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Thermodynamic model of oxide overgrowth on bare metals:
Relaxation of growth strain by plastic deformation
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A thermodynamic model has been developed which predicts the growth of either an initial (semi)coherent,
strained crystalline oxide phase, or an initial amorphous oxide phase (with a possible amorphous-to-crystalline
transition) on the bare single-crystalline metal substrate as a function of the metal substrate orientation, the
growth temperature, and the oxide-film thickness. The model accounts for relaxation of residual stresses in a
crystalline oxide overgrowth by plastic deformation (i.e., through the introduction of misfit dislocations at the
metal/oxide interface). As an example, the microstructural evolution of the initial oxide film grown on the
{111}, {110}, and {100} crystallographic surfaces of a bare Cr substrate has been modeled as a function of the
growth temperature and the oxide-film thickness (<5 nm). The initial oxide-film growth on the bare Cr{100}
and Cr{111} substrates is predicted to proceed by the initial formation and growth of an amorphous oxide film
up to a critical thickness of about 0.5 and 0.9 nm, respectively. On the other hand, the onset of oxidation on a
bare Cr{110} substrate should proceed by the direct overgrowth of a semicoherent, strained crystalline oxide
film. These model predictions provide understanding for experimental observations reported in the literature.
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I. INTRODUCTION

Upon oxidation of a bare (i.e., without a native oxide),
single-crystalline metal or semiconductor substrate, the mi-
crostructure of the developing oxide film can be variable. For
metals (or semiconductors) such as Al, Si, Ta, an initially
amorphous oxide film develops on the bare metal surface,
which transforms into a crystalline oxide film if the thickness
exceeds a critical value at higher temperatures (e.g., Refs. 1
and 2 and references therein). For other metals such as Cu,
Ni, and Fe, oxidation starts with the nucleation and growth
of a (semi-)coherent, elastically strained crystalline oxide
film (e.g., Refs. 1 and 2 and references therein). After attain-
ing some critical oxide-film thickness, the build-up growth
strain in the oxide film is released by the formation of misfit
dislocations (i.e., plastic deformation occurs), which are ini-
tiated at the metal/oxide interface.

For many technological applications (e.g., microelectron-
ics, surface coatings, and catalysis), the growth of either an
amorphous or a coherent, single-crystalline oxide film is de-
sired, because of the absence of grain boundaries in both
these types of oxide films:3-3 Grain boundaries in the grown
oxide films may act as paths for fast atom or electron trans-
port, thereby deteriorating material properties such as the
electrical resistivity, corrosion resistance, or catalytic
activity.>% In particular for technological applications in the
field of microelectronics, thin amorphous oxide films are re-
quired, because of their uniform thickness and specific mi-
crostructure (no grain boundaries, moderate bond flexibility,
large free volume, negligible growth strain) and related prop-
erties (e.g., passivating oxide-film growth kinetics, low leak-
age current, high dielectric constant, high corrosion
resistance).2>

As shown by recent model calculations by Jeurgens et al.!
on the relative thermodynamic stability of an amorphous ox-
ide film on its metal substrate (with respect to that of the
corresponding elastically strained, crystalline oxide film on
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the same substrate), an amorphous structure for the initially
grown oxide film can be thermodynamically (instead of ki-
netically) preferred due to the lower sum of the interfacial
and surface energies for the amorphous-oxide-film/metal-
substrate configuration as compared to the crystalline-oxide-
film/metal-substrate configuration. However, in this model,
which was applied to the oxidation of Al, the possible relax-
ation of growth strain in the crystalline oxide overgrowth
(and/or the parent metal substrate) by introduction of misfit
dislocations at the metal/oxide interface is not considered,
which is only justified up to a certain oxide-film thickness
and for a small initial lattice mismatch between the metal
substrate and the oxide overgrowth.

In the present contribution, the original model
description! has been extended and thereby improved consid-
erably to account for the relaxation of growth strain (origi-
nating from the initial lattice mismatch between a crystalline
oxide overgrowth and its parent metal substrate) by plastic
deformation. The resulting model can be applied to distinctly
larger oxide-film thicknesses, as well as to metal/oxide sys-
tems of high initial lattice mismatch. A general expression
has been derived for the assessment of the energy of the
interface between a metal substrate and its corresponding
coherent or semicoherent crystalline oxide overgrowth. Fur-
ther, the different approaches as reported in the literature for
the estimation of the misfit-dislocation energy contribution to
the interface energy have been outlined and a numerical pro-
cedure has been presented to calculate the value of the inter-
face energy of the corresponding semicoherent interface as
function of the growth temperature and oxide-film thickness.

The new model description has been applied to the
Cr/Cr,05 system, which not only represents a case of very
large lattice mismatch, but also exhibits pronouncedly differ-
ent mismatches along different directions in the boundary
plane between the metal substrate and the oxide film (i.e., the
crystalline oxide film exhibits anisotropic growth strain). On
the basis of the model calculations, the thermodynamic sta-
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FIG. 1. Schematic drawing of a homogeneous MO, oxide film
of uniform thickness, /0, on top of its single crystalline metal
substrate, (M), in contact ‘with the ambient (e.g., vacuum, a gas
atmosphere or an adsorbed layer). (a) the case of an amorphous
oxide film {MO,} of uniform thickness, Ao ), on the (M) sub-
strate, while (b) the case of the corresponding crystalline oxide film
(MO,) of uniform thickness, Ay ), on the (M) substrate. Both
films have been formed from the same molar quantity of oxygen on
identical substrates. The two competing cells of volume Ao
X l{MO , and h<Mo y X l(MO » as indicated in (a) and (b), respectively,
contain the same molar quantity of oxide.

bility of an amorphous Cr,O; film on different crystallo-
graphic faces of the Cr substrate, as compared to that of the
corresponding crystalline Cr,0O5 film on the same crystallo-
graphic faces of the Cr substrate, has been evaluated as func-
tion of the growth conditions. Finally, the model predictions
for the microstructural evolution of thin oxide films grown
on bare, single-crystalline Cr substrates have been compared
with experimental observations as obtained by low energy
electron diffraction (LEED),”” reflection high energy elec-
tron diffraction (RHEED),”!%!! x-ray scattering'> and va-
lence band spectra of the oxidized metal as recorded by ul-
traviolet (UPS), and x-ray photoelectron spectroscopy
(XPS)."3

II. THEORY
A. Basis of the model

Consider an homogeneous oxide film, MO,, of uniform
thickness, hy, on its single-crystalline metal substrate,
(M). In one case, the oxide film is amorphous, denoted as
{MO,}, with thickness h{MOX}' In the other case, the oxide
film is crystalline, denoted as (MO,), with thickness /0 ).
The braces {} and the brackets () refer to the amorphous
state and the crystalline state, respectively. The composition
of the amorphous and crystalline oxides is the same, and
both films have been formed from the same molar quantity
of oxygen on identical substrates.

To assess the thermodynamic stability of the amorphous
oxide film on the metal substrate with respect to that of the
corresponding crystalline oxide film on the metal substrate,
the energetics of the (M)-{MO,} and (M)-(MO,) configura-
tions will be compared for cells of volume h{MOX}Xl{ZMox}
and h<M0X>Xl<2Mox>’ respectively [see Figs. 1(a) and 1(b)].
Both cells contain the same molar quantity of oxide. The
difference in total Gibbs energy between the amorphous and
crystalline cells, AG:G{MOX}_G<MOX)’ can be given as
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AGy0, = AGlyo,
AG= h{MOY} % + Ym0 }-amb + Y(m)-{p10 }
‘ oy
= X(Y(410 y-amb + Yoaym0.)) (1)

where AG{MOX} and AG{MOX> are the Gibbs free energies of

formation of the amorphous and the crystalline oxide, re-
spectively; Vimo,) is the molar volume of the amorphous
oxide; V(MO }-amb and YMO y-amb Are the surface energies of
the amorphous oxide and the crystalline oxide in contact
with the ambient, respectively; Ymy-{mo } and Ymy-(mo,) are
the interfacial energies of the interface between the metal
substrate and the amorphous oxide and the metal substrate
and the crystalline oxide, respectively; y denotes the ratio of
the surface areas of the unstrained amorphous cell and the
(strained) crystalline cell (see Sec. II B and Ref. 1)

l2
w0,
X= 2 .
{MO .}

2)

If AG <0 the amorphous oxide cell is more stable, whereas
for AG>0 the crystalline oxide cell is more stable.

B. Interfacial energies

Experimental values for the solid-solid interfacial ener-
gies between a metal substrate and its amorphous or crystal-
line oxide overgrowth [i.e., values for Yo and
Yay-mo, in Eq. (1)] as function of the growth conditions are
generally not available. Therefore approximative expressions
have been derived on the basis of the macroscopic atom
approach.'*

The crystalline-amorphous interface (M)-{MO,} is con-
ceived as an interface between a crystalline solid (i.e., metal
(M)) and a configurationally frozen liquid (as a model for the
amorphous oxide, {MO.}). Because of the relatively large
free volume and moderate bond flexibility of an amorphous
phase, it is assumed that no mismatch strain resides in the
amorphous oxide film (and consequently the metal substrate)
at the oxide-growth temperature. It then follows that the en-
ergy, Y(my{mo s of the interface between the metal substrate
and the amorphous oxide film (per unit area of the interface)
can be expressed as the resultant of three additive energy
contributions (for details, see Ref. 1), i.e.

interaction enthalpy

Yon{mo 3 = Yooy + Yory, Whiroy + Yon-moy- (3

The (relatively large) negative interaction contribution,

y?;f)r?;,,“gn} arises from the chemical bonding between the
X

amorphous oxide and the metal substrate across the interface.

The positive entropy contribution, 72%0{%0 » results from the

ordering (i.e., the decrease of configurational entropy) of the
amorphous oxide near the interface with the crystalline metal
substrate (for experimental confirmation see Ref. 15). Fi-
nally, the (relatively small) positive enthalpy contribution
arises from the relative increase in enthalpy of the metal
substrate atoms at the interface (as compared to the bulk) due
to the liquid type of bonding with the amorphous oxide at the
interface (see further Ref. 1).
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FIG. 2. Schematic drawing of the separate energy contributions
due to (i) residual homogeneous strain, 7’2%2/\4@)’ and (ii) misfit
dislocations, 7’?;11)02;/}18;’ to the total mismatch energy, 'y?}\,i;;f‘(';'\f;&>, as
function of crystalline oxide-film thickness /o in the various
growth regimes. The elastic, mixed, and plastic regimes, as defined
in Sec. II B have been indicated.

The energy, YM)<MO s of the coherent or semicoherent
crystalline-crystalline interface, (M)-(MO,), is the resultant
of two energy contributions

Vym0,) = Yotr-on + Yo, (4a)

nteraction
Yimy-mO,y
chemical interaction between the crystalline oxide film and
the metal substrate across the interface (see also above) and

the mismatch contribution, %ﬁ“ﬁ% )» is due to the mismatch

The interaction contribution, represents the

between the lattices of the metal substrate and the crystalline
oxide film at the interface plane.

For a fully coherent crystalline-crystalline interface,
(M)-(MQO,), all lattice mismatch is accommodated fully elas-
tically by the thin, epitaxially grown oxide film. This limiting
case, which results in a homogeneous strain'® in the epitaxial
oxide film, will be further referred to as the “elastic regime”
(Fig. 2). With increasing oxide film thickness, as well as
initially for (M)-(MO,) systems of large initial lattice mis-
match (larger than, say, ~7%), any homogeneous mismatch/
growth strain in the crystalline oxide film may partly or fully
be relaxed by built-in misfit dislocations at the metal/oxide
interface (see Refs. 17 and 18). This intermediate case is
characterized by a residual homogeneous strain and misfit
dislocations in the crystalline oxide film and will be further
referred to as the “mixed regime” (Fig. 2). Upon further in-
crease of the oxide-film thickness, more and more misfit dis-
locations are generated at the semicoherent (M)-(MO,) inter-
face in the crystalline oxide film until all residual strain
within the grown oxide film has been fully relaxed. Then the
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(fully) “plastic regime” has been entered (see Fig. 2).

The relaxation of growth strain in the crystalline oxide
film by the generation of dislocations (plastic deformation) is
accounted for by substituting the original mismatch contri-
bution, y{%’_‘}‘ﬁgg, in Eq. (4a) (as introduced in Ref. 1) by

two separate energy contributions 72%21\409 and y?}ljl)‘fgﬁ(‘)’ig

due to the residual homogeneous strain and the induced mis-
fit dislocations in the crystalline oxide film, respectively.
Hence [see Eq. (4a)]

Yon-0n0,)= Yy ooy + Yo-mo, + Yanaroy  (4b)
In the mixed regime the residual homogeneous strain can
thought to be superimposed on the periodic, inhomogeneous
strain field, resulting from the sum of strain fields associated
with each of the misfit dislocations. With increasing density
of misfit dislocations at the semicoherent (M)-(MO,) inter-
face, the strain contribution, 7?;?;21\40\.)7 decreases, whereas

the dislocation term, 7?%?‘2,"\%:), increases (see Fig. 2 and e.g.,

Ref. 18). Because the energy contributions due to the re-
sidual homogeneous strain and the misfit dislocations in the
crystalline oxide film are attributed (here) to the interface
energy instead of to the bulk energy of the film [see Eq. (1)
in Sec. IT A], the interface energy Ym0, exhibits a pro-

nounced dependence on the oxide-film thickness (see Fig. 2).

The interaction energy contribution, ')/%“2;283, per unit

area of the (M)-(MO,) interface [see Eq. (4b)] is given by

,yinteraclion _ P AHOOO in(M)
(M)-(MO,) — Aunstr
(0)

(I+& )1 +&p), (4¢)

where p is a constant fraction that depends on the shape of
the Wigner-Seitz cell of oxygen in the oxide (here: p= %; see
Ref. 1); AH{ ;) denotes the enthalpy of mixing at infinite

dilution of 1-mol O(g) atoms in the solid crystalline metal

(M); the molar interface area A?g;” is defined as the area of

the (M)-(MO,) interface containing 1-mol O atoms for the
case of the unstrained crystalline oxide film, which differs
from the corresponding molar interface area A ) in the origi-
nal treatment,' as defined for the strained crystalline oxide
film. To correct for the area difference between the strained
and unstrained crystalline oxide film, the term (1+&;;)(1
+8,,) is introduced here, where £, and &,, denote the re-
sidual, homogeneous, normal strains in the oxide in perpen-
dicular directions 1 and 2, respectively, at the (M)-(MO,)
interface plane.

The strain energy 3’2}1}%1\40‘9 due to the residual homoge-

neous strain in the crystalline oxide film, is obtained from

%%QMQV) = h(MOX)a'ijgij = h(MOX)Cz‘jklgijgkl (i.j.k,1=1,2,3),
(4d)

where g;; is the stress tensor, Cyj, is the fourth-rank stiffness
tensor, and & is the residual homogeneous strain tensor of
(MO,). The perpendicular directions 1 and 2 are parallel to
the (M)-(MO,) interface plane, whereas direction 3 is per-

pendicular to the interface plane.
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The initial lattice mismatch within the (M)-(MO,) inter-
face plane is characterized by the mismatch values f; and f,
in the two perpendicular directions 1 and 2 within the inter-
face plane

_agn = 'awo,)

fi= (i=12), (5a)

‘o,

where ia<M> and ia<Mox> denote values of unstrained lattice
spacings corresponding to direction 1 and 2 of the metal
substrate (M) and the (MO,) film, respectively. For the case
of a semicoherent (M)-(MO,) interface in the mixed regime
(see Fig. 2), the residual normal strains, ;;, within the (MO,)
film in directions 1 and 2 depend on the corresponding re-
sidual lattice spacings, "a_<MOx>, of the (MO,) film according

to

ia ~ig
_ (MO,) (MO,) .
i = f (l: 1,2) (Sb)
admo,)

Finally, the contribution of the dislocation energy, y?ﬁ&ogi,}‘(‘;‘;

to the total interface energy, ¥)-mo ) in Eq. (4b), equals the
sum of the total energies of the arrays of misfit dislocations,

! ?11\;1;22;83 and 2)/2111‘;1;?;}182)’ with Burgers vectors parallel to

directions 1 and 2, respectively

dislocation __ 1 _ dislocation

2 _dislocati
7<M>-<MOX> = ')’<M>_<M0x> + islocation (46)

Yimy-(m0,)+

In Sec. II C various treatments are outlined to estimate the

misfit-dislocation energy terms ’y?}j&??j/?(‘;:) (i=1,2).

C. Misfit-dislocation energy
1. The semi-infinite overgrowth (SIO) approach

In the Frank-van der Merwe approach (e.g., Refs. 18 and
19) the energy of an array of misfit dislocations at a semico-
herent solid-solid interface is calculated by adopting an in-
terfacial force between the atoms on each side of the inter-
face that varies periodically with the atomic disregistry (e.g.,
Refs. 18 and 19).

In the semi-infinite overgrowth (SIO) approach, the lim-
iting case of a semi-infinite (i.e., infinitely thick) overgrowth
(here: the (MO,) oxide film) on top of a semi-infinite sub-
strate (here: the metal substrate (M)) is considered. Accord-
ingly, all mismatch is assumed to be fully compensated by a
rectangular grid of misfit dislocations at the interface, i.e.,
only the plastic regime is considered. Further, a sinusoidal
interfacial potential energy density function between the sub-
strate with lattice spacings 1a<M> and 2a<M> and the over-
growth with lattice spacings 1a<MOX> and Z‘Z(Mox) is adopted
that is a function of the relative displacements of the atoms
on either side of the interface with respect to their equilib-
rium positions in the unstrained case. Additional assumptions
of the SIO approach are listed in Table I.

The periodic distance, d;, between adjacent, parallel misfit
dislocations at the interface is equal to the vernier period of
the mismatch, P;, as defined in units of the lattice spacing of
the overgrowth
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di = Piia<MOX> = (Pl + 1)’a<M> (l = 1,2) (63.)

Then, a reference lattice with lattice spacings c¢;(i=1,2) can
be defined by

1
d[=<Pii§>Ci (l=1’2) (6b)
with

2'ag apmo,

= (i=1,2). (6¢)

" e+ a0,
Accordingly, the lattices of the metal substrate, (M), and the
crystalline oxide film, (MO,), can be conceived as generated
from the reference lattice by a homogeneous compression or
a homogeneous expansion equal to %ci of the span (P;
+1)c; or Pc;, respectively.'®

The maximum amplitude W, of the interfacial potential
energy density function determines the maximum interfacial
force for disregistered atoms on each side of the interface
and depends on the strength of bonding between the adjacent
solids and hence on the adhesion energy. Estimations for W,
based on simple bond concepts lead to the value of one third
of the adhesion energy, <,‘,i/}‘>e_?iﬁl%x>,l&20 ie.

1 : i
adhesion nteraction
Wy=— )s

1 .
= 3 Yim)-(M0,) = §(7<M>-amb + Ym0 y-amb ~ YZM>»<M0X>
(6d)

where Y(usy-amp and Y(MO )-amb are the surface energies of the
metal (M) and the crystalline oxide (MO,) in contact with
the ambient (see Sec. II A) and the interaction energy

Yoiriioy as defined in Sec. IIB. Further, the interfacial

shear modulus w; is related to the amplitude W, by!'®

2aW,
=0 (i=1,2), (6e)

i

This results in the following expression for the energy

iy?ﬁg?f}ﬁg?) of an array of misfit dislocations with a Burgers

vector parallel to direction i, per unit area of the semicoher-
ent (M)-(MO,) interface, according to the SIO approach'®

i dis ion MiCi 1 1
7<M1>(3§1?/;8x> = m{z{l + (531'— 1>Bi
—ﬁiln(l—Bf)H (i=1,2). (7a)

The parameter B; in Eq. (7a) is defined as

B=\N1+8 - (i=12), (7b)
with
B=2T (121, (70)
diMi

The parameter \ in Eq. (7c) expresses the average elastic
properties of the substrate-overgrowth system according to
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TABLE 1. Assumptions made in the semi-infinite overgrowth (SIO), large dislocation distance (LDD),
extrapolation (EXTR), first approximation (APPR), Ball (BALL), and Volterra (VOLT) approaches, for
estimation of the misfit-dislocation energy (see Sec. II C). The approximate thickness range (in oxide mono-
layers; ML) for which an approach is valid has also been indicated.

PHYSICAL REVIEW B 74, 144103 (2006)

Assumption SIO LDD EXTR APPR BALL VOLT
(M) and (MO,) phase:
Initial dislocations present no no no no no no
Hookeian behavior yes yes yes yes yes yes
(outside dislocation core)
Isotropic yes yes yes yes yes yes
Dislocations:
Long and straight yes yes yes yes yes yes
Located at the interface yes yes yes yes yes yes
Only edge character yes yes yes yes yes no
Burgers vectors in interface plane yes yes yes yes yes no
Arranged in a rectangular grid yes yes yes yes yes yes
Regularly spaced yes yes yes yes yes yes
Dislocation core energy included no no no no no yes
Interactions at crossings of no no no no no no
dislocation lines
Same dislocation energy as in bulk no no no no no yes
(M)-(MO,) interface:
Atomically smooth interface yes yes yes yes yes yes
Normal stress in interface plane no no no no no no
Strain gradient perpendicular to yes yes yes yes no yes
interface plane
Interaction of dislocations with surface no no yes yes yes yes
Approximate thickness range (ML) o >20 >10 several <10 >20
1 1=wvyy =20, large dislocation distance (LDD) approach are listed in
—= + =, (7d) Table 1.
N M

Mmo,)

where ), and MmO, and vy, and V(mo,) are the shear
moduli and the Poisson constants of the metal substrate, (M),
and the oxide overgrowth, (MO,), respectively.

The energy term iy?}"jg‘ffﬁg; according to Eq. (7a) incor-
porates the energy of disregistry at the interface, as well as
the energy of the localized, inhomogeneous strain fields
around each misfit dislocation (as is also the case for the
following approaches presented in Secs. I C 2, II C 3,11 C 4,
IIC 5, and II C 6). In the SIO approach, the strain field ra-
dius of the dislocations is taken equal to half of the disloca-

tion spacing (i.e., %d,-).

2. The large dislocation distance (LDD) approach

For very small initial lattice mismatches and thick over-
growths (more than 20 atom layers), the expression for the
dislocation energy as obtained using the SIO approach for
the case of a semi-infinite overgrowth on a semi-infinite sub-
strate [see Eq. (7a) in Sec. II C 1] can also be used to esti-
mate the corresponding dislocation energy if the overgrowth
is of finite thickness. Further assumptions of this so-called

Since residual homogeneous strain can be present in an
overgrowth of finite thickness, the unstrained lattice spacing
’a<M0x> of the overgrowth in Eqgs. (6a)—(6¢c) of the SIO ap-
proach in Sec. Il C 1 has to be replaced by the residual strain
affected lattice spacing '@y, ,, Which also influences the cal-

culated constants w;, B;, and B; [see Egs. (6¢), (7b), and (7c),
respectively]. Further, for thick overgrowths with large dis-
2

location distances dj, it is assumed that :7'2~ 0. This results in
b dislocati
“Yomo,y of an ar-

ray of misfit dislocations with a Burgers vector parallel to
direction i, per unit area of the semicoherent (M)-(MO,)
interface, according to the LDD approach?!

the following expression for the energy

i _dislocation )\Ciz wid; .
Yimy-(mo,) = . In W +1 (i=1,2). (8)

3. The extrapolation (EXTR) approach

The SIO model for the case of a semi-infinite overgrowth
[see Eq. (7a) in Sec. IT C 1] can be extrapolated to the case of
a thin overgrowth of finite thickness, h<MOX>, by adopting the

so-called extrapolation (EXTR) approach. Then, as for the
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LDD approach in Sec. II C 2, the unstrained lattice spacing
la(Mog of the overgrowth has to be replaced by the residual

strain affected lattice spacing ic7< mo,)- However, in the EXTR

approach the interactions of the individual strain fields of the
dislocations with each other and with the free surface are
now approximately accounted for (see Table I) by defining
an effective range for the strain field of a dislocation. In the
SIO approach, the strain field radius of the dislocations is
taken equal to half of the dislocation spacing (i.e., %di),
whereas in the EXTR approach the strain field radius is taken
equal to 3¢;,22 which is defined by

This results in the following expression for the energy

i ’}’?151)022’}1(0); of an array of misfit dislocations with a Burgers

vector parallel to direction i, per unit area of the semicoher-
ent (M)-(MO,) interface, according to the EXTR approach??

[}

MiCi

PHYSICAL REVIEW B 74, 144103 (2006)

i dislocation _ qi Mi€i) 1 (1 " )
=——1-|1+|=8;-1|B.

7<M>—<MOX> di 4772{ 2 |: zﬂt i
—ﬁfln(l—sz)” (i=1,2), (9b)

where the parameters B; and ,8: are calculated according to
Egs. (7b) and (7c) by replacing d; by g;.

The EXTR approach is only a good approximation for
films thicker than about ten atom layers, because for smaller
film thicknesses the adopted interfacial potential energy den-
sity function (as taken from the SIO approach for semi-
infinite overgrowths; see Sec. I C 1) differs too much from
the actual potential energy density function at the interface
between a thin film and a semi-infinite substrate.'8

4. The first approximation (APPR) approach

In the first approximation (APPR) approach,? a different
atom displacement function is derived (i.e., different from
that used for the SIO, LDD, and EXTR approaches; e.g.,
Refs. 18 and 19) to arrive at an improved description for the
disregistry of the atoms at the interface for the case of a finite
overgrowth on a semi-infinite substrate (see Table I).

This results in the following expression for the energy

iy?%?fﬁ%% of an array of misfit dislocations with a Burgers

vector parallel to direction i, per unit area of the semicoher-
ent (M)-(MO,) interface, according to the APPR approach'®

(sinh® §; - ¢*)B}"

i _ dislocati HiCi
’7<,‘&>°.§i§‘82> = #(1 - B+ B;B) + 4_31'2

L (i=1,2),

ot | inh? G =7 - (1= vy (sinh g cosh &= &) - (1= v0,)
n\ +

My

with

27

=——h .
g 7 oy

l

(10b)

The APPR approach is a useful approximation for finite
overgrowths, but underestimates the strain energy associated
with misfit dislocations in the monolayer regime.'3

5. The Ball approach

In the approach by Ball, which is also based on the theo-
retical concepts proposed by Frank and van der Merwe,!”?3 a
parabolic representation of the interfacial potential energy is
used to arrive at an improved description for the disregistry
of the atoms at the interface for the case of an ultrathin
overgrowth (up to only a few atom layers; treated as a
“monolayer” of thickness h(MOX)) on a semi-infinite substrate
(see Table I). In the BALL approach, the strain gradient per-
pendicular to the surface/interface plane is neglected, which
is a reasonable assumption for ultrathin overgrowths.'8

Mmo,)
(10a)

In the BALL approach the elastic strain in both the semi-
infinite substrate and the ultrathin overgrowth, due to the
misfit dislocations, is considered. Further, the interfacial
modulus u; [see Eq. (6e) in Sec. IT C 1] is modified (symbol:
wi) to approximately correct for errors introduced by the
unrealistic parabolic interfacial potential energy density
function,!” i.e.,

8
wl= w241 +\2)] (=12).  (lla)
o

This results in the following expression for the energy

iy?i%o_fﬁi(‘;% of an array of misfit dislocations with a Burgers

vector parallel to direction i, per unit area of the semicoher-
ent (M)-(MO,) interface, according to the BALL approach!’
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o)

o ‘c;
Yoty o = Z’—ﬂl’ > {nz +nlf;

n=1
1 ( pid; ) B
+ =
2 47T/L<M0x>(1 + V<M0x>)h<MOx>Ci

(i=1,2), (11b)
with
21ci
! = ,—<M> (11c)
dip; (1= V(M))

6. The Volterra (VOLT) approach

In the VOLT approach, which has been extensively used
by Matthews,2*%5 a theoretical treatment on the basis of an
adopted interfacial potential energy density function and cor-
respondingly derived atom displacement function (as for the
approaches in Secs. IIC 1, IC2, IIC3,11C4, and II C5)
is no longer employed. Instead, the substrate and the over-
growth are considered as a homogeneous solid with elastic
properties equal to the weighted properties of the substrate
and the film, i.e., without a real interface as in the aforemen-
tioned models. Thereby a variation of the chemical bond
strength across the interface is not accounted for and, conse-
quently, the VOLT approach becomes inaccurate for small
film thicknesses and/or misfit strains larger than about
10-15%.7%% Since Hooke’s law is no longer valid within the
dislocation core, in addition to the outer cut-off radius of the
strain field of an individual dislocation, an inner cut-off ra-
dius has to be defined in the VOLT approach, such that the
core energy is effectively included (see below).

This results in the following expression for the energy

! y?jjg‘ffj}ig; of an array of misfit dislocations with a Burgers

vector parallel to direction i, per unit area of the semicoher-
ent (M)-(MO,) interface, according to the VOLT approach?

i . dislocation )\|I;’|2 Ri j
o = R N

with the outer cut-off radius of the dislocation strain field
taken as

b, d
2’ M09 = »

R, = d (i=1,2). (12b)
hanoys hawoy < EI

The absolute of the Burgers vector, i.e., l;,- , in the logarith-

mic term of Eq. (12a) is taken as an approximate for the
inner cut-off radius of the dislocation strain field. The energy
of the associated dislocation core is taking into account by
adjustment (i.e., a decreasing) of the inner cut-off radius of
the dislocation strain field [as approximated here by the em-
pirical summand one in the logarithmic term of Eq. (12a);
see Ref. 25]. As reflected by Eq. (12a), imperfect misfit dis-
locations (i.e., with realistic Burgers vectors inclined to the
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interface or with mixed edge-screw character, as observed
from experiment) can be considered in the calculation of the
misfit-dislocation energy according to the Volterra (VOLT)
approach (see Table I). If the actual Burgers vector for the
system under study is not known, its absolute value can be

estimated by the lattice spacing of the reference lattice |l;,|
~¢; [see Eq. (6¢)].

D. Minimization of Yy<MoO, )3 numerical procedure

Since the energy contributions due to residual homoge-
neous strain and misfit dislocations in the crystalline oxide
film are assigned to the interface energy y;.( MO ) instead of
to the bulk energy of the film [see Eq. (1) in Sec. IT A], it
follows that a minimum in the total Gibbs free energy of the
crystalline cell [thermodynamic equilibrium; see Fig. 1(b)] is
attained if ¥.(vo,) is at its minimum value.?® To determine
the minimum value of YM<(M0,) the residual strain affected
lattice spacings 15<MOV) and 25<MOX) of the crystalline (MO,)
film are solved simulténeously by minimization of .. MO,)
with respect to the residual homogeneous strain in the film
for a given oxide-film thickness, h<Mox>, and growth tempera-
ture, 7, i.e.

d

7(M>_—<MOX> _0, (13)

e ij

where g;; is the residual strain tensor [see Eq. (5b) in Sec.
I B]. The boundary conditions for the minimization are ab-
sence of in-plane shear strain in the (Cr)-(Cr,O5) interface
plane (i.e., £,,=0), as well as absence of stress perpendicular
to the interface plane (i.e., 0j3=053=033=0). The unstrained
initial lattice spacings 1a< MO, and 2a<MOX> are used as starting

estimates for lﬁ< MO, and zc_z< MO, The minimization has been
X X/

performed by adopting the Nelder-Mead simplex method as
implemented in Matlab.?’

E. General remarks about the misfit-dislocation energy

The dislocation density in a thin film system, as observed
from experiment, is generally lower than the value calculated
theoretically (i.e., according to one of the equilibrium models
discussed in Secs. IIC1, IC2, IIC3,IIC4, IICS5, and
II C 6). This is mainly because kinetic constraints as illus-
trated by the occurring activation energies for generation and
movement of dislocations due to the Peierl’s force (e.g., Ref.
24) and the formation of stacking faults and/or surface steps
(which can accompany the introduction of misfit disloca-
tions) are not accounted for in the equilibrium models.?!
Also, in practice, for the system under study, suitable glide
systems may lack (thereby prohibiting the built-in and move-
ment of dislocations) and/or a growth mode deviating from
ideal layer-by-layer growth (e.g., islands or islands-by-layer
growth) may occur. If the actual oxide growth mode deviates
from pure layer-by-layer growth, additional growth strain
may be relaxed at the edges of oxide islands, as well as by
the existence of grain boundaries between adjacent oxide do-
mains.
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TABLE II. Unstrained lattice parameters, a® and &, and molar volumes, V, at Typ=298 K of (Cr) and
(Cr,03). The unstrained lattice parameters and the corresponding molar volumes at a given growth tempera-
ture were calculated using the linear thermal expansion coefficient as defined by a(T)=ax+agT+ acT>.

Phase Symbol Value Unit Reference Remark
(Cr) (e 2.8849x 10710 28
(Cry03) e, 49573%10710 28
S0y  13.5923x1071° 28
(Cr) ay 9.983x 1077 K-!
ag 2.153x 1078 K2 } 36 for T<795 K
ac —-1.152x 1071 K3
(Cr) ay 1.097 X 1073 K-!
ag -3.402x107° K2 } 36 for T>795 K
ac 4.089 %< 10~!2 K3
{Cr,05} an 1.038 X 1073 K! Data for
o —-6.244 %1070 K2 } 37 polycrystalline
ac 3.186 X 10712 K-3 Cr04
(Cr,05) an 1.376 X 1073 K!
ap -1.200x 107° K2 } 37 Along the a-axis
ac 1.628 X 10712 K3
(Cr,05) ap 3.785x 1076 K!
ap 4.758 % 1078 K2 } 37 Along the c-axis
ac -1.377x 10712 K3
{Cr03}  Vigoy 3.160 % 107 m? mol™! 31 Estimated
3 stimate
(Cr,03) (Cr,03) 2.903 X 1073 m? mol™! 28

III. ENERGETICS OF CHROMIUM-OXIDE FILMS ON
CHROMIUM SUBSTRATES

The thermodynamic model presented in Sec. II is applied
here to the case of a thin Cr,O; film of variable, uniform
thickness (“overgrowth™) on the {110}, {100}, and {111} crys-
tallographic faces of a single-crystalline (body centered cu-
bic) Cr substrate, (Cr), for growth temperatures in the range
of 298 to 1000 K. An amorphous nature of the Cr,O5 film,
further denoted as {Cr,0O5}, competes with a crystalline a-
Cr,05 (trigonal, corundum crystal structure; see, e.g., Ref.
28) nature of the film, further designated as (Cr,03), whether
or not containing misfit dislocations.

To calculate the total Gibbs free energies of the amor-
phous {Cr,05} and crystalline (Cr,05) cells (see Fig. 1 and
Sec. IV), first the corresponding bulk, surface and interfacial
energy contributions [see Eq. (1) in Sec. Il A] have to be
determined (see Secs. III A-IIIC, respectively). The
crystalline-crystalline (Cr)-(Cr,O5) interfacial energy contri-
bution has been calculated according to the approach pre-
sented in this paper (Sec. II B) involving different estima-
tions of the misfit-dislocation energy contributions,

i dislocation

Y(Cry(Cra0y 0 the total (Cr)-(Cr,03) interface energy (see
Sec. IT C), made by employing the numerical procedure pre-
sented in Sec. II D. The corresponding bulk and surface en-
ergy contributions of the {Cr,O3} and (Cr,O5) cells (Secs.
I A and I B, respectively), as well as the crystalline-
amorphous (Cr)-{Cr,05} interfacial energy contribution (Sec.

III C), were calculated according to the procedure described
detailedly in Ref. 1.

A. Bulk Gibbs energies of the {Cr,03} and (Cr,03) cells

The bulk Gibbs energies of formation, AG{CQO?} and
AG{CQO3>, of {Cr,03} and (Cr,03), respectively, have been
taken from Ref. 29. The bulk Gibbs energy of formation of
liquid Cr,05 below the glass-transition temperature?® has
been adopted as an approximate for the value of AG{CQO;}
for amorphous {Cr,05}, treated as a configurationally frozen
liquid (see Ref. 1). The corresponding molar volumes of
{Cr,05} and (Cr,05) at Ty=298 K are shown in Table II.

The calculated difference in bulk Gibbs energy contribu-
tion [see Eq. (1)], h{Cr203}'(AGfCQo}}_AG{Crzo}))/ Vicr,04
per unit area of the (Cr)-{Cr,05} interface, has been plotted
in Fig. 3 as a function of the thickness, h{szos}’ of the
{Cr,03} cell for both T;=298 K and T=1000 K. Obviously,
if only the bulk Gibbs energies of the competing cells are
considered, the crystalline (Cr,05) cell is thermodynamically
preferred. The bulk Gibbs energy difference between the

competing cells decreases with increasing temperature (equal
values of AG/ occur at the (Cr,0;) melting point).

B. Surface energies of the {Cr,03} and (Cr,03) cells

For the calculation of the (Cr)-(Cr,O3) interface (Sec.
III C) and surface energy contributions, the following orien-
tation relationship between the {110}, {100}, and {111} faces
of the body centered cubic (bcc) (Cr) substrate and the
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FIG. 3. Difference in bulk Gibbs energy of formation of the
amorphous {Cr,0O5} and the crystalline (Cr,O3) cells, per unit area
of the (Cr)-{Cr,03} interface [see Eq. (1) in Sec. II A and see Fig.
1], as function of the thickness, hc;,0,}, of the amorphous {Cr,O5}
overgrowth at 7,=298 K and 7=1000 K.

trigonal (corundum) (Cr,0;) film has been adopted:
(110) ¢y 1(0001) ¢y 0, and [ 1 10],cyli[01 Io]<Cr203> (as experi-
mentally observed for thin crystalline Cr,O5 films grown on

{110} and {111} faces of single-crystalline Cr substrates by
thermal oxidation”-'23%). Consequently, the Cr,0;(0001),

Cr,0;(1126), and Cr,04(1104) crystallographic planes con-
stitute the surfaces of the crystalline (Cr,05) overgrowths on
the Cr(110), Cr(100), and Cr(111) substrates, respectively.

The values adopted for the surfaces energies of the
{Cr,03} and (Cr,03) cells (and their temperature depen-
dence) have been gathered in Table III. The employed tem-
perature dependence of the (Cr,O3) surface energies (Table
IIT) represents an empirical estimate as obtained from the
averaged temperature dependence for various crystalline ox-
ide surfaces.’'¥ The employed temperature dependence of
the {Cr,0;} surface energy (Table III) represents an empiri-
cal estimate as obtained from the averaged temperature de-
pendence of various liquid and amorphous oxides.3!33

The literature value for the surface energy of the relaxed
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Cr,05(0001) surface has been obtained by atomistic lattice
simulations performed at 7=0 K.* No literature values for

the Cr,05(1126) and Cr,05(1104) surface energies could be
found. Therefore, literature values for the energies of the

relaxed Cr,0,{0001} and Cr,04{1120} surfaces** have been
employed to estimate the surface energy of the Cr,05(1126)
surface at T=0 K, by conceiving the stepped Cr,O5(1126)

surface as constituted of Cr,04(0001) and Cr,O5(1120) crys-
tallographic planes (facets). Similarly, the energy of the

stepped Cr,05(1104) surface at T=0 K has been estimated
from literature values for the relaxed Cr,05{0001} and

Cr,0,;{1010} surfaces. The thus obtained surface energies of
the concerned crystalline (Cr,O3) cells obey ¥(cr,0,(0001))-vac

< V(Cr,04(1126))-vac < Y(Cr,04(1104))-vac (see Table III).

The surface energy at =0 K of the amorphous {Cr,03}
cell (on all three crystallographic faces of the (Cr) substrate)
is approximated to be % of the corresponding, most densely
packed crystalline oxide surface, i.e., the Cr,O5(0001) sur-
face (see Refs. 31 and 35).

The calculated difference in surface energy, Y{Cr,05}-vac
= X" Y(Cr,0y)-vac [cf. Eq. (1)], per unit area of the {Cr,03} sur-
face, has been plotted in Fig. 4 as function of 7 for oxide
growth on the Cr{110}, Cr{100}, and Cr{111} substrates for
h{Cr203}=2 nm. The surface energy difference decreases
slightly with increasing h{Crzog} (up to about 1 nm thickness),
as a consequence of the concurrent change of the surface
area ratio, y of the competing cells in the mixed regime [see
Eq. (2) in Sec. IT A]. Therefore, the results in Fig. 4 have
been given for a specific thickness within the plastic regime
(i.e., hicr00=2 nm). It follows from Fig. 4 that the surface
energy of the amorphous {Cr,05} cell is in all cases lower
than that of the corresponding crystalline (Cr,03) cell, which
is a factor contributing to a possible stabilization of the
amorphous {Cr,O5} cell (see Sec. IV). The surface energy
difference is least negative for the most densely packed
Cr,05(0001) surface. Further, the surface energy difference
increases with increasing T due to the stronger (negative)
temperature dependence of the crystalline surface energy.

TABLE III. Surface energies, ¥cr)vacs ¥(Cr,05)-vacs A0 ¥(cr,04}-vac> At Tp=298 K and their temperature
dependence, dYpnase-vac/ IT, for the differently oriented (Cr) substrates and the {Cr,O3} and (Cr,03) cells of
the corresponding overgrowths (see Fig. 1), as adopted in the model calculations.

Crystallographic
Phase surface plane Yphase-vac (J m~2) Yphase-vac! T (I m2K™") Reference
(Cr) {110} 2.62
{100} 2.24 } 3% 107 35,38-40
{111} 2.50
{Cr,05} — 1.21 -1x107 31,35
(Cr,03) {0001} 1.61
{1126} 2.47 } —4x 1074 34,31,32,41
{1104} 2.57
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FIG. 4. Surface energy difference, YiCryO5}-vac-X ¥(Cr,05)-vacs PET
unit area of the {Cr,O3} surface, as function of the growth tempera-
ture, 7, for the competing amorphous {Cr,Os} and crystalline
(Cr,03) cells on the {110}, {100}, and {111} faces of the (Cr) sub-
strate [and for a thickness of the {Cr,O3} overgrowth of hc;,0.
=2 nm; see Eq. (1) and Fig. 1]. The surface plane of the (Cr,03)
overgrowth corresponds with the Cr,05(0001), the Cr,O5(1126)

and the Cr,05(1104) crystallographic faces, respectively.

C. Interfacial energies of the {Cr,03} and (Cr,03) cells

1. The interface energy of the crystalline-amorphous
(Cr)-{Cr,03} interface
The interface energy, Y(Cr)-{Cr,04) of the crystalline-
amorphous (Cr)-{Cr,0;} interface is the resultant of the in-
teraction, entropy and enthalpy contributions [cf. Eq. (3)].
Values for the interaction, entropy and enthalpy contributions
have been calculated as function of the growth temperature
and oxide-film thickness according to the procedure outlined
in Ref. 1, employing the data gathered in Table II and Refs.

1 and 29.
. interacti t
The thus obtained values of y?&f;_a{cc'r‘;%ﬁ, yfgrg‘fférzos},

yfgtrl;f‘{lgzoﬁ and of the resultant ¥cy.(cr 0, for amorphous

oxide growth on the Cr{110}, Cr{100}, and Cr{111} substrates
have been given in Table IV for various growth tempera-
tures. It follows that the (negative) interaction contribution is
the largest energy contribution, overruling the minor (posi-
tive) entropy and enthalpy contributions, resulting in a nega-

interaction
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tive value for the interface energy, Y(c{cry0,- The enthalpy
contribution depends on the orientation of the (Cr) substrate
and is larger for a more densely packed substrate surface
(approximately independent of the growth temperature). The
resultant interface energy, Y(C{Cry05h only slightly increases
(i.e., becomes less negative) with temperature, due to the
increase of the interaction (via the temperature dependence
of the lattice spacings) and entropy contributions.

2. The interface energy of the crystalline-crystalline
(Cr)-{Cr,03) interface

The interface energy, Y(Ci-(Cry0y)» of the crystalline-
crystalline (Cr)-(Cr,03) interface is the resultant of the inter-
action contribution and the mismatch contribution [Eq. (4a)],
which latter is further subdivided into a contribution due to
the presence of residual strain in the (Cr,O5) overgrowth and
a contribution due to the misfit dislocations at the {Cr)-
(Cr,0;) interface [Eq. (4b)]. Values for the interaction and
mismatch contributions have been calculated as function of
the growth temperature and oxide-film thickness according
to the numerical procedure outlined in Sec. II D, employing
Egs. (4¢)—(4e) and (5b) and the data reported in Tables II, 111,
V, and VI, and Refs. 1 and 29. The calculations have been
performed for each of the different expressions of the misfit-

dislocation energy contribution, ’y?ésrl;ig;’gﬁ, presented in

Secs. IC2, IIC3, IC4, IICS5, and II C 6. The thus ob-
tained resultant interfacial energies, Y(C)<(Cry04)0 have been
plotted in Figs. 5(a)-5(c) as a function of the crystalline
oxide-film thickness, /0, for a (Cr,03) overgrowth on
the Cr{110}, Cr{100}, and Cr{l11} substrates, respectively.
Additionally, values of Y(Cr-(Cr,y05) have been plotted in Fig.
5 for the two limiting cases that (i) all lattice mismatch is
fully accommodated by either elastic strain (i.e., only the
elastic regime is considered; as calculated according to Ref.
1) or (ii) all lattice mismatch is fully accommodated by mis-
fit dislocations (i.e., only the plastic regime is considered; as
calculated using the STO approach discussed in Sec. II C 1).
The equivalent thickness in the number of oxide monolayers
(see abscissa at the top of Fig. 5) has been obtained by taking
the approximate thickness of one oxide monolayer equal to
éE?Cl’203> =0.23 nm.

To discuss these results it is first noted that a much larger
initial lattice mismatch, f [see Eq. (5a)], exists along the

entropy enthalpy

TABLE IV. Values of the interaction, Y(Co-{Cry05p CATOPY: V(e (Cr,05): and enthalpy, Y(Co)-{Cry0qp CNETZY

contributions to the resultant (Cr)-{Cr,O5} interfacial energy, ¥cy)-cr,0,). for the overgrowth of the amor-
phous {Cr,05} cell [see Fig. 1(a)] on the differently oriented (Cr) substrates for various growth temperatures,
T, and film thicknesses, h{CrZO3}~ All data have been calculated according to the procedure outlined in Ref. 1,
employing the data reported in Table II and Refs. 1 and 29 (see also Sec. II B).

i i hal — —
T Y&hicnoy  Yeninon Yooy (/M) ¥co-ierop) (Um™)
(K) (Jm™) (Jm™) {110} {100} {111} {110} {100} {111}
298 -1.73 0.07 0.25 0.17 0.10 —-1.42 -1.49 -1.56
500 -1.71 0.11 0.24 0.17 0.10 -1.35 -1.50 —-1.42
1000 -1.56 0.22 0.24 0.17 0.10 -1.10 -1.17 -1.24
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TABLE V. Single-crystal elastic compliances, Cj;, shear modu-
lus, u, and Poisson constants, v, of (Cr) and (Cr,O3) as taken from
Refs. 42 and 43. The abbreviation “n.a.” stands for “not available”
(to indicate that no literature values or estimates are available).

Symbol Unit (Cr) (Cr,03)
Cy Pa 355.0x 10° 374 % 10°
Cp, Pa 46.0x 10° 148 X 10°
Ci3 Pa (o 175 % 10°
Cuy Pa 0 -19%x10°
Cys Pa Cy 362 10°
Cyy Pa 104.0x 10° 159 % 10°

dCy,19T PaK™! -2.0x 107 n.a.

JCyp! T PaK™! 6.0 107 n.a.

ICy4l T PaK™! -1.0x 107 n.a.

m Pa 120.4 X 10° 187 % 10°

v — 0.193 0.192
ul T PaK™! -1.7x107 n.a.
avl aT K! 6Xx107 n.a.

defined direction 1 (i.e., f; ~—18% to —14%) than along the
perpendicular direction 2 (i.e., f,~=3% to +1%) within the
(Cr)-(Cr,05) interface plane (see Table VI). Consequently, a
large anisotropic strain resides within the (Cr,05) film at the
onset of growth: a large compressive stress along direction 1
and either a small tensile or small compressive stress along
direction 2. Since the thermal expansion coefficients of (Cr)
and (Cr,03) are of the same order of magnitude (Table II),
the initial lattice mismatch values f; and f, only slightly
change (i.e., increase with about 0.2%) with increasing tem-
perature up to 1000 K.

Because the initial lattice mismatch for the investigated
Cr-Cr,05 system is large, the assumption that all mismatch is
accommodated fully elastically leads to a severe overestima-
tion of the interface energy, Y(CH~(Cry05)s beyond an oxide-

film thicknesses of one oxide monolayer (see bold dashed
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lines in Fig. 5). On the other hand, if it is assumed that all
lattice mismatch is fully accommodated by plastic deforma-
tion, the resulting value of Y(Cr)-(Cry05) MAY lead to large
overestimation of the interface energy within the submono-
layer thickness regime (see bold solid lines in Fig. 5).

As follows from Fig. 5, both the VOLT approach and the
LDD approach yield unrealistic results in the mixed and
plastic regimes: interface energy values much larger than the
limiting interfacial energy value for pure plastic accommo-
dation. This is due to the large initial mismatch, f;, in direc-
tion 1 within the (Cr)-(Cr,03) interface planes (see above)
which results in a relatively small dislocation distance, d;,
along this direction (even at the onset of growth). Conse-
quently, the main assumption cl-Z/ dfzo made in the LDD
approach (see Sec. I C 2) no longer holds. The VOLT ap-
proach does not account for a change of the chemical bond
strength across the interface (Sec. II C 6), as is required, in
particular, for thin overgrowths with high dislocation densi-
ties (as considered here),?"* and hence the results of the
VOLT approach are unrealistic for the case considered (i.e.,
it is more useful for interfaces between materials which are
chemically very alike, such as specific metal/metal inter-
faces).

The other approaches (i.e., the EXTR, BALL, and APPR
approaches) used to estimate the misfit-dislocation energy
contribution result in a value of Y(C-(Cry05) that is generally
lower than the corresponding limiting values for the elastic
and plastic regimes (Fig. 5). Only for the (Cr,O3;) over-
growths with /c;,0,,>1 nm on the Cr {111} substrate [Fig.
5(c)], the (Cr)-(Cr,0;) interfacial energy as calculated using
the BALL and (especially) the APPR approach slightly ex-
ceeds the corresponding limiting value for the plastic regime.
This slight, “apparent” overestimation of the value of
Y(C)-(Cry05) is due to the different interfacial potential energy
density functions employed in the APPR and BALL ap-
proaches (as adopted for overgrowths of finite thickness; see
Secs. IIC 4 and 11 C 5, respectively).

The interfacial energies as calculated using the EXTR ap-
proach are considerably lower than those calculated using

TABLE VI. The directions 1 and 2 in the (Cr)-(Cr,0O3) interface plane and the unstrained lattice spacings
in the same directions of the (Cr) substrate, la<Cr> and 2a<Cr>, and of the (Cr,O3) overgrowth, la<Cr203> and
2a<Cr203>, at Ty=298 K for the (Cr,03) overgrowth on the {110}, {100}, and {111} crystallographic faces of the
(Cr) substrate. The corresponding initial lattice mismatches f| and f, along the perpendicular directions 1 and

2 [see Eq. (5a) in Sec. II B] have also been indicated.

Symbol On Cr{110}

On Cr{100} On Cr{111}

Direction 1 [1 1_()]<Cr>||[1 150](0209

Direction 2 [001]cplI[1 TOO](Cr203)

[110]icr I[1120]cr,0,)
[001]cr I[1100]cx 0,

[110]cyIL1120] cry0,)
[TTZ](CT> |L[1 1_01]<Cr203>

laiy \2a(cy) 2acy V2a(c)
a ac (o) 1 ~ 2, ~ 2 aC (0]
(Cry03) (Cr,05) 5 9a<Cr203> +(cry00 (Cr,03)
2 ~ 2 e
acy 3a<Cr> }a(cﬁ 3V3/2acy
a V3dicr,0,) V3acr,0,) 1 == T = 3
oy €05 o 5\/ 124(c1,05) "+ Cicry00)
1 (%) “17.7 _14.1 2177
£ (%) 0.8 0.8 32
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FIG. 5. Crystalline-crystalline interface energy, Y(Ci~(Cry05)s A8
function of the oxide-film thickness h(Cr203) at Tp=298 K, for the
(Cr,03) overgrowth on the (a) Cr{110}, (b) Cr{100}, and (c) Cr{111}
faces of the (Cr) substrate. The bold solid and bold dashed lines
correspond to the two limiting cases that all lattice mismatch is
fully accommodated by either elastic strain (fully elastic accommo-
dation according to Ref. 1) or misfit dislocations (fully plastic ac-
commodation according to the SIO approach in Sec. II C 1), respec-
tively. All other data correspond to values of Y(C<(Cry05) in the
mixed regime (Fig. 2), as obtained by employing the different indi-
cated approaches for the estimation of the misfit-dislocation energy
contribution, i7?€3§?3i§33> (see Secs. IIC 2,11 C 3,11 C4,1IC 5, and
ImCo).

the BALL and APPR approach (Fig. 5), which can be attrib-
uted to an underestimation of the effective dislocation strain
field and the application of an inappropriate interfacial po-
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tential energy density function (as derived for infinitely thick
overgrowths) within the thin-film regime. The EXTR ap-
proach is only valid for (Cr,0O;) overgrowths thicker than
about ten oxide monolayers.

The values of Y(Cr-(Cr,04) calculated according to the
BALL and APPR approaches, are nearly equal over the en-
tire thickness range considered (i.e., from 0 to 2 nm; see Fig.
5), with the interface energy as obtained using the BALL
approach being systematically a little lower, presumably be-
cause the strain gradient perpendicular to the surface/
interface plane is not accounted for in the BALL approach
(which assumption is reasonably only in the monolayer-
thickness regime; see Sec. II C 5).

It is therefore concluded that the EXTR, the APPR, and
the BALL approaches are especially suitable for thinner
overgrowths (see Table I) with the APPR approach having
the greatest overall accuracy, in agreement with the findings
in Ref. 22. The applicability of the BALL approach is con-
fined to the submonolayer to monolayer thickness regime.
The SIO, the LDD, and the VOLT approaches are only suit-
able for relatively thick overgrowths (see Table I): the VOLT
approach being only applicable for interfaces which are
chemically very alike (e.g., specific metal/metal systems),
the LDD approach being only applicable for small mismatch
systems, and the SIO approach being only valid within the
plastic regime.

As an outcome of the above discussion, the APPR ap-
proach will be employed further to assess the misfit-

: . . . i . dislocation :
dislocation energy contribution, Y(Cr)-(Cry05)» 11 the current

model calculations (recognizing that the other approaches
can be applicable for larger film thicknesses and/or metal-
oxide systems with small initial lattice-mismatch values).
The resulting value of Y(C-(Cry05) (i.e., as calculated using
the APPR approach) increases with increasing thickness,
h<Cr203>, initially very fast and approximately linearly within
the submonolayer thickness regime, and then increases more
gradually within the mixed regime (Fig. 5). Upon approach-
ing the plastic regime (i.e., for thicknesses /cy,0,)>2 nm),
the interface energy becomes nearly independent of the film
thickness, because practically all mismatch strain becomes
fully accommodated by misfit dislocations at the (Cr)-
(Cr,05) interface.
nteraction

Values of the interaction, ’yi<Cr)-<CrzO;>’ and mismatch,

%ﬁ;ﬂ%ﬁgmy energy contributions, as calculated using the

APPR approach, and the resultant value of the (Cr)-
(Cr,05) interfacial energy, Y(en-(cr,0,)» have been gathered in
Table VII for crystalline oxide overgrowth on the differently
oriented (Cr) substrates at various growth temperatures and
for various film thicknesses, h<Cr203>. The corresponding re-
sidual homogeneous strains in the (Cr,03) overgrowth (i.e.,
g1 and &,, along the defined directions 1 and 2 within the
(Cr)-(Cr,03) interface plane, respectively; see Table VI)
have been plotted in Figs. 6(a)-6(c) as a function of hicry0,)

nteraction

at Tp=298 K. Finally, the energy contributions yi<Cr>_<Cr202>,

i i dislocati . :
Yienicnoy ad Yeiienoy (i=1,2) to
(Cr)-(Cr,05) interfacial energy, ¥cr)-(cr,0,). are shown in
Figs. 7(a)-7(c) as a function of hc 0, at Tp=298 K.

the resultant
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TABLE VII. Values of the interaction, 721(13‘5;21(%2‘(1)3)’ and mismatch, %f&%ﬁgm), energy contributions to the resultant (Cr)-(Cr,05) inter-

facial energy, ¥(cr)-(cr,0,) for the overgrowth of the crystalline (Cr,O3) cell [see Fig. 1(b)] on the differently oriented (Cr) substrates for

various growth temperatures, 7, and film thicknesses, h<Cr203>, (see Sec. II B). All data have been calculated according to the numerical

procedure outlined in Sec. II D, employing Egs. (4c)—(4e) and (5b) and the data reported in Tables I, III, V, and VI, and Refs. 1 and 29. In
i . dislocation

the calculations, the APPR approach (Sec. IT C 4) has been employed to estimate the misfit-dislocation energy contributions, Y(CH~(Cry05)- See
also Fig. 7.

ety (Jm™2) Yooy (m™) Yen-(Cry0y) (Um™)
T hicry0,)
(K) (nm) {110} {100} {111} {110} {100} 11 {110} {100} 11
208 1 -1.73 ~128 ~0.68 0.25 0.26 0.42 ~1.49 ~1.02 ~0.26
3 -1.72 ~127 ~0.68 0.26 0.28 0.44 ~1.46 ~1.00 ~0.24
5 -1.72 -127 ~0.68 0.28 0.29 0.45 ~145 ~0.98 ~0.23
500 1 -171 ~1.26 ~0.68 0.24 0.25 0.42 —147 -1.01 ~0.26
3 -1.70 ~1.26 ~0.67 0.26 0.27 0.43 -145 ~0.98 ~0.24
5 -1.70 -1.25 ~0.67 0.27 0.29 0.44 ~143 ~0.97 ~0.23
1000 1 -1.55 ~1.14 ~0.62 0.22 0.24 0.39 -1.33 ~0.90 ~0.23
3 ~1.54 ~1.14 ~0.61 0.26 0.27 0.41 -1.29 ~0.87 ~0.20
5 -1.55 ~1.14 ~0.61 0.29 0.30 0.42 -1.26 ~0.84 ~0.20

The film thickness beyond which misfit dislocations are
introduced at the (Cr)-(Cr,03) interface, where upon the ho-
mogeneous strain within the (Cr,03) overgrowth is reduced
significantly [see arrows in Figs. 6(b) and 6(c)], strongly de-
pends on the initial lattice mismatch values f; and f, at the
onset of growth (compare Figs. 6 and 7 and Table VI). For
the (Cr,03) overgrowths on the Cr{110} and Cr{111} sub-
strates, a large initial lattice mismatch is present along direc-
tion 1 (i.e., f;=—17.7%; see Table VI) and, consequently,
misfit dislocations are introduced already at the onset of
growth along this direction [note the decrease of the absolute
value of &;; with increasing thickness for h<Cr203> >0 nm; see
Figs. 6(a) and 6(c)]. For the (Cr,0O;) overgrowth on the
Cr{100} substrate with f;=—14.1%, misfit dislocations are
introduced in the submonolayer thickness regime [i.e.,
h(cry0,<0.2 nm; see Fig. 6(b)]. For the (Cr,O3;) over-
growths on the Cr{110}, Cr{111}, and Cr{100} substrates in
the plastic regime (i.e., if all lattice mismatch is fully accom-
modated by only misfit dislocations), dislocation distances
along direction 1 of five, five and seven lattice spacings c;
have been obtained from the model calculations, respec-
tively.

For the (Cr,053) overgrowth on the Cr{111} substrate, an
additional, considerable (compressive) initial strain of &5,
=f,=-3.2% exists along direction 2 and, consequently, for
hcr,0>1 nm [see Fig. 6(c)], misfit dislocations are also

2¥3
introduced along direction 2 (thereby for this case a network
of perpendicular misfit dislocations develops); the disloca-
tion distance along direction 2 slightly decreases from 34
lattice spacings ¢, at T,=298 K to 31 lattice spacings ¢, at
T=1000 K. For the (Cr,03) overgrowths on the Cr{110} and
Cr{100} substrates the initial lattice mismatch along direction
2 is small (see Table VI) and all lattice mismatch along di-
rection 2 is fully compensated by only elastic deformation
even for thicknesses up to 5 nm.

. : . : interaction : :
The interaction contribution, 72Cr>-<Cr203>v is most negative

for the (Cr,O3;) overgrowth on the most densely packed

Cr{110} substrate (with the highest density of metal-oxygen
bonds across the interface). The (partial) relaxation of the
compressive growth strain in the (Cr,03) film upon introduc-
tion of misfit dislocations at the (Cr)-(Cr,03) interface re-
sults in a decrease of the number of metal-oxygen bonds
across the (Cr)-(Cr,03) interface per unit interface area (es-
pecially in direction 1; see above). Consequently, the afore-
mentioned decrease of the strain contribution, )/zgf)‘f’@zo}),

and concurrent increase of the misfit-dislocation energy con-

tribution, iy?icsrl;i%i‘z’&), upon introduction of misfit disloca-

tions at the (Cr)-(Cr,03) interface are accompanied by a de-
crease of the absolute value of the (dominating) negative

interaction contribution, y?é‘f;?ccnr;r(’m, [see Eq. (4¢) in Sec.

II B and see Fig. 7]. Upon approaching the plastic regime,
the value of ﬁ‘gf;‘}cct‘r‘;%ﬁ becomes independent of /¢y 0,)
(Fig. 7).

It is concluded that the (Cr)-(Cr,O5) interfacial energy,
Y(Cr)-(Cry05) increases with increasing oxide-film thickness
(Fig. 5) mainly as a result of the associated increase of the

(positive) mismatch contribution, %fﬁ%ﬁgo3>. The increase

of Y(Cr(Cr,05) with increasing growth temperature is mainly
due to the increase of the negative interaction contribution,

)/“é‘f;?%‘r‘;%ﬁ It is interesting to note that this last result con-

trasts with the case for the temperature dependence of the
(A1)-(y-Al,O5) interfacial energy, y(aj-(y- ALO,) (as calculated
for the Al-Al,O; system in Ref. 1), where the increase of
Y(AD-(y-ALOS) with also increasing 7 is dominated by the as-
sociated increase of the corresponding mismatch contribu-
tion, yg‘gfga;?glm (due to the large difference in thermal ex-
pansion coefficients of the Al substrate and (y-Al,O3)
overgrowth). It is further noted that the calculated values of
the interface energy (Table VII) could be compared with cor-
responding theoretical values as obtained by, e.g., atomistic
static lattice simulation or molecular dynamics (cf. Ref. 1).
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FIG. 6. Residual homogeneous strains (e;; and &5,) in the
(Cr,03) overgrowth (along the defined directions 1 and 2 parallel to
the (Cr)-(Cr,0O3) interface plane; see Table VI) as function of the
crystalline oxide film thickness, % o), for the overgrowth on the
(a) Cr{110}, (b) Cr{100}, and (c) Cr{111} faces of the (Cr) substrate
at Ty=298 K, as calculated (Sec. II D) using the APPR approach
(Sec. T C 4).

3. Difference in interface energy of the crystalline and
amorphous overgrowths

The calculated difference in interfacial energy,
Y(C-{Cry05} X V(C)<(Cry05)» for the competing cells (per unit
area of the (Cr)-{Cr,05} interface and for hicr,0,=2 nm) has
been plotted in Fig. 8 as a function of the growth temperature
for the differently oriented (Cr) substrates. It follows that the
interfacial energy difference is around zero for the over-
growths on the most densely packed Cr{l110} substrate and
negative for the other substrate orientations. Hence, the in-
terface energy contributes to possible stabilization of an

PHYSICAL REVIEW B 74, 144103 (2006)
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FIG. 7. Interactiop, yz'gf; ’<Céir°2'(')3>, residual strain, 728?;1&203)’ and
misfit dislocation,’y?g)‘fig‘z’gs> (in directions i=1 and 2; see Table
V), energy contributions to the resultant (Cr)-(Cr,O3) interfacial
energy, ¥cr-(cr,0,)» s function of the crystalline oxide film thick-
ness /cr,0,) at Tp=298 K, as calculated (Sec. 11 D) using the APPR

approach (Sec. I C 4).

amorphous oxide film on the Cr{100} and Cr{111} substrates.
The interfacial energy difference is most negative for the
overgrowths on the Cr{111} substrate.

The interfacial energy difference slightly increases with
increasing temperature (i.e., the crystalline (Cr,O3) cell be-
comes relatively more stable with increasing 7) as a result of
a relatively faster increase with temperature of the (Cr)-
{Cr,05} interfacial energy. The thickness-dependence of the
interfacial energy difference (not shown here) is governed by
the thickness-dependence of the (Cr)-(Cr,05) interfacial en-
ergy, as discussed in Sec. III C 2, thereby stabilizing the
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FIG. 8. Interfacial energy difference, YACr,0504Cr)" X Y(Cry04)-(Cr)s
[per unit area of the (Cr)-{Cr,03} interface; see Eq. (1)] as function
of the growth temperature, 7, for the competing amorphous {Cr,O3}
and crystalline (Cr,05) cells on the {110}, {100}, and {111} faces of
the (Cr) substrate within the plastic regime (i.e., for a thickness of
the {Cr,03} overgrowth of hc;,0,3=2 nm). The (Cr)-(Cr,03) inter-
facial energy has been calculated according to the numerical proce-
dure outlined in Sec. II D, while employing the APPR approach for
the estimation of the misfit-dislocation energy contribution,

i dislocation

Y(CH~(Cry0) (see Sec. IIC 4).

{Cr,05} cell with increasing thickness in the elastic and
mixed regime (in the plastic regime, the interfacial energy
difference is independent of the film thickness; see Sec.
III C 2 and Fig. 7).

Here it is noted that the outcome of the model calculations
as presented in Sec. IV A is only sensitive to the interface
energy differences between the cases of amorphous and crys-
talline oxide overgrowths (i.e., the outcome of the model
calculations is less sensitive to systematic errors in the abso-
lute values of the interface energies; see Tables IV and VII).

IV. RELATIVE STABILITIES OF AMORPHOUS AND
CRYSTALLINE OXIDE FILMS

A. Model predictions

An amorphous nature for the oxide film is preferred over
a crystalline modification if AG=G{Cr203}—G<Cr203><O (see

critical

Sec. II). Defining the critical thickness, h{CrZO;}’ as the thick-

ness of the amorphous cell for which AG=0 (i.e., G0,

=Gicr,0,)s then for e, 0, < hfgfgg , the thermodynamically

most stable substrate/overgrowth configuration is the amor-

critical .
phous one, whereas for h{Cr203}>h{Cr203} the crystalline

(Cr,035) cell is thermodynamically preferred. The value of

hfgf;gl} , has been calculated as a function of the growth tem-

perature and the (Cr) substrate orientation by application of
Eq. (1) and using the results for the bulk, surface and inter-
facial energies presented in Sec. III. These final results are
shown in Fig. 9. Because of the minimization procedure
implemented to calculate the (Cr)-(Cr,053) interfacial energy
[see Eq. (13) in Sec. Il D], an analytical expression for the
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FIG. 9. The critical oxide-film thickness, h?ggcgi}, up to which
an amorphous {Cr,O3} overgrowth instead of a crystalline (Cr,O5)
overgrowth is thermodynamically preferred on the {110}, {100}, and
{111} faces of a single-crystalline (Cr) substrate as function of the
growth temperature, 7.

critical thickness, hggg%‘i} (as presented in Ref. 1 for the

elastic regime) cannot be given here.

It is concluded that (see Fig. 9) the onset of oxidation on
the bare Cr{100} and Cr{111} substrates is predicted to pro-
ceed by the direct formation and growth of an amorphous
{Cr,05} oxide film up to a critical thickness of about 0.5 and
0.8 nm at 7,=298 K, and up to a critical thickness of about
0.6 and 1 nm at 7=1000 K, respectively. Thus the amor-
phous {Cr,05} film is most stable on the least densely-
packed Cr{111} surface. The amorphous {Cr,0O5} film on the
Cr{100} and Cr{111} substrates is stabilized, as compared to
the crystalline modification, by the lower sum of the surface
and interfacial energies for the amorphous configuration,
with the relative contribution of the surface energy difference
predominating for the overgrowth on the Cr{100} substrate,
whereas the surface and interfacial energy differences are
about equal for the overgrowth on the Cr{l111} substrate
(compare Figs. 4 and 8). B

A negative critical thickness, h?g?;g;, is obtained for the

overgrowth on the bare Cr{110} substrate, which implies that
the onset of oxidation on the most densely-packed Cr surface
is predicted to proceed by the direct formation and growth of
a semicoherent crystalline (Cr,O3) oxide. In this case the
positive bulk Gibbs energy difference between the amor-
phous and crystalline cells (see Fig. 3) cannot be compen-
sated solely by the relatively lower surface energy of the
amorphous {Cr,05} cell on the Cr{110} substrate (see Fig. 4).

The critical thickness increases more strongly with tem-
perature T for the Al-Al,O system (see Fig. 6 in Ref. 1),
which is due to the relative large difference in thermal ex-
pansion coefficient between the Al substrate and the Al,O4
overgrowth (which results in a strong increase of the initial
lattice mismatch with increasing 7T; cf., the end of Sec.
Ic?2).

B. Experimental observations versus model predictions

For the thermal oxidation of a bare, single-crystalline
Cr{111} substrate at room temperature, the development of

144103-15



REICHEL, JEURGENS, AND MITTEMEIJER

an amorphous Cr-oxide (of thickness 0.9 nm) has been re-
ported, as deduced from the shape of valence band spectra of
the oxidized metal as recorded using UPS and XPS.'3 For the
corresponding oxidations at an elevated temperature of
773 K, instead an epitaxial crystalline Cr,O5 film of thick-
ness ~4.1 nm has been reported.'*> Both these observations
are in full agreement with the present model predictions
(Fig. 9).

The available microstructural observations of the initial
oxide developing on the bare Cr{l100} substrate are very
ambiguous:”>!! Whereas the formation of an initial amor-
phous oxide film at 1073 K is suggested by LEED,’ corre-
sponding observations by RHEED are indicative of the for-
mation of a polycrystalline oxide film at 7=773 K (Ref. 7)
and 7>873 K.!!

In full agreement with the model predictions, the direct
formation of a semicoherent crystalline oxide film has been
observed for the bare Cr{110} surface by x-ray scattering,'”
LEED,”® and RHEED (Ref. 10) upon thermal oxidation at
various temperatures (in the range of 463 K—1173 K) and
for various oxide-film thicknesses (in the range of 2—5 nm).
Also, the coherent Cr,O5 film grown at 7=1173 K showed
LEED spots characteristic of the Cr,05{0001} surface (as
employed in the current model calculations; see Sec. III B).”
Moreover, a layer-by-layer growth mode has been indicated
on the basis of reflectivity measurements for the 4.4 nm
thick, epitaxial oxide film grown at 603 K.!2

V. CONCLUSION

A conclusive description of the thermodynamics of initial
oxide-film growth on a bare, single-crystalline metal sub-
strate, (M), is only obtained if the role of interface and sur-
face energies is accounted for. On such a basis a meaningful
comparison of the relative stabilities of amorphous and crys-
talline modifications of the oxide overgrowth, {MO,} and
(MO,), respectively, can be made.

For the assessment of the (M)-(MO,) interface energy, the
relaxation of elastic growth strain in the crystalline over-
growth by introduction of misfit dislocations at the (M)-
(MO,) interface (i.e., by plastic deformation) has now been
accounted for in the thermodynamic modeling. The total in-
terface energy of the (M)-(MO,) interface can be conceived
as the resultant of three additive energy contributions due to
(i) the chemical bonding between the oxide overgrowth and
the metal substrate across the (M)-(MO,) interface, (ii) the
residual homogeneous strain in the semicoherent, crystalline
oxide film, and (iii) the misfit dislocations at the (M)-
(MO,) interface. The misfit dislocation configuration of and
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the residual strain in the developing crystalline oxide film
follow from the minimum value of the (M)-(MO,) interface
energy, as determined iteratively.

Comparing and evaluating various models for crystalline
misfit accommodation, the “first approximation” approach
was found to be a most suitable model for estimation of the
energy of an array network of misfit dislocations in the oxide
overgrowth for a wide range of initial lattice-mismatch val-
ues in both the monolayer and nanometer thickness regimes.
Application of the corresponding ““semi-infinite overgrowth,”
“large dislocation distance,” “extrapolation,” and “Volterra”
approaches is restricted to metal-substrate/oxide-film sys-
tems with small initial lattice mismatches and/or to thick
overgrowths within the plastic regime, whereas application
of the “Ball” approach is confined to the monolayer thick-
ness regime.

Evaluation of the thermodynamic model on this basis for
an oxide film growing on a metal substrate shows that the
relatively high bulk Gibbs energy for the amorphous oxide
film can be more than compensated by its relatively low sum
of surface and interface energies.

For the case of crystalline oxide overgrowths on the {111},
{110}, and {100} crystallographic faces of a bare single-
crystalline Cr substrate, misfit dislocations are introduced at
already the onset of the growth along the direction (in the
interface plane) of high initial lattice mismatch (i.e., |f]
> 14%). Only for the crystalline oxide overgrowth on the
Cr{111} substrate, a second array of misfit dislocations is
introduced in the corresponding perpendicular direction of
low initial lattice mismatch (i.e., |[f|>3%) for film thick-
nesses >1 nm, whereas for the Cr{110} and Cr{100} sub-
strates, the relatively small lattice mismatch (i.e., 0.8%) in
the second direction is accommodated fully elastically up to
film thicknesses of at least 5 nm.

The thermodynamic model applied to the onset of oxide-
film growth on the relatively less-densely packed Cr{111}
and Cr{100} substrates predicts the direct formation and
growth of an amorphous {Cr,O5} film up to a critical thick-
ness of about 3 to 5 oxide monolayers (i.e., 0.5—1 nm) in the
temperature range of 398—1000 K; beyond the critical thick-
ness the crystalline modification is more stable than the
amorphous one. Similarly it is predicted that oxide-film
growth on the most-densely packed Cr{110} substrate starts
with the formation and growth of a semicoherent crystalline
oxide film that exhibits a strong anisotropic, elastic growth
strain. These predicted energetics of the oxide films grown
on the differently oriented Cr substrates provide a thermody-
namic (rather than kinetic) explanation of the experimental
observations.
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