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Influence of adsorption on thin film thermodynamics
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The thermodynamics of a system composed of a substrate, a deposit, and an adsorbed layer is considered
with a lattice model in the framework of Gibbs ensemble statistics. Expressions for the thermodynamic
functions(free energy, chemical potential, gtare derived. The thermodynamic condition for equilibrium in
such a multicomponent multiphase systé@mquality of chemical potentials of each component in all phases
combined with the requirement of minimal free energy, leads to a criterion for stability of the two-dimensional
(2D) phase of the deposit. It is shown that an adsorbate could invert the relative thermodynamic stability of
both possible deposit phases. It is found also that the adsorbate drastically influences the chemical potential of
the 2D phase, and on whatever substrate it becomes practically equal to the chemical potential of the bulk
phase at high adsorbate coverages. The influence of the foreign substrate on the layerwise separation in the
adlayer is discussed, along with some peculiarities that arise, by defining surface and interfacial free energies
of the thin films.[S0163-182@6)09948-1

I. INTRODUCTION In the early days of epitaxy in poor vacuum, the surfaces
must have been contaminated. The assumption that impuri-
The morphology of deposits on foreign substrates has aties hinder a good epitaxial overgrowthy blocking of the

tracted much attention for a long time now. When a givengrowth sites and/or by including irregularities in the crystal
material is placed on a substrate, it usually forms either aattice) forced the tendency to maintain the growth condition
thin uniform film or three-dimensionaBD) crystallites™  as “clean” as possible. The using of ultrahigh vacuum
The first case is called the Frank-van der Mer#)  (UHV) and carefully cleaned substrates, however, did not
growth mode. In the second case the crystallites can bglways yield the expected result. On the contrary, in some
formed directly onto the bare substrdtbe Vomer-Weber cases the epitaxy in poor vacuum was better than in UHV.
(VW) growth modg or can lie on some uniformly distributed Apparently, in such cases, epitaxy could be achieved because
monolayerd Stranski-Krastano¥SK) growth mode of their  the surfacesvere not clean.

own]. According to the well-known Bauer's criteridnan An example of adsorbate influence on the growth mode
A monolayer is formed on substraBe (FM growth) if the  are rare-gas systeni¥e, Kr, Ar) on graphite. On air-cleaved
condition graphite, without cleaning in vacuum, Venables and Ball

observed a 3D growth, irrespective of vacuum conditions.

Oa— 0pt 0gp=<0 (1) However, when the substrate was cleaned in UHV prior to

deposition, a 2D growtimultilayer adsorption isotherms

is satisfied, wherer, and o, are the deposit and substrate was found in all the above systertts1® On the other hand,
surface free energies, angy, is the interfacial free energy. If recent experiments involving the deliberate introduction of
this inequality does not hold, then formation of 3Dislands  adsorbates in a variety of VW epitaxial systeffie and Ni
on the bare substrate takes pla@&W growth). Simply — on CY100, Fe on Ad100), Si/G&100],}"~?? showed that
speaking, if the surface free energy of the deposit is lowesome of the adsorbaté®, N, CO, As, Sh are able to sup-
than that of the substratéhe interfacial energies are usually press the island growth, and to induce ML films to spread out
much lower than the corresponding surface eneydilesde-  on the substrate.
posit covers the substrate uniformly and lowers the total en- Most authors presumed qualitatively that the change of
ergy of the system. In the opposite case the complete wettinthe surface free energies is the origin of the observed
would increase the energy, so that the deposit prefers tohanges in the growth modé/~*°*Assuming a more general
minimize its own surface by forming 3D crystallites. validity of Eq. (1), one could evaluate guantitatively the ad-

Pure FM growth is rarely observed in real systems. Owingsorbate influence by calculating the simultaneous change of
to the difference of the lattice parametdmisfit), elastic  the substrate and deposit surface free energies, provided the
strains arise in the overlaygf.In the first several monolay- corresponding adsorption isotherms are known. This ap-
ers they are accommodated by homogeneous distortion. Aproach, although quite reasonable, has the disadvantage that
ter a certain thickness, however, the elastic energy becomdsdoes not allow a deeper insight into the thermodynamics of
very large. A nonuniform relaxation takes place in the top-the system.
most layer, resulting in the appearance of small areas with As a matter of fact the chemical potential of a bulk adsor-
structure more or less close to the structure of the deposihent is not changed upon adsorption. This is due to its van-
The layer growth is terminated, and the growth of 3D islandgshing surface-to-volume ratio. In the case of a thin film,
begins(SK growth.”~° Obviously, Bauer’s rule does not dis- however, this ratio is close to unity. The surface free energy
tinguish between FM and SK growth modes. contribution to the total free energy is significant, so that
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every change in the surface state of the film leads conse~N2%N, is vanishing so that its shape is not exactly defined

quently to a change of its thermodynamic functions as wellpy Wulff's theorem as in the case of small crystals.

To the best of our knowledge no quantitative consideration In the second configuration ti¢, atoms form a compact

of the problem has been presented till now. (but not necessary fyl2D layer onB, both A and unoccu-
Therefore, the aim of the present paper is to derive eXpied B surfaces are covered witk3, and N5, S atoms, so

pressions, by means of a lattice model, for the thermodythat N3 = N,— N5~ N2, S atoms remain in the gas phase.
namic functions of an adsorbate-deposit-substrate syste@im”aﬂy to Eq.(3), the partition functiorQ, is

and to answer the question of whether there are thermody-

namic reasons to expect an inversion of the order of the Q,=Q5.Q5,0Q5.Q5.. (4)
stability of the 2D and 3D phases of the deposit under the

adsorbate influence. This paper is organized as follows. Th&he counterparts in the second system are naturally indexed
model and the partition functions are described, and the frewith a 2. It should be underlined that both above configura-
energies are calculated in Sec. Il. The criterion for 2D dedtions are actually two independent systems. Therefore, one
posit stability is derived in Sec. Ill. It takes a very simple has to equilibrate them separately and after calculating of the
form for a nearly complete adsorbate layer. An expressioorresponding free energies, to decide which of them is more
for the chemical potential of the thin film in the presence ofstable.

an adsorbate is derived in Sec. IV. The change of the thin- The free energyr and the chemical potentigl in the

film thermodynamics due to adsorption is illustrated in Seccanonical ensemble are

V. The definition of the surface energies of thin-film sub-

strates and interfaces is discussed in this section as well. F=—kT InQ, 5
Finally interlayer demixing in a binary adsorbate induced by
a foreign substrate is exemplified in Sec. VI. pu=3dFIdN, (6)

so that from Eqgs(4) and(3) one obtains
IIl. MODEL, PARTITION FUNCTIONS,

AND FREE ENERGIES Fo=Fb+F5,+F5.+F, @

For sake of simplicity we assume that the deposi}, ( . b b a
substrate B) and adsorbateS) have arbitrary but like crys- Fa=F3stFaatFastFas, ®

taI. Iattice_s with _equal lattice param(_eterfs, and with first'where the free energies are indexed as the corresponding
nelghb_or |n_teract|ons only. The coord!nanon numbe_r of thepartitions functions. To calculate the free energies, one now
3D lattice is Z, and the bond energies between like andpeqqg 5 concrete form for the partition functions.
unlike atoms areE; and Ej (taken as negative with ) ot the chemical potential of a gas phase withparticles
i,k=a,b,s). The substrate is a crystal face witdZnumber ;.\ qjumeV at temperaturd be
of bonds in the plandlateral bonds and 2Z, number of
bonds out of the same plane, so that an atom on the top of kTd InQ(Ng,V,T)
this plane hag, first neighbors in it. Mse(Ng,V, T)=— N

Let us now consider a system which consist of a substrate s
B with M~ 10" adsorption sitesN, atoms of typeA, and  According to Eq.(2) the amount of adsorbe® atoms
N atoms of typeS. All N, atoms are situated dB, part of  (<M) is infinitesimal as compared td;. Consequently, the
the S atoms of order of magnitudk! are adsorbed, and the chemical potentials of the gas phase in both systems are
rest of them are in a vapor phase with voluMelt is as-  equal,
sumed that

dF,  dF3
NS INgg

N>M=N,. (2 Mse=pse(Ns,V,T)=

This inequality means that all phases in the system are Iargend are not chanaed upon adsorption. so that we can express
enough in order to apply the Gibbs ensemble statistics. Th 9 P ption, P

system does not exchange mass with its surroundings, i.e.,e corresponding free energies as

the number of bottA andS particles is constant. v = NYuee= (No— NB.— N2) 9)
Two configurations are possible with respect to compo- 2~ Nasttse™ L Ns™ Was™ Nas/ Mses
nentA. The first one is realized when all, atoms form a
a ng: Ngs#se:(Ns_ Ngs_ Ngs):“se- (10)

large 3D crystalN3; andN3, S atoms are adsorbed @&and

on the surface of the 3 phase, while the rest of them,
v.=Ns—N5,— N are in the vapor phase. The canonical y;

partition functionQ5 of this configuration is

Q3= Q%,Q2.Q%:Q3%. &)

where Qj, is the partition function of the vapor phaiega
that of component®, and QY and Q3 those of bothS
phases adsorbed d& and A, respectively. Because of the
large dimensions of thé phase, the surface/volume ratio

Assuming that the temperature is below the two-
mensional critical temperature &f, we consider both 2D
and 3DA phases as Einstein crystals with partition functions

ZoEab+ ZpEaa N

Q2a(N, ,T)=q2‘aexr1( - = . (1D

ZE ,\Na
an(Na,T)zqg‘aexp(—k—T""a) , (12)
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whereq, is the internal partition function of th& atoms. In the above expressions,

Denoting
. b _ Ngs a _ gs b_Ngs a _ gs
= —KT InQy+ ZoEyi+ Z,Epk (13) bsmMoN, TN, T OB
for the layerk on the substrate, one obtains the free ener- (22)
gies of the componerk are the coverages @ on A andB in both systems, and
b ) denotes the free energy per adsorption site. The number of
F2a=Na7a, (14 adsorption sites iff 3, (proportional to the surface of the 3D
A crysta) is taken to be=NZ* and, according to Eq2), the
F9 =N,7% (15) S Db 213
3a~ Na%a- number of adsorption sites dd in F35 is M—pN;°~M,

with p being a coefficient slightly lower than 1.

The free energies from Eq&l8)—(21) have to be calcu-

ed under the general condition for equilibrium in a multi-
phase multicomponent system—equality of the chemical po-

) tentials of each component in all phases. In our case this

For the partition functions of adsorb&lphases | ada-
toms onM siteg we use an expression known from the lat
lattice statistics of adsorptiot,

Q(N,M,T) =q§exp( _ NZoEsi means that the chemical potentials of @lphases should be
kT equal toug.. Denoting the equilibrium coverages gk,
E(Zp.Ess,N,M,T) With o= e 15, and 6= 0cdusd and putting 03.=
x> gjexp - KT , 05s= 02, and 05,= 65.= 62, in Eqs.(18)—(21), one obtains
! the equilibrium free energies of adsorb8ghases.

(16)

whereZE,; is the bond energy of a8 atom to the under-
lying substratdé (NZ,Eg; is the total nonconfigurational en-
ergy), E; are all allowed configurational energy levels of the  The thermodynamic condition that the 2D system is more
system, andy; those of the corresponding degeneracy fac-stable than the 3D system is

tors. Keeping in mind thakg;=M!/N!(M —N)!, the sum

in Eqg. (16) is replaced by its maximal term F,—F3;=AF=<0. (23

gJ* exp(—EJ*/kT), so that for the free energy one can write

IIl. THERMODYNAMIC STABILITY OF THE 2D PHASE
OF THE DEPOSIT

Let us see now how this condition looks in the particular
_ i case of a “clean” substratévithout an adsorbajeAll free

F=MIKTS(0)+ 0775 6ZpB st E(0)]. (A7) energies in Eq(23) containingS bonds are absent, and tak-

In the last equation 9=N/M is the coverage and ing into account Eqs(14) and(15), it reduces to

Sc(6)=—Ing{/M andE(#)=E}/M are the configurational b a b a

entropy and energy per adsorption site. Of course I8th (7= 1)/ Zo=(1a~ Ha)Zo=Eap—Eaa<0, (24

andE_ also depend od,, Ess, andT, but they are omitted  \yhere 42 and u2 are the chemical potentials of the 2D and

for convenience. As is evident from the general form of thegp phases oA on B [the equalityy= u is obvious from Eq.
expressions for the configurational quantities, no concretge)]_

approximation is used to obtain E€L7) from Eq. (16). We now define the specific surface and interfacial free
With Eq. (17) the free energies of th® phases are energies of the bulk phases in the model as
F3s=(M—Na)f3,(639) oi=—MZEil2, ow=0i+0—Bi, Bi=—MZEy
(25)
=(M=No)[KTS(635) + 03,7 — B3Z,Est Ec( 6591,

where By is the so-called specific adhesion eneftye en-

(18) ergy gain when putting two baieandk substrates together
Thus Eq.(24) becomes
5s=Naf5(65)
MZ,(E,p—ELa)=20,— Bap=0a— 0p+ 055=0. (26)
~No[KTS(03)+ 07— 037, Eost Ec 6501 o Fab™ Eea =200~ fav= 7™ o T 0ar=0- {
(19 The last result shows that the Bauer'ss3rule (1) is strictly

valid for temperatures below the two-dimensional critical
F2 = M2 (62 temperature o_f the depos?t, i.e_., when both 3D and _2D pha_ses
3s 8st73s could be considered as Einstein crystals. Although it contains
=M[KTS(65) + 603,72 — 03.Z Esst+ Ec(65)1, only surface free energy terms, i.e., only a part of the total
free energy, it is identical to the most general thermody-
(200 namic condition(23). It should be noted that the transition
a o3ea s oa from a small crystal to an infinite large compact monolayer,
35— Ng f35(035) used in Ref. 1 to derive Ed1), includes the assumption of
Y, a a _a  pa a zero configurational entropy and energy of both 3D and 2D
=NZTKTS(050) + 055 - O3sZpBsst el b3 ] phases, i.e., they are implicitly regarded by Bauer as Einstein
(21 crystals as well.
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Let us now calculate the remaining free energies included
in F, andF3. Keeping in mind Eq(22), from Egs.(9) and T>T;
<

10) one obtains
(10 I()

gs_ gs: ( - Ngs_ gs+ Ngs+ Ngs):u’se
=Na( 02— 63 se- 27)
In the same way Eq$18)—(21) yield

02 - oP

Ha®)

Chemical potential
=

ng+ ng_ ng_ gs: Na[fge( 02& - fge( aks)p)] (28)

N2®<N,,M, as evident from Eq(2), is used to obtain both
last equations. Combining Eg7) and (28), we write 0

6% 08!

se
v v b a b a
25~ FastFostFos—Fas—Fag (@) Coverage

=Ng[ els)eﬂse_ fge( 029)] —Ng[ ‘924’“%_ fge( HZQ]

=Nal 02(1tse) — 0251, (29
where the relation

fle( 00 — Ohoptse= Afid tse) = OL(1se) (30)

is used. The quantity.(use is also a thermodynamic func-
tion called two-dimensional spreading pressure. It is just the
free energy changAfy(use) = f adsorbate f gas DY isothermal
reversible adsorption at chemical potential,.

Finally, the thermodynamic conditiof23) for stability of
the two-dimensional phas& on B in the presence of an 0 1
adsorbate becomes

ug(e)ﬂ

)

Chemical potential
o

(b) Coverage
AF b, a_p a FIG. 1. Adsorption isoth d on A and B substrates(a)
N 73— 02 se) + 02 s <0. (31) - 1. Adsorption isotherms d§ on A and B substrates(a
a For temperatures higher than the two-dimensional critical tempera-

We now want to point out the simple physical sense of lasture T3 of S. (b) For temperatures lower thaf;. The dashed

equation. According to Eq24), the free energy change by areas a:lre pbroport_lonal to thPT dlf_fe_rence of the 2D spre_adlng pres-

the 3D-2D transition in the “clean” case iﬁg— 7. Equa- SUreses— s and |ncrbease;/V|th rlsmgcsae. Att))ove t;a cegtaln value

. : S 0% of uee in both casesfe.— 02— 1 andos— @2 — 7a— 74 -

tion (31) means that, to perform this transition in the pres- se " Tse s s s s

ence of an adsorbate, extra work has to be done, to readsorb

Sfrom B on A. Obviously, if this work is negativéenergy is

gained, it could compensate for the positive energy differ- The adsorption isothermzsls’(e) and u2(6) are presented

ence ng— 73 (stable 3D islands without an adsorbatsnd  schematically in Fig. 1 for two extreme casé®:at tempera-

thus to stabilize the 2D phase Af tures higher than the two-dimensional critical temperature
Let us analyze now Ed31) in more detail. Suppose we T3 of componentS, and(b) for T<T3.. The area between

know the adsorptipn isotherms, i.e., the partial derivatives of, __ and the isothern;ug(e) equaISQDE(,usQ, and the dashed

the free energy with respect to the number of adsorbed pag 4 is just the energy?(se) — QDS(MSQ:AGD(/LSQ, gained

ticles, by readsorption o5 from B on A. It is obvious that energy
X OF, JFs is gained ifE,<Eg,. With a rising chemical potentidtov-
Ms(0)=—p=——p, (32)  erage of the adsorbateA ¢(u.o) increases, and after a cer-
dIN3g  IN3g . )
tain value ofu. practically does not change any longer. As
IF, OFs evident from the same figure, the energy gain is maximal for
ui(0)= NE - INA (33 wse =72 whenT<T$,, while for T>T$. chemical poten-
2s 3s tials, significantly higher tham?, are necessary to obtain the
The free energy could also be expressed as maximal effect. The quantity;, as defined in Eq(13), is
i equal to the chemical potential only in some special cases,
fise( HiSQ: fﬂseML( 0)do, e.g., by Einstein crystals and for adsorbed phasés<at ;.
0 in the coverage region of the van der Waals wave. Above
so that the 2D spreading pressure from Bf) becomes T, by the symmetrical adsorption isotherms, obtained from

Eqg. (16) with mean-field or quasichemical approximations,
i (e ; u equalsy only for §=0.5.
Ps(tse) = 0 ps(0)dO— Oehtse. (34 Now using Egs(13) and(25), one can rewrite E¢31) as
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03— 0ptoptM (Pg(l/vsé_ M (Pg(:“sé JF3 _ aFga z?ng

b
M3alhse) = 2 : (43
N N N
= 0% (150~ 05 (150 + Tav=0, (39 MNa Mo Na
where The notationuw,(use) Means that the chemical potential
M4 Of componentA is taken at the chemical potential, of
o7 (nse) = 01— Aoi(pse) (36)  componens. The first summands in the right-hand sides of

Bpth above equations are the chemical potentials of the 2D

and 3D phases respectively, without adsorptipartial de-

rivatives of the free energies with respect to the number of

Aoi(prse) = — M@L(Mse) (37) a_tdsorbed particle}sThg rem_aining terms are partial (_jerivg-

tives of the free energies with respect to the adsorption sites,

is the free energy change per unit surface due to adsorptiowhich are just the two-dimensional spreading pressuyre$

i.e., the surface free energy change. The similarity of Eqthe corresponding adsorbates, so that

(35 and(1) is evident.

is the reduced surface free energy in the presence of an a
sorbate with chemical potentials. in the system, and

In order to obtain a more concrete form of E85), one wha(sd) = b — 0P pse) + 02 trse), (44
needs to assume a certain approximation for calculaging
which leads to more or less complicated expressions. For the 2/3

maximal effect, however, it is possible to obtain a very — ud(use=ul+ N—a[goge(ﬂsg— 5Fa03)]1~ua.
simple form of Eq.(35), evading the use of approximations. a

One can see from Fig. 1 that with rising chemical potential
62, and 62, come more and more closely together, and ap-
proach unity. For that limiting caseff,~ 62.~1)

(45

The more complicated form of the last equation arises
from the fact that the number of adsorption site&f is not
S(0~1)—0 and Eo(Zy Ess 0~1T)—Z,Ess. Na but N§’3.. According to Eq.(2) the multi.plieerfIB/l\lla is
(39) an |nf|n|teS|m_aI quantity, so that the che_m|cal p_otgntlal of th(_e
3D A phase is not changed by adsorption. This is true until
Then its surfacet—)to—volume ratio remains negligible. In the oppo-
i i i i _a b site caseus,(use) becomes an adsorption-dependent quan-
fselOse~1) =75 @s(se) = N5~ Mser A@max= 75~ 7’59 tity, because the contribution of the surface free encagyl
(39 also its changeto the total free energy becomes significant.
and, keeping in mind Eq30), Eq. (31) is reduced to Concerning Eq(44), it is evident that the chemical poten-
b a a b tial of the two-dimensional phagkis strongly dependent on
(ma= mat 1s— 1s)/ Zo=Eap—Eaat Esa— Esp<0 use. It seems as if this conclusion contradicts the well-
(40) known fact that an adsorbed layer does not change the
and chemical potential of the underlying substrate. As discussed
above, however, this is not true when the surface-to-volume
MZo(Eap— Eaat Esa— Esp) = 05 (tse) — p (tse) + Tap ratio of the substrate phase becomes different from zero. It is
hardly possible to speak about “surface” of an adsorbed
=0sq— Ospt ogp<0. (41 layer above the two-dimensional critical temperature, where

. the adatoms are almost randomly distributed on the support-
From Eq. (35 one can conclude that simultaneous ad-

. , : ing substrate. Below this temperature, however, the adatoms
sorption on two substrates lowers the difference of their SUltorm a more or less compact layer. This layer has still its
face free energies. This effect increases with a rising chemis, o <\ face” because it is able to. adsorb other particles

cal potentiallcoveraggof the adsorbate. The maximal effect ; o " can act as a substrate. The surface-to-volume ratio of

is obtained practically for adsorbate coverages close to unit;{his compact layer is unity, so that every change of its “own

whereby the difference of the surface free energies is resurface” (adsorption on ¥ should chanae its free ener
duced to the difference of the corresponding substrate( ( P r g gy

dsorbate interfacial ) di i th and chemical potentiplas well. Keeping in mind that the
adsorbate interfacial energies. According4d) in that par-  chemical potential of one of the components in a multicom-

ticular case the three interfacigl ene_rgies remain solel onent system ithe free-energy change of the whole system
responsible f_or the thermodynamic stability of the 2D phasg, only of the component under consideration) per particle,
of the deposit. it is obvious that every change of the numberfoparticles
is accompanied with a redistribution of the adsorBetoms
IV. CHEMICAL POTENTIAL OF THE DEPOSIT between bothA and B surfaces, i.e., as compared to the
adsorbate free surface the chemical potential is changed just
with the free energy for readsorption per site.
With Eg. (44) the general conditiori31) obtains a very
simple form,

Let us now consider the chemical potential of depAsit
the multicomponent system. For the 2D configurationAof
the partial derivative of-, with respect td\, is

_oF, dF3, <9ng+ IF 3,

b
raalmsd = 50 = N T oN, TNy (42)

1
Mlz)a(:use) - MZZM[("; (se) — 0'; (tse) +0ap]<O.
while, in the 3D system, (46)
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It turns out that in the presence of an adsorbate, similarly to
the “clean” case, the 2D configuration of the deposit is more
stable when its chemical potential is lower than those of the
bulk phase. Therefore it is interesting to analyze the depen-
dence of,uga(,usg on the particular choice db. Keeping in
mind Egs.(38), (39), and (40), it is obvious that for the
limiting case 6~ 6°~1,

Mga( 05~ 1)_/~L:: Zo(Eap—Eaat Esa—Esp). (47)

As one can see th8-dependent quantity in Eq47) is the
differenceE,,— Egp, SO that the question is how it depends
on Eg,. The relationE; = (E;; + E,,)/2 is widely used as a
first approximation for the bond energy of two unlike atoms.
In the real case, of course, the quantity

Chemical potential

Wi =E;jj + Ey— 2Ej= — o [ Z,M (48)

Coverage

is usually not zero. Nevertheless, both theoretical consider-

. . ) FIG. 2. Schemati tation of th iti
ation and experimeht*showed that, as a rul#y, is at least G. 2. Schematic representation of the deposition process and

bout d f itude | h Il th . _the adsorbate influence in a system growing in the VW mode
about on€ order of magnitude fower than all three energleﬁ.aai opt+o,p>0). Note that the surface energy of the sandwich

As a consequence, every changeEqfor Ey will shift E;y system 1 differ significantly from the apparent surface and interfa-
in the same direction. Evidently, different valueskn (dif-  ¢ja) energies refined by E¢25).

ferent adsorbateswill shift both unlike bond energie&s,
andEgy in one and the same direction, thus making the dif-
ferenceE,,— Egp, almost insensitive ore.. Therefore, the
difference,uga( 6s=1)— pS is practically one and the same
whatever the adsorbed lay8ris.

On the other hand one can rewrite E47) in the form

cause the differencej,— F4, from Eq. (27) vanishes when
62~ 6°~1, which is equivalent to excluding the vapor
phase from consideration.

V. SURFACE AND INTERFACIAL FREE ENERGIES
ua(0s=1) = ud=Zo(— Wapt+ Wep—Ws,). (49 OF THE THIN FILMS

Keeping in mind thai?® | bit tity. th Let us now also consider the initial stages of deposition of
eeping in mind thaj, Is an arbitrary quantity, the Sum on o, g a5 an adsorption phenomerfot?®2When condition

thebrigr?t-hand Si%e Qf thris equuz?]tion dis _\éery_#(r)]w as C?mpare_ch) is satisfied, both FM and SK growth modes are associated
tﬁ Oth surr]nm{an IS in the Ie tf' ar12DS| e. the C?]nc us_lonhl ith stepped isotherms, quite similar to the multilayer ad-
that the chemical potential of a 2D compact phase In theq oy isotherms obtained for gases on foreign substrates.

presence of a complete_adsorbed_layer deviates, in gener@n the contrary, the VW isotherm displays a maximum at
negligibly from the chemical potential of the 3®ph§se. On coverages significantly lower than 1 ML, followed by an
the other hand, the attachment/detachment of a sikglar- o herimentally unobservable decreasing part, where an un-

ticle to/firom the substrate is associated with energy gapie equilibrium should exist. The latter case is represented
Zo(Eap* Esa—Esp) (neglecting the lateral bonfdt is obvi- schematically in Fig. 2. The VW isotherpa®(6,) is drawn

ous that this energy differs also little frol,E,,, and is b ; - - -
. - ; y a full line up to the maximune (stable adsorption equi-
very insensitive with respect thy,, (bond strength to the librium) and by a dotted line aftar, where the equilibrium is

substratg because of the differendg,,— Es,. Thus if the unstable. At pointc the VW growth of A on B (three-

substrate contains different type of atoms, e.g., impurities Ofimensional nucleationbegins, which requires relatively

dopants, then the differences in the local bond energies arr(ﬁgh supersaturationsmzﬂg>ﬂg. The dashed curve.

much smaller in the presence of adsorbate than without it. b . o
That is why the adlayer additionally equalizes the local bonoalso denoted byu,(6a), is a hypothetical isotherm @i on

energies and renders the substrate energetically homogg: Which would be obtained if one initially suppresses the
NEoUS. adsorption on the top of the f!rst monolayer and aIIovys_ it
Strictly speaking, the above considerations are valid f0|only aftef the first mon‘)la.yer is completed. Although .'t IS
volatile adsorbates, i.e., for adsorbates with low mean resi?®t Possible to realize this isotherm at all, it is depicted
dence times(as compared to the experimental timéor ~ ONly to show that the area between it apd is just
which a vapor phase is absolutely necessary to maintain fra— ‘Tp+0ab)/|\_/| >0. _ _
certain coverage. On the contrary, the adlayers of nonvolatile The introduction of an adsorbainto the system{with
adsorbates are very stable in time because of the low desorptemical potentiajise, which is lower than the bulk chemi-
tion rate. Without presenting concrete calculations we noté&al potentialug and at which a nearly comple®@ ML on
that the same general conclusions could be drown as fd® is adsorbefichanges the surface energy of the initial
volatile adsorbates. What is more, all expressions for the¢leanB substrate toosp, = o (use) according to Eqs(52)
limiting case of a complete adsorbate monolayer are fullyand(37). If condition (46) is satisfied, then the “clean” iso-
identical with those derived for the former case. That is betherm ,ug(e) is transformed to a stepped isotherm, denoted
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in Fig. 2 asub,(0.)= u5.(0a.use). According to Eq(47)  total energy of both above interfaces s (uso)
the chemical potential of the step ig,= 15, (s # 0gat 0. Similarly if pge# us thenot (usd # osp+ o as

Let us now calculate the surface energies in the systenwell.
Starting with anS-preadsorbe® substrate, the deposition of However, as evident from(41), o (use) —0op (se)
A now follows the isothermu5,(6,), so that at point 1 one = Osa— Osp €VEN forpg# us, wheng2~ 62~ 1. This result
obtains the sandwich, depicted in the lower right-hand cornetonfirms once again that the only way to calculate correct
of the figure. The free-energy change by the deposition ofurface free energies in the case of thin films on a substrate is
A by chemical potentia,ua:,u'z’a is to make use of the general expression

0q b4
Afy= Jo b (0)dO— 0,5, CT*:U+MJO pa(0)d6—M Oguge, (52)

and with 6,~1 one obtains, for the change of the surfacei" Which o is the surface free energy of a clean substrate,
free energy o, , o* the total surface free energy of a system deposit/
substrate, which includes the substrate-deposit interface and
. b the deposit surfaces . the equilibrium chemical potential of
Aop (pnza)=—MATF;~0. the deposit at coverag; ; anduq4(6) the dependence of the
Hence the surface free energy of the whole sandwich in poin‘fhemlcal potential of the deposit on covera@eisqrptlon
1is iIsothern). Thus even by macroscopically well-defined sur-
faces and interfaces with negligible entropy, solely internal
. < b . energetic calculationébond-counting procedureould lead
1= 0 Aoy (pz) ~ 0y (500 to an erroneous result if one does not account for the chemi-
cal potentials of the components. An obvious and important
. i o consequence from E@2) is that there is no way to separate
is practically unchangeq after the .debposmon o.f.a nearly COMihe individual contributions of the substrate-deposit interface
pleteA ML f"‘t the chemical pqtenthLZa. If addmonal_ly thg and of the deposit surface to the total free-energy change. As
adsorption isotherm o8 on B is similar to those depicted in 5 atter of fact both interfaces above are always simulta-

i.e., the surface free energy of tBegpreadsorbed® substrate

i — D0 ~ ~ g . .
Fig. 1b) and use=ug (0s~1), thenoy~op~0o,. neously created by thin-film deposition. Therefore, from a
bThe free-energy change at point 2 of the isothermnermodynamical point of view it is impossible to define the
H2a(0g) is corresponding free energies singly. Until the chemical poten-

tial of the thin film is still lower than its bulk value, one can
04 speak solely about the reduced surface free energy of the
Afzzf 113a(0)d O~ Oqu. initial substrate. Strictly speaking, the interfacial energy and
0 the surface energy of the deposit lose physical sense as sepa-

With 8,~1, and taking into account Eq46), the surface rate quantities, while the chemical potential of the deposit is
free energyo is changed now with lower than those of the bulk material.

VI. SUBSTRATE-INDUCED DEMIXING

b \_
Aop (1) =M (pg— 12a)= — 03 (5o T 07 (Kse) ~ Tab, BETWEEN DEPOSIT AND ADSORBATE
so that for the total surface free energy of the sandwich in |, 51| apove considerations it was implicitly assumed that
point 2, 1 becomes no mixing between the deposit and adsorbate takes place.
According to the thermodynamics of binary systems, bulk
gr=0F — Aot (ud)=0apt o (o). (51) separation of the components occurs, roughly speaking, if

—W,,=KT. So it seems reasonable to assume that the same
From a macroscopical point of view both sandwiches havenequality justifies the neglecting of mixing in two dimen-
oneA/B interface, oneS/A interface, and on8 surface, and  sjons as well. This is absolutely true in the case of one mono-
it could be expected that,~o,~ o,pt+ 0sat 05, Whichis  |ayer only (when the occupation of the next monolayer is
evidently not true. The reason is that the surface energies iprohibited—the partition functions of the 3D- and 2D-
Eq. (25) are implicitly defined for the bulk chemical poten- mixed phases do not differ except in the value of the lattice
tials of the corresponding phases. For sandwich 1, only thgoordination numbeiZ (cf., for example, the 3D binary
chemical potential ofB is the bulk potential, while the isothern?®?” and 2D binary isotherrff) In the case of
chemical potentials of botA andS phases differ from the multilayer adsorption, however, the content in the different
bulk values, so that neither the energy of the interfacesnonolayers may deviate significantly from the average con-
A/B and S/A nor the energy of the surfacg could be de- tent of binary adsorbate. This effect is also closely related to
fined by Eq.(25). For sandwich 2, however, the energy of the surface segregation phenomena in binary aftdys.
the A/B interface is justr,p,, because the chemical potentials  In a recent papét a binary multilayer adsorption iso-
of bothB andA phases are the bulk potentials. For the sameherm was proposed and used to determine the mechanism of
reason, the energies of the interfa8eA and of surfaceS  the displacement of unmixable layers. Unfortunately, no
could not be expressed by E@5), becauseu, is different  analysis of the dependence of demixing phenomena near the
from the bulk chemical potential?, which explains why the substrate, i.e., in the first several adlayers, on the bond
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strength to the substrate is carried out. Therefore, our pumixed adlayer to a sandwich bilayénterlayer demixing
pose in this section is, avoiding a comprehensive presentdoreover, it could overcompensate for the free energy of
tion and detailed calculations of an exact treatment, solely tinterlayer mixing, so that even components, miscible in all
illustrate the influence of the foreign substrate on the misciproportions in three dimensions, on a foreign substrate be-

bility of binary adsorbates in general. come separated into two practically pure, superimposed lay-
For that purpose we consider two configurations of arers(but not as different phases in one monolayer
A-S binary adsorbate on substr&e—the first one is a sand- In the case of strongly bonding substratés (> Ey,;,) the

wich (a pureA layer onB, covered by a pur§ layen, while  additional energy term, induced by the substrate, changes its

in the second one all particles are arranged in one monolayesign: AF becomes positive and the binary monolayer con-

Assuming, for the sake of simplicity, that the temperature iffiguration becomes more stable. Hence, in the submonolayer

below the 2D critical temperatures of both components, theange only intralayer mixing/demixing could take place,

free energy of the sandwich is which is not affected by the substrate. Only after the total
coverage exceeds one monolayer does the mixed adlayer be-
gins to “feel” the substrate. It could be shown that the lay-

F bilayer™ ’\L—,\???DL Ng7s. erwise separation, as in the former case, becomes energeti-

cally favored, but that goes beyond the scope of the present

The free energy of the mixed single layer in the Bragg-paper.

Williams approximation is

VIl. CONCLUSION

Fmix=KT(NgInX5+NsInXs) It was shown that, unlike in the case of a bulk adsorbent,
Z WoN.N adsorption substantially alters the thermodynamic functions
Zpsaal’s of a thin film. A negligible amount of foreign components
Na+Ns could inverse the thermodynamic stability of the 2D and 3D
phases of the deposit, as compared to the “clean” system.
where X,= Na/(Na+Ng) and Xs= Ngs/(Na+Ng) are the  The criterion for 2D stability depends on the adsorbate cov-
relative contents of the components. Similarly to the bulkerage. In the particular case of one adsorbate monolayer, the
compounds the binary monolayer is considered as a compagiterfacial energies are solely responsible for the 2D stabil-
(but not necessary fulllayer without holesNs<N, and jty. The chemical potential of the adsorbate-covered deposit
Ns+N;=M are evidently also assumed. monolayer on whatever substrate differs little from the
Thus for the difference of the free energies, one obtainschemical potential of the corresponding bulk phase. This im-
plies that heteroepitaxial growth on adsorbate-precovered
surfaces could be considered to take place practically on an
AF= F bilayer— F mix — 7 W X.X “own” substrate. The foreign substrate could induce a lay-
sa’Na’\s . - . - .

Na+ Ng P erwise demixing in the first several monolayers of a binary
adsorbate even when both components are miscible in all
proportions in the bulk. It was shown that care must be taken
when defining surface and interfacial energies of thin films

The first two terms in this expression are actually the freeand sandwich structures.
energy of 2D interlayer mixing, which obviously does not
depend on the bond strength of the substrate. The last term,
however, being substrate dependent, reveals its influence on
the interlayer demixing in the adlayer. Thus, Bf ,<Eg Financial support by the Bulgarian National Fund for Sci-
(which is usually the case wheh,,<E,,), this additional entific Research under Contract No. X-530 and by the
internal energy term il F favors the decomposition of the Volkswagen—Stiftung is gratefully acknowledged.

b b
+NanatNsmg—

—KT(XaInX,+XeInXg) +Zo(Esa— Egp). (53
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