were grown.
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The preparation of these materials as epitaxial films has allowed
their properties to be explored. The full dielectric constant tensor of
the Sr,,.1Ti,03,+1 epitaxial films has been measured®”” as a func-
tion of frequency and temperature and compared with theory.>’®
Preparation of the n=1-5 Sr,+;Ru,03,+; Ruddlesden—Popper
phases has allowed the effects of dimensionality on the magnetic
properties of these phases to be established. It is found that
decreasing the dimensionality of this system, i.e., the effect of
decreasing n on the magnetic properties of Sr,,.;Ru, O3, phases,
leads to a systematic reduction in ferromagnetism.*’ The minimum
value of n for ferromagnetism is n =13 (Sr4Ru30,0). This corre-
sponds to the case where at least one RuO, sheet in the structure is
surrounded by RuO, sheets from above and below (see Fig. 3). For
n=1and 2 Sr,,+1Ru,03,,+1 phases, no RuO, sheets are surrounded
by RuO, sheets, resulting in the loss of ferromagnetism.

(B) Aurivillius Phases: Just as thin film techniques can
be used to prepare and explore the properties of high-n Rud-
dlesden—Popper phases that cannot be realized by bulk synthe-
sis, they can also be used to prepare high-n Aurivillius phases.
An example is the n =7 Aurivillius phase SryBiyTi;0,4 whose
XRD and cross-sectional TEM are shown in Fig. 14. This film
was grown by PLD and is the highest-n Aurivillius phase ever
reported.’” As the schematic shows, this phase contains seven
SrTiO; perovskite layers between Bi,O, sheets.

In addition to increasing the number of perovskite layers
between Bi,O, layers in Aurivillius phases, different perovskite
layers can be inserted between the Bi,O, layers to alter the
properties of the resulting phase as shown schematically in

(a)

{cl

Intensity (arbitrary units)

0 20 40 60
26 (degrees)
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Fig. 4. This can be used, for example, as a composite approach
on an atomic scale to the fabrication of a magnetic ferroelectric.
Many Aurivillius phases are ferroelectric, e.g., BiyTi;0,,, and
one could imagine introducing a ferromagnetic perovskite,
e.g., BiMnOs, into BiyTi;0,; to construct a ferromagnetic fer-
roelectric. Although in bulk, manganese has been found to have
negligible solubility in BiyTi301, itself,*¥! this is not a constraint
for thin film growth where the targeted phase is a superlattice
composite of BiMnO; and BiyTi;0;,. A composite approach
to fabricating two-phase ferroelectric-magnetic composite
heterostructures®®> 3% has been shown to be viable, and
refining the scale of the composite down to the atomic scale
is a useful goal in terms of both maximizing elastic coupling
and exploring the spatial limits of this coupling. At the
macroscale, 3-3 bulk composites®*® have mechanical stability
issues and exhibit poor coupling.*®” At the microscale, tape-cast
structures avoid mechanical issues and exhibit stronger
coupling,®® but granular orientation effects are likely to
reduce mechanical coupling efficiency and to complicate analy-
sis of strain within the crystalline lattice. At the nanoscale,
thin film structures have been the most effective in producing
multiferroic composite behavior. Although a 2-2 composite
(stack of films on a substrate)®®® is convenient for electrical
characterization, a nonferroic substrate will clamp the
response.® A solution has been to use a ferroic substrate,*°
but the limited selection of substrate materials can be
problematic, as can be domain effects in a noncentrosymmetric
substrate crystal. Another solution has been to use a 1-3

Fig.14. An epitaxial film of the n =7 Aurivillius phase SryBiyTi;Oy4. (a) Crystal structure showing the orientation relationship between the (001)
SryBiyTi;0,4 film and the (001) LaAlO; substrate, (b) 826 X-ray diffraction scan in which the substrate peaks are labeled with an asterisk, and cross-
sectional TEM images (c) showing the full film and (d) an HRTEM image showing the perfection of the layering.
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composite system that maximizes out-of-plane mechanical
coupling in a film, for example BaTiOs—CoFe,0,.>°! The
ultimate level for forming a composite is at the atomic or
unit-cell scale. Most physical or phase separation approaches
to composites are not feasible at this scale; hence, natural
multiferroics, single-phase materials that can incorporate
substructures of both types is a noteworthy approach. This
composite strategy was recently applied using PLD to the n =06
Aurivillius phase Bi7Mn3_75Ti2_25021.4l

VL. Thin Film Routes to Enhance the Properties of Oxides
(1) Epitaxial Strain

An advantage of using thin films as a platform to explore size
effects in ferroelectrics is that they allow huge strains to be ap-
plied—strains far larger than where bulk ferroelectrics would
crack.>*>3%3 These strains can be imparted through differences in
lattice parameters and thermal expansion behavior between the
film and the underlying substrate or arise from defects formed
during film deposition.>”*°® Fully coherent, epitaxial films have
the advantage that high densities of threading dislocations (e.g.,
the ~10'"" dislocations/cm® observed in partially relaxed
(Ba,Sr,_)TiO; films)**73% are avoided. Strain fields around
dislocations locally alter the properties of a film, making its fer-
roelectric properties inhomogeneous and often degraded. 4!
As the film is clamped to the substrate, but free in the out-of-
plane direction, the effect of a biaxial strain state on properties
can be dramatic.

The effects of biaxial strain and temperature on ferroelectric
transitions and domain structures have been theoretically stud-
ied for a number of ferroelectrics.””’ These include (001),-
oriented PbTi0;,%2 0%  BaTiQ,,203402407408 44 Pb(Zr,
Ti;_ 05,2 ! where the subscript P refers to the pseudocubic
index, and even (001), SrTiO;,' 412415 which is not normally
ferroelectric, but can become ferroelectric when strained. Strain
phase diagrams for these thin films, which graphically display
the ferroelectric phase transition temperatures and domain
structures as a function of strain, have been constructed using
thermodynamic analysis and phase-field simulations.

The strain phase diagrams in Figs. 15 and 16, for (001),
BaTiOj; and (001), SrTiOs, respectively, imply that ferroelectrics
can be very sensitive to strain. These predictions imply that a
biaxial tensile strain of order 1% will shift the T of SrTiOs, a
material that normally is not ferroelectric at any temperature,
to the vicinity of room temperature (see Fig. 16).114291:412-415
Comparable shifts in transition temperature, roughly 300 K
per percent biaxial strain, are expected for BaTiOj
(Fig. 15)203-291402.407408 5y 4 PBTi05.2"49*4% These predictions
have been borne out by experiments on strained
SITiO,,| 4216291416423 ppi. 291424 41 BaTiO, films?2!
large strain effects of comgarable magnitude were observed
earlier in KTaO3/KNbO;,** SrTiO5/SrZr0;,*® and SrTiO,/
BaZrO5 superlattices,*”” and strained (Ba,Sr)TiO5 films.*?%4%

Tc has been determined on strained thin films using several
experimental methods. The conventional method of measuring a
hysteresis loop is problematic when the electrical leakage current
is high, e.g., for extremely thin films where currents due to elec-
tron tunneling are high or at elevated temperatures where sig-
nificant ionic conductivity can occur. It also requires electrodes,
which alters the electrical boundary conditions and can impose
experimental complications. Two methods that are applicable
at high temperatures to extremely thin ferroelectric films have
become popular. One method involves measuring the tempera-
ture dependence of the out-of-plane lattice parameter of the
strained film. A kink in the out-of-plane lattice parameter occurs
at Tc. Such kinks at T have been observed in a number of co-
herently strained ferroelectric films?*3#?*%2% and are expected
from theory.??#?*%3% A second method is to use SHG. Only
materials that lack inversion symmetry exhibit an SHG signal.
All ferroelectrics must lack inversion symmetry, but there
are many materials that lack inversion symmetry and are not
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Fig.15. (a) The strain phase diagram of (001),-oriented BaTiO; ob-
tained from phase-field simulations. The letters T, O, and M used in the
phase notations indicate tetragonal, orthorhombic, and monoclinic crys-
tallographic symmetries, respectively, under a constraint. The paraelec-
tric and ferroelectric natures of the phases are revealed by the superscript
P and F, respectively. M/ 4 Of implies a mixture of MY and OZF
phases. The components of the polarization vector P corresponding to
the phases (along the crystallographic directions of pseudocubic BaTiO;)
are indicated within the parentheses following the phase notation (re-
printed from Li and Chen,**® with permission; ©2006 American Insti-
tute of Physics). (b) A simplified strain phase diagram of BaTiOj
showing the error bars of the prediction from thermodynamic analysis
as well as the results on commensurately strained BaTiO; films grown on
various substrates (From Choi ef al.?** Reprinted with permission from
AAAS.)

ferroelectric. This makes SHG a necessary, but insufficient
probe for ferroelectricity. A better test for ferroelectricity with
SHG is to monitor changes in the symmetry of the SHG re-
sponse that occur when external electric fields are applied; such
changes imlply the presence and rearrangement of ferroelectric
domains. #3433

(A) Strained SrTiOj;: Ferroelectricity in strained SrTiO;
films has been inferred from dielectric constant versus temper-
ature measurements, ! 4216291421422 4o tunability of the dielec-
tric constant through an applied electric field at temperatures
; 114,291 . :
just above Tc, SHG measurements as a function of
temperature and applied fields,*'o#!7*#1%42! transmission IR
measurements as a function of temperature showing changes
in the soft modes,** piezo-force microscopy measurements as a
function of temperature,*'® time-resolved confocal scanning op-
tical microscopy,'**'® electro-optic response measure-
ments,*!7*? and conventional hysteresis loops as a function of
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Fig.16. (a) The strain phase diagram of (001),-oriented SrTiO3 calcu-
lated assuming a single-domain state for all structural and ferroelectric
phases (adapted from Li er al.*'®). Identical nomenclature as Fig. 15 is
used to describe the crystallographic symmetry of the phases and order
parameters. This diagram has only a minor difference from that pre-
sented in Pertsev et al*1>*13 (b) A simplified strain phase diagram of
SrTiO5 showing the error bars of the prediction from thermodynamic
analysis as well as the results on commensurately strained SrTiO; films
grown on various substrates. (Adapted from Haeni ez al.''%)

temperature and orientation.?'®**!*?2 The combined experimen-
tal evidence from these methods is consistent with the predicted
effect of strain on the ferroelectric transition and anti-
ferrodistortive transition of SrTiQs.!'*#12-#H7419421 \with strain,
SrTiO; becomes a multiferroic.#!641942!

An overlay of the paraelectric-to-ferroelectric transition tem-
perature found in commensurately strained SrTiOj3 films grown
on different substrates is shown in Fig. 16(b) together with a
simplified version of the prediction of strain on SrTiO;
(Fig. 16(a)) that includes the error bars of the thermodynamic
analysis. Thermodynamic analysis utilizes the electrostrictive
coefficients and elastic constants of SrTiO;. The strain phase
diagram shown in Fig. 16(a) was made using a chosen set of
these coefficients from the literature for measurements on
SrTiOj; single crystals. If instead of using a chosen set of these
property coefficients, the range of reported values of the elect-
rostrictive and elastic coefficients of SrTiO3 single crystals are
included in the thermodynamic analysis, the uncertainty of the
predicted effect of strain on the ferroelectric transition of SrTiO3
emerges. This range is explicitly shown in Fig. 16(b). As is ev-
ident, the observed effect of strain on the ferroelectric transition
of SrTiO; is remarkably consistent with theory.

Vol. 91, No. 8

These strained SrTiO; films grown on (110) DyScO; sub-
strates show a tunability of the dielectric constant at room tem-
perature of 82% at 10 GHz and dielectric constant maxima near
20000 at 500 Hz.!'#21%2°! Strain enables room temperature ac-
cess to the hi()gh and electric-field-tunable dielectric properties of
SrTiO;,!'*21° normally seen only at cryogenic tempera-
tures 436437

(B) Strained BaTiO;: The ferroelectric properties of
BaTiO; thin films have been dramatically enhanced using
biaxial compressive strains up to 1.7% imposed by coherent
epitaxial film growth on REScO; substrates.’®® In addition to
significantly increasing the remanent polarization (P,), Tc was
increased by nearly 500°C.2** To establish T, a combination of
techniques was used because of the high temperatures involved
and the electrical leakage of the thin BaTiO; films at high tem-
peratures. The conventional test for ferroelectricity, hysteresis
measurements, was used at room temperature to establish fer-
roelectricity. Then SHG and the temperature dependence of the
out-of-plane lattice parameter was measured from the temper-
ature of the hysteresis loops to where kinks were seen in the
temperature-dependent XRD and SHG to establish 7¢. The
temperatures seen by both methods were in agreement with each
other and with the gredictions of thermodynamic analysis
(Fig. 15).203:291:402:407.408

An overlay of the experimentally observed effect of strain on
the ferroelectric transition of commensurately strained BaTiO3;
films grown on different substrates is shown in Fig. 15(b). Again
the range in the theoretical predictions calculated using the range
of relevant property coefficients reported for BaTiO; single crys-
tals is shown and the agreement is again excellent. The epitaxial
BaTiO; films for Fig. 15(b) were grown by both PLD and MBE.
The similarity of the results by these two very different thin film
preparation techniques is evidence that the observed strain effects
represent the intrinsic effect of biaxial strain on BaTiO;.

The first study of the effect of biaxial strain on the ferroelectric
properties of BaTiO; dates more than 50 years when P. W.
Forsbergh built a special fixture to biaxially strain a BaTiO; sin-
gle crystal.**® His observations of the effect of biaxial strain on
BaTiOj single crystals are qualitatively similar to those observed
in biaxially strained films: biaxial strain increases 7¢c. A notable
difference, however, is that a T enhancement of only ~10 K
was observed for the strained BaTiOj; single crystals before they
broke.**® A much larger strain effect can be seen in films because
they can withstand far greater strains before fracture on account
of their thinness,>*>3* which enables a plane stress condition to
be controllably applied.

The resulting ferroelectric properties of strained BaTiOj
films are comparable to those exhibited by unstrained
Pb(Zr,Ti;_,)O3, but in a more environmentally benign compo-
sition that is free of lead. These results demonstrate how
strain can be used as a route to lead-free ferroelectrics for
device applications, e.g., nonvolatile memories and electro-optic
devices.

(C) Strained EuTiOj3: Strong coupling between the mag-
netic and ferroelectric order parameters via a spin—phonon in-
teraction was recently predicted to occur in appropriately
strained EuTiO5.** Although unstrained EuTiO; is paraelectric
and antiferromagnetic at low temperatures, first-principle cal-
culations indicate that (001), EuTiO; under a biaxial compres-
sive strain of about 1% is on the verge of a transition to a
ferroelectric and ferromagnetic state. For such strained EuTiO3
films, the application of a modest electric field of order 10° V/cm
is predicted to induce ferromagnetism with a magnetization of 7
up per europium atom. Similarly, the application of a modest
magnetic field of order 1 T is predicted to induce ferroelectricity
with a spontaneous polarization of about 10 uC/ecm>*° The
predicted coupling between the magnetic and ferroelectric order
parameters in this strain-enabled material is orders of magnitude
larger than any known multiferroic and a fantastic opportunity
for strain tuning. Recent measurements of strained EuTiO; films
show excellent agreement with theory on the dependence of the
soft-mode frequencies on strain, and ferroelectricity at room
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temperature has been observed in commensurately strained
EuTiO; films.**

(2) Modulation Doping
Two-dimensional electron gases (2DEG) have been widely in-
vestigated in conventional semiconductors**® and more recently
in the II-VI semiconducting oxide ZnO.**! But functional
oxides have properties drastically different than conventional
semiconductors. The perovskite SrTiOs, for example, has an
electron effective mass (m* = 5m,)***** and dielectric constant
(&= 20000 at 4 K)**® orders of magnitude higher than conven-
tional semiconductors and the highest electron mobility
(ubuk = 22000cm?/V s at 2 K)'' of any known oxide. This
completely different regime of semiconducting properties, cou-
pled with the occurrence of superconductivity in appropriately
electron-doped SrTiO;,*** makes the study of the behavior of a
2DEG in SrTiO; of great interest. The desire to study a 2DEG
in SrTiO was recognized long ago,*** and was recently achieved
experimentally using a LaAlO5/SrTiO; heterostructure.'®
Modulation doping, the dominant technique used to realize
2DEGs in conventional semiconductors,** is not foreign to ox-
ides. Indeed it occurs naturally in layered functional oxides, e.g.,
oxide superconductors, as “charge reservoir” layers donate their
carriers to surrounding CuO, layers.**’ In addition to the move-
ment of charge (electronic compensation) relevant for the forma-
tion of a 2DEG, another way that an oxide may provide
compensating charge is via charged defects (ionic compensation).
Hence, to achieve modulation doping in oxides, one must over-
come ionic compensation mechanisms. Modulation doping has
begun to be applied artificially to oxides,**® although information
on the band offsets, a critical element of bandgap engineering, is
generally lacking for oxide heterojunctions. This process can be
engineered through the controlled growth of oxide heterostruc-
tures and due to the functional properties of oxides, the forma-
tion, study, and exploitation of 2DEGs in them is an area with
tremendous potential. Exploration of the behavior of ferroelec-
tric, magnetic, or even spin-polarized 2DEGs is within reach.

(3) Confined Thickness—Finite Size Effects in Superlattices

Thin film techniques offer powerful ways to assemble new mate-
rials, including metastable ones, that cannot be made by other
methods. For single layer films, metastable materials may be ac-
cessed through epitaxial stabilization.'>***"=% In multilayer films
the tremendous difference between the diffusion coefficient at the
surface of the growing thin film compared with the much lower
diffusion coefficient within the bulk of the film, including buried
interfaces, makes it possible to create two-phase mixtures of end
member phases, even for materials that exhibit are fully miscible
with each other in bulk form. This is used in the synthesis of many
compound semiconductor device structures, e.g., AlAs/GaAs he-
terostructures, which are metastable heterostructures because
their solid solution has a lower free energy over their entire com-
position range.**® Similarly, heterostructures involving ferroelec-
trics such as PbTiO;/SrTiO3z or BaTiO3/SrTiO; are metastable; it
is energetically favorable for these oxides to dissolve into each
other forming (Pb,Sr)TiO5 and (Ba,Sr)TiO5 solid solutions.***+!
Although these superlattices are metastable, cation diffusion con-
stants in oxides are sufficiently small that annealing at 1000°C for
several hours is ty‘}aically required before intermixing effects be-
come discernable.”” As can be seen in Fig. 17, the interface
abruptness and layer thickness control of today’s oxide superlat-
tices involving functional oxides”!!:!13:117-126.149°157 a6 compa-
rable to what has become commonplace for AlAs/GaAs
superlattices grown by MBE*? and MOCVD.**

Superlattices consisting of a periodic stacking of thin func-
tional oxide layers have been predicted®*** or re-
ported!13155:235.426427.460-462 ¢ hoseess  many  improved
physical properties over homogeneous thin films of the same
compositions. Among the improved properties are reported en-
hancements of dielectric constants and remanent polarization in
short-period two-component®3>#%4! and three-component'>
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Fig.17. (a) High-resolution TEM image of a BaTiO;/SrTiO; superlat-
tice grown by molecular-beam epitaxy (MBE). (b) A comparison be-
tween this same functional oxide superlattice is made with a GaAs/AlAs
superlattice (reprinted from Gutakovskii er al,** with permission;
©1995 Wiley-VCH). Both superlattices are grown by MBE.

superlattices. While such reports need to be carefully evaluated
considering that the movement of space charge in the superlat-
tices can spuriously produce an apparent significant enhance-
ment of dielectric constant,****** the improved properties could
result from the large lattice mismatch leading to huge strains for
commensurate epitaxial growth, 33233460461

Layered heterostructures including superlattices are just one
type of epitaxial composite involving functional oxides. Epitax-
ial heterostructures that make use of phase separation to form
connectivities beyond the 2-2 connectivity**® of superlattices are
also being explored by thin film techniques. These include 1-3
epitaxial nanocomposites involving pillars of magnetic oxides in
a ferroelectric matrix®' or pillars of ferroelectric oxides in a
magnetic matrix.**> These are being explored in ferroelectric
systems to enhance the coupling between ferroelectric and mag-
netic oxides and thus form artificial magneto-electric hetero-
structures.

Artificially layered superlattices of functional oxides have
enormous appeal from both a technological and a fundamental
standpoint. With modern deposition techniques the degree of
control that can be achieved is astounding and superlattices with
essentially perfect interfaces and single-unit-cell constituent lay-
ers are well within our grasp. In terms of technology, superlat-
tices of functional oxides with appropriate electrical and
mechanical boundary conditions hold the potential of tailoring
functional properties precisely for an application; there are some
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indications that under certain circumstances the properties of a
superlattice of two or more materials may be far superior to the
parent materials from which they have been fabricated.

(A) BaTiO;3/SrTiO; Superlattices: Crucial to the en-
lightened (non-Edisonian) synthesis of superior materials is an
understanding of how the properties of the resulting superlattice
material are related to those of the parent materials used. In
superlattices of ferroelectric functional oxides where the in-plane
lattice parameter of all the constituents is constrained to that of
the underlying substrate, the primary interaction that
determines the overall properties of the superlattice seems to
be electrostatic, with the principle consideration being the
minimization of polarization mismatch between layers, any mis-
match giving rise to very high electrostatic energy penalties.**®
This does not restrict the possibility of strain engineering, as the
elastic constraint imposed by the substrate is an important fac-
tor in determining the orientation of the polarization in the su-
perlattice layers and thus has a dramatic effect on the properties
of the superlattice. Similarly, should a superlattice suffer relax-
ation due to misfit dislocations, changes in the orientation of the
polarization can arise, as seen in the SrTiO; layers of relaxed
BaTiO;/SrTiO; superlattices.*** %% Beyond the commercial ap-
peal of precisely tailored exceptional materials, these systems
also allow an extraordinary opportunity for the exploration of
the fundamentals of ferroelectricity. In essence one can produce
a system the physics of which is defined by ultra-thin compo-
nents and interfaces, but with a larger total sample size allowing
simple, precise characterization and a detailed exploration of the
physics of ferroelectricity in ultra-thin systems.

(001),, BaTiO3/(001), SrTiO5 superlattices have also been ex-
tensively studied to investigate size effects. In a recent study,'’
these superlattices were grown on (001) SrTiO3 substrates and
the (001), BaTiOs layer in the superlattice was varied from 1 to 8
unit cells in thickness, while the (001), SrTiOs spacer layer
thickness was fixed to be either 4 unit cells or 13 unit cells thick.
These superlattices can be denoted by (BaTiOs),/(SrTiO3),,,
where n and m refer to the thickness, in unit cells, of the
(001),, BaTiO3 and (001), SrTiOs layers, respectively. The reg-
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Fig.19. The dependence of T on n and m in (BaTiO3),/(SrTiO;),, su-
perlattices. The blue symbols are for m =4 and red symbols are for
m=13. Tc was determined by UV Raman (closed symbols) and tem-
perature-dependent X-ray diffraction (open symbols) measurements. A
phase-field model with a single-domain assumption yields the dotted
curves. The solid lines are from full three-dimensional phase-field cal-
culations. The T¢ of bulk unstrained BaTiOj; is also shown (reprinted
from Li ez al.,*° with permission; ©2007 American Institute of Physics).

ularity of these superlattices grown by MBE is demonstrated by
the presence and sharpness of all of the superlattice reflections in
their XRD patterns. An example is shown in Fig. 18 of the XRD
scans of [(BaTiO3),/(SrTiO3),,], superlattices for (a) m =4 and
(b) m =13 SrTiO; layers separating the BaTiOj; layers in the
superlattices.>>” The presence of virtually all satellite peaks in
these superlattices attests to their macroscopic structural per-
fection.
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Fig.18. 0-20 X-ray diffraction scans of [(BaTiO;),/(SrTiOs),,], superlattices using Cuk,, radiation for (a) m=4and n=1, 2, 3, 4, 5, 6, and 8 and (b)
m=13 and n= 1, 2, and 3. Substrate peaks are marked with asterisks (*). (From Soukiassian ez al.?>)
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Fig.20. Calculated multiple domain states of [(BaTiO3)g/(SrTiO3)4], and [(BaTiOs)s/(SrTiO3);3], superlattices. The blue and light-blue colors represent
the two types of domains with out-of-plane polarization directions. The interfaces between them are 180° domain walls. The induced polarization
domains are clearly shown in the SrTiOj3 layer of the [(BaTiO3)s/(SrTiOs)4], superlattice with polarization values comparable to the BaTiOj layer. There
is only a small induced polarization in the SrTiO; layer of the [(BaTiO3)g/(SrTiO3), 3], superlattice, and hence if we only count regions as domains if their
polarization values are above a certain small threshold, there are no observed polarization domains in the SrTiO; layer for the [(BaTiO;)s/(SrTiOs),5],

superlattice.

Characterizing the resulting superlattices by UV Raman
made it possible to confirm the prediction that the unstrained
SrTiO; layer in these superlattices is polarized due to the elec-
trostatic effect described above and also enabled the T of the
ferroelectric superlattice to be established. 7 is shown as a
function of n for m =4 and m = 13 in Fig. 19 together with two
different phase-field models of these superlattices. When the
phase-field model is limited to a single-domain assumption
(dashed lines in Fig. 19), the agreement between theory and
experiment is good for m = 4, but poor for m = 13. Put another
way, the (001), BaTiO;/(001), SrTiO; superlattices show
disagreement with theory when the BaTiO; layer is thinner
than the SrTiO; layer, Just s was seen for (001), PbTiOs/
(001),, SrTiO; superlattices.'*® First principles calculations also
operate under a single-domain assumption because of the lim-
ited number of atoms in the calculation. When a full three-di-
mensional phase-field simulation is performed (solid lines in
Fig. 19), the agreement between theory and experiment becomes
good for both m =4 and m = 13 over the entire range. These
calculations indicate that the low-energy configuration is a mul-
tiple-domain state, which allows the polarization in the (001),
SrTiO; layers to drop considerably when the (001), BaTiOs
layer is thinner than the (001), SrTiO; layer, and results in a
significant increase of T compared with the single-domain
state.*% The calculated multiple domain states of [(BaT-
103)3/(SrTiO3)4], and [(BaTiOs)g/(SrTiO3);3], superlattices are
shown in Fig. 20. It is found that while the SrTiO; layer in
[(BaTiO3)g/(SrTiO3)4], is fully polarized with polarization values
that are comparable to the BaTiO; layer, the polarization in
SrTiO5 for the [(BaTiOs)s/(SrTiOs);3], superlattice is much
smaller. The 180° walls between the blue domains and light-
blue domains in [(BaTiO3)s/(SrTiO3)4], display continuity from
BaTiO; to SrTiOj;. Therefore, a single-domain assumption for
the [(BaTiOs)s/(SrTiOs)4], superlattice would be reasonable,
whereas the same assumption would lead to a large error in
the transition temperature for the [(BaTiOs)s/(SrTiOs);3], su-
perlattice.

VII. Outlook

The use of thin film techniques for the growth of functional ox-
ides is still in its infancy and many hurdles remain to be over-
come for these techniques to develop greater structural control
at the atomic layer level, reproducibility, and ultimately precise
control of electronic, optical, and spintronic properties. None-
theless, PLD has become established as an extremely swift and
nimble method for rapidly synthesizing epitaxial films and he-

terostructures of functional oxides. MBE is the premiere syn-
thesis technique for the synthesis of layered oxides with
customized layering control down to the atomic layer level. As
the complexity and metastability of desired functional oxides
and heterostructures involving functional oxides increases, the
need to improve these atomic layer engineering techniques will
become all the more important. Accurate composition control is
key to the controlled growth of such structures and with im-
provements in composition control, further improvements in the
perfection of the layering control attainable in the growth of
functional oxides by MBE is expected.

Traditionally the search for new functional materials involves
identifying bulk unstrained phases that exist within composition
space. But the available configurational space for functional
materials in thin films includes additional degrees of freedom:
strain and dimensional confinement. Navigating this vastly in-
creased dimensional space in search of functional materials with
improved properties is a daunting task without guidance. Luck-
ily today’s multiscale modeling techniques are a tremendous aid
in identifying likely locations for improved functional materials.
This starts with first-principles methods!>2%157:235.291.416.470-475
to elucidate the potential of new functional oxides including
microstructures and strain states that are metastable. Contin-
uum techniques may then be used to extend first-principles pre-
dictions to multidomain samples, finite tem]i)eratures, and
include the dynamics of domain switching.''#!%7:203:235.291.
402405406 408412413415416471 Tpe  requlting calculated phase
diagrams including the effect of large strains are rich and
depict how strain can greatly extend the range of functional
behav1or erformance, and utility beyond bulk com-
pounds. 114.203,291.402.412.413.470.471.476 These modern theoretical
methods can target specific compositions, strains, and dimen-
sional confinement for improved functionality and have enjoyed
considerable success, e.g., in the fields of ferroelectrics and mul-
tiferroics, for predicting the properties of new materials. Many
of these new functional oxides are metastable and others attain
their improved functionality via strain (strain-enabled). We
firmly believe that a theory-driven intelligent approach is im-
perative for efficiently finding novel or greatly enhanced func-
tional properties in oxides.
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