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Epitaxial Stabilization of Oxides in Thin Films
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A survey of recent experimental results is given, presenting the growth of oxide epitaxial
thin films in P—T—x conditions, which are far from those necessary for the existence of
corresponding phases in a bulk state. The unstable in bulk BaCuzO4, NdMn;031,, RNiOg,
and unusual polymorphous forms of BaRuO3z;, RMnQOs3, TiO,, and Mn3;0,4 are some examples.
The stabilizing effect is observed only if epitaxial growth is induced. A rich variety of the
effect observations are demonstrated to be of a thermodynamic origin, rather than of a kinetic
one. Epitaxial stabilization is shown to be the result of the low energy of coherent interfaces

formed due to epitaxy.

I. Introduction

Epitaxial growth of thin films has been intensively
studied over more than half a century. Impressing
progress has been made both in the theoretical under-
standing of epitaxy and in the growth of epitaxial films
for applications.

The structural and dimensional resemblance between
the film and the substrate often leads to a formation of
coherent or semicoherent interfaces. The energy of
coherent and semicoherent interfaces is significantly
lower than that of noncoherent ones?! (Table 1). In this
way, the interface formed can affect the choice of the
nucleus crystallographic structure because the system
tends to minimize its free energy to reach the equilib-
rium state. The phenomenon is often referred to as
“epitaxial stabilization”, in case composition or crystal-
lographic structure realized in the epitaxial film is
different from that of the equilibrium bulk material.
From a thermodynamic point of view, epitaxial stabili-
zation demands the change of equilibrium phase dia-
grams due to epitaxial growth: in particular, the change
of P—T diagrams (epitaxial stabilization of metastable
polymorphs) or P—x and T—x diagrams (epitaxial sta-
bilization of metastable solid solutions and compounds
with unusual stoichiometry).

That the formation of low-energy interfaces might
cause stabilization of otherwise unstable (metastable,
nonequilibrium) compounds or polymorphs has been
known for a long time. The phenomenon has been
documented by Dankov as early as the late 1930s.22 It
has been found that FeO with the structure allied to
that of metallic Fe was formed as an epitaxial surface
oxidation layer under p(O2)—T conditions, which did not

* To whom correspondence should be addressed. E-mail: gorbenko@
inorg.chem.msu.ru.

T Present address: I0PW, TU Braunschweig, Bienroder Weg 53,
38108 Braunschweig, Germany.

10.1021/cm021111v CCC: $22.00

Table 1. Ranges of Solid—Solid Interface Energies ¢°% for
Three Types of Planar Interfaces!

interface 0% (mJ/m?)
coherent 5-200
semicoherent 200—-800
incoherent 800—2500

correspond to the stability field of FeO in bulk. In 1951,
Pashley* has reported the epitaxial growth of TICI with
a NacCl structure on a KBr substrate, while on NacCl,
MgO, and mica substrates the normal CsCl-type struc-
ture of TICI was observed. The result was explained by
the lower lattice mismatch between KBr and an abnor-
mal TICI structure (6%), as compared to that with the
normal one (17%).

Let us discuss the nature of this phenomenon in more
detail. The phase stability is determined by both ther-
modynamic and kinetic factors, leading to equilibrium
(thermodynamically stable) or metastable (stabilized
due to Kinetic reasons) states. Both cases can take place
in epitaxial growth.

If the growth is performed under conditions of suf-
ficient surface diffusion (enabling the growth of oriented
crystalline phase), but low bulk diffusion (prohibiting
phase transformations), the quenched metastable epi-
taxial structures can be obtained on single-crystalline
substrates. This stabilization occurs evidently due to
kinetic reasons.

The Kinetic epitaxial stabilization of the vacuum-
deposited materials was a subject of theoretical and
experimental research for a long time. Thus, thin film
synthesis of numerous solid solutions or polymorphous
forms, which are metastable in the bulk state, has been
reported: (GaAs)1—xSiox, (GaSh)1—xGeyx, (GaAs)i—xGey,
Pb;—«CdsS, InSh;—«Biy, Ge1—xSnk, a-Sn, and BayxCa;—«F2.57°
These relatively thick (up to a few micrometers) epi-
taxial films have been obtained in a temperature
window determined by surface and bulk diffusion coef-
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ficients. At temperature below the low-T limit, amor-
phous material was formed, while above the high-T limit
the formation of equilibrium products was observed. The
theoretical analysis of this phenomenon was given by
Flynn and Yang.10-12

On the other hand, the “theory of pseudomorphism”
has been proposed by Jesser,2 in which the driving force
for stabilization was the lowering of the interface energy
due to coherency. In this case, the stabilization effect
appears, owing to thermodynamic reasons of minimiza-
tion of the systems free energy. The thermodynamic
stability of epitaxial films has been addressed in more
detail in studies on (111-V);_xIV2 semiconductors and
other compounds in the 1970s and 1980s.

In the late 1970s Quillec et al.1* achieved the growth
of micrometer-thick epitaxial films of In;—,GaxAs;-,Py
and GaAs;—4Sby solid solutions inside the immiscibility
gap region on a InP substrate using liquid-phase epitaxy
(LPE). Since LPE provides very fast mass transfer and
low supersaturation, it is a process very close to equi-
librium. Evidently, in this case any significant kinetic
barriers are absent and the stabilization can take place
exclusively due to the low energy of coherent interfaces
formed.

In 1972, the drastic lattice mismatch influence on the
composition of Ga;—xIniP epitaxial layers grown by LPE
on GaAs has been observed by Stringfellow!® and Hirth
and Stringfellow.'® It has been reported that the grow-
ing film adopted nonequilibrium composition to mini-
mize lattice mismatch with the substrate. This effect,
referred to as a “composition pulling” or “latching effect”,
has much in common with the thermodynamic epitaxial
stabilization.

Numerous evidences for the epitaxial stabilization of
otherwise unstable compounds or polymorphous forms
appeared in recent years as well: bcc-NigsFeg 7,17 hep-
and bce-Cu and Pd,*® GaN with zinc blend,*® cubic?® and
wurtzite structure,?t~23 cubic nitrides AIN,?4~26 TaN,?”
CrNge,2® and (Cd,Zn)S with wurtzite?® and sphalerite
structure.3°

Profound thermodynamical analysis of epitaxy of
otherwise unstable compounds was provided in the
1980—90s by Zangwill and co-workers31-33 and Zunger
and Wood.3436 The analysis proposed by Zunger with
co-worker implies that all the constituents grow epi-
taxially in a strained state, until the misfit dislocations
begin to nucleate at some critical thickness. Therefore,
the phases with a large lattice mismatch to the sub-
strate become less stable because of significant elastic
strains applied. The theory explains the influence of the
epitaxial growth of strained material on the equilibrium
phase diagram. This approach works well only for
systems where all the phases under consideration
possess only a small lattice mismatch with a substrate,
which is often the case for semiconducting solid solu-
tions or metal alloys. Nevertheless, the approach fails
to explain the epitaxial stabilization in film/substrate
systems, where the strain is relieved through the
formation of misfit dislocations.

A more general approach, which separates the struc-
tural incommensurability and the lattice strain at
interfaces, was developed by Little and Zangwill.3” To
describe incommensurate interfaces, the Frenkel—Kon-
torova model was applied. In the frame of this theory,
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the formation of the phase with a coherent interface at
low film thickness takes place due to the gain in the
interface energy part related to commensurability. The
lattice mismatch between the film and the substrate
introduces the strain energy, which suppresses the
epitaxial stabilization. At the critical thickness, which
in the frame of this theory is expected to be comparable
to 1-mL thickness, this contribution is balanced by the
difference in volume free energies of the epitaxially
stabilized compound and of the stable compound in bulk.

Roitburd?3® was the first one to point out the possibility
of drastic reduction of the strain energy by the formation
of so-called “periodic multiple-domain structures”, ex-
panding thus the epitaxial stabilization field signifi-
cantly. The Little and Zangwill theory was combined
with the Roitburd scenario in ref 31, producing sophis-
ticated phase diagrams including epitaxial stabilization
fields. The important conclusion in this work is that the
transformation from an epitaxially stabilized phase to
the equilibrium in the bulk phase does not appear
abruptly, but rather covers the extended thickness
range above the critical value. In this range both
“metastable” and “stable” phases can grow simulta-
neously.

So it can be concluded that epitaxial stabilization—
regarded as a thermodynamic phenomenon—increases
with (a) the decrease of the free energy difference
between “metastable” and “stable” phases in bulk, (b)
the decrease of the film thickness, (c) the increase of
the crystal structure coherency between the growing
phase and the substrate, (d) the decrease of the shear
and elastic moduli of the growing material, and (e) the
ability of the growing material to form a periodic
multiple-domain structure.

In the last 2 decades the growth of epitaxial oxide
films is becoming increasingly more important. The
materials of interest are high T, superconductors,
ferroelectrics, manganites with colossal magnetoresis-
tance, various magnetic oxides, solid electrolytes, wide
band-gap luminescent materials, and others.

Thus, a wide scope of experimental material has been
reported on MBE growth of metastable superconducting
cuprates and superlattices (see Bozovic and Eckstein,3°
Verbist et al.,*° Balestrino et al.,*! and Yamamoto et
al.*>—to name only a few). In this case, the growth is
performed well below 600—700 °C and the stabilization
effect is mainly due to Kinetic reasons. At the same time,
Raveau with co-workers*® have reviewed the epitaxial
growth of unstable in bulk complex oxides at higher
temperature by common deposition techniques such as
pulsed laser deposition (PLD). Unfortunately, no defi-
nite conclusions have been made in this work concerning
the reasons for the stabilization phenomenon observed.
Nevertheless, it is clear that epitaxial stabilization of
oxides can be due to both thermodynamics and Kinetics,
as described above, and the general rules formulated
for semiconductors and alloys must be applicable also
to oxides.

There are some indications that the epitaxial stabi-
lization due to thermodynamic reasons is highly possible
in oxides. For example, the free energy of polymorphous
transformations or solid-state reactions for many oxide
systems is rather moderate. Also, the deviations from
high symmetry are quite common in oxides, so the strain
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energy can be easily reduced by the formation of periodic
multiple-domain structures. All this means that the
growth can often be performed at high temperature by
common deposition techniques, resulting in films of high
epitaxial quality. Also, in many cases the growth of
epitaxially stabilized phases is possible up to the thick-
ness, which might be important for applications.

In this review, high-temperature deposition experi-
ments in systems with sufficient diffusion mobility are
mainly considered to address epitaxial stabilization due
to thermodynamic reasons. Critical analysis of recent
publications on the subject is presented and some
thermodynamic issues of this intriguing phenomenon
are discussed. We intentionally do not consider the
growth of ultrathin films (for example, 5-mL-thick (110)-
VO,/(110)TiO, # and 2-mL-thick (111)FeO/(0001)Al,03 %°)
or stabilization effects caused by the surface energy of
highly dispersed materials (e.g., the formation of poly-
crystalline y-Al,O3 from amorphous alumina deposits?).

1. Epitaxial Stabilization of Polymorphous
Forms

There are many examples of the epitaxial stabiliza-
tion of different polymorphs of simple and complex
oxides. It claims itself in epitaxial growth of different
polymorphs on properly chosen substrates under the
same P—T conditions. The thermodynamic functions of
many of these oxides are well-established, which may
help in estimating the energy characteristics of the
phenomenon.

Ila. Simple Metal Oxides. A. TiO,. Rutile (space
group P4,/mnm, a = 0.45933 nm, ¢ = 0.29592 nm) and
anatase (space group l4;/amd, a = 0.37852 nm, ¢ =
0.95139 nm) are the two most stable polymorphs of
TiO,. Rutile is the only thermodynamically stable form
of TiO,, while anatase should be regarded as a meta-
stable form, which can be formed in bulk at low temper-
ature due to either kinetic or size effects. AG® of TiO»-
(anatase) to TiOy(rutile) transformation is about —5 kJ/
mol at 298 K and this value does not vary significantly
with temperature.*’*8 Once formed, anatase transforms
irreversibly to rutile on heating above 600 °C.47:49

Epitaxial films of both TiO, polymorphs have been
grown by a number of techniques with a thickness of
up to 1 um. Chen et al.®® have succeeded in growth of
epitaxial anatase thin films on (001)SrTiO3 substrates
by ultrahigh vacuum metal—organic chemical vapor
deposition (MOCVD). The films have been comprehen-
sively characterized by RHEED, XRD, HRTEM, and
AES. The epitaxial relations reported were as follows:

(001) [100],natase |1 (001) [100]gio,

These relations are due to low lattice mismatch between
anatase and SrTiO;s structures in the (001) plane,
—3.1%. Pure anatase was formed on SrTiO3 substrate
in the whole temperature interval studied (250—800 °C).
No transformation to rutile structure has been observed
after annealing at 900 °C in air for 1 h. The epitaxial
growth of anatase has also been achieved by other
authors on lattice-matched (001)SrTiO3,5152 (001)-
LaAlO3,%35* (001)Lag 5SresC003,% (001)MgO,5t and (110)-
MgO>! substrates at 450—800 °C.
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The phase mixture of oriented anatase and rutile was
observed on (0001)Al,O3; substrates under the same
deposition conditions;>%51.56 the content of rutile in-
creased with the growth temperature. The epitaxial
relations reported are

(112) [110]anatase || (0001) [1100] 0,
(100) [001]4ase || (0001) [1010], o,

In this case, both polymorphs have close lattice matches
to the substrate and epitaxial stabilization of pure
anatase is possible only at low temperature.

Phase pure epitaxial rutile films can be easily grown
on (1102)Al,03 in a wide temperature interval, 250—
800 °C.5957 The epitaxial relations in this case are

(101) [010] ygie |1 (1102) [1120]40,

The epitaxial growth was due to a relatively small
lattice mismatch between rutile and Al,O; at the
interface formed (—3.6% along the [010]yse direction
and +6.4% along the [101],yse direction). Logically, no
formation of epitaxial anatase on (1102)Al,O3 has been
observed.

We undertook MOCVD of 200-nm-thick TiO films at
800 and 1000 °C simultaneously on (1102)Al,0O3 and
perovskites (LaAlOsz, SrTiOz).58 In accordance with
previous reports, we have observed the formation of
phase pure rutile on sapphire and anatase on perovs-
kites. The epitaxial relations found were just as de-
scribed above. The measured lattice parameters of rutile
and anatase coincided with those of the bulk materials
within an experimental error. This fact confirms the
absence of significant lattice strain in our films. Simul-
taneous growth of two different polymorphs on two
different substrates at a temperature as high as 1000
°C is clear evidence for the thermodynamic epitaxial
stabilization of anatase.

The epitaxial stabilization of anatase can be of practi-
cal importance. As compared to rutile, anatase films
have been found to be more effective for photocata-
lytic5254 and photovoltaic®® applications.

B. ZnO. Zinc oxide is a promising transparent con-
ductor and luminescent material. It has been profoundly
studied in past years. Epitaxial films of the stable in
bulk hexagonal wurtzite form of ZnO (space group
P6smc, a = 0.32498 nm, ¢ = 0.52066 nm) can be readily
obtained by various deposition techniques on single-crys-
talline Al,O3, MgAl,04, GaAs, and InP substrates.>°~63

Recently, pure ZnO epitaxial films with an unstable
in bulk cubic zinc blend structure have been grown on
(001)GaAs substrates with a cubic (001)ZnS buffer
layer.%* The growth has been performed with the use of
metal—organic MBE at 550—600 °C. The ZnO film was
shown to grow pseudomorphically with a ZnS substrate
up to at least 560-nm film thickness. High epitaxial
quality of ZnO layers has been proven with the use of
RHEED, XRD, and HRTEM. The films have been found
to be strongly tetragonally distorted (in-plane lattice
parameter of 0.458 nm and out-of-plane lattice param-
eter of 0.436 nm). The pseudocubic lattice constant of
the zinc-blend ZnO was 0.4505 nm, very close to the
theoretically calculated value of 0.460 nm.5 Evidently,
this distortion appears as a consequence of large lattice
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Figure 1. XRD patterns of MnzO4 films grown on different

substrates (0—26 scans). (a) (001)MgO; (b) (001)SrTiOs; (c)
(001)LaAlOs. Indices “s” denote substrate reflections.

mismatch with ZnS (a = 0.5406 nm). Nevertheless, the
lattice mismatch for the strained layer remains quite
large (—15%), leading to the high dislocation density on
the film/substrate interface.

This result is of peculiar interest because it demon-
strates the possibility of epitaxial stabilization even in
the case of a large lattice mismatch when only partial
strain relaxation occurs.

C. Mn304. Mn30y is an oxide with a spinel structure.
The stable room temperature form is tetragonal haus-
mannite (space group l4;/amd, a = 0.5762 nm, ¢ =
0.9470 nm) with Mn3* in the octahedral positions and
Mn?* in the tetrahedral positions of the spinel lattice.
The oxygen octahedra are tetragonally distorted due to
the Jahn—Teller effect on Mn3* ions. The Jahn—Teller
transition (JTT) in Mn3O, occurs at 1160 °C.56 The high-
temperature form of MnzOy is cubic (space group Fd3m,
a = 0.842 nm). Depending on the substrate temperature,
both polymorphs can be grown as epitaxial films on MgO
in the stability range of hausmannite.

Recently, the epitaxy of the hausmannite with (001)
orientation on MgO by MBE was observed.6”.68 The
deposition temperature in this study was much lower
than the JTT temperature. In our work the growth of
Mn3z04 films on MgO was performed by MOCVD at
higher temperature.’® Thin films of 100-nm thickness
were grown at 750 °C in the oxygen—argon flow (total
pressure 6 mbar, oxygen partial pressure 1 mbar) on
single-crystal (001)SrTiO3, (001)MgO, and (001)LaAlO3
substrates. Simultaneous deposition allows neglect of
process-related variations of the oxygen stoichiometry
from one deposition run to another. Films on the
perovskite substrates contained multiple-orientated
hausmannite. The film on MgO according to XRD was
found to be nearly cubic with the lattice parameter close
to that of the MnzO4 high-temperature form (Figure 1).
The FWHM value of the rocking curve for the (004)
peak of Mn3O4 was about 0.2°. HRTEM revealed weak
tetragonal distortion in this film due to the epitaxial
strain.®® The film—substrate interface was fully coherent
(Figure 2).

The high-temperature cubic form of Mn3zO,4 possesses
essentially lower lattice mismatch with MgO than
hausmannite (less than 0.1% instead of —3.3% for the
c-domains of hausmannite). Respectively, a strained
thin film of the cubic Mn3O, becomes commensurable
with the substrate and tetragonal, while hausmannite
rather would form an incommensurate interface. Thus,
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Figure 2. (a) HRTEM image of the cross section of a MnzO,4/
MgO film. Inset shows simulated image based on the structure
of the high-temperature form of MnzO,. (b,c) HRTEM images
of the Mn3O4 film on SrTiOs. Insets show simulated images
based on the hausmannite structure.

the gain of the interface energy compensates the Jahn—
Teller distortion energy and it induces the decrease of
JTT temperature from 1160 °C to below 750 °C.

D. WOs3;. Tungsten trioxide undergoes several phase
transitions under heating. The lattice symmetry con-
sequently changes from triclinic (below 17 °C) through
monoclinic (17—320 °C) and orthorhombic (320—720 °C)
to tetragonal (above 720 °C).79-72 LeGore et al. suc-
ceeded in the growth of (001)-epitaxial films of tetrago-
nal WOs3 on (1102)AI203 substrates at 600 °C with the
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use of electron-beam evaporation.” The phase composi-
tion was deduced from RHEED measurements. The
films of pure tetragonal WO;3; could be grown only up to
30-nm thickness; the admixture of monoclinic and/or
orthorhombic forms appeared in thicker films. The
lattice mismatch for the tetragonal phase and (1102)
sapphire plane is +10.3% and +2.5% in the two per-
pendicular directions, while it is about +5% and +8%
for both monoclinic and orthorhombic forms of WOs.

E. Fe;O3. Maghemite, y-Fe203, with a cubic spinel-
related structure (a = 0.83515 nm) is a metastable
polymorph, which irreversibly transforms to a hexago-
nal a-Fe,O3; form (hematite, space group R3c, a =
0.50356 nm, ¢ = 1.37489 nm) when heated.

It was possible to grow 100-nm-thick high-quality
y-Fe,03 epitaxial films by MBE in the temperature
range between 250 and 500 °C.7 The films have been
characterized with the use of RHEED, LEED, and XPS.
y-Fe,03 was grown on (001)MgO substrate possessing
a good lattice match of —0.9% with the y-Fe,O3 struc-
ture. The epitaxial relations were as follows:

(001) [100]74:9203” (001) [lOO]MgO

On the other hand, 30-nm-thick epitaxial films of the
stable a-Fe,O3 in (0001), (1120), and (1102) orientations
have been grown under exactly the same deposition
conditions on sapphire of corresponding cuts.” a-Fe,03
possesses the same corundum structure as sapphire and
the lattice mismatch between these two structures in
various orientations is about 5.6%. The epitaxial quality
and phase composition of these films have been con-
trolled with RHEED, LEED, XPS, and XRD.

Ilb. Solid Solutions and Complex Oxides. A.
Zn1xM,O (M = Mg, Mn). Zinc in wurtzite ZnO can be
substituted to some extent by divalent cations with
similar ionic radius, such as Mg?2*, Cd?", or Mn2*. The
MO solubility in bulk wurtzite Zn;_yMyO does not
exceed 0.02—0.04 for M = Mg and ~0.13 for M = Mn
according to refs 76 and 77, respectively.

However, single-phase (0001)Zn;_xMgxO epitaxial
films with x < 0.22 have been successfully grown by
laser MBE at 550 °C78-80 and with x < 0.36 by PLD at
700—750 °C.81 In both cases two-phase ceramic pellets
have been used as targets, (0001)Al,O3 was used as a
substrate, and the film thickness was 150 nm78-89 and
<500 nm.81 High-crystalline quality of these films
has been proved by XRD,8%8 RBS channeling, and
HRTEM.8 The epitaxial relations found in ref 81

(0001) [1210] g | (0001) [0110] 5 .

are the same as those of wurtzite ZnO films grown on
sapphire.®® This corresponds to a lattice mismatch of
15%, which is the cause for the high dislocation den-
sity observed.8! Additionally, it has been shown that
ZnossMgo.150 layers are stable upon 1-h annealing at
1000 °C at 1 bar of oxygen, while the same heat
treatment of Zng7sMgo 220 film led to the decomposi-
tion, resulting in a stable phase mixture of wurtzite
Zn0_85Mgo_15O and rock-salt Mgo,4ezno,54o solid solu-
tions.® Thus, there is a remarkable change in the T—x
phase diagram of a MgO—ZnO binary system caused
by the epitaxial stabilization effect.
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Analogously, (0001)Zn;-xMnyO/(0001)Al,O3 epitaxial
films have been reported by Fukumura et al.82 Several
hundred nanometer thick layers have been grown by
PLD at 600 °C and characterized by XRD. The wurtzite
structure with a monotonic increase of a and c lattice
parameters has been observed up to x = 0.35, well
beyond the equilibrium solubility limit for a bulk state
(Xiim = 0.13).77

B. BaRuO3;. At normal pressure, the stable in bulk
form of barium ruthenate is a nine-layer rhombohedral
phase (9R, a = 0.575 nm, ¢ = 2.16 nm). Two other
hexagonal phases have also been described: (4H, a =
0.573 nm, ¢ = 0.95 nm; 6H, a = 0.571 nm, ¢ = 1.410
nm).83-86 For high pressures above 12 GPa a cubic-like
perovskite polymorph of BaRuOs; was predicted.8® The
cubic lattice constant of BaRuO3; perovskite estimated
from extrapolated data for Sr;—xBaxRuOg solid solution
is about 0.401 nm.86

Lee et al. have successfully grown and comprehen-
sively characterized epitaxial films of 4H- and 9R-
BaRuO3 on (111)SrTiO3 & and (001)SrTi03.888 A num-
ber of other oxide substrates have been tried, but only
the polycrystalline films with 4H structure could be
grown on them. On (001)SrTiO3 substrates a 4H-
BaRuO;z; polymorph was found to grow with (0223)
orientation, while 9R-BaRuO; was with (2025) orienta-
tion. The growth has been performed between 550 and
750 °C and the film thickness was between 90 and 460
nm. Ninety degree off-axis sputtering and PLD have
been employed. The BaRuO3 structure has been found
to depend not only on substrate orientation but also on
the growth temperature and growth technique used.8®
The lattice mismatch between these two polymorphs of
BaRuO3; and SrTiOj3 is about 4—5% for various crystal
planes.

Fukushima et al.?%°1 reported on the growth of highly
tetragonally distorted (c = 0.425 nm) BaRuOg epitaxial
films with a perovskite structure on (001)SrTiO3 using
radio frequency (rf) sputtering. The film thickness was
50—100 nm, while the growth temperature has not been
reported. This controversive result caused a comment
by Lettieri et al.,92 supposing that the films grown were
indeed 9R-BaRuOs. In their response Fukushima et al.%
provided XRD reciprocal lattice maps and electron
diffraction of their films, proving the tetragonal perovs-
kite structure of BaRuO:s.

The discrepancies mentioned can be understood tak-
ing into account the structural, dimensional, and ener-
getic similarity of different BaRuOj3 polymorphs. Thus,
tiny variations in the growth conditions can cause the
stabilization of a particular structure of BaRuOs.

The report of Christen et al.®* is of some interest in
this connection. They failed to grow with a laser ablation
BaRuO3; perovskite on cubic (001)KTaO3; (a = 0.3989
nm) substrate, even though it is well-matched to the
predicted perovskite structure of BaRuO3.86 However,
the PLD growth of 600-nm-thick epitaxial films of cubic
Sr(RugsSno5)O3 solid solution, which was also claimed
to be unstable in bulk, has been achieved at 750 °C. The
cubic lattice constant of Sr(RugsSng )O3 is about 0.399
nm, providing a very good match with KTaOs. Partial
substitution of Ba for Sr in BaRuO3; makes stabilization
of the perovskite phase in film easier as well.%! Both
substitutions (Sr for Ba and Sn for Ru) lead to the
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Figure 3. HRTEM and XRD characterization of RMnOj3; perovskite films: (a) HRTEM image of the film cross section including
orthorhombic domain boundary; (b) the filtered image demonstrating the orientation of the doubling b axis along the film—
substrate interface; (c) dislocations at the low-angle boundary formed by orthorhombic domains; (d) XRD data revealing (101)

orientation of RMnO; films on (001)LaAlOs.

decrease of the Goldshmidt tolerance factor of BaRuOs
(t = 1.00), resulting in the increase of the compound
stability.

C. BaTii1—xNbyO3. Barium titanate doped with nio-
bium is a perspective material due to its ferroelectric
properties. BaTii—xNbyO3 (x = 0.01, 0.02, 0.03, 0.10, and
0.15) epitaxial films have been grown by laser ablation
with hexagonal and stable in bulk perovskite struc-
tures.®® The depositions have been performed at 700 °C
on the (0001)Al,O3 substrate and at 650 °C on a (001)-
SrTiOs substrate, respectively. The resulting lattice
mismatches with corresponding polymorphous forms of
BaTi;—xNbyO3 are 17% for the Al,O3 substrate and 3.2%
for the SrTiO;3 substrate, if the data for the bulk forms
of BaTii—xNbyO3 are taken into account. However, the
¢ lattice constant measured deviated significantly from
that of the bulk form. Possible reasons could be the
oxygen deficiency, inaccuracy of Ti/Nb ratio determina-
tion, or strain in films. The latter is rather possible
because of the small film thickness (60 nm) and rela-
tively low growth temperature used. The satisfactory
epitaxial quality of layers is evidenced by low FWHM'’s

of rocking curves (0.91° for the hexagonal form and 0.58°
for perovskite).

D. RMnOs;. In the sequence of RMnO3; compounds the
perovskite phase does not exist under ambient pressure
for the rare earth elements with small ionic radius (Y,
Ho—Lu). The normal pressure phase has a hexagonal
structure.® A corresponding RMnO3 perovskite struc-
ture was obtained only under high pressure.®” Never-
theless, the surface contribution to free energy can
change the situation—YMnO3; nanoparticles have been
reported to adopt the perovskite structure instead of the
hexagonal one.%8

The epitaxial stabilization of RMnO3; phases (R = Ho,
Y, Tm, Lu) in the perovskite form was demonstrated
by MOCVD on (001)LaAlOz and (001)SrTiOs.%° The most
effective stabilization took place on the LaAlO3; sub-
strate due to the lowest lattice mismatch (0.5%). The
films with the thickness of 100—200 nm were deposited
at 750 °C. Under the same conditions no perovskite
phase was found on (1102)Al,03 and (111)ZrO,(Y,03)
substrates. Orthorhombic YMnO3; was also grown by
PLD.100
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Figure 4. TEM images of cross sections of RMnO3; perovskite

films. (a) LUMnO3/LaAlOs; (b) HOMnOs/LaAlOs. Black arrows
indicate domain boundaries and the film—substrate interface.

In accordance with the data for high-pressure bulk
RMnOg3, the perovskite films prepared possessed a high
orthorhombic distortion (about 5%, space group Pnma).
This distortion is responsible for the orthorhombic
twinning in the film. The twinning was observed to be
selective in the films on LaAlOz;—the doubling axis was
found by XRD and HRTEM always in the film plane.
Indeed, as can be seen from the HREM image (Figure
3b) and the lattice spacing of observed XRD reflections
(Figure 3(d)), RMnOs films grew with (101) orientation
without any admixture of (010)-oriented grains. This
twinning type minimizes the film—substrate lattice
mismatch. Domains form a regular sequence by 90°
switching of the doubling axis orientation in the neigh-
boring domains. The domain size correlates with the
mismatch at the interface between the film and the
substrate (Figure 4). Thus, essentially larger domains
were observed for HOMnO3; (mean grain size of 60 nm),
as compared to those of LUMNO3 (30 nm).

RMnO3 perovskites are a good example for demon-
strating that the lattice strain is actually not necessary
for the epitaxial stabilization to occur. Being an orthor-
hombic perovskite, the film adopts the periodic multiple-
domain structure formed by orthorhombic twins, pro-
viding the essential reduction of the interface energy
in accordance with the theory by Little and Zangwill.3!

E. -BaB;0,s. This compound is one of the most
important nonlinear crystals in laser optics. Fabrication
of hexagonal 5-BaB,04 (space group R3c, a = 1.253 nm,
¢ = 1.273 nm) thin films is difficult because of the
complex crystal structure and a polymorphic transition
at around 925 °C to a high-temperature solid phase,
a-BaB,04, which has no optical nonlinearity. In poly-
crystalline thin films the polymorphic transition occurs
even at lower temperature. For instance, the transition
was observed already at 650 °C in BaB,0O4 polycrystal-
line random films on (001)Si. However, single-phase
(001)-oriented -BaB,0,4 films could be grown by mag-
netron sputtering,1°? PLD,102 and MOCVD% on (0001)
and (1102) sapphire substrates without any admixture
of a-BaB,0O4 under the same process conditions up to
750 °C. The film thickness was up to 500 nm.
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I11. Epitaxial Stabilization of Unusual
Stoichiometric Types

Epitaxial stabilization can be the cause of the forma-
tion of complex oxides with unusual stoichiometry,
which are absent on bulk P—T—x phase diagrams under
the growth conditions used. Four well-studied examples
of such behavior are given in this section.

A. BaCuzO4. An important for synthesis of high-
temperature superconductors Ba—Cu—0O system has
been intensively investigated. Thermodynamic stability
under various p(O2)—T conditions has been proven so
far only for Ba;,CuOs+x, BaCuO,+y, Ba,Cuz0Os+,, and
BaCu,04y, While BaCu3z0, is believed to be a meta-
stable phase.104105

BaCu3s04 was first reported by Bertinotti et al. as an
oriented impurity phase appearing in YBayCuzO7—s
single crystals.’% The unit cell of BaCuzO,4 is an
orthorhombic one with a Cmmm space group and unit
cell parameters of a = 1.101(2) nm, b = 0.550(1) nm,
and ¢ = 0.3923(2) nm. The structure consists of alter-
nating Cu3O, and Ba layers along the c axis and is
closely related to that of infinite layer and spin ladder
compounds.197.198 BaCuzO4 can be considered as a
member of the Ap—1Cun+102, structural family with A
=Baandn = 2.

The epitaxial stabilization and study of BaCuzO4 thin
films on perovskite single-crystalline substrates as well
as a secondary phase in epitaxial (001)RBa,Cu3O- films
have been reported by us in refs 109—113. The epitaxial
relations with ABO3; perovskite substrates (LaAlO3 or
SrTiO3) were found to be as follows,

(001) [210]g,c,,0, |1 (001) [100]550, and (001)
[210] 54000, |1 (001) [010] 550,

(210) [001]g,c,,0, |1 (001) [100]550, and (210)
[001]g,c,0, Il (001) [010] 50,

which corresponds to the lattice mismatch of <2%. The
crystal structure and lattice parameters of BaCuzO4
were determined with the use of electron diffraction and
XRD.11! No difference was found for BaCuzO4 grown on
different substrates and the parameters found coincided
with those observed by Bertinotti et al.2% Thus, BaCu304
films were not strained.

It is known that the decrease of the interface energy
can be realized by the formation of a multiple-domain
structure, as it takes place in some orthorhombic perov-
skites (Figure 3). However, BaCu3zO, films consisted of
separate islands (Figure 5). Noteworthy, this possibility
has not yet been accounted for in epitaxial stabilization
theory. The growth mode observed is probably because
of the BaCuzO,4 structure anisotropy that does not
permit the formation of low-energy domain walls.

It was also found that BaCu3O4 phase is stable in
films only until some critical thickness (the average
value was taken into account because of the films’ island
structure); for (001)BaCuzO4 films grown on (001)-
LaAlOs the critical value was found to be 300 nm. The
decomposition of BaCu3zO;, in thicker films took place
according to the reaction

BaCu;0, — BaCuO, + 2CuO
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Figure 5. TEM images of the cross section of a (001)-
HoBa,Cuz0+/LaAlOs film containing oriented BaCuzO, second-
ary phase, which forms islands on the HoBa,CuszO; film
surface.
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Figure 6. (a) HRTEM image of the NdMn;O:,/NdMnOs
epitaxial interface for the perovskite pseudocubic zone [100].
(b) Model of the crystal structure of the high-pressure NdMn;O;,
phase.

Indeed, BaCuO, and CuO are the thermodynamically
stable compounds of the Ba—Cu—0O system in a bulk
polycrystalline form for the deposition conditions used
(T = 820 °C, p(0Oz) = 2 mbar).

B. NdMn;O1,. In contrast to the bulk samples in Nd—
Mn—0 systems, thin films enriched with manganese up
to a Nd:Mn ratio of ~0.5 did not contain hausmannite
Mn3z04 on the perovskite substrates, but another phase.
This phase was observed as a 10-nm-thick island layer
on a surface of 120-nm-thick perovskite film (Figure
6).114 Electron diffraction, XRD patterns, and EDX
analysis of this phase permit identification of it as
NdMn;0;,. The phase had strict epitaxial relations with
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the underlying perovskite manganite,
(001) [100]ygpn,0,, 1| (001) [100]ng,, o,

(in a pseudocubic notation). Earlier, bulk NdMn;O;,
phase was synthesized only under high pressure of 8
GPa at 1000 °C.'15 It is a perovskite-related compound
with A-sites occupied by Nd and 3/7 Mn atoms (with
the strongly distorted oxygen surrounding), while the
remaining 4/7 Mn atoms occupy B-sites.

Noteworthy is that among high-pressure RMnOj3;
perovskites (R = Ho—Lu,Y, see section IlIb.D) and
NdMn;O;; the latter needs essentially higher pressure
for synthesis in bulk and, respectively, NdMn;O;, films
can be grown only to significantly lower thickness as
compared to RMnOs.

C. BizFes0;,. BizFesO;, with a garnet structure
(cubic lattice constant a = 1.263 nm) is thermodynami-
cally unstable due to the large size of Bi®* cation. The
ceramics sintered at 800—900 °C consisted of the phase
mixture of BiFeOz and BiyFe; 0q.114 It was however
possible to stabilize the compound as an epitaxial film
using a single-crystal garnet substrate, Gd3;(ScGa)sO;2
(a = 1.263 nm, the lattice mismatch with BisFesO;, of
<0.5%). The epitaxial BizFesO;, films in (001) and (111)
orientations have been grown up to 1-um thickness by
reactive ion beam sintering,16117 electron cyclotron
resonance, 8119 rf sputtering,11811° and PLD16120.121 gt
temperatures around 550 °C. High epitaxial quality of
the submicrometer layers was observed by XRD (FWHM
of a (004) rocking curve was about 0.05°).116

D. Ba;RuO,. Ba;RuO4 with a K;NiF4 structure (a =
0.399 nm, ¢ = 1.343 nm) can be synthesized in a
polycrystalline form only using high pressure of at least
64 GPa.122 Jia et al.123 succeeded in the epitaxial growth
of 150-nm-thick films of this compound at 1000 °C using
PLD on (001)SrTiO3 substrates (the lattice mismatch
was 2.1%). The importance of the use of the well-
matched substrates with a perovskite structure was
especially stressed. No formation of Ba,RuO, with a
K>NiF,4 structure has been observed under the same
conditions on (001)MgO, (001)MgAl,O4, and (001)-
LaSrGaO, and poor-matched perovskite (001)LaAlO3
and (001)LaAlO3;—Sr,AlTiaOg substrates.

IV. Change of the Phase Relations due to
Epitaxial Stabilization

The change of phase relations due to epitaxial stabi-
lization implies not only the appearance of new phases
and phase fields but also the change of the phase fields
of the compounds stable in bulk. This expands the
importance of the epitaxial stabilization in thin film
growth greatly. Here, we consider in detail the case of
R—Ba—Cu—O0 films.

The BaCuO, phase can coexist in equilibrium with
YBaCuz0Oy7 in polycrystalline samples.104105 However,
the phase was not observed in our slightly off-stoichio-
metric (001)RBa,CusO7 (R = Lu, Ho, Y, Gd, Nd) epi-
taxial films grown by MOCVD,; instead, (001)-oriented
Ba,CuO; and BaCus0. were formed.109

Also, no formation of thermodynamically stable rare-
earth-rich R;BaCuOs secondary phases has been ob-
served. Instead of R,BaCuOs inclusions, platelike ori-
ented R,O3 nanoinclusions of the 3—20-nm size were
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Figure 7. Phase relations in off-stoichiometric (001)-
RBa,Cu3z0; epitaxial films in comparison to the equilibrium
phase diagrams of corresponding R—Ba—Cu—0O systems in
bulk (820 °C, p(0O2) = 2 mbar). These phase assemblies have
been observed in films only for the cation compositions inside
of the areas marked with gray color.

detected by HRTEM inside the film matrix if the films
were slightly enriched with R. The epitaxial relations
were as follows:

(001) [110] o, II (001) [100]gga,cu,o,

These data are in good agreement with the observations
reported by other authors for yttrium-enriched (001)-
YBa,Cus0y epitaxial films grown by various deposition
techniques.'?*~127 In contrast to the Lu, Ho, and Y
systems, increasing Gd or Nd content in films resulted
in the crystallization of (001)-oriented R,CuO,4 phases
together with Ri+xBa,—xCuz07 solid solutions.'? Just
like Ba,CuO3 and BaCu30,4, R,03 and R,CuO4 phases
have a good lattice match to the RBa,CuzO7 structure
and the phase relations observed are not typical for
the bulk-phase diagrams known for polycrystalline
samples.102103 Secondary phase observations in epitaxial
RBa,CuzO7 films are summarized in Figure 7. It is
noteworthy that all the secondary phases observed in
our (001)RBa,Cu30y5 films, except for CuO, are believed
to exist in nonequilibrium with bulk RBa,Cuz07. Nev-
ertheless, being well-oriented, all these phases appear
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together with an epitaxial RBa,Cu3;O7; matrix, forming
coherent or semicoherent grain boundaries with it.

Due to epitaxy, the nature of precipitating secondary
phases is distinctly influenced by the substrate orienta-
tion. It has been shown that Y,O3 inclusions appear in
yttrium-rich YBa;CuzO; films grown on (001)MgO
substrates, while on (110)MgO substrates the typical
inclusions were Y,;BaCuOs particles.’?® Another inter-
esting observation was the appearance of a well-oriented
Y,2Cu,0s secondary phase in RBa,CuzO7-, films grown
on (110)Zr0O4(Y203).12° Evidently, the oriented Y,Cu,Os
secondary phase appears only due to a good lattice
match with a (110)ZrO,(Y,03) substrate (5% along the
[100] substrate direction and —4% along the [110]
substrate direction).

V. Epitaxial Stabilization Accompanied by a
Change in the Metal Oxidation State

In some cases epitaxial stabilization makes possible
stabilization of various oxidation states of a metal, thus
influencing the p(O2)—T stability range of the oxide
materials. Some important examples of such behavior
are given in this section.

Va. Simple Metal Oxides. A. CrO,. CrO; with a
tetragonal rutile structure (space group P4,/ mnm, a =
0.4421 nm, ¢ = 0.2916 nm), an important for applica-
tions half-metal ferromagnet, is metastable at ambient
pressure and irreversibly decomposes, forming Cr,03
when heated above 200 °C.139 According to phase
diagrams, CrO; is thermodynamically stable only at
very high oxygen pressure.’3! However, it was possible
to deposit 1-um-thick epitaxial films of CrO, at 1 bar of
oxygen by CVD at temperatures as high as 450 °C.132-136
CrO3 or CrgO,; volatile oxides are usually used as
precursors. Ivanov et al.’® have shown that growth is
possible, even in an argon atmosphere, though the films’
crystallinity was poorer. Well-matched single-crystalline
substrates are essential for CrO, growth; for this
purpose TiO; in various orientations and (0001)Al,O3
are well-suited. CrO; films on (0001)Al,O3 had a multiple-
domain structure with the b axis of CrO; aligned along
three equivalent [1120] directions of Al,03.1%* TiO,
provides the lattice mismatch with CrO; of 2—4%
depending on orientation. Gupta with co-authors!3¢ have
also observed that CrO, does not form at all, being
deposited onto an amorphous SiO; layer that enabled
surface-selective growth of CrO, films on a patterned
SiO,/TiO; layer.

It should be noted that CrO, films can also be grown
in a polycrystalline state if an isomorphous polycrys-
talline template is applied. Thus, CrO; layers have been
grown on polycrystalline rutile thin films!36.137 and on
rutile particles.138

B. MnO. MnO has a NaCl-type structure (a = 0.444
nm) and can be prepared in the bulk state only under
very low oxygen pressure. Nevertheless, epitaxial (111)-
MnO films 20—500-nm thick were grown on (0001)Al,O3
and (111)MgO substrates by PLD.13° The Mn,O3 target
was used, while growth was performed at 700 °C and
p(O,) = 10~* mbar, that is, well inside the stability field
of Mn30,4. Indeed, at this temperature bulk MnO can
be formed only at p(O,) below 10~8 mbar. The authors
of the work believe that their results are only due to
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Figure 8. p(O2)—T deposition diagrams showing the phases

observed in Fe—O films grown by MBE on sapphire and MgO
substrates. The image is adopted from refs 140—142.

the nonequilibrium character of PLD. Taking into
account that the oxidation of MnO is kinetically very
easy even in UHV conditions,’° we suppose that the
origin of the MnO appearance is a thermodynamic one.

C. Fe—0O System. This system is one of the most
significant for practical purposes and possesses probably
one of the most reliable phase diagrams available.'*! In
this system a whole series of the epitaxial stabilization
effects was observed, resulting in the drastic variation
of the phase diagram as a function of the substrate
material. A wealth of papers on that subject are avail-
able. The possible oxide phases in the Fe—0O system are
wustite (Fei1—xO), magnetite (Fe3O,), maghemite (y-
Fe,03), and hematite (a-Fe;03). Maghemite is absent
in the equilibrium Fe—O phase diagram. The phase has
the same structure as magnetite and can be considered
as the end member (Fe,s;04) of the Fez—sO4 solid
solution. The consideration of maghemite as a separate
phase makes sense, nevertheless, because of the great
difference in electric and magnetic properties in relation
to magnetite. At the same time, according to bulk
equilibrium diagrams, the homogeneity limit of the
spinel phase is close to that of stoichiometric Fe3zOj,.
Woustite field appears on the equilibrium phase diagram
only above 575 °C.

Most of the data on the epitaxy of iron oxides were
obtained by O,-plasma-assisted MBE. The first well-
established fact is the crucial effect of the substrate on
the phase composition of the iron oxide films. The effect
can be easily seen from p(O,)—T diagrams reported
(Figure 8).1427144 On the MgO substrate, which pos-
sesses the lowest mismatch to magnetite, Fe3O4 can be
obtained under the same conditions when one obtains
hematite (at the high oxygen pressure) or metal iron
(at the low oxygen pressure) on (0001)Al,Os. The transi-
tion from magnetite to hematite is discontinuous on
(0001)Al,03, which possesses the same corundum struc-
ture as a hematite with a lattice mismatch of 5.7%. In
contrast, the full series of Fe;_sO4 solutions from magne-
tite to maghemite was grown on MgO under conditions
when only hematite is stable on (0001)Al,03.7475142-150
The result seems to be understandable taking into
account that the lattice mismatch of MgO with magne-
tite is 0.4% and that with maghemite is 0.8%.
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One should note that in addition to the pronounced
substrate effect the Fe—O system response to p(O2)—T
variations follows thermodynamic regularities known
for equilibrium diagrams, although plasma-assisted
MBE is a highly nonequilibrium process by itself.
Different iron oxides can be obtained in a systematic
manner on the same substrate by variation of temper-
ature and oxygen partial pressure. These results can
be changed also by a too high deposition rate, resulting
in the loss of epitaxy.

Another interesting phenomenon is stabilization of
epitaxial wustite outside of its stability field in the bulk
state. Two sets of data should be regarded here. First
is the decrease of the temperature of the eutectoid decay
of the Fe;—xO phase. In fact, no wustite field can be
detected on the diagrams in Figure 8. But, as was shown
by Gao et al.,'*° at a higher deposition temperature of
450 °C wustite films can be grown epitaxially on well-
matched (001)MgO substrates (mismatch of 2.3%). Still,
these conditions correspond to the coexistence of metal-
lic Fe and Fe304 in bulk. Noteworthy, Gao et al.}4®
believed that the stabilization of wustite was a kinetic
one (but they consider at the same time the thermody-
namic reasons for stabilization of maghemite) because
of the very high sensitivity of the wustite formation to
Fe/O ratio. We can suppose that this argument does not
cancel out the thermodynamic reasons. In fact, wustite
at eutectoid decomposition is a pointlike phase (the
nonstoichiometry field becomes broad only at the higher
temperature).

On the other hand, the competitive Fe304 phase has
essentially lower mismatch with MgO than wustite. In
that case, wustite could win thermodynamic competition
with magnetite only for such a nearly singular Fe/O
ratio, when it can grow as a single-phase epitaxial film
instead of a Fe + Fe304 mixture. A two-phase assembly
containing wustite should be energetically less favorable
than the phase assembly containing a maximum amount
of epitaxial magnetite on MgO: the latter provides a
minimization of the free energy. There is probably no
need to mention that the consideration works only in
the case of the epitaxially stabilized wustite and is not
applicable to the conditions when wustite is a phase,
which is stable in bulk.

The second example of the wustite stabilization was
observed at elevated temperatures (above 700 °C) and
p(O,) corresponding to a magnetite stability field. It
consists of the formation of epitaxial wustite films with
a thickness not exceeding a few a monolayers on some
metal substrates such as (111)Pt!! and (001)Cu.1%2 The
common feature here is the conversion of these films to
epitaxial (111)FezO, with the increase of thickness.153

The third phenomenon to be discussed consists of the
strong variation of the doping effects in iron oxides with
the energy contribution of epitaxy. The stability field
of a spinel-based Fe3;O4 structure can be expanded
significantly on the well-matched substrate. In particu-
lar, both Fe304 and NiO (rock salt structure) can grow
epitaxially on MgO, but the former phase provides a
better lattice match to the substrate. Respectively, in
Fe304—NiO thin films the single-phase spinel is stable
up to higher nickel content, as compared to the bulk
state.’® Moreover, it was found that a nickel—iron
distribution between tetrahedral and octahedral posi-
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tions of the epitaxial films (a degree of the spinel
inversion) differs from that of the bulk material with
the same Ni content.1%*

A better understanding of the epitaxial stabilization
phenomena in the Fe—0O system would have a signifi-
cant impact on the practical application, taking into
account the importance of the magnetite-based thin film
materials for magnetic memories and sensors.

Vb. Complex Metal Oxides. A. RNiOs. The whole
series of perovskite rare earth nickelates RNiO3 (except
for R = La) can be prepared in bulk only under high
oxygen pressure of 100 bar.1%5 In contrast to RMnOs,
when external high pressure stabilizes the perovskite
phase, an increase of the chemical potential of oxygen
is necessary to obtain RNiO3 as a bulk perovskite.

The preparation of thin epitaxial RNiO;3 films for R
= Pr, Nd, Sm, Gd was accomplished by MOCVD.1%¢ |t
is peculiar that the preparation was successfully done
at reduced oxygen partial pressure (<20 mbar). The
epitaxy of NdNiO3z by PLD has also been reported.'>”
RNiO3 phase is formed only in R—Ni—O films deposited
on perovskite substrates (LaAlOs, SrTiO3), while the
films on MgO and ZrO,(Y203) consisted of rare-earth
oxide and NiO phase mixture. Single-phase RNiO3 films
were obtained only on LaAlO3 substrates possessing the
lowest lattice mismatch (0.2—0.7%). The RNiO3 + R,03
+ NiO phase mixture was found in the films grown on
substrates with larger mismatch, for example, SrTiO3
(=3%). The difficulty in obtaining epitaxial perovskite
RNiOj3 films increases with the decrease of R3* ionic
radius. This is the manifestation of the well-known
decrease of thermodynamic stability of various rare-
earth-containing perovskites in the same sequence.%8
The least stable nickelate studied, GdNiOs, could be
obtained only on a perfectly matched LaAlO3; substrate.
A clear correlation between free energy of the perovskite
nickelate formation and the critical thickness of the
layer was demonstrated.156 At the thickness exceeding
the critical value the growth of a simple oxides mixture
(R203 + NiO) started.

The atomically flat coherent interfaces between RNiO3
and LaAlOz; have been observed by HRTEM. No misfit
dislocations were observed, indicating that the tetrago-
nal lattice strain must be present in the film; this
conclusion has been confirmed by XRD study.57

The films were found to be orthorhombic (space group
Pnma), consisting of domains including all three pos-
sible directions of the doubling axis (Figure 9). Note-
worthy, the orthorhombic distortion in nickelate films
was quite modest in comparison to that in RMnOg (see
Section 11b.D) Thus, orthorhombic domains all have
nearly the same mismatch with the substrate. In this
case orthorhombic twinning cannot contribute signifi-
cantly to strain relaxation and the perovskite film must
keep the epitaxial lattice strain. It should be outlined
that the anisotropic lattice strain is a destabilizing
factor and, along with the lattice mismatch, it sup-
presses the growth of RNiO3 perovskites, decreasing the
critical thickness.

The cross-section HRTEM pictures show (Figure 10)
that the perovskite nickelate and products of their
decomposition coexist in the broad range of the film
thickness. The area occupied by the perovskite phase
gradually decreases with the film thickness. The struc-
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Figure 9. HRTEM of NdNiOs/LaAlO; film cross sections:
orthorhombic domains. The doubling of the b lattice parameter
is observed both parallel and normal to the film—substrate
interface (horizontal). Note that the result is in contrast to
the behavior of RMnO; films on LaAlO; (Figure 4) where the
doubling axis is always parallel to the film—substrate inter-
face.

ture of nickelate films with the thickness exceeding the
critical value (like in the case of the SrTiO3 substrate)
is an excellent demonstration of the validity of an idea
about gradual character of transition from the epitaxi-
ally stabilized phase to the stable in bulk products.3!
We have also succeeded in the growth of composites with
a columnar structure. These films consisted of a RNiO3
+ NiO phase mixture, although under the growth
conditions bulk RNiO3; decomposes to NiO and R,0s.
The stable coexistence of epitaxially stabilized and
stable in bulk phases confirms the thermodynamic
origin of the stabilization effect; that is, RNiOsz in thin
epitaxial films must be regarded as a thermodynami-
cally stable phase.

The epitaxial stabilization of nickelates allowed us to
carry out selective MOCVD growth of NdNiO3z on
(La,Pr)o7Cap3Mn0O; epitaxial film patterned by a poly-
crystalline CuO layer deposited over manganite film.160.161
In this case the nickelate epitaxial layer was selectively
formed only on a bare manganite surface due to a close
lattice match of their structures. In contrast, no NdNiO3
formation was observed in areas covered with CuO.

B. LaCuOs3-s. LaCuOs3-_;s perovskite attracted much
attention as a parent structure to the high-temperature
superconducting cuprates. A stoichiometric (6 = 0)
rhombohedrally distorted phase can be prepared only
under very high oxygen pressure, but it loses oxygen
when heated above 150 °C.162 A series of oxygen-
deficient LaCuO3;-s phases with different types of
oxygen vacancies ordering was reported. In particular,
the monoclinic phase with 0.2 < 6 < 0.5 (space group
C2/c) is stable in air under ambient pressure. The
orthorhombic modification with 6 = 0.5 (space group
Pbam, a = 0.55482 nm, b = 1.04677 nm, ¢ = 0.38801
nm) has been prepared under a pressure of 6 GPa.163

PLD of 300-nm-thick LaCuO3_, films on (001)SrTiO3
substrates at 650—750 °C and p(Oz) = 0.26 mbar
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Figure 10. Pr—Ni—O film on SrTiOs;. HRTEM observations of the phase composition change through the film thickness. Phase
pure PrNiOs perovskite is observed only near the film—substrate interface, while the decomposition to NiO and PrOy occurs as

the film thickness increases.

resulted in the epitaxial growth of the orthorhombic
LaCuO,5s high-pressure phase with the (120) plane
parallel to the substrate surface.'5* Postannealing of
these films in oxygen allowed their conversion to the
oxygen-enriched monoclinic phase with mixed (210),
(120), and (001) orientations. The films have been
characterized by XRD, electron diffraction, and TEM.
The out-of-plane lattice parameter of the pseudocubic
cell for the orthorhombic phase was found to be 0.3845
nm. Taking into account the lattice parameters reported
for the bulk material,'! the mismatch between ortho-
rhombic LaCuO;5 and SrTiOsz is —2.3% and —0.6%
along two perpendicular directions in the interface
plane.

V1. Considerations of the Mechanism and
Limits of Epitaxial Stabilization of Oxides

Thus, there are many experimental facts of the
epitaxial stabilization in thin films, which cannot be
explained by Kinetic reasons of any kind or only by
pressure effect developed in the strained film (Table 2).
The epitaxial stabilization model of Zunger and Wood34-36
is hardly applicable to oxide systems when semicoherent
or noncoherent interfaces form very easily, even at small
film thickness. The behavior of oxides in thin films has
more conformity with the model of Little and Zangwill,3!
accounting for the interface incoherency. Nevertheless,
the bulk free energy term in the model seems to be
highly overestimated in this case and the actual field
of the epitaxial stabilization is much broader than that
in the standard phase diagrams of the model. In the
following, thermodynamic considerations describing the
epitaxial stabilization phenomenon are presented.

For the nucleus of the growing phase the following
expression for the Gibbs' energy can be written,

AG; = AgV + 0S + AG™"*® (1)

where Ag is a specific Gibbs’ energy of the material in
bulk, V the nucleus’ volume, o the surface or interface
energy, and S the nucleus’ surface. Thus, AgV and ¢S
are the terms corresponding to the volume and the
surface of the phase, respectively. For a thermodynami-

cally stable phase, Ag < 0, while the surface energy term
is always positive.

For further discussion we make some assumptions,
which are not essential for the problem but simplify the
algebra. First, only a simple phase transformation of
the type A’ — A" will be modeled here. We consider a
square-shaped nucleus on the flat substrate with height
h and side d and neglect the density difference of the
competitive phases. The two-dimensional lattices at the
film—substrate interface are also considered to be
squarelike with the lattice spacings as and as for the
substrate and the film, respectively. The lattice mis-
match is determined as ¢ = Aa/as = (ar — as)/as. Now
we are ready to write the energy balance. First, we
consider the case of the homogeneous lattice strain in
the coherent film:

AG', = Ag'd?h + o''d? + 6" (d? + 4dh) + h—£—e20?
1-—v @

AG" = Ag'd’h + 0,"d* + 0"'(d? + 4dh)  (3)

The quantities Ag and o have the same meaning as in
eq 1. The index ' refers to the nucleus of the phase
growing epitaxially on the substrate and the index "
refers to the nucleus of the incoherent phase. Indices
“i” and “v” show the difference between the nucleus’
interfaces with the substrate and vapor phase, indices
“c” and “ic” denote the coherent and incoherent state of
the interface, respectively, u is a shear modulus, and v
is a Poisson ratio for the coherent phase. The epitaxial
strain contribution disappears for the incoherent phase
but for the cost of the essentially higher ¢"’, as compared
to that of ¢" (Table 1). We are especially interested in
the case when Ag" is more negative than Ag'. We
assume in addition that ¢¥"' = ¢Y'. These assumptions
restrict the class of objects we want to model here.
Generally, the difference of ¢ and ¢"' can be even
higher than the difference in the interface energies but
it results in the growth, which is not controlled by the
interface structure. Thus, we assume that the edges and
surface of the island do not contribute to the difference
of the free energies. Also, we do not consider the case
when the second phase is able to form a semicoherent
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Table 2. Survey of Literature Data on Epitaxial Stabilization Phenomena in Oxide Systems?
stable in bulk phase epitaxial phase substrates? thickness, nm  technique refs
TiOy (rutile) TiO; (anatase) (001)SrTiOs3, 10—1000 MBE, 50—-55, 58
(001)LaAIOs, MOCVD
(001)La0,58r0,50003,
(001)MgO, (110)MgO
ZnO (wurtzite) ZnO (zinc blend) (001)zZns || (001)GaAs <560 MOMBE 64
(Zn,Mg)O (wurtzite) + Zn1-xMgxO (0001)Al,03 <500 MBE, 78-81
(Zn,Mg)0O (rock salt) for x > 0.04  (x < 0.36, wurtzite) PLD
(Zn,Mn)O (wurtzite) + Zn1—xMn,O (0001)Al,03 several 100s PLD 82
(Zn,Mn)O (rock salt) for x > 0.13  (x < 0.35, wurtzite)
Mn3O4 (tetragonal Mn30O4 (cubic spinel) (001)MgO 100 MOCVD 69
spinel—hausmanite)
WOs3 (orthorhombic) WOj3 (tetragonal) (1102)Al,03 30 EBE 73
o-Fex03 y-Fe203 (001)MgO 100 MBE 74
BaRuOj3; (hexagonal, 9R-type) BaRuO3; (001)SrTiO3 100 RFS 90-93
(perovskite)
- SrRuUg5SNg 503 (001)KTaOs3 600 PLD 94
(perovskite)
BaTi;—xNbxO3 (perovskite) BaTi;—x«NbyO3 (0001)Al03 60 PLD 95
(x =0.01-0.15)
(hexagonal)
RMnO3 (hexagonal) RMnO3z (R=Ho, Y, Tm, Lu) (001)LaAlOs, 100—-200 MOCVD, 99, 100
(perovskite) (001)SrTiO3 PLD
o-BaB;04 p-BaB,04 (0001)Al203, <500 PLD, MS, 101-103
(1102)Al,03 MOCVD
BaCuO, + CuO BaCuz04 (001)LaAIOs, <300 MOCVD 109-113
(001)SrTiOg,
(001)R5612CU307
Nd1-xMnO3z + Mn3z04 NdMn7O1» (001)Nd1-xMnO3 10 MOCVD 114
BiFeOs + BiyFesOg BisFes012 (garnet) (001)Gd3(Sc,Ga)s012, <1000 RIBS, ECR 116—121
(111)Gd3(Sc,Ga)5012 and
RFS, PLD
BaO + BaRuOs3; BayRuO4 (K2NiF4 type) (001)SrTiOs 150 PLD 123
Cr,03 (corundum) CrO; (rutile) TiOy (rutile), 1000 CVD 132—-137
(0001)Al,03
Mn3zO4 MnO (rock salt) (0001)Al;03, 500 PLD 139
(111)MgO
Fe,O3 (hematite) Fe304 (spinel) (001)MgO MBE 142—-144
Fe Fe304 (spinel) (001)MgO MBE 142—-144
Fe,O3 (hematite) Fez—s04(0 < 0 < 0.33) (001)MgO MBE 75, 142—-150
(spinel)
Fe + Fe3O4 Fe1xO (rock salt) (001)MgO MBE 149
R203 + NiO RNiO3 (R = Pr, Nd, Sm, Gd) (001)LaAlOs, <400 MOCVD, 156, 157
(perovskite) (001)SrTiOs3, PLD
(001)RB&2CU307
La,CuO4 + CuO LaCuOz 5 (orthorhombic) (001)SrTiOs 300 PLD 164

a Abbrevations: MOCVD, metal—organic chemical vapor deposition; MBE, molecular beam epitaxy; PLD, pulsed laser deposition; EBE,
electron beam evaporation; RFS, radio frequency sputtering; MS, magnetron sputtering; RIBS, reactive ion beam sintering; ECR, electron
cyclotron resonance. P Pseudocubic indices are used for some perovskite substrates.

interface instead of an incoherent one because of the
diminishing of the interface energy difference and
suppression of the epitaxial stabilization of the coherent
phase.

One can also notice that equations would become
more simple if we consider the bulk free energy per unit
surface (AEf = AGy/d?) instead of the bulk free energy
AGs and that (AE"s — AE'y) is a free energy per unit
surface of the transformation from a coherent to inco-
herent phase AE:

AE =hl(Ag" — Ag) — 72| + (01" — ol) (@)

ic

This expression is a simple model of the epitaxial
stabilization. In fact, the first member is always nega-
tive and the latter is always positive. The negative
member increases linearly with the film thickness; the
critical thickness value corresponds to AE = 0. One can
see that the lattice mismatch is an extremely important
parameter: the transition energy is linearly dependent
on free energy and surface energy differences, but its
dependence upon the lattice mismatch is quadratic. If
the lattice mismatch and free energy difference are both
small, then the critical thickness of the epitaxially
stabilized layer can be rather large. In particular, the
values on the order of a few nanometers can be obtained
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with the interface energies from Table 1 and free energy
difference of 10 kJ/mol, which is a typical value for many
solid-state reactions.

Now we proceed with more complex situations. In
particular, for a thickness as large as that found in the
last paragraph, the homogeneous strain in the film is
no longer a good approximation. The strain relaxation
by misfit dislocations introduces the inhomogeneous
strain member and also changes the magnitude of the
homogeneous strain. For simplicity, we set Burgers’
vector equal to a;. Then, the energy balance can be
rewritten as follows:

ol -

u a)?
AE = h[(Ag" —AQ') — - V(e - T)

in _ 1 47h
Oc) - T(Ecore + T‘Z_VKafz exp(_ %)) 5)

In this formula, | denotes the distance between neigh-
boring misfit dislocations, E¢ye is a core energy of the
misfit dislocation, and K is a numerical prefactor. In
the limit case of a complete relaxation one obtains | =
asle and the homogeneity strain member disappears. For
h > asl/e the exponential member of the inhomogeneous
strain disappears too and the thickness-independent
part can be added to the interface energy, producing the
interface energy of the semicoherent (sc) interface (see
Table 1):

AE = h(Ag" — Ag) + (0" — 0y.) (6)
Again, the latter member (6% — o's’') is positive and
the first member is negative and is thickness-dependent.
As compared to the case of the homogeneous strain, the
(o}" — o) member decreases due to the higher
energy of the semicoherent interface as compared to that
of the coherent one. But the first member decreases also
due to the disappearance of the strain contribution.
Thus, for the relaxed state we also obtain the conditions
for the epitaxial stabilization. One can conclude that the
lattice strain is not a necessary condition of the epitaxial
stabilization in accordance with experimental findings
discussed above. The result should not be confused with
the relaxation in the metastable film when nucleation
of the stable phase is prevented by kinetic barriers. In
the latter case no critical thickness occurs. In contrast,
the thermodynamic scenario demands a critical thick-
ness, at which another, incoherent, phase starts to grow.
This critical thickness is not directly related to the
thickness of the pseudomorphic layer of Frank—Van der
Merwe. Again, the quantitative estimations for the free
energy difference of about 10 kJ/mol show that films of
the thickness of a few nanometers can be stabilized.
As was mentioned above, there is another possibility
of the strain relaxation, namely, the formation of
periodic multiple-domain structures. This is especially
important for the oxides, which can decrease their
symmetry from the cubic one, like in the case of
perovskites belonging to the Pnma space group. Here,
no self-strain is necessary to transform the cubic per-
ovskite to the low-symmetry one. Respectively, the
Roitburd scenario®® becomes a very effective strain
relaxation mechanism. The homogeneous strain in the
film is then decreased for the cost of the inhomogeneous
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strain in the substrate and domain walls in the film (we
account for the energy contribution of these members
in the same form as was done by Little and Zangwill31).
If the relaxation by the mechanism is complete (as
seems to be the case for epitaxially stabilized RMnO3;
perovskites, while the stable in bulk forms are hexago-
nal), then the energy balance takes the following form,
AE = h(Ag' — Ag) — KevVh + (6l — 6! (7)
where K is the material-related parameter. From the
viewpoint of the epitaxial stabilization, this case can be
preferable both for the strain relaxation by the misfit
dislocations (by lower surface energy of the coherent
interface) and for the homogeneous strain (by the lower
increase of the €2 term with the film thickness).
Finally, one can note that the supposition that the
incoherent phase forms a film free of any grain bound-
aries is quite unrealistic, as compared to the thin film
growth experience. Usually, polycrystalline films with
random orientation of the grains are observed. Poly-
crystallinity introduces the additional grain boundary
or surface energy contribution, which we have ne-
glected until now. In fact, in oxides the energy of the
incoherent grain boundary interfaces can be rather large
(the situation is not much different if the grains are
separated from each other). With the mean grain size r
(the edge of the squarelike grain) and mean grain
boundary energy oq," we obtain another member, which
is dependent on the film thickness (taking into account
that the number of grains in the film is d%/r? and
d>r):

2h0gb,' .
Egp = — and respectively
n I Zagb” | n | I
AE =h(Ag" = Ag) + — | + (01" — o) (8)

The equation is quite different from those we have
discussed above. First, because og, for the random
oriented material is of the same order of magnitude as
oi¢'', the new positive member must be quite large, as
compared to other members. For islandlike polycrys-
talline growth we should substitute Eg, by 4ho""'/r.

In fact, the coherent phase can also grow in an
islandlike mode. In that case the term 4ho"'/r should
be added to eq 8. If different in-plane orientations are
allowed, then inhomogeneous strain in the substrate can
be switched on, resulting in the hybridization of eqs 7
and 8. Respectively, the islandlike growth mode is not
necessarily detrimental to epitaxial stabilization (see
section I11.A for an example).

Next, because of the linear dependence on the film
thickness, huge values of the critical thickness or even
absolute (thickness independent) stabilization can be
obtained for very small r. The result is actually due to
consideration of the grain size as a constant parameter
of the thermodynamic model that is really not correct.
The conditions of the true thermodynamic equilibrium
correspond to the single-crystal film of the incoherent
phase. The polycrystalline film is a metastable state.
So, unexpectedly, we see that thermodynamic epitaxial
stabilization can be dressed by an additional Kkinetic
effect, which is not due to the metastable state of the
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epitaxial film (as is supposed in the classical theories
of the Kkinetic epitaxial stabilization), but because of the
inevitably metastable state of the stable in bulk—but
incoherent—phase.

Considering the grain size as a Kinetic parameter, one
should account for the thickness dependence of the grain
size. The dependence is complex due to the different
steps involved in the grain growth. Basically four steps
can be considered: (1) independent growth of the
nucleus ensemble (mass transfer between nuclei is
allowed, but no contact of them); (2) interaction of nuclei
(growth is retarded at the grain contacts; incoherent
grain boundaries are formed); (3) reconstruction (inco-
herent grain boundaries are driven to be substituted by
semicoherent ones, but pinning occurs at substrate
surface defects); (4) later ripening (slow grain boundary
diffusion is still present; stagnation occurs easily at
surface grooves known as Mullins barriers). It is not
sensible to incorporate all these steps in a simple model,
so we consider only the first step (when ¢V should be
used instead of ogy").

The thickness dependence of the grain size for the
stationary growth of the polycrystalline island film is
expected to follow r O vh law (in-plane ripening re-
sults in r2 0 t dependence following the Lifshits—Slezov
approach and stationary growth implies h 0 t). Experi-
mentally, r 0 h% (0.3 < g < 0.9) dependence was
observed for different thin film materials.’®> One can
see that it cuts off the possibility of the absolute
stabilization, but allows still for the huge values of the
critical thickness because the negative member in-
creases only by a factor of h@=9 in relation to the
positive members, and not by a factor of h, as in the
case of pure thermodynamic stabilization.

Definitely, this Kinetic factor does not substitute the
thermodynamic epitaxial stabilization. However, it seems
to be difficult to find any case of the thermodynamic
epitaxial stabilization, when this kinetic contribution
can be canceled completely in the real vapor deposition
experiment. Respectively, the experimentally found
critical thickness of the epitaxial stabilization is ex-
pected to exceed the value calculated in the correct
thermodynamic model.

Figure 11a presents a simple calculation of the energy
change for the TiO,(anatase) — TiO,(rutile) transforma-
tion using eq 6 and eq 8. It is supposed that TiO-
(anatase) grows epitaxially (e.g., on the (001)LaAlO;
surface—see section lIla.A), forming a semicoherent
interface with the substrate (o, = 800 mJ/m?, Table
1). A hypothetical rutile film was supposed to form a
high-energy incoherent interface with o;" = 2500 mJ/
m?2, while the grain boundary energy og," was taken to
be 2500 mJ/m? as well. The [Ag" — Ag'] term has been
calculated from the known value of the free energy
difference between rutile and anatase polymorphs, —5
kJ/mol.#"48 The theoretical density values of 4.25 g/cm?
for rutile and 3.89 g/cm? for anatase were used. Then,
[Ag" — Ag']is equal to 243.7 J/cm3. As can be seen from
the figure, the epitaxial film of anatase is thermody-
namically stable up to some critical thickness value
corresponding to AE = 0. If we suppose that the rutile
film is formed by crystallites, whose size is equal to the
square root of the film thickness (that is a quite realistic
assumption), the critical thickness of the anatase film
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Figure 11. (a) Energy change for the transformation of TiO;
anatase in 1 cm? of the epitaxial film on LaAlO; to rutile vs
film thickness according to eq 6 (solid line) and eq 8. In the
latter case, r = Jh_q approximation has been used with r; =
25 um and r; = 1 um. Inset presents the enlarged dependence
in the same coordinates. (b) The same for 1 cm? of TiO, film
on (1102)A|203

is somewhat above 4 um! This result numerically
approves the possibility of the thermodynamic epitaxial
stabilization in relatively thick oxide films. Of course,
often the situation is complicated by the presence of
kinetic effects and the inherent loss of epitaxy in thick
films. The opposite situation is illustrated by Figure 11b.
In the case of TiO, growth on the (1102)Al,03 surface,
an epitaxial film of thermodynamically stable rutile
polymorph is formed. Evidently, no driving force for
anatase formation is present in this case, and AE for
anatase to rutile conversion is negative for all values of
the film thicknesses.

The model discussed above can be extended for more
complex phase assemblies. However, this will not be
done here because of the increasing complication of
algebraic expressions without discovering any new
aspects of the epitaxial stabilization.

VII. Conclusions

The experimental results and theoretical analysis
allowed us to formulate the thermodynamic epitaxial
stabilization as a drastic extension of the equilibrium
P—T—x stability field of the epitaxially grown phase due
to the energy contribution from coherent and semico-
herent film—substrate interfaces.

We have shown that the possibilities of the epitaxial
stabilization in simple and complex oxides are much
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broader than earlier theoretical estimations had sup-
posed. In fact, one can speak about a new tool of solid
state chemistry when a structure of interest can be
constructed, even though it cannot be obtained as a bulk
material. As well, many syntheses that need severe con-
ditions in the bulk state (e.g., high pressure, highly oxi-
dative environment, high temperature) can be realized
in much more gentle conditions using this approach.

Here, the particular advantage of MOCVD technology
over PVD techniques can be seen. MOCVD does not
neeed a bulk target to prepare thin film material of the
same composition and is at the same time a highly
scalable industrial technology.16® On the other hand, the
sophisticated and highly expensive techniques such as
MBE used to prepare homogeneously strained thin films
are not exclusively necessary for epitaxial stabilization
to occur, so far as the film strain is not a necessary
condition of the epitaxial stabilization.

In conclusion, we propose the following criteria, which
can be useful to distinguish experimentally the ther-
modynamic stabilization from stabilization for kinetic
reasons:

1. Zero strain optimum. In contrast to Kinetic stabi-
lization, no strain is necessary to stabilize the epitaxial
phase. Moreover, strain is a destructive factor for
thermodynamic stabilization.

2. Drastic mismatch effect (substrate effect). The
critical thickness of the stabilized layer decreases very
rapidly with the increase of the lattice mismatch. It does
not matter if the layer is strained or not.

3. Strain relaxation invariance. Relaxation of the
strain both by misfit dislocations or by multiple-domain
formation does not result in the loss of the stabilization
effect.

4. Relative compositional invariance (for multicom-
ponent systems). The appearance of stable in bulk
secondary phases, along with an epitaxially stabilized
phase, proves the equilibrium nature of the phenom-
enon.

5. Growth rate and postannealing invariance. So far
as the stabilization was observed, no decrease of the
deposition rate can make the phase disappear (but it
can influence the critical thickness because of the kinetic
dressing). Also, no postannealing under the growth
conditions can produce any trace of the phase separation
or spinodal decay. The effect of the growth rate in the
case of the kinetic stabilization is just the opposite and
postannealing usually influences the phase decomposi-
tion.

Considering the directions of further research of the
epitaxial stabilization in oxide systems, we can outline
that most of the information available concerns the
deposition on the substrate surface with high symmetry
(mostly, with square or hexagonal two-dimensional
lattices). In fact, one can expect higher selectivity of the
stabilization effect and more rich chemistry exploring
the growth on the two-dimensional lattices with lower
symmetry (rectangular, rectangular centered, or mono-
clinic). On the other hand, the strong dependence of the
stabilization effect on the lattice mismatch allows for
the possibility of the selective growth,136.160.161\which can
be very useful in microelectronic technology.

Acknowledgment. The authors would like to ac-
knowledge INTAS—RFBR (Grant IR 97-1954) and VW

Chem. Mater., Vol. 14, No. 10, 2002 4041

Stiftung (Project 1/73628) for financial support, A. A.
Bosak, M. A. Novojilov, and A. A. Kamenev for under-
taking part of the experimental work, and Prof. G. Wahl
(I0PW, TU Braunschweig) and Prof. H. W. Zandbergen
(National Centre for HREM, TU Delft) for fruitful
cooperation during this study.

Addendum

The epitaxial stabilization of hexagonal RMnOg3 (R =
Dy, Gd, Sm, Eu) phases on (111) ZrO,(Y.03) was
reported recently.'6” The bulk form of the materials is
perovskite. The result should be compared to that
described in section I11b.D. RMnO3; phases (R = Ho, Tm,
Lu), which are hexagonal in the bulk state, were
stabilized in the perovskite form on the perovskite
substrate. Thus, the stabilization effect is reversible and
is controlled by the substrate structure.
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