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It has been shown on a thermodynamic basis that an amorphous structure for an oxide film on its metal
substrate can be more stable than the crystalline structure. The thermodynamic stability of a thin amorphous
metal-oxide film on top of its single-crystal metal substrate has been modeled as a function of growth tem-
perature, oxide-film thickness, and crystallographic orientation of the metal substrate. To this end, expressions
have been derived for the estimation of the energies of the metal-substrate amorphous-oxide film interface and
the metal-substrate crystalline-oxide film interface as a function of growth temperature, and crystallographic
orientation of the substratgncluding the effect of strain due to the lattice mismatdhfollows that, up to a
certain critical thickness of the amorphous oxide film, the higher bulk Gibbs free energy of the amorphous
oxide film, as compared to the corresponding crystalline oxide film, can be compensated for by the lower sum
of the surface and interfacial energies. The predicted occurrence of an amorphous aluminum-oxide film on
various crystallographic faces of aluminum agrees well with previous transmission electron microscopy
observations.

[. INTRODUCTION substrate can be the stable modification with respect to the
corresponding crystalline metal-oxide film on the same sub-
Upon exposure of a clean metal or semiconductor substrate due to the relatively low surface and interfacial ener-
strate to oxygen at relatively low temperaturssy <500 gies of the metal-substrate amorphous-oxide film system.
K), often a thin(thickness<10 nm) passivating amorphous In this paper, first a general thermodynamic basis is pre-
oxide film is formed(this holds for, e.g., Si, Ta, Nb, Al, Ge, sented for assessment of bulk, surface, and interfacial ener-
Cr, and Te¢, whereas at higher temperatures thicker filmsgies. At present, experimental values are usually not avail-
develop and thdresulting structure of the corresponding able for the interfacial energies of the metal-
oxide film is in most cases crystallife® However, for met-  (semiconducto)- substrate amorphous-oxide film, and the
als such as Cu, Co, Fe, Ni, Mo, and Zn, low-temperaturecorresponding metalsemiconductoy-substrate crystalline-
oxidation is known to proceed by the direct formation andoxide film interfaces as a function of growth temperature and
(epitaxia) growth of a crystalline oxidé*®°and, upon oxi-  crystallographic orientation of the substrate. Therefore, ex-
dation of Si, an amorphous Sj@Im forms even at tempera- pressions for these quantities are derived here on the basis of
tures as high as 1300 ¥ the “macroscopic atom” approacti:3-1¢
For all these oxides, the bulk Gibbs free energy of forma- The thermodynamic model is applied to the case of an
tion of the amorphous oxide is larger than that of the correaluminum-oxide film on thg111}, {110, and{10G crystal-
sponding crystalline oxide. Hence, for relatively thick oxide lographic faces of an aluminum substrate. In this case, the
films where the contribution of the surface and interfacialcrystalline oxide y-Al,O; competes with the amorphous
energies is small, the oxide formed on its met@r  Al,O; oxide'’~?°The predictions, as obtained by applica-
semiconductor® substrate is expected to be crystalline at alltion of the model to the Al-AIO; system, are compared with
temperatures. As will be demonstrated in this paper, a crysexperimental data obtained by transmission electron micros-
talline structure need not occur for thin oxide films on theircopy.
metal substrates, where the surface and interface energies
can be the dominating contributions for the total Gibbs free
energy of the oxide film on its metal substrate. As shown in  ||. BASIS OF THE THERMODYNAMICAL MODEL
recent work on the thermodynamics of solid-state
amorphizatiorl,' the energy of the mterfacg petvveen an  consider two situations for a homogeneous metal-oxide
amorphous phase and a crystalline phase is in many CaShin MO, of uniform thicknessh on its single-crystal line

lower than that of the corresponding crystalline-crystalline . ; )
interface. This also holds for the oxide film formed on ametal substratM. In Fig. 1(a) an amorphousoxide film,

clean metal substrate, as will be shown here. Moreover, thgenoteq by{MOX}’ with & uniform thicknessio, is on
surface energy of the amorphous metal oxide is often lowefopP Of its single-crystal metal substrate, denoted(iy. In
than that of the corresponding crystalline metal oxige  Fig. 1(b), on the other hand, erystallineoxide film, denoted
Ref. 12. Consequently, up to a certain critical oxide-film by (MO,), with a uniform thicknessiyq,, , is on top of the
thickness, a thin amorphous metal-oxide film on its metakingle-crystal metal substraté). The composition of the
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FIG. 1. Schematic drawing of a homogenedli®, oxide overlayer with uniform thickness on top of its single crystalline metal substrate
(M). (a) displays an amorphous oxide filiM O,} with a uniform thicknessyyo, on the(M) substrate, whileb) shows a crystalline
oxide-film (MO,) of uniform thicknesﬂuMox} on the(M) substratgthe braceg } refer to the amorphous phase, and the brackete the
crystalline phase The composition ofMO,} and(MOQ,) is the same, and both films have been formed from the same molar quantity of
oxygen on an identical metal substrate(df). The two cells of volumeh{MOX}xI{zMox} and h<MOx>X|<2MOX>’ as indicated ina@) and (b)
respectively, contain the same molar quantity of oxide. The ambient phase may be vacuum, a gas atmosphere, or an adsorbed layer.

amorphous and crystalline oxides is the same, and both films Gmo,
have been formed from the same molar quantity of oxygen GC:I<2MOX) h<MOX>#+ Y(MO,)-ambient
on identical metal substraté®1). The thermodynamics of (MO,) V(MO,)

the (M)-{MO,} and the(M)-(MO,) configuration will be
described for cells of volumeh{Mox}xl{zMox} and h(MOX)

XI{vo, respectively, as indicated in Figs(al and b).
Both cells contain the same molar quantity of oxide. where G(MOX> is the molar bulk Gibbs free energy of the

If an elastic strain exists within the amorpho{®O,}  crystalline oxide;ymo,)-ambientt€Presents the surface energy
cell [cf. Fig. 1@)], then the volumeViyo, occupied by  of the crystalline oxidey wy-(mo, is the energy of the in-

1-mol {M Oy} in the cell is related to the molar volume of terface between the metal substrate and the crystalline oxide;
strain—free{MOX},V{Mox}, by the fractionQ{Mox} :V{S,tvrlox} and finaIIyI<Mox> denotes the width and length of the cell,
=QmoyVimo, - Analogously, if an elastic strain resides both parallel to the interface. _ _
within the crystalling(MO,) cell [cf. Fig. 1(b)], thenQ o, The amorphqus oxide f|!r{i\/l OX_} is ;table with respect to
, i s . X the corresponding crystalline oxide filiM O,), as long as
is defined byV(yo,=QwmoyVmo,), where definitions for o (otal Gibbs free energ,, of the {MO,} cell in the
the quantities concerned are analogous to those given abowgystalline-amorphous configuratiofi)-{MO,}, is lower
Then, for the case of an amorphous oxide fIMO,} of  than the total Gibbs free enerd$, of the corresponding
uniform thicknessh{Mox} on the substratgM), the total (MO,) cell in the crystalline-crystalline configuration,
Gibbs free energg,, of the cell considerefisee Fig. a)]  (M)-(MO,):AG=G,y—G.<0. To arrive at an explicit ex-
is given by pression forAG, first the bulk energy terms in Eqgl) and
(2) are considered; the interfacial energy terms are dealt with
separately in Sec. Ill.

)

T Ymy-(moyy | »

Gimo, The Gibbs free energy of formatioﬂG{fMox} of 1-mol
Gam= I{ZMOX}( h{MOX}# + Y{MO,} - ambient {M Oy} out of its elements in their stable configuration, for a
MO} Y{MO,} given temperature and pressure, is defined as
X
+ ’Y(M>-{MOX}) ’ (l) AGIMOX}EG{MOX}_G<M>_ EGOZ(Q) . (3&)

Likewise, the Gibbs free energy of formatiahGIMOX> of
WhereG{Mox} is the bulk Gibbs free energy of 1 mol of the gne mole(MQ,) is given by

amorphous oxidey{MOX}_ambiemrepresents the surface energy
of the amorphous 0XIdej(<M>_{MOX} is the energy of the in- AGIMOX>EG(MOX>_G(M)_ ;Goz(g)- (3b)
terface between the metal substrate and the amorphous ox-
ide; andl o, denotes the width and length of the cell, both
parallel to the interface.

Analogously, for a crystalline layefMO,) of uniform
thicknessh o,y on the metal substrai@), the total Gibbs

free energyG, of the cell considereflsee Fig. 1b)] is ex- = .
pressed by Q{MOX}V{MOX} Q<'\/'0><>V<'V|0x>

Because both cells are of the same composition and con-
tain the same molar quantity of oxygen, it holds that

2 2
lwoghimoy — limoyhimoy

(4a)
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Now, defining x as the ratio of the surface areas of themixing at infinite dilution of 1-mol O@) atoms in

(MO,) and{MO,} cells, i.e.,

|2
(MOy)

{Moy}
it follows from Eqgs.(1)—(4b) that AG=G,,,— G, per unit
area of the (M)-{MOQO,} interface of the amorphoydvi O,}

cell can be expressed as

f f
AG{moy~AGmoy

AG=hvoy + ¥{Mo,}-ambient

QmoyVivoy

+ Ymy-imog ~ X(¥(Mo,)-ambientt Y(m)-(moy) - (5)

Ill. ENERGY OF METAL-SUBSTRATE OXIDE-FILM
INTERFACES

(M), AHG oy 22 1f the O atoms would be fully sur-
rounded byM atoms, themH&,\,I> is the enthalpy increase
per mol O@) atoms in an infinitely diluted system. At the
(M)-{MOQ,} interface, only a fractiomp of the total surface
area of the O atomic cell is in contact wit¥ atoms of the
(M) substrate. Thus the metal-oxygen interaction energy
Yo per mol O atoms at the interface equals
PAHG in(my - Then, if the molar interface arégq, is defined
as the area of theM)-{M Oy} interface containing 1-mol O
atoms, the interaction energyfy;; """ per unit areaof the

(M)-{MO,} interface becomes

_ _ pAHG
interaction__ in(M)
Ymy-o T Ao, . (7b)

The fractionp depends on the shape of the Wigner-Seitz

In most cases, experimental values are not available fogell of oxygen in{MQ,}, and can be taken, on average, as
the energies between the metal substrate and the oxide filR=3, assuming a shape of the oxygen atomic cell between a
In the following, expressions will be derived for these inter-cube @=3) and a spherep(=3) (cf. Refs. 11 and 13 For
facial energies on the basis of the “macroscopic atom”those metal-oxide systems for which the enthalpy of mixing

approach113-16

A. Energy of the crystalline-amorphous{M)-{MO,} interface

at infinite dilution of 1-mol Of) atoms in (M), i.e.,
AHgMM), is unknown, a value can be estimated from the
following empirical relation bet\Neerngin(M> and the en-

. f .
To assess the energy of the interface between the crystdf?@lpy of formationAH ¢ , per mole O, as obtained from
line metal substratgM) and the amorphous oxide film the data in Refs. 29-32:

{MQ,}, the interface between a crystalline solice., (M))
and a configurationally frozen liquighs a model fofM O, })

AHG oy =1.2AH{y 0, +1Xx 10 (Imol* 0). (79

is considered. Then, three contributions to the interfacial en-

ergy y(w)-{mo, can be recognizet}:131¢

oo o = YR 7R oy 5y ©

It is assumed that, at the oxide-film growth temperatur
mismatch strain does not occur in the amorphous oxide fil

Since, for most metal-oxide systems, the metal-oxygen
bond formation is strongly exothermic, the relatively large
negative metal-oxygen interaction energyy; o " is the

dominant contribution to the interfacial energyu)-(vo,; -

rr;I'hus the lowest interfacial energyv)-(mo,} is achieved by

(and the metal substratedue to the relative large free maximizing the number of metal-oxygen bonds across the

volume®?? and the bond flexibility?® of the amorphous

(M)-{M O} interface per unit area of the interface, resulting

structure, which make viscous flow in the oxide film in a dense packing of the amorphous oxide at the interface.

easy?'~%° Therefore, at the growth temperatur@,yo,,

=1 [cf. Eq. (5)]. It is noted that, even in the absence o
viscous flow and with a large mismatch between the amor

The value ofAq, for an amorphous oxide filfiM O,} on the

¢ different crystallographic faces of its metal substrdi in

Eq. (7b) may therefore be approximated by taking it to be

phous oxide film and its metal substrate, the strain in th&dual to the molar interface aréqo, at the most densely

amorphous oxide filmat the growth temperaturenay be
small*
1. Interaction contribution to the(M)-{MO,} interfacial energy

The interaction between the metal substride and the
amorphous oxide fill{MO,} across thdM)-{MO,} inter-

face can be subdivided into chemical and London—van de

Waals interactions betweefi) the M atoms of the metal
substratgM) and the O atoms of the oxideyfy, 6 ), and

(ii) the M atoms of the metal substrate!) and theM atoms

of the oxide ¢/ ). ">2"*ie.,

interaction interaction interaction

Y(M)-(MOJ = VM0 T ViM)-m (73
The metal-oxygen interaction ener i,\}gr_%“o” across the

packed plane of the correspondifignstrained crystalline
phase(MO,). _ _

The metal-metal interaction energyjyy, " across the
(M)-{MO,} interface between aM atom of the(M) sub-
strate and aiM atom of the amorphous oxid& O,} [cf. Eq.
(7a)] can be estimated analogously from the enthalpy of mix-
ing at infinite dilution of 1-molM atoms in an infinitely large
reservoir of(M), AHy i, (v, - Since the enthalpy of solution
of 1-mol M atoms in an infinitely large reservoir ¢M),
AH°,\j,in<M>EO, the metal-metal interaction energy across the
(M)-{MOy} interface, y/3;,m  =0. However, for metal-
oxide interfaces (M')-{M"Q,}, where M'#M", the
M'-M"" interaction energyymf?f:\',ﬂn across the interface
should, of course, not be neglected as, in general, the en-
thalpy of solution ofM" in an infinitely large reservoir of

(M)-{MO,} interface can be estimated from the enthalpy ofmetalM', AH Gy ., 1#0.
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2. Entropy contribution to the(M)-{MO,} interfacial energy that of theM atoms in the bulkM) substratél*316:35Be-
The entropy contribution to théM)-{MO,} interfacial ~ C3USe the interface petwgen the cry§talline gubs¢l®)eand
energy,ySioPY . is ascribed to thelecreasen configura- the amorphous oxide film{MO,} is considered as a
_ (M)-{MOy} _ crystalline-liquid rather than a crystalline-crystalline type of
tional entropy of the amorphoy#1Q,} phase near the inter- jnterface(cf. Sec. Il A), the M atoms of the crystalline sub-
face relative to that of bulkMO,;. Due to the strong  sirate(M) at the interface will be increased in enthalpy rela-
interaction between the crystalline metal substrate and thge 19 that of bulk(M) due to the liquid type of bonding with

amorphous oxide film across thi1)-{MQ,} interface(cf.  the atoms of MO,} at the(M)-{MO,} interfacet:131635¢
Sec. IlIA 1), ordering of the amorphous phase occurs neafhe enthalpy increase of th&l atoms of (M) at the
the(M)-{MO,} interface. Because the structure of the crys- M)-{MO,} interface is taken to be the same as the enthalpy
talline metal substrate remains unaltered up to the interfacg,crease of thvl atoms of the(M) substrate in contact with
the (positive) entropy contribution to théM)-{MOy;} inter- iis amorphous phag@f}, then the enthalpy increase of the
facial energy is solely due to the decrease in entropy of thgioms of the crystalline substratl) at the (M)-{MO,}

amorphougMO,} phase near the interface. interface relative to that of bulkM) will be proportional to
The decrease of configurational entropy per n{®/O, }, the enthalpy of fusion ofM), HfL’J\ASG_ll,13,16,35

deficient - ; i
ASjyo, » i-€., the difference in entropy dfM Oy} at the Since, at the interface, only a fractignof the total sur-

(M)-{MQ,} interface relative to that of bulkMQ,}, is as-  face area of the atomigVl) cell is in contact with the amor-
sociated with the following contribution to the interfacial phous{MO,} phase, the enthalpy increase of one me

energyy(wy-{mo,} Per unit areainterface, atoms in the first atomic layer of th@M) substrate at the
. (M)-{MO,} interface is estimated pr?,'\,S,'; (cf. Refs. 11,
—TASdef'C'em . . enthalpy
entropy (MO, } 13, 16, and 3b Now the enthalpy contributiony, o ; to

=, 8 . . . )
Y(m)-{Mog XA(o) 3 the total(M)-{MQ,} interfacial energy peunit areainter-

: : [T fuse
where the area occupied by 1-mMO,} at the interface [ace is obtained by dividingH,y, by the areaAy, occu-
follows from the molar interface area of O at the interface,Pi€d by 1-molM atoms of thgM) substrate at the interface,

Ao, (cf. Sec. A D), multiplied by x. 1.€.,

An (ovenestimate for the entropy of the orderél O,}
phaseat the (M)-{MO,} interface,S'{';\;eggce, is obtained by enthalpy  _ pH?ﬁf ©
taking it to be equal to the entropy of the corresponding Y(m)-{MOy} Ay

crystalline oxide of identical compositio§uq . Then the
decrease in entropy ¢§MO,} at the interface relative to the For a given crystallographic orientation of t{id) substrate,
entropy Syuoy of bulk {MO,} is given by A S?af'(g'xe}m the molar interface ared y, can be calculated if th% lattice
para_meter and the crystal structure(bf) are kr;owrﬁ The
Another estimate forAS{yc™ can be obtained on the ]|(|r|a thlo)rf P can be taken, on average, s (cf. Sec.
basis of the structural model for the solid-liqu{é\)-{A}
interface, considered as an interface between a dense random 4. Expression for the{M)-{MO,} interfacial energy

packing of hard spherdgse., the liquid and a close-packed Substitution of Eqs(7h), (8a), and(9) into Eq. (6) finally

crystal pland(i.e., the solig.3***As demonstrated in Ref. 11 ; . . .
for the case of an amorphous binary allpAB} in contact leads to the following expression for the interfacial energy

with a crystalline metalA), the decrease in configurational Y(M)-{MO
entropy of{AB} at the interface relative to that of bu{RB}

ES<MOX>_S{MOX}<0.

is given by 0.90RJK™ ! (R is the gas constanper mole pAHém(vm) —TAs?lafigjm PHW?

{AB} at the (A)-{AB} interface. Accordingly, for the Y(M)-(MO = — A A + A

(M)-{MO,} interface considered here, it then follows that {0} (O} (M) (10
0.90RT

yentr?py _ ] (8b)
(M)-{MOg XA(o} B. Energy of the crystalline-crystalline(M)-{(MO,) interface
In the estimation of the entropy term 0.994n Eq. (8b), The energyyu)-(vo, of the interface between the crys-
the atoms off MO,} are considered as equally sized hardtalline metal substratéM) and the crystalline oxidéM O, )
sphereg!'6:3334and therefore Eq(8b) can only be consid- s the resultant of a chemical and a structural t&kd?:1410:37
ered as a crude estimate. In this paper, Bp (with  As for the crystalline-amorphousv )-{MQ,} interface, the
Asfﬁf'cc,'j”é Simo,y~ Simo,  See abovewill be used to esti-  chemical term is related to the interaction between the atoms
mate the entropy contribution. of (M) and (MO,) across the interface, whereas the struc-
tural term is related to the strain induced by the mismatch at
3. Enthalpy contribution to the(M)-{MQ,} interfacial energy the interface between the two adjacent crystalline phddes

The enthalpy contribution to théM)-{MO,} interfacial and(MOy), i.e.,

energy,),?&t;j'&yox} , is ascribed to théncreasein enthalpy of interaction mismatch 11)

the M atoms of the(M) substrateat the interface relative to Y(M)-(MOY = Y(M)-(Moy T Y(M)-(MOy) -
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1. Interaction contribution to the(M)-(MO,) interfacial energy signed to the{M)-(MQ,) interfacial energy instead of the
Following the treatment given in Sec. llIA1 for the in- bulk Gibbs free energy of the oxide film; this choice has no

teraction energy across the  crystalline-amorphougffect on the outcome of the model calculations. .
(M)-{MO,} interface, the interaction energymir_mgl) Thus the contribution of the mismatch strain to the inter-
across the corresponding crystalline-crystallihé)-(M O, ) facial energy[s_ee Eq.(l_l)] is obtamed_as the elastu_: strain

. ; x energy stored in the oxide film per unit area of the interface
interface s expressed by between théMO,) film and the metal substrat#). Then,
for those cases where the mismatand thus the strain is

_ . AHG. . C .
interaction _ m. (12) independent of the direction within the plane parallel to the

YM)-(MOY ~

Ao) (M)-(MO,) interface (e.g., the(Al)-(y-Al,Os) interfaces
Note that for a strained oxide filfiV O,) on its metal sub- considered in Sec. IVICthe contribution of theO mismatch
strate(M), the correct molar interface area of oxygap,, ~ €Nergy to the interfacial energyw)-(vo,) equalé
i.e. the area occupied by 1-mol O atoms{(®10,) at the
(M)-(MO,) interface, is calculated from the strained lattice e E,
spacing of MO,) at the interface(see Sec. IV ¢ 72",\},S>T<iﬁ,cox>=h<,\,.ox>(m)s, (13d)

2. Mismatch contribution to{M)-(MO,)) interfacial energy ) ) )
) ] ) o whereh,y o ) is the thickness of theM O,) film and v andE
Besides the relatively large negative contribution of the X

L . i i denote the Poisson’s ratio and the Young's modulus of
nteraction

rnetal-o?(lde interaction energ)/<M>_<MoX?, the(M)-.(.M Oy) ~ (MO)), respectively.
interfacial energyyw)-(mo,) also contains an additive posi-  In principle part of the mismatchmay be compensated
tive energy contributiony?",\j,i'?gﬁfg) corresponding to the by plastic deformation. For plastic deformation to occur the
strain induced by the mismatch ;t the interface between th&ismatch and the oxide-film thickness must exceed critical
two adjacent crystalline phasél) and(MO,). In the case values that increase with increasing bonding strength across
considered here, i.e., the formation of a thin crystalline"® interface”*® For an epitaxial Gg,sSizs film on a Si
(MO,) film on its metal substrate(M), a coherent substrate, where the lattice mismaték0.01, a critical

9 '  thickness of 16.3 nm was calculat¥dMost (M)-(MO,)

M)-(MQO,) interface may occur as a result of epitaxia . )
éroixvt<h.1'3'z‘('>6‘9'l7‘2°’35in suZh a case the mismatch b%tweensystems have lattice mismatches 0.02—0.07(cf. Refs. 1

the adjacent lattices of the two crystalline phases is acconfind 6-8, and then up to an oxide-film thickness of, say,
modated by elastic deformation. Generally, the mismatch irp~10 N, plastic deformation is considered not to play a role
the boundary is characterized by the mismatch values in tw§€"€(cf. Frank-van der Merwe theory; cf. Refs. 39, 40, and

directions within the boundary. One such mismatdan be 49).
defined by®“°
3. Expression for the(M)-(MO,) interfacial energy
hkl HKL
d(M)_d(MOX) Substitution of Egs(12) and (13d) into Eq. (11) finally
= dm(g) ' (133 leads to the following expression for the interfacial energy
" Y(M)-(MOy) -

wheredjjis , anddyy, represent the unstrained lattice spac-
ings in the direction concerned of tilekl) and (HKL) lattice pAHg in (M) E
planes perpendicular to the boundary of {M) lattice and Y(My-(MO) = TJrh(MOX)(lTV)le. (14

(MO,) lattice, respectively. The unstrained lattice spacings
of both lattices depend on temperatdraccording to

hkl _ 4hkl,0 hkl IV. THERMODYNAMICS OF AMORPHOUS
d<M>_d<M> (1+ a<M>AT) (130 AND CRYSTALLINE ALUMINUM-OXIDE FILMS
and ON ALUMINUM SUBSTRATES
HKL _ JHKL,0 HKL The thermodynamic model developed in Secs. Il and Il
d<Mox>_d<MOx>(l+a<MO><>AT) (139 will be applied to the case of aluminum-oxide films on the

hkl,0 anddHKL,O

whered<,\,I> (Mo,) are the unstrained lattice spacings at{llj}’ {110, and{10G crystallographic faces of an alumi-

bkl HKL num substrate. Such an oxide film can be produced by e.g.,
the reference temperatufie), ay, and a,y,q, denote the gy, thermal oxidation of a clean Al substrate. The crystalline
coefficients of linear thermal expansion @fl) and(MO,), oxide competing with the amorphous oxi¢lal ,O5} of the
respectively, and T=(T—T,). same composition ig-Al,0g.117~20

Because the epitaxial oxide film is very thin as compared First the difference in bulk, surface, and interfacial ener-
with the metal substrate, all mismatch between the oxide filngies of the amorphougAl,Os} cell on the(Al) substrate and
and the substrate will be accommodated fully elastically bythe corresponding crystallinéy-Al,O3) cell on the same
the oxide film, and thus the strain in the oxide film in the substrate will be discussed. Then the stability of the oxide
direction pertaining to Eq(13a in a plane parallel to the films is discussed as a function of growth temperature,
interface, ¢, satisfiese;="f [cf. Eq. (138]. It should be oxide-film thickness, and crystallographic orientation of the
noted that here the mismatch energy in the system is agAl) substrate.
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TABLE I. Some physical data of the Al-AD; system at a standard state pressage 1< 10° Pa (T,
=298.15K, andN is Avogradro’s number

Name Value Unit Ref.
coefficients of linear thermal a(T)=a+bAT+cAT? (To<T=<900K) K1
expansion
(Aly: a=2.388%< 10 ° K1 47
b=-1.1162<10° K2
c=2.1757% 10 1 K3
(y-Al,O5):  a=2.6068<10-6 Kt 48
b=1.1499< 10 8 K2
c=0 K3
unstrained lattice parameters aOAD =4,0494<10°1° m 42
of the unit cells afT, ay-a1,09 =7.924x 10710 m 43
molar volumes aff, VEAI> =1.00x107° m®mole™*
_ — 3 —1
ng-AleQ =2.81x 1072 m3 moleil
ViaL04 =3.19x10 m*mole 49
. 1 _
. 2 2 1
molar interface areas @A\l) {111 A(A|):Z‘/2a<AI)N m“mole
1 _
. 2 2 1
{110}: A<A|>:§‘/33<A|)N m“mole
{100 1. m?mole !
. A<A|>—§a<A|>N
O molar interf dhl,0 L st ’ °mole™!
molar interface area dAl,O3} A{o}=Z‘/j 8,09 N m*mole
Poisson’s ratio of y-Al,05) vr=0.24(=0.02) 50
Young’s modulus of y-Al,Og) E=2.53x10"(+0.22x 10" Nm™2 50
A. Difference in bulk energy of {Al,O3} and {y-Al,O3) B. Difference in surface energy ofAl,O3} and (y-Al,O3)
The values for the Gibbs free energy of formatf8rihe The only values reported in the literature for the surface

enthalpy of formation and the entropy gfAl,O; and the energies of th¢111}, {110, and{100 crystallographic faces
configurationally frozen AlO; liquid (as model for amor- of y-Al,O3 are theoretical ones obtained from molecular-
phous{Al,Oz}; see Sec. Il A are taken from Ref. 29. The dynamics simulations pertaining to 300 K of the correspond-
molar volumes of the cubic phaséal) and(y-Al,O3) (cf.  ing relaxed and unrelaxed surfaces pfAl,O; in contact
Ref. 41) from T;=298.15K up to the melting point dfAl)  with vacuum(i.e., y-<y_A|203>_Va‘).12 For Al,Og films grown
at 933.45 K are calculated fronV(T)=Vo(1+aAT)3,
wherea andV° denote the coefficient of linear thermal ex-
pansion aff>T, and the molar volume &k, respectively o~
(see Table)l The coefficient of linear thermal expansion of E
{Al,O4} is taken to be the same as that(of-Al,Oz). All
values used for the calculation were taken at a standard stat
pressure op,=1x 10° Pa; it is noted that the effect of pres- E?
sure on thedifference in bulk, surface and interfacial ener- '
gies of {Al,O3} and(y-Al,O;) can be neglecte¢see Sec. ?;:
V). 3
The calculated difference in the bulk Gibbs free energy of g 11
the {Al,O3} cell and the correspondingy-Al,Os) cell per < |
unit area of th& Al)-{Al,O5} interface[cf. Eq.(5) in Sec. Il 0 — — .
is plotted in Fig. 2 as a function éf o, (i.e., the thickness 0 ! 2 3 4 S

of the amorphous oxide filjfor both T, andT=900 K. The Frasgy (o)

crystalline (y-Al;0z) cell is of course thermodynamically FIG. 2. Difference in bulk Gibbs free energy of the amorphous
more stable thz_in the amprpho{lﬂd 203} cell when only con- {Al,03} cell and the corresponding crystallie-Al ,O3) cell per
S|_der|ng the d|ffer_ence in bulk energy of t_he two phases, it area of the(Al)-{Al,Os} interface[cf. Eq.(5) in Sec. Il as a
Since at the melting temperature gfAl;O3 it holds that  fynction ofhar,0, (i-€., the thickness of the amorphous oxide film
AG{, p,0y=AGfin o, the {Al ;05 cell becomes rela- at bothT,=298.15K andT=900K. Note that a0y =1 in Eq.
tively more stable at high€F (see Fig. 2 (5) of Sec. Il[cf. Sec. Il A below Eq.(6) and Ref. 28.

5

T,=298.15K
AT
=

2
3

" T=900K
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on Al substrates in an oxygen ambient e.g., by dry thermal {111} 7-AL0,
oxidation, the surface energies of the oxygen-terminated surq—~ 004 7" "=""-7-==-=====---------oooooooooZ T
faces ofy-Al,O; are adopted. Many crystalline metal oxides E
lower their surface energy by surface relaxatiortand then
the relaxed surface energies need to be considered.
According to Ref. 12,7j11g.-a1,0y-vac= 2-54JM? and

V({100 y-A1L0y-vac—= 1.94Im? for the relaxed oxygen-

terminated 110 and{100 crystallographic faces gf-Al ,0;
at T=300K, respectively. These theoretical values can be
compared with the experimental value qf<,/_A|20 )-vac

=1.67 Jm?2 determined for nanocrystalling-Al,O; at T,
(Ref. 52. For the linear temperature dependencies of the -2.0
surface energies of tHeé 10 and{100C} crystallographic faces
of y-Al,Oz an average linear temperature coefficient of
—0.50 107°Jm? K‘1.|s taken as estimated from the ex-  FiG. 3. Difference in surface energy of the amorph@ak,05}
perimental and theoretical values ®f,.a0,-vac at Various  cell and the corresponding crystalliig-Al ,05) cell per unit area
temperatures reported in Refs. 52 and 53, i.e.ofthe{Al,O;} surface[cf. Eq.(5)], as a function off for the {111},
7<y-A|203)-vac(T): 7<y-A|203>-vac(To)_0-5o>< 10 3(T-Ty). {110, and {100 crystallographic faces of-Al,O;. The ratio y
: ; lates the surface areas of tal,O5} cell and the strained

Data for the oxygen-terminatefl11} crystallographic '® 20y C€ .
face of y-Al,O; are not available. Only the two possible {7-Al03) cell, and has been calculated using E42) in the Ap-
aluminum-terminated{111 y-Al,O; surfaces were simu- pendix.

lated, which both became amorphous upon relaxation as a

. . The calculated difference in surface energy between
result of surface reconstructidh.Therefore, the resulting [A1,0;} and(y-Al,05) per unit area of théAl,0,} surface

value for the surface energy of the two relaxed aluminum-[cf_ Eq. (5)] is plotted in Fig. 3 as a function of for the
term|natec{}21]} crystallogra_ph|c faces of-Al;,05 at 300K e different crystallographic faces pfAl,O; considered.
of 0.88 Jm* (see Ref. 1p in fact represer_ns the value for The ratio y relating the surface areas of tlianstrained
the surface energy OfA|203}723t 30_0 K, lLe, Y{A0g-vac  {Al,04} cell [cf. Sec. Ill A below Eq.(6), and Ref. 2§ and
(= Y({1113y-A1,05-vad = 0.88 JmM *. Taking for the linear tem-  the (strained (y-Al,O;) cell [see Eq.(4b) in Sec. I was
perature coefficient of(a;,0,-vac (S€€ abovk the value ex- calculated using EqA2) in the Appendix. As follows from
perimentally determined for liquid ADs ie., —0.187 Fig. 3, the surface energy of amorphdus;Os} is smaller
X103 (Ref. 54, then the calculated theoretical value of than those of th¢110 and {100 surfaces of y-Al;0s) (at
Y{Al,04-vac at the melting poinfT,=2325K becomes 0.50 To, 1.57 and 0.99 J nt smaller, respectively whereas it is
Jm 2, which agrees well with the corresponding experimen—Sllghtly larger than that of th¢l11} surface ofy-Al;O3)

—2 o (this difference would be zero if equals 1; cf. the Appen-
;"’;'T"a"é? 0f 0.57 Jm" for the surface energy of liquid AD; dix). The temperature dependencies of the differences in sur-
m-

It may be assumed that, as for the relaxed AI—terminateéaCe energies are negligible.

{113 y-Al,O5 surfaces, the relaxed O-terminatgdd 1} sur-
face is also amorphous due to surface reconstruction, an
therefore also has a surface energyTgiof 0.88 Jm? (see
above. Then it can be concluded from the above data that The value of the interfacial energy of the crystalline-
the surface energy of the relaxed O-terminated surfaces efmorphous/Al)-{Al,O3} interface(i.e., Y(aly-{al,0,) is the
y-AlOz increases with decreasing atomic density at(the  sym of the interaction, entropy, and enthalpy contributions
relaxed y-Al;05 surface: Y({115y-A,09-vac  (see Sec. Il A. Values for these separate energy contribu-
< V({100 y-ALOy)-vac< ¥({1107-Al,05)-vac tions for the(Al)-{Al, O3} interface(calculated as indicated

-0.54
{100} »-AL0,

-1.0 ]

{110} -AL0O,

ZaL0gvac T X Yoy om0 vac

T v T v
300 500 700 900
T (K)

d:. Difference in energy of(Al)-{Al, O3} and (Al)-{y-Al,O3)
interfaces

TABLE II. Interfacial energy of the crystalline-amorpho(al)-{Al,O3} interface, as calculated using
Eqg. (10 given in Sec. Il A4, for af{Al,O3} oxide film on the{111}, {110, and{100 crystallographic faces
of an(Al) substrate at different growth temperatuiiesT he interaction, entropy, and enthalpy contributions
to the interfacial energya.jai,0,; Were obtained using Eq&rb), (8a), and(9) given in Sec. IlI, respectively.
Data used were taken from Ref. 29 and Table I.

. . enthalpy J m—z i Jm
TS ey e T ririad O
(K) @Im™) @Im—) {11y {110 {100 {11y {110 {100
298 —4.583 +0.036 +0.083 +0.051 +0.072 —4.463 —4.495 —4.474
600 —4.560 +0.057 +0.082 +0.050 +0.071 —4.420 —4.452 —4.431

900 —4.511 +0.069 +0.080 +0.049 +0.070 —4.361 —4.393 —4.372
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TABLE Ill. Interfacial energy of the crystalline-crystalliné\l )-{ y-Al,Os) interface as calculated using
Eq.(14) in Sec. Il B 3 for an(epitaxia) { y-Al,Os) oxide film on the{111}, {110, and{100 crystallographic
faces of an(Al) substrate at different growth temperatufieand for various film thicknessés, o, - The
interaction and mismatch contributions to the interfacial energy.,.ai,0, were obtained using Eqél2)
and(13d), respectively. Data used were taken from Ref. 29 and Table I.

T h (3710 7?:%33%203) (‘J m 2) 7212|_=,;1§1}t/<_:2|203> Y(Al-(y-Al 202) (‘J m 2)

(K) (nm) {111 {110 {100 @m? {111 {110 {100

298 1 —-4.387 —2.690 —3.799 +0.162 —4.225 —2528 —3.637
3 +0.486 —3.901 —2.204 —-3.313
5 +0.810 —-3.577 —1.880 —2.989

600 1 —4.315 —2.640 —-3.736 +0.262 —4.053 —2.378 —3.475
3 +0.786 —3.529 —1.854 —2.951
5 +1.310 —3.005 —-1.330 —2.427

900 1 —4.209 —2.580 —3.645 +0.414 —-3.795 —2.166 -3.231
3 +1.241 —2.968 —-1.339 —2.404
5 +2.068 —-2.141 —-0.512 —-1.577

in Sec. lll A) and the resulting value of the interfacial energy peratureT, as calculated according to Eq4.3b) and (130
Y(A)-{AL,0, are reported in Table Il for the three crystallo- (using the values reported in Tablg tespectively. Sincd
graphic faces ofAl) considered. The value of the interfacial >0 and all growth mismatch is accommodated fully elasti-
energyy aiy-(a,o, is dominated by the negative contribution cally by the thin(epitaxia) (y-Al,Oy) film (see Sec. llIB2,
of the Al-O interaction energjcf. the discussion below Eq. & tensile straine; of valuef resides within the oxide film
(70) in Sec. Il A1]. Therefore,y (a0, <0, and its value ~ parallel to th&(Al)-(y-Al;O) interface. The contribution of
only slightly increasegi.e., becomes less negatjwsith in- e mismatch energy to the interfacial energy.(y.-ai,0,)
creasing growth temperatufiedue to the small increases of can be calculated using E(L3d) in Sec. 1B 2.
both the interaction energy contribution and the entropy en- The contribution of the Al-O interaction energy to the
ergy contribution with increasin@. As an approximation for interfacial energyya-(,-a,0, can be calculated applying
the molar interface area of oxygen of the amorphous oxide atq. (12) in Sec. 111 B 1. To this end, the molar interface area
the three(Al)-{Al O} interfaces considered, the molar in- A o) Must be calculated from thetrainedlattice parameter
terface area of oxygen in the most densely packed plane ¢ff (- Al,0,) at the interfacdcf. Sec. 11l B 3. All mismatch
(y-Al0y), i.e. the{111; y-Al,0; plane, has been takésee  girain is accommodated fully elastically by the thin
Table )), as dlscussed_ below E(yc) in Sec. lllA1. Conse- (y-Al,0y) film (see above and thus[cf. Eq. (15)] the
quently, only the relatively small positive enthalpy contribu- g¢rained lattice parameter ¢-Al,0s) is equal to twice the
tiqn to t_he interfacial energy depends on the crystallographi¢,strainediattice parameter ofAl) (see also Ref. 41From
orientation of theAl) substr_ate[cf. Table lland Eq(9)]. It he crystallographic structure and composition of (Aé)
can be concluded that the interfacial enengxi)-ja,04 <0, and(y-Al,0,) unit cells*! it then follows that, for the three
and that its value is approximately independent of both theAl)-(y-Al,O,) interfaces concerned, the atomic density of
growth temperature and the crystallographic orientation obxygen of{y-Al,O,) at the interface is equal to the atomic
the (Al) substratgsee Table . density of Al atoms of théAl) substrate at the interface, and
The value of the interfacial energy of the crystalline- consequentiy\ o, = A, . Expressions for the calculation of
crystalline (Al)-(y-Al;,05) interface (i.e., y(ai-(y-a1,09) IS the molar interface arefy ), (and thus ofA o)) are given in
the sum of the interaction and the mismatch contributionsrable I.
(see Sec. llIB. For all three crystallographic faces ¢Al) Values for both the interaction contribution and the mis-
considered® the orientation relationship betweéAl) and  match contribution to the energy of the crystalline-crystalline
(y-Al,0g) is given byt (111)y01(111), 4,0, and  (Al)-(y-Al,Oq) interface and the resulting value of the in-
[110][110],.40,- From the crystallographic structure of terfacial energyya.(,-ai,0, are presented in Table lil for
(Aly and(y-Al,0,) (see Ref. 4}, it then follows that, at the the three crystallographic faces @fl) considered. Note that
oxide-film growth temperature, the “growth” mismatdh the calculated values of the mismatch energy and thus the

(see Sec. IIB2 in all directions parallel to the interfacial energyyay.(,-ai,0, in Table Il apply to the tem-
(Al)-(y-Al,O,) interface is the same for the three crystallo- perature at which the oxide film has been grown. For an
graphic faces ofAl) considered, and equals oxide-film  thickness h<y_A|203><5 nm, the value of
an Y(Al)-(y-Al,05) is dominated by the large negative contribution
f=4—1, (15  of the interaction energy, implying/ayy-(,-ai,0,<0. It is
a(y-AlL,0y 2

noted that for oxide-film thicknedss(y_A|203>>5 nm the posi-
wherea sy anda,.a 0, are the unstrained lattice param- tive contribution of the mismatch energy becomes dominant,
eters of the Al andy-Al,O3 unit cell$ at the growth tem- and Y(Al)-(y-Al,05 CAN become positive.
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The coefficient of linear thermal expansion(@{) is ap- 0
proximately ten times larger than that ¢f-Al,O3) (see
Table I), and therefore the growth mismat€hcf. Eq. (15)]
increases, virtually linearly, with increasimgowth tempera-
ture T from 0.022 atT,=298.15K to 0.035 aff=900K.
Consequently, thépositive mismatch contribution and thus
the interfacial energy aiy-(y-ai,0,) increases with increasing

growth temperature. For most metal-substrate oxide-film sys- .
tems, the coefficient of linear thermal expansion of the metal
substrate is larger than that of the oxide film. Hence it can be
concluded that for the general case of(MO,) film as
formed by epitaxial growth on its substrageM), the -3 . T T T . T
crystalline-crystalline(M)-(MO,) interface will be less 0 ! 2 3 4 3
stable for increasing growth temperature if the growth mis- B0, (0)

matchf>0. Note that this temperature dependence will be

reversed(i.e., the(M)-(MQ,) interfacial energy decreases
for increasing growth temperatyréor metal-oxide systems
with a growth mismatcH <O0.

In contrast with the mismatch energy, the Al-O interac-
tion energy depends on the orientation of {A¢) substrate:
the smallerthe molar interface area g, of oxygen at the
(Al)-(y-Al,O3) interface, the larger the Al-O interaction en-
ergy per unit area of the interfagef. Eq. (12)] and thus the o )
lower the resulting value ofy<A|>_<y_A|203> (see Table II). substrate(similar results have been pbtamgd far1g and
Since the value oA, is equal to the molar interface area {111 (Al) substrates Note that fora g'Ye” th'Ckneg"ﬁA'zoa}
Ay of Al atoms of the(Al) substrate at the interfadeee of the amorphougAl;Os} film, the thicknessh,,.a 0, of
above, it follows that the lowest interfacial energy the correspondingepitaxial(y-Al,Os) film (cf. Sec. 1) dif-
Y(Al)-(y-Al,0y OCCUTS for the most densely packed plane offers somewhat fronh{A|203} due to both the difference in

T,=298.15K

2

Tl {111} Al

{100} Al

-
1

A Yeppcralop (Jm

'
N
1 -

Years-a10,)

{11 O}AI

FIG. 4. Difference in the interfacial energy of the metal-
substrate oxide-film interface of the amorph¢is$,0O4} cell and the
corresponding crystalling y-Al,O3) cell per unit area of the
(Al)-{Al, O3} interface[cf. Eq. (5)] at T;=298.15K as a function
of the thicknesdn o, of the {Al;O4} film (cf. Fig. 1 in Sec. I).
Results are shown for AD; films on {111}, {110}, and{10Q Al
substrates.

(Al) at the interface, i.e., thEl11}; plane(see Table II). molar volumes of{ Al,Oz} and (y-Al,O3), and the occur-
It can be concluded that, in contrast with the crystalline-rence of mismatch straitsee the Appendijx
amorphous interfacial energyayy.(a,0,. the crystalline- It follows that the(Al)-{Al,O5} interface is more stable

oxide-film thickness, the growth temperature, and the Crys'ghree crystallographic orientations of tt#l) substrate, even

tallographic orientation of th€Al) substrate(cf. Tables Il if h{A'zoa_}_’o (i.e., when the-mlsmatch energy contribution is
and IlI). zerg. Since the growth mismatch>0, the (Al)-{Al,O3}

In Ref. 56, the epitaxial interface between {141 crys-  interface becomes more stable with respect to the corre-
tallographic plane of Nb and thé003% crystallographic —sponding(Al)-(y-Al,0s) interface at higher growth tem-
plane of a-Al,0; was modeled using an atomistic, static Perature, in accordance with the above discussion.
lattice simulation technique. Neglecting the mismatchf of
=0.019 between the lattices of the two phases at the 0
(Nb)-(a-Al,Os) interface, an interfacial energy of
Y(Nb)-(a-Al,OY = 3.61Jm?2 was obtained® This value is of
the same magnitude as the values of the interfacial energies
calculated using Eq(12) in Sec. IlIB1, for the three
(A1)-(y-Al,05) interfaces withy{ui" a0, =0 atTo, ie.,
—4.387,—2.690, and—3.799 Jm? for a(y-Al, Q) film on
the {111}, {110, and {100 crystallographic faces ofAl),
respectively. Hence it may be concluded that the values ob-
tained in this work for the interfacial energi@QA”_{A,zos}

and Y(Al)-(y-Al,O, are realistic(cf. Tables Il and I1).
The calculated difference between the interfacial energies '3300 500 i 700 900
Y(Al)-{A1,05) and Y(A)-(y-Al,0y PEr unit area of the 7'(K)

(Al)-{Al204} interface ,[Cf' Eq. _(5)]_' € Y(A)-{Al05) FIG. 5. Difference in interfacial energy of the metal-substrate
T XY(AD-(y-Al0y) » atTo, is plotted in Fig. 4 as a function of 46 fiim interface of the amorphoy#\l .03} cell and the corre-
oxide-film thickness for the three crystallographic faces ofsponding crystalline (y-Al,O3) cell per unit area of the
(Al) considered. The dependence of the interfacial energyAl)-{Al,O;} interface[cf. Eq. (5)] as a function of the growth
difference on the oxide-film growth temperature is shown intemperaturd for an{Al,Oj} film of variable thicknes$i;x 0, on a
Fig. 5 for oxide films of variable thickness on{a0G Al {100} Al substrate.

[{100} Al

vz)

Yenr-a10) ~ 4+ Vears<;-a10> (Jm
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V. STABILITY OF AMORPHOUS ALUMINUM-OXIDE ficiently thick oxide films, the bulk energy contribution
FILMS ON CRYSTALLINE ALUMINUM SUBSTRATES dominates for the total energy of the metal oxide system.

Thus, a critical thicknesls{c,ﬂfizcg'a} can be defined as the oxide-

An amorphous{Al;Os} film of thicknessh; 0, 0N an  film thickness of the{Al,O5} cell for which AG=G,,

(Al) substrate will be more stable than a crystalline —Ggye=0; for hyy o0y <hia'G, . the stable oxide film is

(7-Al;0;) film of corresponding thicknesis,,.a 0, 0N the  the amorphous one. It follows from E¢p) using Eqs(11),
same substrate G =G~ Gys<0 (see Sec. )l For suf-  (13d), and(A4), that

[ ( + interaction ) _ o ]
neritcal X(Y(y=A,00)-vacT Y(AlY—(y—Al,05)) ~ V{Al,05}-vac™ Y(Al)~{Al 05} 6
{AI,05} r f — i 7 ,
203 AG{A|203} AG<7—A|203)_ E >f2
Va0, 1-v

where the ratigy between the surface areas and the rgtio with increasing growth temperatu¢eeing more pronounced
between the oxide film thicknesses of th&l,05} and the  for thicker oxide films; cf. Fig. h Note that this temperature
(y-Al,03) cell (as formed by epitaxial growjtare obtained dependence may be much weaker or even of reversed nature
from Eqgs.(A2) and(A4) in the Appendix, respectively. Note for metal-oxide systeméMO,) with a growth mismatcH

that Qa0 =1 [Eq. (5) of Sec. II; see Sec. llIA and Ref. <0, because then the interfacial enemgy(vo,) decreases

26]. with increasing growth temperatuftsee Sec. IV ¢
The value ofh{y'%3),, calculated by application of Eq.  Clearly, for the most densely packed crystallographic face
2¥3 . .- . .
(16) using the resuits for the bulk, surface, and interfacialof Al i-e., the{111} face, the crltc:cal thickness is about 1-2
energies presented in Sec. IV, has been plotted in Fig. 6 a@xide monolayers” (1 ML=3a,,, 5 0, =0.2nm; cf. Ref.
a function of the growth temperatufe for an oxide film  41), approximately independent of the growth temperature.
on the {111}, {110, and {100 crystallographic faces of Thus, after the very first stage of oxygen chemisorption and
(Al): the amorphous oxide film is stable up to a thickness ofbxide formation, oxide-film growth on d11} Al substrate is
0.25, 4.08, and 2.13 nm @,=298.15K, and up to a thick- predicted to proceed by the direct formation and epitaxial
ness of 0.44, 7.11, and 3.52 nm B&=900K, respectively growth of y-Al,O5. For growth of an oxide film on the more
(see Fig. 6. “open” {110 and the{100; crystallographic faces of Al,
The increased stability of the amorphdus ,05} film for preferred initial formation of an amorphodél,O3} film is
increasing growth temperature is the result of b@iththe  predicted, up to a critical oxide-film thicknesgy'3., of

AlLO.
decreaseof the bulk Gibbs free-energy difference between, gg 4nd 2.13 nm af,=298.15 K, respectively. -Fhf; dif-

the {Al,O5} and the(y-Al;05) film with increasing growth  forence in the stability of afAl, 05! film, on the three dif-
temperature(cf. Fig. 2; and (i) the increase of the  forant crystallographic faces Al), is directly related to the
crystalline-crystalline (Al)-(y-Al;0;) interfacial energy itferences in both surface and interfacial energy of the cor-
responding(y-Al,053) film on the three differentAl) sub-
strates(cf. Figs. 3 and 4 with Fig. 6
(MO AL . As follows from Figs. 2, 3, and 4, for thifAl,O;} films
............... (i.e., h{A|203}<3 nm) on {100 and{110Q (Al) substrates at a
.................................. growth temperaturel =298.15K, the difference in bulk
1T T Gibbs free energy betwedml Oz} and({y-Al,O5) is com-
"""""""""""""""""""""""""""""""""""""""" pensated for by about equally large corresponding differ-
ences in surface energy and interfacial energy, whereas at
higher growth temperatures and for thicker oxide films the
difference in interfacial energy becomes dominant. Further,
the surface energy ganhydrous y-Al,O; is lowered upon
{111} Al chemisorption of HO.? Hence the chance of initial forma-
------------------------------------ tion of a crystalling( y-Al,05) film on an(Al) substrate is
300 ' 500 ' 700 ' 900  enhanced by the presence of small amounts of water vapor.
T(K) Since the effect of pressur@vithin the range of, say,
UHV up to 1 MPa on the bulk and surface energies of
FIG. 6. The critical thicknes&{a's., , up to which an amor- {Al,Os} and(y-Al,Os) is approximately the same, the effect
phous{Al,Os} film instead of a crystallinéy-Al,0,) film is pre-  Of pressure on thdifferencein bulk and surface energigsf.
ferred on the/Al) metal substrate, as a function of growth tempera-Eq. (5)] can be neglected. Moreover, the effect of pressure
ture T. Results are shown for 4D, films on{111}, {110 and{10¢  on the enthalpy and entrogper molar volumg of the solid
Al substrates. phases is small, because the coefficient of volume expansion

8

{100} Al

critical

hwzo‘; (nm)
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B of solid phases is small3=10°-10 K1) (see Ref. thermodynamic parameters for a description of interfacial
57), and approximately the same for boftAl,O;} and energies of metal metal-oxide systems can be well assessed.
(y-Al;0z). The energy of theAl)-(y-Al;0z) interface[cf. (iv) By calculating the total energy of the metal-substrate
Eq. (14)] depends on the growth mismatthnd the Poisson Mmetal-oxide film system, i.e., including Gibbs energies of
ratio and Young's modulus dfy-Al,Oz), which are nearly formation, mismatch energy, and interfacial and surface en-
independent of pressure due to the high compressibility ofrgies, a critical thickness of the oxide film can be calculated
the solid phase$i.e., ~10'*Pa. Thus it can be concluded Uup to which the amorphous oxide is thermodynamically

that the stability of afAl,Os} film on an(Al) substratdi.e., ~ More stable than the corresponding crystalline oxide.
critical (v) The difference in thermodynamic stability of an amor-

the value oﬂ1{AI P }) is virtually independent of pressure. - ) !
V23 ) L phous{MO,} film on its metal substratéM) (with respect to
The predictions obtained in this work on the thermody- . o :
the corresponding epitaxigMO,) film on the same sub-

namic stability of an amorphoys\l,0O3} film on the differ- . . )
: .. strate as a function ofjrowth temperaturés governed byi)
ent crystallographic faces qil) may be compared with the decrease of the bulk Gibbs free energy difference be-

available transmission electron microsca@EM) observa- tween the {MO,} and the (MO,) film with increasing

tions of the developing microstructure of 8l; films on Al - o
substrates. Unfortunately, for most of the TEM analyses regrOWth temperature, anfll) the change of the growth mis

a . . match between the lattices @¥1O,) and(M) at the interface
ggiréidfi(lfﬁgv.\;asgféa{j’ 19résaenr(1jt 2;33]5 ACI% szr:;aggcge% a:gvﬁea\{vith increasing growth temperature. In most cases, where a
) Y prese o ttensile growth stress occurs in the crystalline oxide film par-
ing and subsequent oxidation. Oxidation of there {100

and{110 crystallographic faces of Al up to temperatures of allel to the interface and the thermal expansion coefficient of
ry grap _ P 73p the metal substrate is larger than that of the oxide, the amor-
823 K and an oxygen pressuabz—l.33>< 10 °Pa, was

_ phous{MQ,} film on the (M) substrate will be more stable
?hOVYQ to lead to the formation of an amorphdud,03}  \yith respect to the corresponding epitax{@ O,) film at

film,™ as predicted by the results shown in Fig. 6; after ayigher growth temperatures; the reverse can be true in the
long period of annealing>60 h at 823 K andp02=1.33 case of a compressive growth stress.

x10 3Pa, nucleation and growth ofy-Al,O; was (vi) The differences in the relative stability of an amor-
observed? The oxidation of ebare{111} Al substrate at 773 phous{MO,} film on different crystallographic facesf the

K and Po,=2.67X 107°Pa, was observed to occur by the (M) substrate are caused by the differences in the crystalline-

direct formation andutwardgrowth of y-Al,Oz islands and ~ crystalline (M)-(MO,) interfacial energy. Formation of a
the development of an amorphous oxide was not obséfved.crystalline oxide is more likely for a more densely packed
Indeed, the corresponding critical thicknes¥',, is pre- ~ crystallographic face of thevl) substrate.

dicted to be very smallFig. 6). (vii) The predicted stabilities for an amorphoisl ,03}

Knowledge on the thermodynamic stability of amorphou fl!m on a(Al) substrate agree well with previous transmis-

oxide films on their metafor semiconductot® substrates is smin eIectroanm|(XI()scc()jpylcl)bS(Xl\/ ano(;]s: an:olrlphoq%r\%a-
a prerequisite for technological applications where the forVE1OPS on{10gt Al and {11Q+ Al, and crystalliney-Al;O;

mation of a stable thin amorphous oxide film with uniform develops or{111} Al.
thickness on the substrate is desired: for example, to realize
passivation of metals and semiconductors and to establish
diffusion barriers in solid state devicés.g., tunnel junc-
tions). The absence of grain boundaries and other lattice de- Financial support by the Foundation for Fundamental Re-
fects in the amorphous oxide reduce ionic migration throughsearch of MattefFOM) is gratefully acknowledged. The au-

the oxide?***improve electronic propertiee.g., high di-  thors are grateful to Dr. A. J. Bmer for helpful discussions
electric strength and low leakage curpeahd increase cor- on the estimation of interfacial energies.

rosion resistanceé>*>?*Moreover, due to the relatively large

free volumé&'??and the bond flexibility?® of the amorphous

oxides, a mismatch with their substrates can be accommo- APPENDIX
dated by viscous flo?'~?®thereby promoting strong adhe-

sion across the substrate-film interfdce’ For a thin crystalling y-Al,O5) film formed by epitaxial
growth on the{111}, {110 or {10G crystallographic faces of

VI. CONCLUSIONS an(Al) substrate, the tensile straif at the growth tempera-
ture is(i) independent of the direction within the plane par-
(i) The energy of the interface between a crystalline metakllel to the (Al)-({y-Al,O3) interface,(ii) the same for the
(M) and its oxideMO, is generally smaller for the amor- three interfaces considered, afiit) equal to the growth mis-
phous oxidgfMO,} than for the crystalline oxidéM O, ). matchf [see the discussion above E45) in Sec. IV (.
(i) For sufficiently thin oxide films on a metal substrate  Then the width and length,. o0, Of the accordingly
(M), the amorphous state can be preferred over the CryStaé'trained( y-Al,0,) cell on the(Al) substratgcf. Fig. 1(b)]

line state, because the higher bulk energy of the amorphou§e (elated to the width and length of the unstrained
oxide film {MO,}, as compared to the corresponding crys-<y_A|203> cell. [unstr by (cf. Secs. Il and I11B2

talline oxide flm(MO,), can be overcompensated for by the (r-AI09)”
relatively low sum of the{MO,} surface energy and
(M)-{MO,} interfacial energy. _ unstr
(i) Adopting a “macroscopic atom” approacfy®-16 L—a1,09 =1y 2 a1,09(1H ). (A1)

ACKNOWLEDGMENTS



4718

The corresponding amorphoflal,Os} cell (cf. Fig. 1(a) in
Sec. l)) is unstrained, as discussed below Ej.in Sec. Il A
(cf. Ref. 44. It then follows that the ratigy in Eq. (4b) in
Sec. Il between the surface areas of thwl,O5} and
(y-Al,0y) cells is related to the molar volum&s, o4 and

V(y-a1,0, Of {Al, 03} and unstrainedy-Al,O3) according to

unstr

2
B |<y—AI203)>2_<|(7AI203>(1+f)>
la1,0, la1,04
vV, 2/3
(y—AlLO
- ’—29) (1+1)2 (A2)
V{A|203}

The thickness$, 0, Of the strained y-Al,Os) film is
related to the thicknes(}y o, of the corresponding un-
strained(y-Al,O) cell by [cf. Eq. (A1)]
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Ny a,09= (3o a0 (1= 20F), (A3)
where v denotes the Poisson ratio ¢-Al,Oz). Thus the
ratio ¢ of the heights of the strainedy-Al,Oz) cell and the
corresponding unstraind@\l ,O5} cell is related to the molar
vqumesV{A|203} and V(y-a1,04) of the unstrained phases by

[cf. Eq.(A2)]

. N(y-ai,09 B h?;iter%)(l_ 2vf)
hiai,0z hiai,0z
vV, 1/3
(y-AL0
el P Y (A4)
Via,04

Using the data in Table | and the valuesfas obtained
from Eq. (15) in Sec. IV C, it follows thaty increases from
0.960 atTy(=298.15K) to a value of 0.985 at 900 K,
whereast decreases from 0.949 & to 0.943 at 900 K.
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