Russian Chemical Reviews 73 (9) 861 —880 (2004)

© 2004 Russian Academy of Sciences and Turpion Ltd

DOI 10.1070/RC2004v073n09ABEH000919

The role of heteroepitaxy in the development of new thin-film

oxide-based functional materials

A R Kaul, O Yu Gorbenko, A A Kamenev

Contents

1. Introduction

I1. Epitaxial stabilisation
III. Variant structures
IV. Conclusion

Abstract. The methods of synthesis of new oxide compounds and
thin-film materials based on the use of heteroepitaxy are consid-
ered. The thermodynamic model and the theory of the epitaxial
stabilisation phenomenon are outlined, the role of thermody-
namic and structure-geometric factors determining the possibility
of epitaxial stabilisation of unstable phases is interpreted. The use
of epitaxial stabilisation for the design of heterostructures with
specific electric properties is demonstrated. The characteristic
features of the structural relations between the film and substrate
materials, resulting in the formation of thin films with different
numbers of variants, are discussed. The bibliography includes 128
references.

1. Introduction

Epitaxy, i.e., oriented growth of a crystal on another crystal, has
long been used to synthesise thin-film materials. This is the
simplest and the most economical way of preparing structurally
perfect film materials, which successfully replace single crystals
with large diameters. Numerous examples of using epitaxial
processes in elementary semiconductors are known, in particular,
heteroepitaxy of silicon films on the surface of a sapphire single
crystal, preparation of films of the Si,Ge; _ . solid solution on the
surface of single crystal silicon plates, silicon autoepitaxy on
silicon plates and so on. By means of epitaxy, one can produce
materials with different widths of the forbidden gap. The most
impressive results in the design of semiconductor materials of the
AMBY family for optoelectronics were attained using this method.
Epitaxy was used to obtain layers with a low concentration of
defects and periodic structures with alternation of numerous
layers with diverse compositions several nanometers thick. For
the synthesis of such structures, a MOC-hydride process has been
developed and special highly automated equipment has been
designed (in particular, AIXTRON equipment has found exten-
sive application).
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Unlike the epitaxy of semiconductors, the epitaxy of oxides is
far from being well-developed in both theoretical and engineering
aspects, although the demand for oxide materials in semiconduc-
tor engineering was realised long ago. This lag is due to a number
of reasons, most of all, to the great diversity of structures and
chemical properties of oxides. It often remains unknown whether
it is possible to perform epitaxial intergrowth of oxides corre-
sponding to different structural types and having different lattice
parameters. The necessity of using high temperature and, most
often, a high partial pressure of oxygen promotes side chemical
reactions of oxides, in particular, those with the products of
surface oxidation of semiconductors. These circumstances appre-
ciably complicate the preparation of epitaxial oxide materials. In
addition, the structural and chemical diversity of oxides accounts
for more diverse manifestations of the epitaxy (compared to those
for semiconductors) and opens up new prospects for the applica-
tion of this phenomenon.

This review deals with two original methods for the prepara-
tion of new thin-film oxide materials, namely, epitaxial stabilisa-
tion of unstable phases and the design of variant structures. The
review mainly presents the studies carried out by researchers
engaged in the chemistry and physics of thin oxide films at the
Chair of Inorganic Chemistry of the Department of Chemistry of
the M V Lomonosov Moscow State University.

I1. Epitaxial stabilisation

1. The principles of epitaxial stabilisation

The last 15 years have seen intensive research into the preparation
of epitaxial films of multicomponent complex oxides. The atten-
tion of researchers was focused on perovskite-type or related
compounds, which possess unique properties. These include high
temperature semiconductors of the RBa>Cu3O7_s (R is lantha-
nide) and Bi—Ca—Sr—Cu-—O families, the Pb(Ti,Zr)O; and
(Ba,Sr)TiO3 ferroelectrics, materials with colossal magneto-
resistance La;_ (Ca,Sr),MnQOs3, and electron—ion conductors
La;_ «(Sr,Ca),CoOs.

Much effort was devoted to methods for the preparation of
multicomponent oxide films, such as metal organic chemical
vapour deposition (MOCVD), pulse laser deposition (PLD),
magnetron sputtering, ezc. Despite the difference, these methods
have one feature in common — the mass transfer processes that
underlie them are incongruent, i.e., during the substance transfer
from the target or the gas phase onto the substrate, the ratio of the
cationic components changes to some extent. This often violates
the stoichiometry of the cationic composition of the films and
usually gives rise to second phases (inclusions). In order to obtain
single-phase epitaxial films, the composition of the target or the
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flow of volatile components should be consistently corrected
based on the results of elemental analysis of films.

Examination of phase analysis data for off-stoichiometric
epitaxial films has shown that impurity phases often differ from
those expected relying on the known phase diagrams of the
systems under consideration. In addition, it was found that the
growth of single-phase epitaxial films often takes place under
thermodynamic conditions (Po, and T') where this compound as a
bulk material (polycrystalline powder, ceramics or a single crystal)
is thermodynamically unstable. These phenomena are of a com-
mon nature and can be explained by phase stabilisation due to the
epitaxy on the substrate or due to the epitaxy at the interface
between two phases formed simultaneously (the matrix and the
inclusion).

The relationship between the formation of metastable phases
and the epitaxy was first noted by Dankov !-2 when growing oxide
layers on metals. Later, van der Merwe >4 performed a compre-
hensive theoretical analysis of the growth of epitaxial layers. The
data they obtained were summarised to formulate the structural
and size compliance principle (the Dankov—van der Merwe
principle). As applied to epitaxial stabilisation, this principle can
be outlined as follows: the competitive formation of new phases on
a substrate surface would predominantly yield phases congruent
to the substrate. In Russian publications, this is called more often
the Dankov—Konobeevskii principle.

The appearance of metastable phases on the single crystal
surface may be of both thermodynamic and kinetic nature. The
Dankov—van der Merwe principle is apparently applicable both
to systems in which the particle diffusion in the growing layer is
sufficient for ensuring a phase equilibrium and to systems in which
diffusion is retarded.

In the systems we are interested in, epitaxial films of complex
oxides grow, most often, at high temperatures (~600—900 °C),
i.e., the thermodynamic factor predominates. Depending on the
structural correspondence between the film and the substrate,
either epitaxial or polycrystalline films are formed. Experiments
show that the phase composition of the polycrystalline films does
not differ from that predicted by equilibrium phase diagrams for
the given elemental composition and the number of phases obeys
the Gibbs phase rule. In addition, the phase composition is
reproduced in successive experiments on film preparation and
does not change during long-term annealing at the film deposition
temperature. These findings prove that the polycrystalline oxide
layers formed on the substrates in the above-indicated temper-
ature range are quite close to true thermodynamic equilibrium,’
although film growth from the gas phase is undoubtedly a non-
equilibrium process.

As regards epitaxial films produced under the same condi-
tions, their phase composition is also reproducible and also does
change after long-term annealing at the temperature of film
growth. However, the phase composition of the epitaxial films,
unlike that of polycrystalline films, often does not correspond to
that predicted relying on the equilibrium phase diagram. How-
ever, epitaxial films are much closer to an ideal single crystal and
have a lower free energy than polycrystalline films of the identical
composition, as they do not have an extensive internal surface
typical of polycrystals. Thus, one can state that the observed
deviations of the phase composition of the oxide epitaxial films
from that predicted on the basis of equilibrium phase diagrams
constructed for bulk states are due to thermodynamic factors.
These deviations are related to the formation of new equilibrium
phase relations in the film material. This is caused by the decrease
in the system free energy following a decrease in the contribution
of the free energy of the film/substrate interface in the case where
they are structurally coherent.

T This statement implies impossibility of further solid-state transforma-
tions in the layer.

The epitaxial stabilisation (ES) can be defined, from the
thermodynamic standpoint, as extension of the P— T— x space of
the thermodynamically stable existence of the epitaxial phase with
respect to the bulk state of this phase free from a substrate.

Table 1 presents examples of epitaxial stabilisation which
shows itself as metamorphism of simple and complex oxides, the
formation of new oxide phase and as the stabilisation of com-
pounds containing metals in unstable oxidation states.

This Table is not meant to be exhaustive, giving only the
epitaxial phases formed upon epitaxial stabilisation of the ther-
modynamic origin. It is noteworthy that most of the researchers
cited were prone to treat the results they obtained as a curiosity
observed for unknown reasons in a particular system rather than a
predictable phenomenon of the thermodynamic nature.

In the next Sections, we consider the theoretical foundations
of the epitaxial stabilisation and demonstrate, using our studies as
examples, that this phenomenon can be utilised for the synthesis of
new solid-state compounds and new materials.

The greater part of the data included in Table 1 refer to the
polymorphism of simple oxides. This is due to several reasons:
first, the preparation of the phases of simple oxides is not
complicated by the necessity of controlling the cationic composi-
tion; second, selection of the Po,— T conditions for their synthesis
is more obvious than in other cases; third, highly symmetric single-
crystal substrates can be used in their synthesis.

Examples of preparing new compounds with complex compo-
sitions due to the ES are scarce since the necessary conditions
unknown in advance, namely, the stochiometric ratio of the
cations, the Po,— T film growth conditions, and the similarity of
growing film and substrate parameters, are unlikely to be simulta-
neously fulfilled by chance. The choice of these conditions should
be deliberate.

2. The thermodynamic model of epitaxial stabilisation

Let us consider the formation of a new phase nucleus on the
surface of a single crystal during deposition from the gas phase.
The Gibbs energy (AGy) of the formation of this nucleus? is
described by the equation:

AGr = AgvV + ¢S + AGH, (1)

where Agy is the specific volume Gibbs energy, J m—3; ¢ is the
surface tension, Nm—"'; V" and S are the volume and the surface
area of the nucleus, respectively; AGF!is the contribution of elastic
tension arising in the nucleus due to the compressive or tension
effect of the substrate. Note the difference between the units of
measurement of the free Gibbs energy (AGy) and the specific
volume Gibbs energy (Agvy), the former being related to one
nucleus of the phase and expressed in J and the latter being related
to the unit volume of the phase and measured in J m—3. The Agy
value can be determined directly from the standard thermody-
namic parameters, while AGris calculated from Eqn (1) and takes
into account the energetic contributions of the volume and the
surface of the nucleus and stress in the nucleus. For a thermody-
namically stable phase, Agy < 0, while the energy contribution of
the nucleus surface to the Gibbs energy is always positive
(¢S > 0), which hampers the growth of the nucleus.

Now we consider in more detail the contributions of all
components to AGr using the Little and Zangwill formalism.4°

To simplify the manipulation, we will make a number of
model assumptions which do not influence the results. We
consider the influence of epitaxy on the growth of an oxide film
in which a polymorphic transition of the A" — A” type, where A’ is
a phase coherent to the substrate and A” is a non-coherent phase,
may take place. For conservation of the amount of substance, as a
first approximation, one can neglect the difference between the
densities p of the two competing polymorphic forms A’ and A”.

1 The calculation of the free energy of formation of a nucleus is a routine
procedure in consideration of nucleation thermodynamics.*®
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Table 1. Epitaxial stabilisation of oxide phases in thin films.
Epitaxially stabilised Substrate @ [misfit of the ~ Equilibrium phases Film Film deposition Remarks Ref.
phases unit cell parameters of formed in bulk mater-  thickness method
(structural type) the film and the substrate ials under the same con- /nm
(ar—as)/as) ditions (structural type)
Metamorphism
Simple oxides
TiO> (anatase) (001)SrTiO3 (—3.1%) TiO (rutile) 1000 MOCVD, molecular  deposition on the leuco- 5-9
beam epitaxy (MBE) sapphire (Al,O3) with
different orientation on the
surface under the same
conditions gives rutile
(001)LaAlO3 (—0.2%) TiO; (rutile) nx10 MBE 10
La sSrg.sCo03 (—0.5%) TiO» (rutile) — PLD 11
(001)MgO (—10.1%) TiO> (rutile) 1000 MOCVD 6
(110)MgO (—10.1%, TiO; (rutile) 1000 MOCVD 6
12.9%)
ZnO (sphalerite) ZnS/(001)GaAs ZnO (wurtzite) 560 MBE from organo- 12
metallic compounds
Mn30y4 (cubic (001)MgO Mn;04 (hausmannite, - MOCVD 13
spinel) tetragonal spinel)
WO:; (tetragonal R-A1,03(10.3%,2.5%)  WO3 (orthorhombic 30 electron beam 14
phase) phase) evaporation
v-FexO3 (001)MgO (—0.9%) a-Fe,03 100 MBE deposition on the leuco- 15
sapphire (a-, ¢- and
R-Al;03) under the same
conditions gives a-Fe,O3
Complex oxides
BaRuOj; (perovskite)  (001)SrTiOs BaRuO; (hexagonal, 100 radio frequency 16, 17
9R) sputtering
Sr(Rug.sSng.5)O03 (001)KTaOs3 (0.25%) Sr(Rug sSng.5)03 600 PLD 18
(perovskite) (hexagonal, 4H or 9R)
BaTi;xNbsO3 (x = R-ALO3 (17%) BaTi;_Nb,O3 (x = 60 PLD deposition on 19
0.01-0.15) (hexa- 0.01-0.15) (perovskite) (001)SrTiO; gives
gonal) perovskite
B—BaBZO4 L’—A]zO}, R—A]203 ot—BaB2O4 — PLD deposition on (OOI)SI 20
gives a-BaB,0Oy4
PbZr, _,Ti, O3 (001)Ce0O3/R-Al,04 PbZr, _,Ti, O3 — PLD deposition on 21
(pyrochlore) (3.8%) (perovskite) (001)SrTiO3 and (001)LiF
gives perovskite
Epitaxial stabilisation of new oxide phases
Complex oxides
BizFesO1» (garnet) (001)Gd3(Sc,Ga)s0;2, BiFeOs + BirFes O9 <1000 reaction deposition 22,23
(111)Gd3(Sc,Ga)sO1» from ion beams
(<0.5%) plasma sputtering, 24,25
radio frequency
sputtering
PLD 22, 26,
27
Ba,RuO4 (001)SrTiO3 (2.1%) no data 150 PLD no Ba;RuOy4 phase is 28
(K2NiF4 type) formed on the substrates:
(001)MgO, (001)MgAI>0s4,
(001)LaSrGaOy,
(001)LaAlOs3,
(001)LaAlO3—SrAlTaO¢
Epitaxial stabilisation of oxide phases with metal atoms in unusual oxidation states
Simple oxides
CrO; (rutile) TiO (rutile) in different ~ Cr,O3 (corundum) 1000 MOCVD T < 550 °C, Po, = 29-35

orientations
(2% —4%), c-Al,O3
(—7.1%, 6.0 %)

1 bar, CrO, is not
formed on SiO»
(quartz)
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Table 1 (continued).

Epitaxially stabilised Substrate @ [misfit of the ~ Equilibrium phases Film Film deposition Remarks Ref.
phases unit cell parameters of formed in bulk mater-  thickness method
(structural type) the film and the substrate ials under the same con- /nm
(ar—as)/as) ditions (structural type)
Epitaxial stabilisation of oxide phases with metal atoms in unusual oxidation states
Simple oxides
MnO (NaCl type) ¢-AlL O3, (111)MgO Mn304 500 PLD T =700 °C, Po, = 36
= 10~*mbar
Fe304 (spinel) (001)MgO (0.4%) Fe>O3 (corundum) - MBE corundum grows 37-39
on ¢-AlL,O3
Fe304 (spinel) (001)MgO (0.4%) Fe — MBE Fe grows on ¢-Al,O3 37-39
Fe;_504(0<6<0.33) (001)MgO (0.4% —0.8%) Fe>O3 (corundum) - MBE corundum grows 15,
(spinel) on ¢-AlL,O3 37-46
Fe;_,O (NaCl type)  (001)MgO (2.3%) Fe + Fe;04 — MBE T =450 °C 45
Complex oxides
LaCuOs_5(6 =0.5)  (001)SrTiO3 (—2.3%, LaCuO;_; 300 PLD T = 650-750 °C, 47
(orthorhombic phase) —0.6%) (0.2<0<0.5) Po, = 0.26 mbar

(monoclinic phase)

2 The orientations of the perovskite substrates are given in the cubic system.

This assumption does not introduce a significant error but
eliminates the necessity of knowing the density or the molar
volume (¥y) of the coherent phase in the absence of stresses (in
particular, the latter value is difficult to estimate for a material
obtained only as a stressed film).

Assume that new-phase nuclei having a square base with side d
and height / are formed on the surface of a single-crystalline
substrate representing a two-dimensional lattice with a square unit
cell. The relative misfit of the crystal lattice parameters of the
substrate and the film at the interface will be defined as

e = (ar — as)/as = Aajas ,

where arand g are the unit cell parameters of the growing film and
the surface, respectively. Let us consider the case where the film
occurs in a uniformly strained state. The expressions for calculat-
ing the Gibbs energies for the formation of unit nuclei of the
coherent (AG{) and non-coherent phases (AG{’) can be written as

AG = Agld*h + (a3)d> + (") (d* + 4dh) + h%&dz, )

AGY = Ag{d2h + (a3)'d* + (V)" (d* + 4dh). (3)
The subscripts ¢ and ic refer to the coherent and non-coherent
states of the interface, respectively, and the superscripts s and V
refer to the nucleus/substrate and nucleus/surrounding gas
phase interfaces, respectively. The last term in Eqn (2) is the
contribution of the epitaxial stress energy of the nucleus of the
coherent phase. This includes the shear modulus u and Poisson’s
ratio v.

The nucleus of the non-coherent phase A” occurs in a relaxed
(i.e., unstressed) state, because it is not bound epitaxially to the
substrate. Therefore, Eqn (3) does not have a term corresponding
to the stress energy in the nucleus. It is worth mentioning that the
surface tension at the non-coherent nucleus/substrate interface is
much higher than at the coherent nucleus/substrate interface,
(6°) < (0%)". The surface tensions at the interfaces between A’
and A” and the surrounding vapour phase can be taken to be
equal: (¢V) = (V).

We will assume that the non-coherent phase A”, which is free
from the substrate, is thermodynamically more stable than the
coherent phase A’ under the Po,— T conditions of film prepara-
tion, i.e.,

Agy < Agy.

[On the substrate, the relative stability of the phases may change
due to the pronounced differences between (¢%) and (¢%)".] By
subtracting Eqn (2) from Eqn (3), we get the expression for the
Gibbs energy that characterises the stability of one polymorphic
form with respect to the other one. Dividing both equations into
d? (for simplification) gives the equation for determining the
Gibbs energy of unit surface of the nucleus (AE; = AGf/dz).
Hence,

AE = AE} — AE} = @)

= h|(Agy — Agh) — | +[(a%) — (a2)].

1—v

To take into account the difference between the densities of
phases A’ and A”, the difference (Agyy — Agy) should be replaced
by

AgvVn — AgvVv _ AG,
Vi VM

where AG, is the free energy of the solid-state transition per mole.

Equation (4) reflects the opposite effects of two contributions
to the Gibbs energy, the surface and the volume ones. Indeed, the
first term (the total contribution of the volume energy) is always
negative, whereas the second term (the total contribution of the
surface energy and the epitaxial stress) is always positive. If the
ratio of these contributions is such that AE > 0, the condition of
epitaxial stabilisation of the coherent phase A’ is fulfilled,
although in the free state, this phase is less stable than the non-
coherent phase A”. Thus, the AE value is the energy of epitaxial
stabilisation.

As can be seen from Eqn (4), the misfit between the unit cell
parameters of the phase being stabilised and the substrate is a
highly significant parameter. The dependence of AE on the misfit
parameter ¢ follows a quadratic law, whereas the dependences on
the difference between the specific Gibbs energies and the differ-
ence between the interface energies with the substrate are linear.
The variation of the ES vs. film thickness is also linear. The
equilibrium condition for the two polymorphic forms A’ and A”
(AE = 0) is met at a critical film thickness (/)
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Figure 1. Critical film thickness (4) vs. the misfit of the unit cell
parameters at the substrate/epitaxial film interface (¢) and vs. the differ-
ence between the specific volume energies of the unstable and stable
phases.

(@) =
b = 8y — Ay T /(T WJ& ©)

Figure 1 shows a draft view of the dependence of the critical
film thickness on the misfit of the cell parameters at the film/
substrate interface and on the difference between the specific
volume energies of the stable and unstable phases.

When the difference between specific volume energies of the
competing polymorphic forms and the misfit between the cell
parameters of the substrate and the stabilised form are small, the
critical film thickness may be fairly large. Estimation of the /.
value from Eqn (5) shows that for a difference between the free
energies of the phases of ~ 10 kJ mol—! (this value is usual for
polymorphic forms at a moderate deviation of the thermodynamic
conditions from the polymorphic transition point), ¢ & 0.01 and
for interfacial energies taken from published sources (presented
below, see Ref. 50), the critical thickness of the stabilised layer
amounts to tens of nanometres.

Interface Coherent Semicoherent Non-coherent
(@) (c) (sc) (ic)
g} /mJ m—2 5-200 200800 8002500

When the film thickness is about several tens of nanometres,
the model of uniformly strained film is no longer realistic. Stress
relaxation in a non-uniformly strained film occurs through the
formation of misfit dislocations. In this case, Eqn (4) should be
supplemented by a term taking into account the non-uniformity of
stresses. For simplicity, we assume that the Burgers vector of the
misfit dislocation is equal to the unit cell parameter of the film ar.
Then the expression for AE has the form

2
AE:h{(Ag@—Ag'v)—%(s—%) }+ (6)

+ [(O—isc)// - (03)/} - % |:Ecore + %K(l% exp <_ 4_7'[h ):| 5
—v /
where / is the distance between the neighbouring misfit disloca-
tions, Ecore 18 the energy of the dislocation nucleus and K is the pre-
exponential factor. In the limit, / = ag/e, which corresponds to full
relaxation of the epitaxial stress and disappearance of the term
taking into account the contribution of uniform stresses from
Eqn (6). When 1 > ag/e, the exponential term in the expression for
non-uniform stress also disappears and the remaining addend,
which does not depend on the film thickness, can be introduced as
a correction for the interfacial energy [this correction transforms

the energy of a coherent interface (o.) into the energy of a
semicoherent interface (osc)]:

AE = h(Agy — Agy) + [(a%)" — (a%)']- o

The term [(c},)" — (o%)'] in Eqn (7) is positive, while the term
depending on the film thickness is negative. The contribution of
the surface energy [(c}.)” — (o%)'] to the Gibbs energy is lower in
the case of a non-uniformly strained film than for a uniformly
strained film with a coherent interface due to the higher energy of
the semicoherent interface. However, the first (positive, ‘destabil-
ising’) term also decreases in this case due to disappearance of the
stress contribution. Thus, the epitaxial stabilisation can also take
place in the growth of relaxed films on semicoherent substrates. In
other words, epitaxial stresses in the film are not obligatory for the
epitaxial stabilisation. Taking the difference between the Gibbs
energies of the polymorphic forms to be, as in the previous case,
10 kJ mol~! and substituting the interfacial energies into Eqn (7),
one can estimate the critical thickness of the stabilised phase. The
result is of the order of tens of nanometres.

The experience in preparation of thin films indicates that the
phase non-coherent to the substrate always grows as a polycrystal.
The internal interfaces in a polycrystalline materials make a
substantial contribution to the Gibbs energy. This contribution
(so-called excessive Gibbs energy), which has not yet been
included in the energy balance of two polymorphic phases,
undoubtedly affects the epitaxial stabilisation. Assuming that
the average grain size in the non-coherent phase equals r and the
average energy of the boundaries of chaotically oriented grains
equals ng and taking into account the fact that the number of
grains on unit surface equals d?/r? (d >> r), we obtain a relation
for the total energy of the grain boundaries of the non-coherent
phase concentrated on unit surface area of the substrate
o= 2h o—gb.

®)
P

By substituting the Eg, value as an additional term for the
non-coherent phase energy, into Eqn (7), we get an expression for
the epitaxial stabilisation energy
n

20 .
AE = h|(Agy — Agy) + =2 | +[(o%)" ~ (o). ©)

It should be noted that the surface tension a'g'b in a polycrystal-
line film is of the same order of magnitude as oic, and, hence, the
influence of polycrystallinity, which increases AE, may become
prevailing. The role of this factor appreciably increases with a
decrease in the grain size. As the polycrystalline film of the stable
phase grows, the grain size does not remain constant but increases;
however, under steady-state conditions of growth, this increase
follows the law r oc v/ (n > 2). Therefore, the increase in the grain
size does not much decrease the excessive free energy of the
intergrain boundaries and, finally, does not interfere with the
preparation of the epitaxially stabilised phase as films with a large
critical thickness.

In order to verify the applicability of Eqns (7) and (9) for the
calculation of AE, we will consider the results of calculations of the
polymorphic transition TiO»(anatase) — TiO»(rutile) (Fig. 2). It
follows from the data of Table 1 that the TiO»(anatase) film grows
on the (001)LaAlOs3 surface epitaxially to form a semicoherent
interface. According to the above data, the energy of the semi-
coherent interface between the thin film and the substrate can be
taken to be (a%.)’ =800 mJ m~2. A hypothetical film of the stable
rutile phase could grow in the polycrystalline form under these
conditions. The energy of the non-coherent interface between such
a film and a substrate (c},)” can amount to 2500 mJ m—2; the non-
coherent intergrain boundaries afg'b have the same energy. The
difference between the specific volume energies (Agy — Agy)
calculated using the published value of the Gibbs energy for the
TiOx(anatase) — TiOo(rutile) transition (—5 kJ mol—1)3!-32 and
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Figure 2. Results of model calculations for the TiOx(anatase) —

TiOy(rutile) polymorphic transition using Eqns (7) (curve 1) and (9)
(curves 2 and 3) (a). The inset (b) shows the enlarged view of the initial
course of curves /—3;

r/um: oo (1),25(2), 1 (3).

the theoretical density values for rutile and anatase (4.25 and
3.89 g cm 3, respectively), is equal to 243.7 J cm 3.

It can be seen from Fig. 2 that the anatase epitaxial film is
thermodynamically more stable than the rutile polycrystalline
film when the film thickness is smaller than the critical value /.,
corresponding to the condition AE = 0. With the reasonable
assumption that the rutile film can be formed by crystallites with
the size v/h, we finally get that the critical thickness of an
epitaxially stabilised film of anatase can reach 4 um! Although
the exact value of /i depends on the numerical values (a},)", (a%.)"
and ogb used for calculations, this calculation still proves the
theoretical possibility of preparing stabilised phases as epitaxial
films with a sufficient thickness for many practical applications. In
other words, the epitaxial stabilisation can be an efficient tool for
the preparation of new functional materials.

Undoubtedly, crystallisation under real conditions is much
more complicated than is described in terms of the above model.
First of all, this model does not take into account any kinetic
effects, resulting in accumulation of non-equilibrium point and
extended defects in the epitaxial films (stacking faults, antiphase
boundaries, development of mosaic block low-angle boundaries)
and ultimately in the inevitable disappearance of the epitaxy
following an increase in the film thickness. Apparently, these
kinetic effects rather than the value we calculated from thermody-
namic considerations are responsible for restriction of the stabi-
lised phase thickness. Thus, the growth of films under conditions
favourable for acceleration of diffusion processes and crystallisa-
tion, in particular, the growth at a temperature exceeding the
Tamman temperature,’ or implementation of the liquid-phase
growth mechanism (for example, vapour—liquid —crystal or the
liquid-phase epitaxy) would promote the formation of stabilised
phases as epitaxial films with the critical thickness predicted by the
thermodynamic model outlined above.

This model can be applied not only to a polymorphic trans-
formation of two phases but also to more complicated phase
ensembles; however, considering such ensembles requires much
more complicated equations but does not reveal any new signifi-
cant aspects of epitaxial stabilisation.

§ The Tamman temperature is the temperature above which intensive self-
diffusion occurs in a solid. As a rule, the Tamman temperature is taken to
be 0.6 Ty, (the Tamman rule).

3. Preparation of epitaxial oxide films by MOCVD

Metal organic chemical vapour deposition (MOCVD) is a prom-
ising and efficient method for the preparation of films of simple
and complex oxides.

The MOCVD method has a number of obvious advantages
over the high-vacuum physical (physical vapour deposition, PVD)
methods, in particular,

— relatively low cost,

— relatively low requirements to the vacuum equipment,

— the possibility of high deposition rate,

— remarkable versatility as regards the variation of the
elemental composition of films.

These advantages make the MOCVD method very attractive
for the modern technology of films and coatings. A substantial
progress in the development of this method as applied to the
production of films of simple and complex oxides has been
attained during the last 15 years. This was largely due to the
advent of methods for the preparation of epitaxial films of high-
temperature superconductors (HTSC), especially those of the
RBa,Cu307_ 5 family.>® The superconducting properties of films
are highly sensitive to minor changes in the composition and
structure; therefore, the problem of preparing HTSC with repro-
ducible properties is much more challenging than the problem of
preparing other thin-film materials. The advances attained in
MOCVD syntheses of HTSC films stimulated the extension of
this method to many other functional oxide materials often having
rather complex elemental composition.

The heterogeneous MOCVD process consists of several con-
secutive stages: evaporation or sublimation of the starting com-
pounds (volatile organometallic compounds), their transfer
through the gas phase (often complicated by gas-phase reactions)
and, finally, oxidative thermolysis on the substrate with simulta-
neous crystallisation of the product. Each stage is complicated. In
the case of multicomponent films, the difference between the
chemical and thermal properties of compounds used to transport
each of the starting components results in a substantial incon-
gruence of the process, i.e., in different stoichiometric ratios of the
metallic components in the vapour of the starting compounds and
in the film. This is the major syntetic challenge in the preparation
of multicomponent films.>* 33

Nevertheless, the synthesis of new volatile compounds with
improved properties (more stable and more volatile) for a large
number of metals, perfection of batching and vaporisation tech-
niques and the design of more advanced reactors with optimised
thermal fields and gas dynamics turned MOCVD into an
advanced process technology.

Most often, metal dipivaloylmethanates M(dpm), or their
adducts with o-phenanthroline were used as the starting com-
pounds for the synthesis of the thin films of manganites
Ri_MMnO3 (R = La—Lu; M = Ca, Sr, Pb, Na), nickelates
RNiOs (R = La, Pr, Nd, Sm, Gd), cobaltates RCoO3 (R = Tm,
Lu), ferrites RFeO3; (R = Eu—Lu), garnets R3FesO;2 (R = Nd,
Nd;_,La,), indates RInOs3; (R =La-Lu), ruthenates
(Ca,Sr)RuO3; and superconductive cuprates RBa>CuzO7_s
(R = Lu, Ho, Y, Gd) considered in this review. These compounds
were evaporated as microbatches fed successively to the evaporat-
ing chamber; thus, the flash vaporisation principle, which
minimises the thermal degradation of the precursors, was imple-
mented. Various special devices (feeders) were used for the supply
of precursors: aerosol, vibratory, belt, frictional and screw
feeders. The precursor vapours were transported by an argon—
oxygen stream to tubular reactors heated by the external resist-
ance furnace or induction method.

The temperature of the substrates (usually single crystals cut
along a definite plane and polished) was varied, depending on the
system, in the 650—900 °C range and the oxygen pressure was
1—7 mbar. The total pressure in the reactors (maintained con-
stant in each experiment) was in the range 3-20 mbar. The
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MOCVD conditions are described in more detail in our original
publications.>3. 3660

4. Epitaxial stabilisation of unstable compounds RMOj; (R is
lanthanide, M = Mn, Ni, Co, Fe, In)

Manganites RMnQOj;. In the series of RMnOs;, phases with the
perovskite structure are formed under ambient pressure only for
lanthanides with great ionic radii (R = La—Dy), whereas ele-
ments with smaller ionic radii (Y, Ho—Lu) form hexagonal
structures with the same stoichiometry.®! The corresponding
perovskites RMnOs (Y, Ho— Lu) were prepared only under high
pressure.®> However, the situation can change upon the change in
the contribution of the surface free energy. Thus the YMnOs;
nanoparticles synthesised under normal pressure are no longer
hexagonal but have a perovskite structure.

We attained epitaxial stabilisation of the perovskite phase
RMnOs; (R =Y, Ho, Tm, Lu) by MOCVD deposition of the
RMnOs films onto the (001)LaAlO; and (001)SrTiOs sub-
strates.®* The orthorhombically distorted perovskite YMnOs
was also prepared by PLD on a substrate.®?

The most efficient stabilisation takes place on the LaAlO;
substrate because this is characterised by a minimum misfit
(~0.5%) between the unit cell parameters and the growing
perovskite film. Using this substrate, 100—200-nm thick perov-
skite films were prepared (7 = 750 °C). Under the same condi-
tions, no perovskite phase is formed on the (1102)A1,0; and
(111)ZrO2(Y203) substrates. The resulting perovskite films were
structurally identical to those formed in the polycrystalline state at
high pressure: their perovskite structure experienced substantial
orthorhombic distortion (orthorhombicity parameter ~ 5%,
space group Pnma). The distortion of the perovskite structure
gave rise to twinning in the films. According to powder X-ray
diffraction and high-resolution transmission electron microscopy
(HREM) of film cross-sections, the unit cell parameters are always
doubled along the substrate plane (Figs 3, 4) and the direction of
doubling of the cell parameter in each successive domain is
changed by 90°. This type of twinning reduces the stress arising
in the film due to the misfit in the cell parameters of the film and
the substrate because this markedly decreases the energy of the
film/substrate interface, in conformity with the theory developed
by Little and Zangwill.*
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Figure 3. Structure of the epitax-
ially stabilised perovskite HoMnOs3
film (Pnma) grown on the
(001)LaAlOs substrate (pseudo-
cubic system) according to HREM
data.

(a—c) different orientations (black
arrows) of epitaxial domains on the
substrate [a is the film cross-section
normal to the (101) direction; b, ¢ is
the same normal to the (010) direc-
tion.] Here and below, light arrows
designate the film/substrate boun-
dary.

Figure 4. Photomicrograph of the cross-section of HoMnO;3 (a) and
LuMnOs; (b) perovskite films on the (001)LaAlO; substrate (TEM data).

The size of domains correlates with the misfit of the crystal
lattice parameters between the film and the substrate at the
interface; an increase in the misfit results in a decrease in the size
of domains. For example, much more extended domains are
formed in the perovskite HoMnO; films (Fig. 4a) than in
LuMnOs films (Fig. 4 b).

The results of investigations of the real structure of RMnO3
perovskite films confirm the conclusion drawn above, namely,
that a stress in the lattice is not a necessary factor of epitaxial
stabilisation, as some researchers believe [see, for example,
A Zunger, D Wood J. Cryst. Growth 98 1 (1989)].

Compounds RMnO; with a hexagonal structure of the
LuMnOs type (space group P63cm) stable under ambient pressure
are formed only for lanthanide cations with small ionic radii
(R =Ho—-Lu, Y). Their structure can be represented as a close
packing of oxygen ions (ABCACB) in which the Mn*" ions
occupy positions with C.N. 5 (a five-vertex trigonal bipyramid),
while the R3* ions occur in positions with C.N. 7 (a seven-fold
one-cap octahedron).’” The interest in these compounds is due to
the fact that they crystallise in space group P6scm. It is known that
compounds that belong to this structural type can exhibit ferro-
electric properties. In particular, YMnOs3 is a promising ferro-
electric, which could find application in electronics.%¢

The complex oxide DyMnOs (rpy > ruo), prepared under
usual solid-state synthesis conditions, has a stable perovskite
structure. For this compound to crystallise in the hexagonal
phase, heat treatment at a temperature of >1600 °C with sub-
sequent quenching is required.®® The greater the lanthanide ionic
radius, the higher the temperature of the perovskite-to-hexagonal
phase transition. Indeed, for GdAMnO3, the temperature of this
polymorphic transition should be as high as about 2800 °C
(determined by extrapolation), which knowingly exceeds the
melting point of this compound and other manganites. In other
words, RMnOj3 with R = Gd and larger lanthanide ions cannot
exist as stable bulk samples in a hexagonal modification; however,
these can be obtained as thin films using epitaxial stabilisation.®’

On the basis of the available structural data for stable
hexagonal phases, (111)ZrO»(Y»03) was concluded to be the
substrate of choice for the synthesis of hexagonal epitaxial films.
In this case, the crystallographic positions of oxygen atoms at the
substrate/hexagonal RMnOj; interface perfectly coincide and the
misfit parameter ¢ is a minimum [the films deposited on the
(001)LaAlOs, (001)MgO and (001)ZrOx(Y20s3) substrates had
purely perovskite structures]. The X-ray diffraction patterns of
the DyMnOs;, GdMnOs; and EuMnO; films on the
(111)ZrO»(Y,03) substrate (Fig. 5) contained both symmetric
(007) and asymmetric (111), (112) reflections typical of a hexago-
nal structure of the LuMnOj3 type (asymmetric reflections are not
shown in Fig. 5). It should be noted that the intensity of the (00/)
reflections from the hexagonal phase decreases on passing from
Dy to Eu and becomes zero for Sm; conversely, the intensity of the
perovskite reflections increases in the same sequence. This means
that the DyMnOs film grows as a purely hexagonal phase, the
EuMnO3; and GdMnOs films contain the hexagonal phase coex-
isting with the perovskite one (this was confirmed by recording the
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Figure 5. X-Ray diffraction patterns (Cuk,) of the RMnOj films grown
on (111)ZrOx(Y203). R = Dy (1), Gd (2), Eu(3), Sm (4). Here and below,
the reflections marked by S correspond to the substrate.

pole figures), and the SmMnOs film contains only the perovskite
phase.

The hexagonal phase is c-oriented [as follows from X-ray
@-scanning spectra (Fig. 6) and pole figure images] and has the
following epitaxial relations:

(001)pex (110)1ex RMnOs || (111)(110) ZrOo(Y,05),

i.e., the hexagonal (001) plane is parallel to the (111) plane of the
substrate; the direction (110)nex of RMnOj; and (110) of the cubic
substrate are also parallel.

Figure 7 shows the model of the epitaxial growth (polyhedral
image) of the hexagonal RMnOj3 phase on (111)ZrO,(Y203).

It should be noted that an increase in the film thickness to
300 nm entailed an increase in the intensity only of perovskite
reflections and not of reflections from the hexagonal phase. This
indicates that the hexagonal phase grows only in the region
adjacent to the substrate, while away from the substrate (in the
upper part of the film), the usual perovskite phase is formed, stable
in the bulk materials with this composition.

By extrapolating the available thermodynamic data on lan-
thanide manganites®® to the region of epitaxially stabilised
phases, one can estimate the thermodynamic effect of the ES for
manganites with the perovskite and hexagonal structures (Fig. 8).

Intensity

J J

1
0 60 120 180 240 300 ¢ /deg

Figure 6. X-Ray  diffraction  spectra  (@-scanning) of  the
(111)ZrOx(Y203) substrate («) and the DyMnOs film (b).

(a) {100}, x = 55°, FWHM = 0.25°%; (b) {112}, y = 61°, FWHM = 0.55°
(FWHM is the full width at half maximum, y is the slope angle).

Cells of

Cells of

(001)RMnOs || (111)ZrOx(Y203) |
(110)RMnOj || (110)ZrO(Y,03)

Figure 7. Model of the epitaxial growth of the RMnO3 hexagonal phase
on (111)ZrO,(Y203) (polyhedral image).

(a) Correlation of the substrate and film unit cells; (b) packing of the
layers.
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Figure 8. Gibbs energy of the formation of RMnOj (R is lanthanide) by
the reactions 1/2 R,O3 + 1/3Mn304 + 1/12 0, = RMnO3 vs. ionic radius
of the lanthanide (from Ref. 68).

The dashed lines represent the extrapolation to the epitaxial stabilisation
region.

It can be stated that the ES of a thermodynamically less stable
phase is possible if the difference between the Gibbs energies of the
formation of the polymorphic forms does not exceed
10—15 kJ mol~!, because in this case, the difference between the
Gibbs energies can be counterbalanced by the decrease in the free
energy of the system due to the low energy of the coherent
interface between the epitaxial film and the substrate. The critical
thickness of the stabilised phase decreases with an increase in the
energy difference between the stable and unstable phases: even in
thin films of the GdAMnOs; hexagonal phase, the upper layer has a
perovskite structure. In the EuMnOs; films, the layer of the
stabilised hexagonal phase is even thinner.

We have also prepared previously unknown orthoferrites with
the hexagonal structure, RFeO; (R = Eu, Er, Tm, Yb, Lu),* by
stabilising them on the (111)ZrO»(Y20s3) substrate and confirmed,
as in the case of manganites, the key conclusions of the thermody-
namic model of ES. It was shown that these compounds may, in
principle, exhibit ferroelecteric properties.®

The nickelates RNiO3. A general structure —thermodynamics
relationship for series of perovskite compounds has now been
established, in particular, deformation of the perovskite structure
with a decrease in the tolerance factor is accompanied by a
decrease in the thermodynamic stability of compounds.”? In the
series of lanthanide perovskites (nickelates and cobaltites), this is
manifested as an increase in the equilibrium pressure of oxygen
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(for T = const) following a decrease in the lanthanide ionic radius.
The solid-state synthesis of RNiO3; powder or ceramics, except for
LaNiOs, requires high pressure Po,, which reaches 100 bar for the
last members of the lanthanide row.

Using the ES, we succeeded in preparing thin epitaxial films of
RNiO3 (R = Pr, Nd, Sm, Gd) at a reduced oxygen pressure, which
did not exceed 20 mbar.”! The formation of perovskite phases was
observed only for substrates having a perovskite structure
(LaAlOs3, SrTiOs), whereas the films grown on MgO and
Zr0,(Y,03) consisted of a mixture of the R»O3 and NiO oxides.
Single-phase RNiO; films were prepared only on the LaAlOs
substrate, which is most consistent with nickelates as regards the
crystal lattice parameter (¢ = 0.2%—0.7%), whereas on the
SrTiOs substrate with greater ¢ (¢ ~3%), phases of simple nickel
and lanthanide oxides are formed in addition to RNiO3 perovskite
(Fig. 9). The content of the epitaxial perovskite RNiO3 phase in
the films prepared by MOCVD under identical conditions
decreased with a decrease in the ionic radius of R3™, due to the
decrease in the perovskite stability in the same series.”? 73 The least
stable nickelate we studied, GdNiOs, could be obtained only on
LaAlOs. These experiments revealed a clear-cut correlation
between the thermodynamic properties of nickelates (the measure
of their instability) and the critical film thickness for stabilised
phases, which is consistent with the ES theory considered above.®’
After the critical thickness had been attained, a layer of the R,O3
and NiO oxide mixture started to grow on the surface of the
perovskite phase.

Figure 9. Cross-section of the PrNiO3/(100)SrTiO3 film in the (100)
plane obtained by HREM (see the comments in the text).

Important information was gained from a HREM study of
cross-sections of nickelate films. It was found that the atomically
smooth interface between the epitaxial RNiOs film and the
LaAlOs; substrate is not distorted by misfit dislocations, which
indicates unambiguously the presence of epitaxial compression
stresses in the films, resulting in the tetragonal deformation of the
film crystal lattice. Previously, this type of deformation has been
found by X-ray diffraction.” It was demonstrated that nickelates
crystallise in an orthorombic group of symmetry Pnma. It was
shown that epitaxial films of nickelates (like manganite films)
consist of orthorhombic domains; the axis directed along the
doubled cell parameter can be oriented along the three orthogonal
axes (Fig. 10)Y and the ¢ parameters for all the possible domain
orientations are virtually equal. In this case, the formation of
orthorhombic domains (twins) in nickelate films does not elimi-
nate the epitaxial stresses (the situation opposite to that described
above for RMnOj perovskite films). As a result, the anisotropic
epitaxial stresses represent one more factor (in addition to the
misfit of the lattice parameters at the film/substrate interface) to
restrict the critical thickness of the stabilised phase.

9 Note that orthorhombic distortions in lanthanide nickelates are much
less pronounced than in manganites.

Figure 10. Domain structure of the SmNiO3/(001)LaAlOs5 film (accord-
ing to HREM data).
(a, b) Different domain orientations are shown.

An HREM study of the cross-sections of the films has also
shown that the perovskite phase coexists, in some range of
thicknesses, with simple oxide phases (see Fig. 9) and the volume
fraction of perovskite gradually decreases with an increase in the
film thickness. This result attests to the limitation of the model in
which the phase composition sharply changes as the film reaches
the critical thickness /. and, conversely, validates the idea put
forward by Little and Zangwill,*® which predicts gradual transi-
tion from the epitaxially stabilised phase to phases stable as bulk
materials.

The cobaltates RCoQs. In the series of RCoOs perovskites, the
border of high-temperature stability of phases at Po, = 1 bar is
situated between Yb and Tm; hence, the last members of the row,
YbCoO3; and LuCoOs, can be obtained by solid-state synthesis
only under an elevated pressure of oxygen.”> An estimate of the
Gibbs energy for the reactions

CO3O4 + R203 +02—>RCOO3
R =Tm-Lu

by extrapolation of the linear dependence of AG ook on the
tolerance factor?® obtained for more stable cobaltates gives
positive values. In particular, the AGyjo x value for the least
stable LuCoOQs is equal to 8 kJ mol—!, which confirms that this
compound is unstable under solid-state synthesis conditions.

We attempted to prepare LuCoOs films by epitaxial stabilisa-
tion without using a high pressure of oxygen. The films were
synthesised by MOCVD at 700850 °C and Po, = 6.5 mbar on
single-crystalline substrates, (001)CaGdAlO4, (001)LaAlOs,
(001)SrTiO; and (001)MgO,”” whose parameters ¢ were 0.3%,
3%, 6% and 14%, respectively. The X-ray diffraction patterns of
LuCoOs films (Fig. 11), obtained on different substrates at the
same temperature, imply a dependence of the formation of
LuCoOs; on the ¢ value. Indeed, a film of the Lu,O3z and Co304
oxide mixture grew on the non-coherent MgO substrate, while the
films grown on more coherent SrTiOs3, LaAlO; and CaGdAIlO4
substrates were epitaxial LuCoO; films with the perovskite
structure in the (001) orientation with an admixture of simple
oxides, the content of the admixture decreasing on passing from
SrTiOs to CaGdAlO4 (one should note a low intensity of
reflections from polycrystalline phases in the films). Similar results
were obtained in the synthesis of TmCoOs3 films. However, the
films of more stable GdCoO; with AG 0o < 07¢ were also
grown on MgO, moreover, in the polycrystalline form, i.e., with-
out the directing effect of the substrate.

An increase in the temperature of film deposition resulted in
disappearance of the perovskite phase due to an increase in the
equilibrium oxygen pressure above cobaltates. However, in this
case, too, the behaviours of the films grown on different substrates
were markedly dissimilar: the film stabilisation energy was corre-
lated with ¢. On the CaGdAIO4 substrate, the perovskite phase
was observed even at 820 °C, whereas on SrTiOs, this phase did
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Figure 11. X-Ray diffraction patterns of the LuCoOs; films grown on
various substrates (S is the substrate reflections, et are perovskite
reflections).

Substrate [¢ (%)]: (1) (001)MgO (14), (2) (001)SrTiO3 (6), (3) (001)LaAlO3
(pseudo-cubic notation) (3), (4) CaGdAlO4 (0.3).

not exist above800 °C. The process of disappearance of the
stabilised LuCoOs film on raising the deposition temperature
differed from the process of disappearance of the bulk dissociating
oxide: the latter disappeared immediately after some threshold
Po,— T conditions (equilibrium dissociation conditions). In the
case of films, the intensity of X-ray reflections from LuCoOj;
gradually decreases with temperature rise; this is in line with the
decrease in the critical thickness of the stabilised phase following a
decrease in the thermodynamic stability of this phase [i.e., with an
increase in Agy — Agl, see Eqn (9)].

Evidently, even at the optimal temperature of film deposition
(750 °C) on the most coherent substrate, an admixture-free
LuCoOs; perovskite phase can be obtained only in a limited
range of thicknesses. When the film thickness is ~ 100 nm, the
films contain only the perovskite phase, whereas ~400-nm thick
films contain pronounced amounts of Lu,O3 and Co304 impur-
ities. These are equilibrium phases (under film deposition con-
ditions) of the bulk polycrystalline Lu—Co—O system formed in
the upper layers of the LuCoOj3 films as they exceed the critical
thickness.

The essential orthorhombicity inherent in the RCoOs3 phases
is responsible for the doubling of the diffraction peak for the cubic
perovskite. The orientation of the orthorhombic domains in
epitaxially stabilised films depends on the nature of the substrate.
According to X-ray diffraction data, two types of domains are
formed in the LuCoQOs films: in the first-type domains (¢ I, the
doubled parameter (i.e., the ¢ axis within the Pbnm group) is
directed along the substrate surface, while in second-type domains
(¢1), it is perpendicular to the substrate. It was found that the
fraction of ¢!-type domains increases in the series CaGdAIO4—
LaAlOs;—SrTiO3, whereas the fraction of et -type domains
decreases in this series (see Fig. 11). This regularity was inter-
preted by mininisation of the misfit between the film and substrate
parameters through giving preference to either type of domains.
This raised the question of whether both types of domains
originate simultaneously during film deposition, or twinning
occurs during cooling of the films. The X-ray diffraction analysis

of the films quenched after deposition at 800 °C has shown that
single-domain films of the ¢ I type originate and grow on SrTiOs3,
and ¢ type films grow on LaAlO5 (Fig. 12). The structure of twin
domains is formed during cooling, apparently according to the
martensite mechanism. Twinning is a way of decreasing thermo-
mechanical stresses arising at the film/substrate interface on slow
cooling.””
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Figure 12. Sections of the X-ray diffraction patterns of the LuCoOs films
on various substrates.

(a) X-ray diffraction patterns of the films slowly cooled after deposition;
(b) X-ray diffraction patterns of the films hardened after deposition on the
substrate at 800 °C in air. The reflection (220) refers to type ¢ domain
and (004), to type ¢! domain.

The indates RInO3. The lanthanide indates of the composition
RInO3, existing in the bulk state, can be divided into three groups
in terms of the structure, namely, perovskites, hexagonal phases
and fluorite type phases. The compounds RInO; with
R = La—Sm can be prepared as perovskites by the conventional
solid-state synthesis, whereas the homologues with R = Eu—Dy
form hexagonal phases under the same conditions. Under the
action of high pressure (65 kbar), these phases can turn into
perovskites.”® The compounds RInO3; with R =Y and Ho are
solid solutions of the fluorite type, which also acquire a perovskite
structure under the action of high pressure.” No data on the phase
formation in the R—In—O systems (R = Er—Lu) have been
reported.

We attempted to synthesise indates RInO3 (R = Eu—Lu) with
the perovskite structure without using high pressure but by means
of the ES.

As the substrate for growing RInOs films, we chose SrTiOs;,
which best fits the known perovskites RInO3 as regards the cell
parameter. We have grown RInOs; films (R = Eu—Lu) on this
substrate. Figure 13 shows X-ray diffraction spectra of the result-
ing films, which confirm their perovskite structure [reflections
(001) and (002)], and the photomicrograph of the NdInO3/SrTiO3
film, which proves that the /. value is greater than 80 nm. The
decrease in the intensity of perovskite reflections (002) upon a
decrease in the ionic radius of R3* indicates that the stability of
perovskites decreases with an increase in the tolerance factor and
that the critical thickness of the stabilised perovskite phases
decreases as they become less stable in the form of bulk materials.
It was found that the conductivity of the resulting thin films of
lanthanide indates can be appreciably changed by heterovalent
doping. The doped films can be used in gas sensors.



The role of heteroepitaxy in the development of new thin-film oxide-based functional materials 871

a

R,05 (400)
R,0; (222)

logl

80 nm

Figure 13. X-Ray diffraction patterns of the RInOs3 films (R = Nd—Lu)
grown on SrTiO3 (@) and photomicrograph of the NdInO3/SrTiOs3 film (b)
obtained by HREM.

The garnets R3FesO;2. A necessary condition for the forma-
tion of a garnet structure is fulfillment of the criterion
vt irpe T < 1.7, which means that ferrogarnets are formed
only in those cases where the ionic radius of the lanthanide is not
larger than 1.14 A, i.e.,only for R = Sm—Lu, Y. The elements of
the beginning of the row (La, Ce, Pr, Nd) do not form garnets in
the conventional solid-state synthesis, although Nd;FesO;> can be
synthesised at high pressure.3°

We managed to prepare (by means of the ES) thin films of
garnet-type solid solutions (La,Nd;_,)3;FesO;» on the
(1 1 1)Gd3Ga5012, (210)Gd3G35012, (1 1 1)Nd3G£‘15012 and
(111)(Yo0,8Cag9Tmop 7Smg 6)(Geo 2 Feo 8)sO12 substrates with a gar-
net structure; the orientation of the garnet films corresponded to
the substrate orientation (no garnet phase was formed in films
with the same composition on substrates with the perovskite or
MgO structure).

The photomicrographs of the (La,Nd;_,);FesO;> films
(Fig. 14) give an idea of the critical film thickness of stabilised
garnets. In the case of Nds;FesO,», the film thickness was unex-
pectedly great (more than 3.6 um, Fig. 14 b). It was found that the
film thickness decreases with an increase in the La concentration
in the solid solution (Fig. 14 ¢). When the critical thickness is
exceeded, RFeOs and Fe,O3 equilibrium phases start to grow on
the surface of the stabilised phase of the garnet.

The concentration ranges of stability of the garnets
(LayNd;_,)3FesO1> grown on substrates with the garnet struc-
ture were determined using powder X-ray diffraction and HREM
(Fig. 14). It was found that films with the garnet structure are
formed only in the range of 0 <x <0.66. Differences in the

a

(LaXNCh _x)3F65012 |
(203)Fe>03 (111)RFeO3 Ny
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Figure 14. Formation of garnet phases (La,Nd; _,)3FesO».

(a) X-ray diffraction patterns of films on the (111)Gd3GasO;» substrate,
x=0(1),0.37(2),0.5(3),0.66 (4), 0.7 (5), 0.75 (6);

(b, ¢) photomicrographs (TEM) of the cross-sections of films recorded
along the (110) direction; x = 0 (») and 0.66 (c).

substrate material do not much influence the stability limits of
the (La,Nd; _ ,)3FesO2 phases.

Epitaxially stabilised lanthanide-derived ferrogarnets, which
are soft ferromagnetic materials, can find application in devices
for amplification of an external magnetic field and in thin-film
magnetooptical devices.
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5. Application of epitaxial stabilisation for the development
of functional heterostructures (selective epitaxy)

Epitaxial stabilisation can be used successfully for the design of
multilayer heterostructures in selective epitaxy processes. The
selective epitaxy is performed on specially prepared areas of the
substrate which are characterised by structural coherence with the
stabilised phase. On those substrate sections where the coherence
condition is not fulfilled, products would crystallise that corre-
spond to the equilibrium bulk state of the system. An example of
such application of the ES is reported in our study 8! aimed at
designing a heterostructure composed of numerous alternating
lanthanide manganite and nickelate ribbons. This heterostructure
shows an unusual temperature dependence of the resistivity
(Fig. 15, curve I), because it combines the manganite phase
(curve 2), characterised by a sharp decrease in the resistivity on
the dielectric —metal transition, and the nickelate phase (curve 3),
whose resistivity, conversely, sharply increases below the temper-
ature of the metal —dielectric transition. As a result, the temper-
ature behaviour of the resistivity of this heterostructure exhibits a
sharp minimum.

10-1 |
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Figure 15. Temperature dependence of the resistance of the NdNiO3—
Lag 7Cap3MnO3 heterostructure (/) and its components Lag 7Cag 3sMnOs3
(2) and NdNiO3 (3).

The heterostructure was formed using MOCVD and photo-
lithography (Fig. 16). First, the epitaxial (La,Pr)7Cag3MnOs3
layer was formed on the LaAlOj substrate (Fig. 16 a). Then this
layer was etched with H»O»> and H»SOj4 solutions through a

b
(La,Pr)o.7Cao3MnO3
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Figure 16. Formation of the manganite/nickelate heterostructure [for the
description of stages (¢—e), see the text].

photolitographic mask (Fig. 16 b), a polycrystalline layer of CuO
was applied onit (Fig. 16 ¢), and the spots meant for NdNiO3 were
etched with an HCI solution (Fig. 16 d). The etching resulted in
exposure of areas on the surfaces of the perovskite substrate and
the manganite layer; hence, during the subsequent deposition of
NdNiOs, perovskite phase grew epitaxially exactly on these areas
(Fig. 16 ¢), while an equilibrium mixture of the Nd>CuO4 and NiO
phases with high resistivity was situated on the surface bearing the
remaining CuO (structurally non-coherent to perovskite). The
current that was passed along the substrate surface ran succesively
through the alternating manganite and nickelate regions.

It should be noted that in the epitaxial stabilisation of these
heterostructures, one should take into account the stressed state of
the substrate (LaAlOs) surface and the buffer layer [(La,Pr)o.7.
.Cap 3MnQOs]: with the same deposition conditions and the same
composition of the deposited components, different types of these
stresses may completely change the phase composition of the
deposited layer. Thus the epitaxial NdNiOs films obtained on a
buffer manganite layer, (La,Pr)y 7Cao3MnQj3, which was, in turn,
deposited on the perovskite LaAlO3; and SrTiOs substrates were
substantially dissimilar. Quite perfect epitaxial layers of
NdNiO3 up to a thickness of 200 nm were obtained on the
(La,Pr)o7Cap3sMnO3/LaAlO3 substrates, whereas in the case of
(La,Pr)o7Cap3MnO;/SrTiOs, the perovskite phase contained
simple oxides even at early stages of the growth (films with a
similar phase composition were grown on the SrTiO;3 substrate
without a buffer layer®). The epitaxial quality of the
(La,Pr)o.7Cap3sMnOs; buffer layer grown on both substrates was
equally high; however, the epitaxial stresses in the layers had
opposite signs on different substrates, namely the buffer layer on
LaAlOs; experienced compression and that on SrTiO; underwent
stretching in the substrate plane. This is indicated unambiguously
by comparison of the lattice parameters of the non-deformed
(La,Pr)o7Cap3sMnO; layer (¢ = 0.385 nm) with those of the
(La,Pr)p7Cap3MnOs/LaAlO; (¢ = 0.383 nm) and (La,Pr)o7.
.Cap 3sMnO3/SrTiOs (¢ = 0.387 nm) layers. The lattice parameter
of the compressed (La,Pr)y7Cao3sMnOs/LaAlOs layer is much
closer to that of NdNiO3 (¢ = 0.381 nm) than the parameter of
the stretched layer, which accounts for the better properties of the
former in stabilisation of the nickelate perovskite phase.

6. Effect of the epitaxy on the mutual solubility of oxides
The change in the phase equilibria in oxide systems under the
influence of epitaxy is encountered rather often. However, we
have not yet mentioned the possibility of extending the homoge-
neity regions for the cations of the epitaxially stabilised phases.’
Below we consider several typical examples.

R;_:MnO3.;5 (R = La, Nd). The perovskite R;_.MnO3
phases formed by lanthanides with a great ionic radius can be
markedly non-stoichiometric as regards the cations,®3 the excess
negative charge being counterbalanced by the transition Mn3+ —
Mn*". The maximum allowable lanthanide deficiency in the
R;_MnOs ;s ceramic samples corresponds to the subscript
x =0.1-0.15 (the x value depends on the conditions of high-
temperature treatment; the highest non-stoichiometry can be
attained under oxidative conditions). The epitaxial
Ri_xMnOs; films prepared by MOCVD on the LaAlOs and
SrTiOs substrates allow a much higher deficiency of lanthanide
ions. For example, single-phase perovskite R;_MnOs3 s films
(R = La, Nd) with x < 0.3 have been synthesised.%*

Zn;_ M,O (M = Mg, Mn). In wurtzite (ZnO), zinc can be
partially replaced by other cations with similar ion radii such as
Mg?*, Cd?* or Mn?*. In ceramic Zn;_Mg,O samples, the x
value does not exceed 0.02-0.04,%° while in single-phase
(0001)Zn; Mg, O epitaxial films obtained by MBE at

T In this case, the term ‘stabilised phases’ is used to mean not only phases
that cannot be obtained in the bulk state under the given thermodynamic
conditions but also stable phases whose thermodynamic properties have
changed in the epitaxially bound state.
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550 °C,36-88 the x values reach 0.22 and for the films obtained by
PLD at 700—750 °C,%8 x < 0.36. The difference in the mutual
solubility of the ZnO and MgO oxides in ceramics and epitaxial
films is emphasised by the fact that two-phase ceramic pellets were
used as targets (the sources of ZnO and MgO vapours). The
epitaxial films were grown on the (0001)Al>O3 substrate. The film
thickness reached 150 nm3¢-38 and <500 nm.®° The epitaxial
relations for the ZnO-MgO solid solution reported in the
literature 8

(0001)[1210]Zn; _ Mg, O || (0001)[0110]ALO3

coincide with those for the films of pure ZnO grown on sapphire.®°
This mutual orientation of the film and the substrate corresponds
to a misfit of the parameters ¢ = 15% which induces a substantial
dislocation density at the interface.®® In addition, it was shown
that the Zng gsMgo.150 film is stable during annealing (1000 °C,
Po, =1 bar, 1h), whereas the film with the composition
Znp 73sMgo 220 decomposes under the same conditions to give an
equilibrium mixture of the wurtzite solid solution Zng gsMgo.150
and the solid solution Mg 46Zno 540 with the NaCl structure.$®
Thus, the extension of the wurtzite solid solution in the ZnO—
M¢gO system markedly increases as a result of the ES.

The synthesis of epitaxial films of wurtzite doped with
manganese oxide, (0001)Zn;_.Mn,0O/(0001)Al,O3, has been
reported.’! Films several hundred nanometres thick were
obtained at 600 °C. It was found that the unit cell parameters of
wurtzite (¢ and c¢) increased monotonically with an increase in the
Mn content up to x = 0.35; this markedly exceeds the solubility
level of manganese oxide in zinc oxide in equilibrium bulk systems,
which corresponds to xji, = 0.13.92

Ni,Fes_ O4. Nickel oxide NiO, like iron oxide FeszO4 (spinel
type), can grow epitaxially on the MgO substrate; however, the
parameters of FesO4 are in better agreement with the substrate
parameters; therefore, the spinel type solid solution Ni,Fe;_O4
is stabilised on the substrate. The limiting nickel content in the
solution is higher than in equilibrium polycrystalline solid sol-
utions under the same conditions. The distribution of the Ni and
Fe atoms over tetrahedral and octahedral positions of the spinel
structure differs appreciably from that in the bulk materials.??
This indicates that the ES can substantially influence the degree of
inversion of spinels and, correspondingly, their magnetic proper-
ties.

BaRuO3-SrRuQOs. From consideration of the equilibrium
phase diagram of the BaRuO3;— SrRuOj; binary system, one can
predict the formation of two immiscible solid solutions, namely,
the perovskite solution based on SrRuO; and stable up to
Ba:Sr=1:1 and a hexagonal (polytype 9R) solution based on
BaRuOj; and stable up to Ba:Sr = 9:1.%¢ The preparation of a
continuous series of solid solutions of the perovskite type, from
SrRuOj3 to BaRuOs, by radio frequency sputtering on the SrTiO3
substrate has been reported.!” However, an attempt to prepare
BaRuOs as a perovskite on the (001)KTaOs3 perovskite substrate
(a = 0.3989 nm) failed. This may be due to the fact that BaRuO3
in the perovskite form experiences pronounced tetragonal dis-
tortions; as a result, its lattice becomes more consistent with the
SrTiOs lattice than with the KTaOs lattice.

These examples provide the conclusion that solid solutions in
epitaxial films are more extended than the same solid solutions in
powders, ceramics, single crystals or polycrystalline films. The
degree to which the ES extends the homogeneity regions depends
on the coherence of the structures of the resulting film and the
substrate and on the enthalpy of formation of the solid solution. If
the consideration is restricted to the formation of regular solid
solutions for which AH = x,xgQ (where xa and xgp are the mole
fractions of the components, Q is the energy parameter of
interaction independent of the composition), it can be stated that
the smaller the Q value (which is always positive), the more
pronounced the effect of epitaxial extension of the solubility
limits. In some cases, continuous solid solutions can be prepared.

7. The effect of epitaxy on the reactivity of thin films

The set of experimental data considered in this review attests that
the P—T—x space of thermodynamically stable existence is
greater for the epitaxial phase than for its substrate-free bulk
state. This implies that the chemical potential of the epitaxially
bound phase () is lower than the standard chemical potential
(1°) of the same phase. In view of the fact that

ter = 1 + RTInay ,

the thermodynamic activity of the phase in the epitaxial state is
given by ae < 1. Thus, the epitaxial binding of some phase by a
coherent substrate has the same consequence (namely, a decrease
in the thermodynamic activity of the phase) as the formation of a
solid solution or a chemical compound by this phase. A decrease
in the thermodynamic activity of the phase in the epitaxial state
(a1 < 1)implies a decrease in its reactivity compared to that of the
substrate-free phase. It should be emphasised that this conclusion
is valid not only for the ‘unusual phases’ which can arise under
these conditions only owing to the ES but also for any epitaxial
phases, no matter whether they are stable in the free (bulk) state.
The chemical consequences of the reduced thermodynamic
activity may vary. In particular, the dissociation equilibrium

ABO, —= AO + BO,_; + Oy

would be shifted more appreciably to the left in the case of
epitaxial films than for the same phases in the bulk state at the
same Po,— T conditions (in other words, at the same temperature,
the equilibrium pressure of oxygen Po, above an epitaxial film is
lower than that above a powder or ceramic with the same
composition).

In those cases where the growing phase is not stoichiometric
for oxygen and dissociation does not result in the phase decom-
position

ABO, === ABO,_; + /20,

one can expect that the epitaxial and bulk phases brought to
equilibrium under the same Po,— T conditions would differ in the
oxygen content.

This conclusion may appear defamatory for the common
practice of investigation of the dependence of the functional
properties of films on the oxygen non-stoichiometry. Since the
direct determination of the oxygen content in thin films is an
exceptionally complicated analytical problem yet unsolved, the
amount of oxygen is usually determined in the corresponding
powders or ceramics, which can be easily analysed by both
chemical and physical methods (the oxygen content in epitaxial
films is considered to be the same as in powders and in ceramics
after identical heat treatment). The observed differences between
the functional properties (first of all, electric and magnetic ones) of
epitaxial films and ceramics with the composition as close as
possible to that of the films are interpreted most often as being due
to different microstructures and/or stressed states of the films;
however, the role of differences in the oxygen non-stoichiometry
also cannot be neglected.

The problem becomes even more complicated if one takes into
account the dependence of the thermodynamic properties of the
epitaxial layer on its thickness; obviously, the difference u® — e
in each section parallel to the substrate plane should decrease on
moving away from the film/substrate interface toward the upper
surface of the film. For a non-stoichiometric oxide, this means, in
particular, that the content of oxygen in an epitaxial film would
vary along the thickness coordinate. Unfortunately, due to the
lack of experimental data, this aspect can be discussed only as a
problem definition.

1 The quantitative difference between the oxygen contents is difficult to
predict, because the uncertainties in the estimation of the energy benefit
from the epitaxial growth in particular systems are rather high.
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Below we elucidate how the decrease in the phase reactivity in
the epitaxial state would influence the solid-state reactions involv-
ing them. We demonstrated that in the epitaxial heterostructures
YBa,Cuz07_5/CeO,2/R-Al,03, no chemical interaction takes
place between the YBa,CuszO7;_s superconductor and the
(001)CeO», buffer layer grown epitaxially on the R-sapphire, not
even during the long-term high-temperature annealing
(Fig. 17 @).%>°¢ In addition, it is well known °7 that polycrystalline
CeO; reacts with YBa,Cu3O7_ s according to the reaction

3C602 + 2YB2‘12CU307,(5 e 3 B'dCCO3 + YzBaCuO5 + SCUO

The Gibbs energy of this reaction calculated for conditions similar
to the conditions of MOCVD “8 under which the epitaxial hetero-
structures were obtained (7 = 820 °C and Po, = 2 mbar) equals
—5 kJ mol—!. This reaction will not take place if AG becomes
positive. This will happen when acco, & 0.83. Apparently, such
decrease in the activity of CeO, occurs during its epitaxial growth
on R-sapphire.

If polycrystalline CeO, is replaced by ZrO,, the following
reaction will proceed at the YBa>Cu3O7_s5/ZrO; interface

37r0; + 2YBayCu3zO7_5 —> 3BaZrO; + Y,BaCuOs + 5CuO.

The replacement of polycrystalline ZrO; by the epitaxial one
does not terminate the reaction. The reason can be understood
from thermodynamic considerations: the Gibbs energy AG for this
reaction calculated for the MOCVD conditions®® is equal to
—30 kI mol—!. This energy remains negative even if
azro, = 0.83, i.e., the reaction does not stop. It is of interest that
the product of reaction of ZrO, with YBa,Cu3zO7_s, namely,
compound BaZrOs, which separates the superconductor layer
from the ZrO, substrate, belongs to the perovskite type and,
therefore, it forms epitaxial interfaces with both the
YBaCu307 s film and the substrate (Fig. 17 b).

YBa2Cu;O7 -5 B

Figure 17. Images of the cross-sections of the YBa,Cu3zO7_; films on
CeO; (a) and on ZrO»(Y203) (b) (the images were obtained by HREM).
(a) no chemical reaction takes place at the interface between the
YBaCu307_s superconductor and the CeO» buffer layer, (b) a BaZrO3
layer is formed at the interface.

II1. Variant structures

During the last 15—20 years, vast experimental material has been
accumulated on the heteroepitaxy of simple and complex oxides of
various structures. The diversity of the crystal structures formed in
the heteroepitaxy of oxides gives rise to a series of interesting
phenomena not involved in classical metallic and semiconductor
systems. For example, a definite type of orientational relations
between an epitaxial film and a single-crystalline substrate can
often be realised in different ways.

The orientational relations in heteroepitaxial systems are
usually analysed in terms of the concept of coincident site lattices
(CSL). Within the framework of this concept, the two-dimen-
sional crystal lattices (site networks) of the film and the substrate
are compared in the region of their contact.”?~10! Usually, an
idealised view of the surface structure is invoked, i.e., the structure
of the surface of each crystal is regarded as being identical to the
structure of a similar crystallographic plane inside the crystal, the
rearrangement effects that took place on the exposed surface being
ignored.!9% This simplification proved to be quite satisfactory,
because the energy of the epitaxial surface is much lower than the
energy of the free surface of the crystal. Therefore, the surface
rearrangement is hampered due to overlaying of the epitaxial film.

Despite the diversity of the CSL sizes and shapes, they can
always be reduced to one of five types of two-dimensional lattices
(Fig. 18) corresponding to four types of symmetry (in the same
way as three-dimensional lattices can be reduced to one of the 14
Bravais lattices, which form six systems). In the simplest case, the
type of two-dimensional CSL coincides with the type of the two-
dimensional lattice of the film and substrate site networks in the
contact region. For example, for the epitaxial growth of the
(001)CeO», film (fluorite structure) on the (001)SrTiO3 substrate
(perovskite structure), the site network and the CSL are square
lattices. For (001)CeO», [100] and [010] are the CSL vectors, while
for (001)SrTiO3, these are [110] and [110], respectively, i.e., the a
parameter of the CSL is /2 times greater than the lattice
parameter of SrTiO3.193 In the example considered, this epitaxial
relation is the only one possible; no other epitaxial relations arise
in this case.

a b ¢ d e
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Figure 18. Types of two-dimensional lattices: primitive square (a), prim-
itive orthogonal (), centred orthogonal (c¢), primitive hexagonal (d),
primitive oblique (e).

If the three-dimensional crystal lattices of the film and the
substrate belong to different systems but the two-dimensional
lattices correspond to the same system, in this case, too, only one
epitaxial relation is realised. As an example, consider the
(001)TiO, epitaxial films with a tetragonal anatase structure
grown on perovskite substrates of the (001)SrTiOs type. This
gives rise to the only possible square CSL with a spacing
corresponding to that of the square site networks in the contact
plane of the film and the substrate.5- 1. 104

Thus, a single variant of the CSL arises in those cases where
the site networks of the film and the substrate in the contact plane
correspond to the same system. If they are different, several
variants of CSL fully equivalent from geometric and energetic
standpoints may appear. The greatest possible number of variants
is dictated by the order of the principal normal axis of the site
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network that has a higher symmetry. It can be easily demonstrated
that several equivalent CSL containing 2, 3, 4 and 6 epitaxial
orientations can exist. The number of variants decreases if any
additional symmetry elements in the film and substrate site
networks coincide in the contact region (e.g., symmetry planes
parallel to the principal normal axis). The standard methods for
determination of the number of variants of the epitaxial growth
and orientation include X-ray diffraction (pole figures, ¢@-scan-
ning), electron diffraction and transmission electron microscopy.

The formation of the variant structures is related genetically to
the xenotaxy phenomenon (literally, this means a foreign growth
on the surface), which represents the formation of a CSL, at the
film/substrate interface, whose two-dimensional symmetry is
lower than that allowed by the symmetry conditions. This
situation is possible in the case where the low-symmetry config-
uration is clearly preferred from the energy standpoint. A low-
symmetry CSL on a substrate site network with a higher symmetry
also gives rise to variant structures. Depending on the relationship
between the interface energies for the same film/substrate pair,
different types of xenotaxy can arise, resulting in different variant
structures.

Let us consider a simple example. During the deposition of
films of the RBa,Cu307_ 5 high-temperature superconductors (R
is a lanthanide) on single-crystalline perovskite substrates in a
pseudo-cubic (001) orientation (so-called c-orientation), the epi-
taxial growth of a film in the (100) orientation (a-orientation) is
often observed. The smaller the misfit between the substrate and
film lattice parameters (i.e., the better the CSL coincidence), the
easier the switching from the thermodynamically preferred
growth along the (001) direction to the growth along the (100)
direction (Fig. 19).105-107 The site network of the perovskite
substrate in the (001) plane is square. The RBa,Cus;O7_; site
network in the (100) plane and the CSL are orthogonal and the
ratio of their unit cell edges is close to 1 : 3. The maximum number
of variants of the epitaxial growth for this case is 4, but the
condition of collinearity of the perovskite and RBa,Cu3O7_; site
networks reduces the possible number of variants to two:

(001)[100]SrTiO3 || (100)[001]RBa>Cu307_;
and
(001)[010]SrTiO3 || (100)[001]RBa>Cu307_.

The existence of structural variants in the ag-oriented
RBa,Cus07_; films is responsible for the substantial difference

LaAlO; LaSrGaOg4 NdGaO; SrTiO3
iyl 11 11 11
v v v v
840 GdBa,Cu30,
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Figure 19. Temperature regions corresponding to the c-oriented epitaxial
growth (above the line) and the growth with mixed ¢+ a-orientation
(below the line) of the RBa>CusO7_; films on substrates with a small
(<2%) misfit of parameters at the interface.

between their electric properties and those of the c-oriented films
with the same chemical composition. The critical current density
in two-variant g-oriented RBa,CusO7_; films does not exceed
10° A em—2 at 77 K, whereas in the monovariant c-oriented
samples, this value reaches >10° A cm—2 (see the studies 08-109),
This difference is not at all due to the poor crystallinity of the two-
variant structure compared to the monovariant one; conversely,
the X-ray diffraction and HREM data indicate unambiguously
that the a-oriented films are structurally more perfect (in partic-
ular, the integral width of the X-ray rocking curves is several times
smaller for these films than for the c-oriented RBa>CuzO7_s
films). The decrease in the critical current density is due to the
fact that in the HTSC structure, the superconducting carriers
move efficiently only in the CuO; planes normal to the ¢ axis.
Thus, in the c-oriented films, the superconductive planes are
stretched along the substrate plane. In the two-variant structure
with the a-orientation, more intricate routes for the supercurrent
are formed, i.e., ‘superconducting tapes’, perpendicular to the
substrate plane; this decreases the supercurrent critical density.

More complex variant structures are formed on the deposition
of films of the perovskite series (for example, manganites
R;_AMnOs (R is lanthanide, A is the alkaline earth element),
cobaltites R _ Sr,CoO; and ruthenates CaRuO3 and SrRuQ;)>*
on substrates with the fluorite structure. The fluorite site network
in the (001) plane is square. On the given surface these perovskites
form an orthogonal site network in the (110) plane. The vectors of
the orthogonal CSL are as follows: for the (001)ZrOx(Y203)
fluorite, [110] and 4 x [110]; for the (110) perovskites, [111] and
3x[112] (Fig. 20). The similarity of the lengths of the body
diagonal in the perovskite cube [112] and the face diagonal in the
fluorite cube [111] is the crucial factor for this type of epitaxial
growth. However, a better dimensional fit may be observed in the
perpendicular direction to the interface. For example, in the
growth of (110)Lag;Cap3MnO; films on the surface of
(001)ZrOx(Y203), the misfit in the CSL is 8% for the [110] and
[111] pair and 2% for the [110] and [112] pair. The number of
epitaxial variants for this case is 4 (Fig. 20). These variants are
fully equivalent from the geometric and energetic standpoints.
The HREM data (Fig. 21) indicate that these growth variants
occur in the film as nanodomains (f1 and f2) with a characteristic
size of 20—50 nm (Fig. 21 ¢). Interestingly, their lateral size
almost does not change with thickness and the mutual coherence
of the domains along the substrate surface normal is retained
throughout the whole film thickness (Fig. 21 d).!1°

The formation of four-variant structures in the epitaxy of
perovskites on the (001)fluorite has also been reported in a
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Figure 20. Four variants of perovskite growth on the (100)fluorite. The
hatched region shows the CSL unit cell.
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Figure 22. Six variants of the growth of perovskite on the (111)fluorite.

Figure 21. HREM study of the variant (Lag sPro.s)0.7Cao3MnOs film on
(001)ZrO2(Y203). In all cases, the [110]ZrO,(Y»0s3) area is shown:

(a) epitaxial stresses completely relax at the film/substrate interface, (b)
Fourier image of the same region of the interface, (c) orientational growth
modes (domains fl and f2) in a low resolution, (d) coherence of the
oriented variants along the film growth direction.

number of studies '~ 11# dealing with the preparation of epitaxial
films of the Bao‘ssro‘sTiO& Bi3,25La0'75Ti3012 and SI'BizTaOg
ferroelectrics with a ferroelectric polarisation axis oriented normal
to the surface of the (001)silicon substrate. For solving this highly
topical problem, epitaxial film heterostructures of the
(lOO)Bi3,25La0‘75Ti3012/(1 10)SI‘RUO3/(OO1)Zr02(Y203)/(001)Sl
type were prepared. The conductive layer of the SrRuOs perov-
skite had a four-variant structure; as a result, Bi; »5sLag 75Ti3012 a
layered phase derived from perovskite grown on SrRuOs, had 8
options of arrangement in the plane parallel to the substrate.

A large number of boundaries between numerous structural
variants may have an adverse effect on the ferroelectric properties;
therefore, the possibility of affecting the pattern of the variant
structure by changing the CSL on the surface of the ZrO»(Y.03)
single crystal through its slight (1—5°) deviation from the (001)
plane has been studied.''* This expedient proved to be most
efficient when the deviation was performed along the [110]
direction; the number of epitaxial variants in the (110)SrRuOs3
film decreased to two. Obviously, this approach could also find
application in the studies of other heteroepitaxial systems.

A multivariant growth motif'is also observed in the deposition
of Lag7Cap3MnOs on (111)ZrOx(Y203). In this case, the body
diagonal of the perovskite cube also corresponds to the face
diagonal of the fluorite cube at the interface. In this case, the
vectors of the orthogonal CSL determined from X-ray diffraction
and HREM data are [101], 3 x[121] for (111)ZrOx(Y»03) and
[111], 4 x[112] for the (110)perovskite. The misfit of the CSL
equals 8% for the [101] and [111] pair and 0% for the [121] and
[112] pair. The theoretical number of equivalent epitaxial variants
for this case is six, and all these are actually encountered in the film
(Fig. 22).

A direct consequence of the formation of epitaxial variant
structures is the presence in the film of a high density of special
high-angle boundaries. The set of angle orientations of such
boundaries is strictly fixed and their concentration does not
change over the film thickness. This represents the basic difference
between the variant structures and polycrystalline materials in
which the angle orientations of the boundaries make a broad

spectrum even in highly textured materials and the concentration
of the boundaries themselves is not very high.

The epitaxial multivariant structure of the manganites is
responsible for their interesting electrophysical properties which
are not inherent in monovariant epitaxial films. First of all, this
refers to the appearance of a substantial magnetoresistance (the
change in the electric resistance of the material in a magnetic field)
in weak magnetic fields over a broad temperature range below the
Curie point.!!5 This is due to the spin-dependent tunnelling of
charge carriers through special high-angle boundaries. This is
characteristic of the epitaxial films of manganites grown on
bicrystalline perovskite substrates.!!

The appearance of a substantial magnetoresistance in weak
magnetic fields is of considerable interest as regards the manufac-
ture of high-sensitivity magnetic field sensors. In the design of
such sensors, one can use both the appearance of sharp maxima of
positive magnetoresistance (M R) in the region of technical mag-
netisation (i.e., magnetisation related to the re-orientation of
magnetic domains) in fields weaker than 100 (E and the appear-
ance of great negative magnetoresistance (~30%) related to the
tunnelling effect in fields of 100—5000 (E (Fig. 23).

Both effects are also manifested in the traditional polycrystal-
line materials; however, the former requires much stronger fields
(about 500—1000 (E) and has a lower field gradient,!!” while the
latter is much smaller in magnitude.!'8 This is due to the fact that
the structural coherence of high-angle boundaries implies a
compression of the tunnelling barrier following an increase in
the field strength,!!® which is impossible for non-coherent boun-
daries. We found that the magnitude of the tunnelling effect
increases with an increase of the off-orientation angle of the
neighbouring nanodomains in films with a variant structure.!?”

—80 —60 —40 —20 0
H k@

20 40 60 80

Figure 23. Magnetoresistance (M R) in the (110)Lag 7Cao 3sMnO3 epitaxial
films grown on different substrates (temperature, 10 K).

Substrate: (/) (110)SrTiOs3, (2) (110)ZrOx(Y2053), (3) (001)ZrO2(Y203), (4)
(111)ZrOx(Y203). Real structure of the obtained film: (/) monodomain,
(2—4) multidomain with small-angle (2) and high-angle (3, 4) boundaries
(in the order of increasing off-orientation angle).
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In particular, in the (110)perovskite films with a variant structure,
the tunnelling magnetoresistance increases on passing from
(001)2[‘02(Y203) to (1 1 1)ZI‘OQ(Y203)

Tunnelling structures are often designed using epitaxial films
of manganites on bicrystalline perovskite substrates. The films are
grown on a special boundary produced, for example, by diffusion
welding of two halves of a single-crystalline substrate. The
structure of this boundary is inherited by the epitaxial film.
Obviously, for practical application, multivariant structures on
single-crystalline substrates have essential advantages over mono-
variant epitaxial structures on bicrystalline substrates. First, they
are much less expensive and second, the whole surface of a variant
film rather than only the bicrystalline boundary region can be used
for the preparation of magnetic sensors.

Our further research has demonstrated that the field sensitiv-
ity of the variant structures based on manganite films can be
increased through deposition of a layer of a soft ferromagnet
(based on MnFe;Oy4) on a layer of the variant structure formed on
the (111)ZrO,(Y»03) substrate (Fig. 24, ¢f. curves 3, 4 and 5, 6).

The variant structures also appear in films with other types of
epitaxial interface. For example, a study of an In,O; film (bixbyite
cubic structure, ¢ = 1.0117 nm) on (001)MgO (NaCl type,
a=0.4213 nm)'2° has shown that domains with the
(111)In,03 | (001)MgO orientation, which split into four variant
structures in the substrate plane, predominate in these films. In all
of these structures, the diagonals of the cube faces of In>O3 and
M_gO are parallel: [110]In,05 || [110]MgO, [110]In,05 || [110]MgO,
[110]In,05 ||[110]MgO and [110]Inx03]| [110]MgO. The same
type of variant structure is typical of isostructural Y,Os3 films on
(001)MgO (Fig. 25 a).'?!- 122 In both films (In,O3 and Y»03), some
of the crystallites are oriented with the (001) axis normal to the
substrate; these crystallites are monovariant (Fig. 25 b). The ratio
of the (111)- and (001)-oriented domains depends on the film
deposition temperature and on the oxygen pressure in the evapo-
ration chamber,!?3 although the role of the latter is not quite clear.
Probably, oxygen influences the rate of film deposition, which
often switches the (111)-growth to the (001)-growth for cubic
crystals. The formation of the variant structures has an essential
influence on the conductivity of In,Os3 films, because high-angle
boundaries of the domains create additional resistance to the
carrier transport. This circumstance should be taken into account
when using In,O3; as a conductive layer on single-crystalline
substrates.

Now we consider the growth of films with a rutile structure
(TiO3, CrO,, RuO;, SnO,) on substrates of the fluorite and

H k@

MR (%)

Figure 24. Magnetoresistance MR = {[R(H) — R(0)]/R(0)} 100% of
films and heterostructures on different substrates.

(1) (LB.()_7SI‘(]_3)MHO3/MgO, (2) (La0_7Sro_3)MnO3/(001)SrTiO3, (3)
(La0_7Sr0_3)MnO3/(l 10)ZrOz(Y203), (4) MHFCQOA,/(L'd()_7Sl‘(),3)M1’103/
(110)ZrO2(Y203), (5) (Lag.7Sro.3)MnOs3/(111)ZrO2(Y203), (6) MnFe>04/
(Lag 7Sr9.3)MnO;/(111)ZrOx(Y203).
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Figure 25. Modes of the epitaxial growth of Y>O3 on (001)MgQO.!2!122
(a) Four modes of the growth of (111) domains, (b)) monovariant growth of
the (001) domains.

perovskite type. The length of the diagonal of the tetragonal face
in the RuO; structure is close to the length of the edge of the
fluorite cube [in ZrO>(Y203) and CeO,] and to the length of the
face diagonal of the perovskite cube [in LaAlO;].123 The orienta-
tion of the (100)RuO- || (001)substrate film gives rise to four
epitaxial modes of the growth (Fig. 26). In the RuO; film on
a-sapphire, the (100)RuOs || (0001)substrate orientation gives rise
to three growth patterns with a common motif at the interface,
[010]RuO> || [1120]A1,0s3, [010]RuO> || [2110]A1,0; and
[010]RuOz || [1210]A105.12* 1t is noteworthy that the same film
orientation takes place in the growth of rutiles on R-sapphire;
however, the R plane has only one vector of the [1210]A1,O3 type;
therefore, the epitaxy is monovariant: (101)[010]MO: ||
(1012)[1210]AL,05.

The variant structures in the CrO, films with the rutile
structure, as those in the manganites described above, show the
tunnelling magnetoresistance effects, although they are weaker in
magnitude.'?

It follows from the foregoing that the variant structures (with
high-angle domain boundaries) are actually heteroepitaxial nano-
structures resulting from self-assembly on the substrate surface
occurring in particular orientational relations with the growing
film. They are to be distinguished from the mosaic single crystals
in which the low-angle domain structures predominate and no
rigid restrictions on the mutual orientation angle are involved.

Meanwhile, the variant structures have common features with
single-crystalline twins. Whereas the prediction of a twin structure
requires only crystal parameters, a variant epitaxial structure can
be determined only with known crystallographic data for the film
and the substrate and their epitaxial relations. Only in rare cases,
does a variant structure correspond to twins known for this

Sy
< &

Figure 26. Four modes of the RuO; growth on the (001)CeO5 fluorite and
(001)LaAlO; perovskite.
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crystal. This is usually the case for systems where the number of
variants is reduced due to coincidence of some additional symme-
try elements, as in g-oriented structures of RBa>Cus0O7_s related
to each other by the (013) twinning plane.

It has been noted above that many perovskites tend to grow in
the (110) orientation on fluorite substrates, for example, on
(001)ZrO2(Y203). However, there are some exceptions. The
BaTiOs epitaxial films have the (111) orientation on this substrate,
which implies four epitaxial growth modes with a common motif:
the length of the face diagonal of the perovskite cube is close to the
length of the edge of the fluorite cube. These conditions are
violated upon the change in the ratio of the lattice parameters of
the film and the substrate. For example, deposition of BaTiOs ona
buffer layer of the cubic praseodymium oxide (with the lattice
parameter @ = 0.546 nm) results in switching of the orientation of
the BaTiOs film to (001), which provides the least misfit between
the CSL parameters and the (001) layer of praseodymium
oxide.!?¢

Of considerable interest is further research into the kinetics of
formation of variant structures and the possibility of controlling
the nanodomain size, shape and arrangement on the substrate
surface. The experimental data available to date attest to a
dependence of the nanodomain size on the diffusive mobility of
the film components. This in the MOCVD deposition of the
RBa,Cu307_; films under conditions where the figurative point
of the crystallising system occurs near the solidus surface, the
domains of variant structures can grow to submicron dimensions.
Some published data may be indicative of the possibility of
controlling the shape anisotropy of the variant nanodomains.
For the three-variant (100)RuO- structure on (0001)Al,03, the
following correlation was established: nanodomains with an
average size of 30 nm are most extended along the direction of
the least misfit of the CSL and least extended along the greatest
misfit of the CSL. If this dependence is general, this would allow
effective control of the shape of nanodomains through a change in
the substrate material (and, hence, the parameter a of the
substrate) by doping or deposition of buffer layers. The question
concerning the possibility of fixing the arrangement of epitaxial
variant structures on the substrate surface remains open. Appa-
rently, interesting results could be provided by using vicinal or
single-crystalline substrates with an artificial relief (graphoepi-
taxy).

Generally, variant structures represent a new group of thin-
film materials whose physical properties (including electrical and
magnetic ones) are determined at the nano-size level and differ
appreciably from the properties of both monovariant epitaxial
films and polycrystalline materials. Further research into these
structures will promote extension of the scope of their application
in the modern micro- and nanoelectronics.

IV. Conclusion

We would like to emphasise once again that the epitaxial stabili-
sation of oxide films discussed in this review is an equilibrium
phenomenon, i.e., the growing oxide phase exists in an external
equilibrium with the substrate and the gas-phase oxygen and also
in an internal (in the case of phase assembly) solid-state equili-
brium. If the decrease in the Gibbs energy of the film/substrate
system caused by epitaxy is greater in magnitude than the AG
value of any solid-state process involving the phase growing on a
substrate surface (a polymorphic transition, redox reaction, etc.),
one can expect that phase equilibria in an epitaxial film would
differ from the phase equilibrium in the same system without
epitaxy. In particular, with epitaxial stabilisation, the ‘unusual’
simple or complex oxide phases that require high pressure, high
temperature or high oxygen pressures to be formed can be
prepared without resorting to these extrem conditions. In multiple
phase films, the epitaxial relations of separate phases with the
matrix phase in whose bulk they grow and/or with the substrate
can give rise to stable phase assemblies differing from those

dictated by the equilibrium phase diagram. All these phenomena
can be regarded as being due to the change in the thermodynamics
of the system under the action of epitaxy rather than to manifes-
tation of slow kinetics of the surface reaction, which precludes
attainment of the Gibbs energy minimum during the film growth.
The effect of epitaxy on the thermodynamics of the growing phase
is enhanced with an increase in the coherence of the film structure
and the substrate. In the case of a perfect fit of the structures, the
critical thickness of the stabilised phase reaches a maximum value.

This review considers examples of ES, taken mainly from our
studies on gas-phase epitaxy; however, the ES phenomena are
equally typical of the liquid-phase epitaxy (from aqueous solu-
tions and melts), electrocrystallisation,’ and, perhaps, solid-state
epitaxy. Moreover, the ES can be detected not only in the
preparation of thin films or in the solid-state chemistry, but also
in mineralogy (examples of pseudomorphism in minerals are
frequently encountered '28).

The understanding of the nature of the ES attained to date
allows one to use this phenomenon for deliberate synthesis of
unstable compounds as thin epitaxial films, which can soundly be
expected to be a success. The films of epitaxially stabilised phases
are of considerable interest not only as objects for the study of the
fundamental properties of materials but also as real materials with
potentially useful properties. The selective epitaxy based on the ES
can find application in the preparation of complex heterostruc-
tures. It is beyond doubt that involving new types of single
crystalline substrates in the practice of epitaxial stabilisation
would give rise to new oxide compounds and materials.

The variant epitaxial structures have not yet received adequate
attention. Meanwhile, they represent a new class of nanostruc-
tures in which self-assembly of nanodomains is due to the
energetic degeneracy of various geometric modes of epitaxy. By
conscious selection of substrates, one can change the number and
the mutual orientation of epitaxial variant structures in the film.
The considered examples of enhancement of the magnetoresist-
ance in the doped lanthanum manganite films represent the first
achievements made owing to the targeted design of high-angle
boundaries of the epitaxial variant structures. Even now, one can
state that this approach would diversify and, in some cases,
markedly enhance the properties of materials (magnetic, electric,
including ferroelectric, and optical properties) depending on the
structure of internal interfaces.

In conclusion, the authors are happy to thank the colleagues
who actively participated in various stages of the research covered
in this review: Drs. I E Graboi, S V Samoilewnkov, M A No-
vozhilov and A A Bosak and students S Antonov, A Mikhailov
and O Boitsova for their inestimable contribution to the experi-
ments.
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ation.
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