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Abstract

This paper investigates the influence of sharp concentration gradients and/or chemical potentials on the nucleation of inter-
mediate phases during solid state reactions between elements with limited solubility. These factors would not appear to have any
significant influence on first intermediate phase nucleation. On the other hand, for the second and subsequent phases, thermody-
namic suppression (in addition to the kinetic factor) of nucleation can be quite considerable and may well be the reason for se-
quential phase formation in thin films. Thermodynamic suppression criteria for intermediate phase nucleation are proposed.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It has been well known for several decades that re-
active diffusion in thin films usually demonstrates “one-
by-one” (sequential) phase formation [1,2]. Despite the
existence of several stable intermediate phases on the
phase equilibrium diagram, only one growing phase
layer between end members of the couple is usually
observed. The next phase appears, or at least becomes
visible, after one of the terminal materials has been
consumed, so that the first phase has no more material
for growth, becoming itself a material for second phase
formation, and so on. Such sequential growth has at
least three possible explanations:

(a) “Just slow growth”. The first phase to grow usu-
ally has the maximum diffusivity and, hence, grows fast
(according to F.d’Heurle [2], “fast is the first” or “first is
fast’). Other phases, with lower diffusivities, grow even
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slower than they could do alone, without a fast growing
neighbor. Growth rate of phase layers with very narrow
homogeneity regions Cir — Cip = AC; < 1 is deter-
mined by the combination of so-called Wagner diffu-
sivities D;AC; = |, g LR D(C)dC, which are proportional to
the product of combination of self-diffusivities inside
each phase and the thermodynamic driving force of
phase formation (C-atomic fraction of B-component,
D(C) — interdiffusion coefficient [3]). For example, in the
case of two simultaneously growing phases 1 and 2, with
significantly different integrated Wagner diffusivities
D|AC, > D,AC, (under condition of negligible solubil-
ity of A in B and B in A) their thickness AX; obeys the
following parabolic laws (omitting factors of about
unity): AX; ~ \/2D\AC /2, AX; =~ 2D,AC,/
(\/2D1AC1)11/2, so that AXQ/AXl ~ D2AC2/D1AC1.
(Note that in the absence of a fast phase 1, the second
phase would grow much faster: AX;" ~
(vV2D,AC5)t'/?). Thus, according to this first explana-
tion, other phases exist and grow, but too slowly, and
their layers are so thin, that it is just difficult to detect
them.
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(b) Diffusive suppression of critical nuclei [4-6]. Any
phase can start growing only from nuclei of a certain
critical size /. Yet, since these nuclei (created as a result
of inevitable heterophase fluctuations) are from the very
beginning situated in the sharply inhomogeneous system
and, hence, take part in diffusive interactions, they can
shrink to undercritical (unstable with respect to disso-
lution) size due to diffusive suppression of the neigh-
boring, fast growing phase. Such diffusive suppression of
second phase critical nuclei takes place if the thickness
of first phase is less than AX; =[(1 —Cy)/(1 - C1)]
(D1AC, /DzACz)lg). Thus, before the first phase layer
reaches this critical thickness, this ‘“vampire” phase
suppresses all nucleation attempts of phase 2, so that the
latter is present only “virtually”” and, therefore, it is not
being detected.

(c) Interfacial barriers + competition [7]. Interfacial
barriers are believed to cause the initial linear phase
growth. In the case of single-phase formation the in-
terfacial barriers simply slow down the rate of forma-
tion, making it linear instead of parabolic. For two
phases, the barriers can make the growth rate of a cer-
tain phase formally negative even for zero thickness,
which means that this phase will be totally absent. Both
models [4,7] (published the same year) predict the sup-
pression/growth criterion and a certain critical thickness
of the first growing phase under which growth of other
phases is kinetically suppressed. Model [7] is very at-
tractive and well known, but the constants of interfacial
kinetics are, to our knowledge, adjusting parameters.

In 1990 another approach to the problem of phase
competition was simultaneously initiated in [8,9] — tak-
ing into account thermodynamic constraints on nucle-
ation, imposed by the sharp concentration gradient VC
in a diffusion zone. If, prior to intermediate phase for-
mation, a narrow layer of metastable solid solution or
amorphous alloy had been formed at the base of the
initial interface, the sharp concentration gradient inside
this layer would lead to a decrease in the total bulk
driving force of nucleation, and a corresponding in-
crease in nucleation barrier:

AG(r) = AG™™ 4+ (VC)* - 77, (1)

where AG(r) is the change in Gibbs free energy due to
formation of a cubic nucleus of size 2r [9] or spherical
nucleus of radius r [8] and y > 0. Moreover, if the con-
centration gradient exceeds a certain critical value VC;
(and the width of the metastable layer is less than
1/V Cyi, typically not more than 10 nm), the nucleation
barrier tends towards infinity, meaning ‘‘thermody-
namic’’ suppression (instead of, or more precisely, prior
to kinetic suppression). This approach (as well as ap-
proaches [4,7]) had been applied to the description of
solid state amorphizing reactions [9-11], explaining why
stable intermetallics appear in the diffusion zone only

after the amorphous layer exceeds a certain critical
thickness.

In spite of similar results, models [8] and [9] of nu-
cleation in the sharp concentration gradient treated
quite different possible mechanisms (nucleation modes).
In [8] (see also [12]) a polymorphic (diffusionless) mode
has been suggested according to the following picture:
Initial diffusion leads to the formation and growth of a
metastable parent solution with sharp concentration
profile. When this profile becomes smooth enough to
provide sufficient space for compositions favorable for a
new intermediate phase, this very phase nucleates just by
reconstruction of the atomic order, without immediately
changing the concentration profile (at “frozen” diffu-
sion) — polymorphic transformation. In [9,10] the
transversal nucleation mode was suggested bearing in
mind the following picture: Each thin slice of the newly
formed nucleus, perpendicular to the direction of con-
centration gradient, is considered to be the result of
decomposition of the corresponding infinite thin slice
of parent solution, leading, of course, to redistribution
of atoms among new and old phases. In this transversal
mode, the redistribution proceeds within each slice, in-
dependently of others.

In [13] another mechanism has been suggested (and
analyzed in more detail in [6,14]) — total mixing (longi-
tudinal) nucleation mode, in which the redistribution of
atoms takes place during nucleation, but only inside the
newly forming nucleus. Contrary to the two previous
modes, in this case the concentration gradient assists
nucleation — in expression (1) coefficient y is negative.

The “natural” thing is to expect that nature will use
the mechanism with the lowest nucleation barrier — the
total mixing mode. But nucleation is governed not only
by thermodynamics but also by kinetics. It has been
shown in [6,13] that the relative contribution of each
mechanism depends on the ratio of atomic mobilities in
the parent and nucleating phases. If atomic mobility in
the new phase is much lower than in the parent phase,
then the total mixing mode is not going to happen. If the
opposite is true (high mobility inside new phase), then
nucleation will proceed very quickly by total mixing
(again, “fast is first”).

All the above-mentioned models treated the case
where the system, prior to nucleation, can form a
metastable parent phase with a broad concentration
range, overlapping the equilibrium concentration range
of a new stable phase (Fig. 1(a)). Yet, in most cases the
solid state reactions produced in couples with small
mutual solubilities even in the metastable state
(Fig. 1(b)). In case of phase 1 nucleation between o and
B, these phases, in the absence of phase 1, have meta-
stable solubilities C' and 1 — C}". Prior to nucleation the
interdiffusion should lead to a step-like concentration
profile which has a concentration gap (C?,Cg‘) and,
therefore, does not overlap the phase 1 concentration
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Fig. 1. Schematic “Gibbs free energy versus composition” and corre-
sponding “composition versus diffusion coordinate’ dependencies for
two cases: (a) intermediate phase homogeneity range is inside the
metastable solution range and (b) intermediate phase homogeneity
region is outside the metastable solubility limits of both parent phases.

range. In this case the polymorphic mode is, of course,
impossible.

The transversal mode, on the contrary, is quite pos-
sible and should take place as a simultaneous decom-
position of metastable non-homogeneous solutions
within concentration intervals (C3, C3') and (Cj', C) on
both sides of the interface. Some aspects of this problem,
concerning the nucleus shape, have been treated in
[15,16]. However, no new conclusions (compared with

[9,10]) nor estimates, concerning the suppression of
nucleation, have been proposed. Nucleus shape, while
being an important nucleation factor in the concentra-
tion gradient [6,14,17,18], is not decisive. Therefore, in
the present analysis, the shape problem is ignored for
the moment, leaving the focus on the “gradient effect”
on nucleation barrier.

Thermodynamic considerations for prediction of the
phase sequence have been used as well by Lee et al. [19].
Authors took into account the change of driving force
due to formation of metastable solution. Yet, they did
not take into account the influence of concentration and
chemical potential gradients on the driving force.

The main idea of the present paper is that the effect of
concentration gradient (or more exactly, chemical po-
tential gradients) should be significant for nucleation in
systems with limited metastable solubility, especially
when at least one intermediate phase is already growing.
It is quite possible that the “gradient approach” in this
case can give a key to understanding a sequential phase
growth.

Section 2 analyzes the general case of phase i nu-
cleation at the interface between non-homogenous (with
gradients of concentration and of chemical potentials)
phase layers L and R. In Sections 3-5, this general
formalism is applied respectively to nucleation at the
interface between (a) two dilute solutions o and B, (b)
two intermediate phases 1 and 3 already growing, and
(c) a growing phase 1 and a dilute solution . Section 6
discusses some applications of these results to the SSR in
thin films and multilayers.

2. Nucleation of line compound at the interphase interface
during interdiffusion

In this analysis, phases L and R are assumed to have
already developed some concentration profiles
CL(X), Cr(X) with concentration gap (Crr,Crr) and
metastable regions (Cy;, CLr) and (Cry, Cr;), conducive
to the nucleation of line compound 7 (Fig. 2). The
change in Gibbs free energy due to nucleation (by
transversal mode) of a parallelepiped of new phase
2h x 2h x 2r can be determined, where 2h, r are re-
spectively the size in the lateral (Y and Z axes) and the
gradient or longitudinal (X-axis) directions. The longi-
tudinal size 2r consists of parts overlapping the phases L
and R and originating from these phases: 2r = ri + rg.
Then:

AG = 4h2(O'iL =+ OR — ULR) —|— 4 . 2h(l’LO'iL + I"RO','R)

1 y
g [ st - o) artax

VIR
+é/ Ag(Cr(X) — C;) - 4h*dX. (2)
y
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Fig. 2. Schematic representation of intermediate phase nucleation at
the L/R interface with L and R being the parent phases. Ag; is a driving
force per mole of atoms for the L + R — i reaction. Distribution of
nucleus volume among phases is determined by additional optimiza-
tion procedure (Egs. (8) and (9)).

Here, Q is an atomic volume of phase ““i”’, g,., 6;r, OLR
are corresponding surface tensions, y is the position of
L/R interface with respect to the x-axis (x = 0 at the
center of the embryo). Driving forces per atom of nu-
cleus for precipitation of L™ — j and R™™' — ; are
expressed by the ““parallel tangents rule” (not to be
confused with ‘“‘common tangent rule”) [10]; for

Lt g
— Ag(CL(X) — C)

=g —g— (W) - B
(For R™east —, j by analogy).

In addition, expansions into Taylor series are used

both for concentrations and for Gibbs free energies per
atom:

CLX) =~ CLY) + (X — ) - VCL‘ for X <y,

X=y—0’

Xyt 07 for X >y,

ColX) ~ Co(y) + (X =) - VG|
O

(CL—Cr)

gu(CL) = gL(Cir) + (CL — Cir)gy + 3 8L

(Cr — Cro)” ,
- 2 &r-
(5)

gr(Cr) ~ gr(CrL) + (Cr — CrL)gR +

Here the first and second derivatives of the concentra-
tion are taken at the metaequilibrium compositions
CLr, Cry (see Fig. 2). Substitution of Egs. (4) and (5)
into Eq. (3), and then of Eq. (3) into Eq. (2) gives, after
simple but long algebra:

AG = [4h2(6iL =+ OR — GLR) =+ 4 . 2h(rL6iL —+ ngiR)]

45> 2h?
+ Agi ? . (I"L + VR) + E . [(C, — CLR)g;ZVCLI‘IZ_
+ (CrL — C,-)g{éVCerR]
20 7" 2.3 " 2.3
+55° [HVA R + @ (Va)R)- (6)

Here (—Ag;) is a driving force of the reaction L + R — i
per atom of i. The first two terms in Eq. (6) represent the
classic model of heterogeneous nucleation AG*se
(without, however, taking into account Young’s equi-
librium conditions at three-phase junctions — otherwise a
non-symmetrical cap would be obtained with much less
transparent mathematics for the gradient effect). The
gradient effect is represented both by linear VC terms
and by quadratic (VC)2 terms providing respectively
fourth and fifth power size dependence. In the case of
total metastable solubility, the optimization of nucle-
ation place led to the elimination of the linear terms in
concentration gradient [17,20]. In the case of limited
solubility, these terms remain and, moreover, may play a
decisive role. Indeed,  VCy is evidently less than the
metastable composition range ACp = Ci g — Cy; of L-
phase and rRkVCr < ACr = Cr; — Crp. If the parent
material is considered to be only the phases with small
mutual solubility (and is assumed here!), then the
(VC)*r* terms can be neglected in comparison with the
(VC)'r? terms, since VC - < 1. In this case:

2hn?

AG = AG™° 4 o [(Ci— Cir)g{VCirt

+ (Cre — C))gg VCrrg]. (7)

Eq. (7) is a basic equation for further analysis.

Minimization of AG with respect to r_ or rg (with
fixed sum 2r), in the particular case of equal surface
tensions ¢ for all interfaces, gives:

A ) 1
rR = 2r
1+4 'R 1+4°

r=2r

(8)
with
(Cre — Ci)gr VCr

_ 1" . (9)
(Ci CLR)gLVCL
Substituting Egs. (8) and (9) into Eq. (7), the fol-

lowing expression is obtained for the change in Gibbs
free energy due to nucleation:

A=

8/’!27”2 ALAR
Q A + AR’

AG = AGclassic + (10)

with
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AL = (C, — CLR)g;:VCL, AR = (CRL — C,)g;éVCR

(11)

The values of products g’V C will be most important
for estimations. These products will be assessed later in
Sections 3-5 but, for the time being, they will be as-
sumed to be known. From Egs. (8) and (9) it is evident
that the nucleus will prefer to overlap more with the
smaller gradient term g’V C. Also, from Eq. (10) it may
be concluded that the gradient contribution to the
change in Gibbs free energy is controlled by the lesser of
two terms Ap, Ar determined by g”VC (differences in
composition are of the order of unity).

Note that, for the simplest case of cubic shape, & = r,
and for limited solubility within the parent phase (in-
stead of Eq. (1) for full solubility within parent phases),
the expression for AG(r) is:

AG(r) = AGEse grt = ar® + pr’ + gr*, (12)
with

i o 8Agl N 8 ALAR
o=200, f= 0 q_QAL—i—AR' (13)

Depending on the value of ¢, the AG(r) dependence can
be monotonically increasing (large g — nucleation for-
bidden), or with a metastable minimum (intermediate
values of ¢), or with a stable minimum (small ¢, nucle-
ation possible) — Fig. 3. Cross-over to possible nucle-
ation (second minimum at zero level) means:

0AG

=l =0, AG() =0. (14)

Ag (@) Ag (b)

e

o\
\V,

r 0 r r
Ag () Ag (d)
0 0 >

=

Fig. 3. Schematic “Gibbs free energy change versus nucleus size” de-
pendencies for different values of “gradient term” q (see Eq. (13)): (d)
nucleation forbidden (g > ¢°"), (c) metastable nuclei possible
(g > ¢°), (b) cross-over to possible nucleation (g = ¢"), (a) nucle-
ation possible (g < ¢°) (if not suppressed kinetically).

This gives:
Q . B 4(Ag)
r*:z—a:50—7 Cm:ﬁ—:4( glz) ’ (15)
p Ag; 4o 50Q
or
A A crit A : 2

AL + AR 10602
The intermediate phase suppression criterion is then:

ALAR (Ag,)z (17)
AL + AR 1060 ’

Remember that (—Ag;) is a driving force of reaction
L+ R — i per atom of i.

The formal approach developed above will be applied
in the following sections to different types of adjacent
phases L and R.

3. Nucleation between dilute solutions

Let o and f be dilute solutions of B in A and of A in
B respectively with solubilities (prior to phase i for-
mation) C3' < 1 and (1 — C') < 1. Then g} ~ %l and

gy ~ 125 can be estimated. The concentration gradients
b

VC,,VCp at the o/f moving boundary (a0 =L and
B=R) can be determined from the usual Stephan
problem [21]. In general, the solution gives transcendent
equations for determining the velocity and parameters
of profiles. However, if the difference between C+/Dy,
and (1 — C')\/Dg (Dy, Dy being the diffusivities in the
respective solutions) is not large, then the following
approximate expressions can be taken:

Ve~ -G yoa S (18)
* = /Dyt b /Dyt
so that
kg T kT
//v o ~ —_— " ~ 19
* /1Dt pr P \/mDgt (19)
Therefore:

( Ay Ag )N Ci(1 — C)kgT
Au+4p)  \/nDyt - (Cin/Dy/Dy+1—C))

Then, according to Eq. (17), nucleation becomes
possible at

Ci(1 — C)kgT _ (Ag)’
V1Dt - (Cin/Dp/Dy + 1 — C;) 1062’
or

ksT

C,' . TCDBt + (1 — C,) -V T[Dut > SCI

s 20
A gi i) ( )
where /; = 20Q/Ag; is a standard critical size of nucleus,
usually less than 1 nm. The ratio kg7 /Ag; is usually
significantly less than unity. This means that nucleation
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becomes possible when at least one of two penetration
depths reaches nanometric thickness. Thus, in this case
nucleation is practically not suppressed.

4. Nucleation between two growing intermediate phase
layers

Let L and R be the intermediate phases 1 and 3,
growing simultaneously between almost mutually in-
soluble materials A and B. Here the nucleation of phase
2 at the interface 1/3 is studied (Fig. 4). It is assumed
that 1, 2 and 3 are line compounds. In this case, it is
more convenient to treat the chemical potential gradi-
ents instead of the concentration gradient. Mathemati-
cally this gives the following expression:

3 3
e _ 0 [0g N%n*agclhrx
SV =ax\ac ) Ax
_ 2:2 B géligg Cs (—Aglo)

, 21
AX, Ci(C—C) AXy @D

where (—Agj) is a driving force of reaction A +3 — 1
(see Fig. 4). Similarly:

1-C (—Ag)
(1-C)(C—C) AX;

where (—Agy) is a driving force of reaction 1 + B — 3.
Thus, in this case:

ggVC3 =

(22)

_1(|_) AQaz

L) [8R)| B

2

Fig. 4. Schematic representation of phase 2 nucleation between phases
1 and 3, already growing in A/B couple. Agjo, Agszo, Agy are the
driving forces per mole of atoms for the reactions A+ B — 1,
A+ B — 3 and 1+ 3 — 2 respectively.

—A —A
AL:A1=W1( A)ilo), AR:A3:W3( A)i30)7 (23)
where

(C, — C1)Cs (1-C)(C;—Cy)

TGy T a-o)G-a) (24)

The phase 2 suppression criterion (17) can then be easily
reduced to the following form:

Agio & Agsoé< Agi0Ag30

Agso ws  Agio wi (Aga)* (29)

where

LA MG A Ah o
RN

Note that w; and w; are of the order of unity.
If phases 1 and 3 are mutually symmetrical
(Ag1o = Agso, wi = ws), then criterion (25) is reduced to:

AX] AX3 (Ag10)2
cr + cr 27
I 5 (Agx)
(—Agy) is a driving force of reaction 1(L) + 3(R) — 2
(see Fig. 4).

If phase 1 is much wider than phase 3, i.e.
AX1/AX; > (Aglo/Agw)z, then it can be shown that the

nucleation of phase 2 is preferable at the side of phase
1(rr & 0), and criterion (24) is reduced to:

AX; (Aglo)z
— <35 5
i (Ag2)

Estimations (27, 27') are very important. They demon-

strate that the critical thickness of the first (and fast)

growing phase may well be rather large, since the driving
force of second phase formation (from the already
growing phases 1 and 3) is often significantly less than

that of the first phase formation from one compound
and one pure element (see Fig. 4).

(27)

(27)

5. Nucleation between a growing intermediate phase and a
dilute solution

Let L and R be respectively the growing phase 1 and
the dilute solution of A in B (B) — Fig. 5. In this case the
phase 2 suppression criterion is:

A4 (Ag20)2
. 2
<A1+AB) ~ 1000 (28)
As before, with
" AglO
A] = (szCl)gIVCl ZWIR7 (29)

and
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Fig. 5. Schematic representation of phase 2 nucleation between inter-
mediate phase 1 and dilute solution B, already growing in A/B couple.
Agio, Agyo are the driving forces per mole of atoms for the reactions
A+ B —1and 1+ B — 2 respectively.

kT
— G VG, (30)

Ap = (G — Q)g VG = (1 - Co)5

(—Agy) and (—Agy) are the driving forces of reactions
A+B—1 and 1(L)+B(R)—2 respectively (see
Fig. 5).

To express the gradient in the dilute solution in the
presence of growing intermediate phase, it is necessary
to solve the following set of algebraic equations for
simultaneous parabolic growth of phase 1 layer and of
— solution with parabolic movement of interfaces A/1
and 1/p:

kAl DIACI
C = 31
"2 T Thp —kar (31a)
ky DiAC D exp(—k?,/4Dg)
(1= )2 === = 220 - o) e
2 kg —kai T 1 —erf(kip/2+/Dg)

(31b)

where ya; = kAl\ﬂ, yip = klﬁ\/;~

Analytically, two boundary cases can be considered
(which are most often encountered):

5.1. Dg < D{AC; (very low diffusivity in solution,
which is usual for high melting B),

5.2. (1 —Cp)’Dp > DyAC) (very high diffusivity in
solution — low melting B).

Omitting elementary algebra and expansions into
Taylor series, the results are given hereafter:

5.1. Dy < D, AC,

In this case:

C
kg~ [T V2DIAC
—— V2D, ACt
Cl(l — C1 1 14,

/ 2D1AC1
VCB Cﬁ 1 _ Cl 2D2 (32)

AXlz

so that
~ (1 - Cy)y/——/2D,AC
(1-6) 1— c1 1203\/
and
A G —-C A D
1 2 1 410 B <1 (33)

Ay~ C(1=GC) ksT D;AC

Therefore, A14p/(41 + 4p)
criterion is:

AX, G -G (Aglo)z
— <5 . 34
l?r Cl(l — C]) Agz() ( )

Thus, in the case of a smaller driving force for the sec-
ond phase and low diffusivity in B, the thermodynamic
suppression of phase 2 may be quite significant.

~ A, and the suppression

5.2. (1 — Cy)Dy > D, AC,

In this case:

4
k][?, =~ \/;(l — CB)\/D[; < O,

AX] s DlACI
kg — kay =k =~ & ,
1P Al \/E DB(I — CB)Z Cl
kT

\/‘I'l',l)[?,l‘7
and

ﬂ _ C2 — Cl Agl() D[}(l — Cﬁ)
Ay C(1—-G) ksT  DyAC

> 1,

so that

A Ay kT
———— =~ Ay~ (1-C .
Tt 4, N,

This leads to the following suppression criterion:

ks T
/1Dt < 5(1 — Cz)A]; < IS

so that, in this case, suppression is actually absent.
The best candidates for second phase suppression by
chemical potential gradient are therefore the systems
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with a considerable difference in melting temperature
between constituents. More probably, the first phase to
grow will be the phase which is closest to the low-
melting-point-element. Then, for the second phase, the
situation will be as in Section 5.1.

6. Application

The reactions of metal layers with their silicon sub-
strates resulting in the formation of various silicides are
generally considered not only as phenomena common to
all diffusion couples where new phases are formed, but
also as typical of all transitions from two to three phases
[22]. The kinetics of silicide growth are classified into
three different categories [22]: diffusion controlled, nu-
cleation controlled and others (reaction rate controlled).

Many silicides such as Mn;Sijg, NiSi,, ZrSi, PdSi,
HfSi, etc. have been shown to occur via nucleation-
controlled reactions.

The above approach will be applied to (i) Ni-Si, (ii)
Co-Si and (iii) Co-Si,Ge thin film systems.

In the following we do not discuss about the nucle-
ation and growth of the first intermediate phase which
forms in these systems, i.e., NipSi and Co,Si [23,24].
These phenomena are discussed in detail elsewhere [2].
Nevertheless, we note that the influence of sharp con-
centration gradient and/or chemical potentials on nu-
cleation of the first intermediate phase in these systems is
insignificant as it is shown in paragraph 3.

We will only discuss the second phase nucleation at
the M,Si/Si interface within the M/M,Si/Si system (M is
here Ni or Si) in (i) and (ii) and the Co,Si nucleation at
the CoSi/Si interface within the Co,Si/CoSi/Si system in
(iii).

(i) In the Ni-Si system, the reaction of nickel with
silicon causes the successive formation of Ni,Si and NiSi
at temperatures below 500 °C [23,24]. Ni,Si grows first
at 200 °C and as long as Ni is not completely exhausted,
NiSi does not form at the Ni,Si/Si interface. NiSi grows
at about 300 °C only after Ni is exhausted [24].

(Upon the total formation of NiSi — no Ni or Ni,Si
remaining — further heating does not cause any other
change until about 800 °C, then one observes the sudden
formation of NiSi,; we do not discuss here the NiSi,
nucleation — it has been discussed in detail in [2]).

We discuss here only the NiSi nucleation at the Ni,Si/
Si interface within the Ni/Ni,Si/Si system (see Fig. 6(b)).

Note that, in this system, the first growing phase is
Ni,Si which is the most stable and simultaneously the
compound with highest diffusivity of the three phases
(Ni,S1, NiSi and NiSi,) reported in the thin film systems
(see Fig. 6(a)).

For the Ni/Ni,Si/Si configuration, Eq. (34) can be
used to determine the critical thickness of Ni,Si layer
below which nucleation of the NiSi compound at the

Ni Ni,Si  NiSi NiSi, Si
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I Cy Czi : i
10 | ] E A
% : r
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=2 : ./ E
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o .
-40 K AGpq il
\ A
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(b)
Ni,Si Si
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Fig. 6. (a) Gibbs free energy formation of the intermetallic compounds
in the Ni-Si system at 7' = 600 K. Agjo, Agy are the driving forces per
mole of atoms for the reactions 2Ni+ Si— NiSi and
Ni,Si + Si — 2NiSi respectively. (b) Cross-sectional sketch of the Ni/
Ni;Si/Si system showing localised nucleation of NiSi at the Ni,Si/Si
interface.

Ni,Si/Si interface is forbidden. The calculations are
performed at 7 = 600 K (note that temperature has a
very small influence on the values of the Gibbs free
energy of phase formation (see Table 1)).

With C; = Cni,si = 1/3, C, = Cnisi = 1/2, Agio =
—48 and Agyy = —4.7 (-7.7) kJ/mol of atoms [25], the
following value is obtained:

AXni,si <5 Cnisi — Cnissi (Ag10>2
Risi Cnisi(Csi — Cnipsi) \ Agxo

10 Aglo)2
=22 (2819 ¢ 400(150),
3 (Agzo (150)

IR, 18 the critical Ni;Si nuclei size.

A similar determination can be made in the case of
NiSi, nucleation at the Ni,Si/Si interface.

This result indicates that, in the Ni/Ni,Si/Si system,
nucleation of NiSi at the Ni,Si/Si interface is forbidden
as long as Ni is not completely consumed and Ni,Si
thickness remains submicronic. In other words:

(a) when the Ni layer is completely consumed, nucle-
ation of NiSi becomes possible regardless of the
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Table 1

Experimental values for the standard heat of formation (AH®), entropy of formation (AS°) and Gibbs free energy formation (AG®) of some Ni-Si and

Co-Si compounds (from pure elements at 298 K) [24].

Compound AH*° (298 K)

(kJ/mol of atoms)

AS° (298 K)
(J/mol of atoms)

AG° (600 K)
(kJ/mol of atoms)

AG° (1073 K)
(kJ/mol of atoms)

Ni,Si —48
NiSi —45; —42 -2.1
NiSi, =31 -0.7
Co,Si -38
CoSi -48 =31
CoSi, =33 -1.2

—48*

—-43.7, —40,7

-38.9

—-38* -38*
—46.1 —44.7
-32.3 -32.6

*Because of the lack of data, AS® = 0 is taken.

Ni,Si thickness (no concentration gradient effect), as
observed in thin film experiments [24] and,

(b) when the Ni,Si thickness becomes greater than a few
micrometers, nucleation of NiSi becomes possible
even in the presence of Ni layer, as observed experi-
mentally in bulk diffusion reaction experiments [26].
(ii) In the CoSi system, as in the Ni-Si system, Co,Si

grows first at temperatures greater than 200 °C but, in

contrast with the Ni-Si system, CoSi, which forms
above 350 °C, grows simultaneously with Co,Si until all
the Co is exhausted. (After the Co layer is completely
consumed, the Co,Si phase dissociates, resulting in the
growth of CoSi at the expenses of Co,Si) [24]. Never-
theless, it maybe noted that, in such case, contrary to the

Ni-Si system, the first growing phase is Co,Si which is

not the most stable of the three phases (Co,Si, CoSi and

CoSiy) reported in the thin film systems (see Fig. 7(a))

but has the highest diffusivity.

The coexistence of Co, Co,Si, CoSi and Si phases and
the simultaneous growth of the Co,Si and CoSi phase
are relatively unique features. We discuss here only this
simultaneous growth or in other words why the CoSi
nucleation is not forbidden at the Co,Si/Si interface
within the Co/Co,Si/Si system (see Fig. 7(b)). The same
determination as in (i), gives the critical thickness of the
first growing phase (Co,Si) beyond which nucleation of
CoSi at the Co,Si/Si interface becomes possible. Cal-
culations are performed here at 7 = 600 K.

With C, =1/3, C, =1/2, Agio = —38 and Agy =
—17.6 kJ/mol of atoms (see Table 1) [25], the following
value is obtained: AXco,si/ 10,8 < 8 which means that
nucleation of CoSi at the Co,Si/Si interface becomes
possible at a very early stage of Co,Si growth (AXco,si of
the order of just a few nanometers), as observed exper-
imentally.

(iii) Film thickness effects in the Co—Si;_,Ge, solid
phase reactions have recently been highlighted by
Boyanov et al. [27]: The interfacial products of Co with
Sip79Gego; after annealing at 800 °C depend on the
thickness of the Co film. Complete conversion to CoSij
occurred only when the thickness of the Co layer ex-
ceeded 35 nm. Interface reactions with Co layers thinner
than 5 nm resulted in CoSi formation. The threshold

Co Co,Si CoSi  CoSi, Si
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Fig. 7. (a) Gibbs free energy formation of the intermetallic compounds
in the Co-Si system at 7 = 600 K. Ago, Agao are the driving forces per
mole of atoms for the reactions 2Co+ Si— Co,Si and
Co,Si + Si — 2CoSi respectively. (b) Cross-sectional sketch of the Co/
Co;, Si/Si system showing localised nucleation of CoSi at the Co, Si/Si
interface.

thickness for nucleation of CoSi, on Si;_,Ge, was de-
termined in the range 0 <x < 0.25 and increases expo-
nentially with xge. The critical initial Co thickness is as
high as 22 nm for xg. = 0.25 (Fig. 9(a)).

In order to explain this critical thickness effect, it is
assumed in the present approach that, before the CoSi,
nucleation could take place, the system is made up of
C0,Si1/CoSi/Si (no Co remaining), as suggested by ex-
perimental results obtained by Lau et al. [24] at 300 °C
for the Co-Si system.
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In such case, nucleation of CoSi, (phase 2) between
the CoSi growing phase (1) and the right-hand phase Si
(B) has to be considered. Co; Si plays the role of the left-
hand phase here (see Fig. 8(b)).

We discuss here only the CoSi, nucleation at the
CoSi/Si interface within the Co,Si/CoSi/Si system at
T =800 °C (Fig. 8(b)).

Under these conditions, the suppression criterion of
Co,Si (phase 2) is given by Eq. (34):

AXcosi, <5 Ccosi, — Ccosi <%>2 _ 10 <%)2
[Eosi, Ceosi(Csi — Ccosi) \ Aga 3 \Ag /)’

(35)

Ag, and Ag, are the Gibbs free energy of reactions (36)
and (37) respectively:

3 . 1 . .
ZCO%SI% + 4 < Si >i.Ge— CO%SI%, (36)
2C Si ! Si Co,Si 37
g O% 1% —|—§ <K D1 >giGe— O% 1%, ( )
with
Co Co,Si CoSi  CoSi, Si
(a) 0 T T s T ' ‘F
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Fig. 8. (a) Gibbs free energy formation of the intermetallic compounds
in the Co-Si system at 7 = 1073 K. Agjo, Agzo are the driving forces
per mole of atoms for the reactions Co,Si+ Si — 2CoSi and
CoSi + Si — CoSi, respectively. (b) Cross-sectional sketch of the
Co0,Si/CoSi/Si system showing localised nucleation of CoSi, at the
CoSi/Si interface.

Agi = Agio —RTIn aéi/4 and
Ag> = Agx — RTInay’. (38)

The standard Gibbs free energy of reactions (36) and
(37) at 800 °C, respectively Agio=—1624+1 and
Agy = —1.9+ 1 kJ/mol of atoms can be easily calcu-
lated from the values of standard Gibbs free energy of
formation of Co,Si, CoSi and CoSi, phases from pure
silicon and cobalt at 800 °C (see Table 1). ag; is the sil-
icon activity in the Si,Ge solid solution which may be
considered as an ideal solid solution ag; =~ Cs; [28].

Determination, from Eq. (35), of the critical thickness
of CoSi layer beyond which the nucleation of CoSi,
between a CoSi layer and Si substrate may take place,
shows that this thickness depends strongly on the com-
position of Si,Ge solid solution, as observed experi-
mentally (see Fig. 9(b)) by Boyanov et al. [27]. Even so,
it was noted that these critical thickness values are very
sensitive to the standard Gibbs free energy formation of
intermediate phases for which experimental errors are of
the order of some kJ per mol of atoms.

250 r r r T r r
€200
2
[}
£ 150 i
2
£
F 100 -
o
Qo
'6 50 -
0 1 1 M 1 ]
0.00 0.05 0.10 0.15 0.20 0.25
Ge Concentration
800 — : - : 200
| (b)
600 | 150
AXE':\Sh
ICI‘
400 100
200 50
0 | 1 . ! 1 ol L ! . 0
0 0.05 0.1 015 0.2 0.25
XGe

Fig. 9. (a) Experimental values of the critical thickness for CoSi, nu-
cleation in the Co/Si;_Ge, system (AX&SiZ) as a function of Ge
concentration in Si,Ge solid solution at 7 = 800 °C — from [26]. (b)
Calculated values of AXS& g from Egs. (35) and (38) with
Agio = —16.2 £ 1; Agyo = —1.9 (solid line) and Agyy = —2.9 kJ/mol of
atoms (dashed line) — see Fig. 8. [" is the critical size of CoSi, nuclei.
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7. Conclusion

A new possible explanation for sequential phase
growth in thin films is proposed in the context of the
“nucleation in concentration gradient” approach. If at
least one phase with narrow homogeneity range is al-
ready growing, the sharp chemical potential gradient in
it strongly influences the nucleation barrier for the next
phase to appear. In the expression of Gibbs free energy
change, the additional term, due to gradient concen-
tration, appears to be proportional to the fourth power
of size instead of the fifth power in previous models
(developed for the case of a broad range of parent phase
concentration). As a result, thermodynamic suppression
of the new phase nucleation (in addition to kinetic
suppression) may be effective as long as the thickness of
the “suppressing” phase remains less than a few tens or
even hundreds of nanometers. Thus, the “gradient term
effect” may well lead to the total absence of suppressed
phases prior to consumption of the thin film by the
“suppressing” growing phase. Comparison with avail-
able experimental data demonstrates that the approach
presented is at least reasonable.
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