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A model based on the balance between the thermodynamic driving force and the kinetic limita-
tion due to atomic and thermal diffusion is presented which can extract quantitative information on
the mechanism governing reactive solid interfaces such as occur in many metal-semiconductor sys-
tems. The model is used to develop equations which fit the photoelectron intensity data available
for the V/Ge(111) system as a function of temperature. We show that the composition and densities
of the reaction products can be obtained and that the compound formed is the same as one reported
in the bulk phase diagram. Predictions are made as to the effect of the substrate thermal conduc-

tivity on the extent of the interfacial region.

INTRODUCTION

The chemical and physical properties of metal-
semiconductor interfaces have been the subject of consid-
erable experimental and theoretical interest.!”!* Al-
though numerous studies have sought an understanding
of the chemistry of these reactive interfaces, and great
progress has been made, we are still far from being able
to quantitatively understand the mechanism controlling
their formation. The understanding of these interesting
and important systems is being advanced by the ongoing
investigations of the reactivity of the constituents; the
thermal and environmental stabilities of interfaces; their
electrical behaviors; and the composition, spatial extent,
and morphology of an interface at each stage of its devel-
opment. The work presented in this paper is focused on
the mechanism underlying the chemistry occurring
within the interfacial region.

When an incoming reactant atom, or molecule, arrives
at the surface of a solid second reaction partner and reac-
tion occurs, heat is released, causing a thermal fluctua-
tion. The maximum temperature within the fluctuation
region will be some value we will call T*. While the tem-
perature is greater than the minimum necessary to ac-
tivate atomic diffusion, T’, diffusion of atoms from both
reactants can occur across the products formed at the in-
terface. The temperature of the fluctuation will decay
from T* to T' due to the heat loss into the solid sub-
strate. The rate of heat transfer will be governed by both
the thermal diffusivity of the substrate and the thermal
gradient. Thus, the time available for atomic diffusion
and reaction will be governed by a balance between the
thermodynamic driving force and the kinetic limitation
due to the atomic and thermal diffusion. We present
below a model based on this balance to account for the
chemical evolution of products within the solid interface
separating the reactants. The model is then used to de-
velop equations to fit the intensity-attenuation curves ob-
tained from photoelectron spectroscopic investigations of
the V/Ge(111) interface produced as a function of sub-
strate temperatures. '*

THE MODEL

It is assumed that the chemical reaction takes place at
the two boundaries, © and é, of the metal-semiconductor
interface and multiple phases can coexist (see Fig. 1). At
the semiconductor boundary, 6, the ﬁrst phase is always
produced. At the metal boundary, ©, theoproducts de-
pend on the amount of metal deposited in A, ©. We as-
sume that the composition at positions between these
boundaries remain fixed at the values produced when the
metal was deposited at those positions.

In order for the reactions to take place at the two
boundaries there must be diffusion of semiconductor
from its boundary and, simultaneously, diffusion of metal
in the opposite direction. We assume that the distance
through which these diffusions must take place (the dis-
tance between the two boundaries) is proportional to ©.

{phase 2
phase 1 +
substrate | phase 1 + metal } metal
phase 2 or
solution
Region 1|
{phase 2
phase 1 +
substrate phase 1 + metal }
phase 2
or
solution
phase 1
substrate phase 1 +
phase 2
) Region |
substrate

FIG. 1. Schematic representation of the interfacial regions
corresponding to the discussion in the text.

10 487 ©1988 The American Physical Society



10 488

The diffusion is reaction activated, and we assume that it
is activated by the reaction at the metal boundary. The
activation produced by a metal atom is assumed to have a
lifetime 7, and the required diffusion must take place in

the time 7. At the metal boundary, production of phase 1.

requires more diffusion than production of phase 2. The
probability that the necessary diffusion takes place in
time 7 to produce phase i at 6 (the position of the metal
boundary when the amount of metal deposited is ©) can
be expressed as (see Appendix A)

P;(©)=f:(0)exp(—a;0?) , (1)
where
a,=[*/(4D;T) , )

and D; and 7 are the diffusion constant and activation
lifetime. B is the proportionality constant relating © to
the diffusion distance (see Appendix C). The function
f:(©) is a weak function of © and, for our purpose, can
be taken to be a constant (see Appendix A).

We complete our model by making the following as-
sumptions. Phase 1 is more stable, and as much of it is
produced as is allowed by diffusion. The remainder of
the product is phase 2. When the diffusion distance be-
comes too great, either not all of the deposited metal can
react and some unreacted metal remains, or a metal-rich
solution is formed with the composition of semiconduc-
tor decreasing with increasing O. We identify the rela-
tive amount of phase i produced at & with P,(©) as given
by Eq. (1).

In line with these assumptions we divide the range of ©

w(l+y)

0)+V(6)—
(140) Ge(O)+V(O)

yP + P,

14y 1+

where P, P,, and P,, are given by Eq. (3).

In order to derive the equations necessary to describe
the photoelectron-intensity-attenuation results, we con-
sider the notation given in Fig. 2.

Let N be the total atoms in the single-phase portion
(produced at ©), NT the total atoms in the two-phase
portion (produced at ©), Ny (=Ny+Ny) the total atoms
in the interface, and N,, (=0 /7 ) the atoms of metal de-
posited, where

0=|6|+16],

the average length of a metal atom in Ais

M, x10*
Y=\ )
Pm NO
and M, is the atomic weight of the metal, p,, is the bulk

—2—P, +—"—P, |VGe,(©)+
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into two regions (see Fig. 1): region I, in which all of the
metal reacts to form products with definite compositions,
and region II, in which either some of the metal remains
unreacted or a variable composition solution is formed.
This leads to the following equations, where P;(©) with
i =1,2,m represents the relative amount of phase i pro-
duced at é, and i =m refers to the unreacted metal:

P,(6)=exp(—a,6?), regions I and II

P,(©)=1—P,, region I

(3)
P,(0)= A,exp(—a,0?), region II
P, (©)=1—P,—P,, regionII.

The parameter A, allows matching of the two forms of
P, at the transition between regions I and II, where

1—exp(—a,;0%) = 4,exp(—a,0?) . (4)

We shall treat a general case and then specialize it for
our particular application. We write the reaction as

ZM,S,(8)+ YM(6)—>M,.S,(8)+XM,.S,(6), (5

which means Z moles of M,S, at position & (the semi-
conductor boundary) in the interface reacts with Y moles
of M from & (where the metal is being deposited) to give
one mole of M,.S,. at © and X moles of M,.S,. at .
Atom balance and an assumption about spatial con-
tinuity of the solid at © allows us to obtain expressions
for the stoichiometric coefficients (X, Y,Z) in terms of a,
b,a’,b’,a'",and b" (see Appendix B). The result for the
specific case of the V/Ge interface can be expressed as

CD>

VGe,(8)+ |——P, |VGe,(O),

1
—P
1+y !

1+

I'_NT_"F_ ﬁr'—"l

Phase 1
Phase 1 +
Phase 2
- n
0= (o} -
.|
e 8 .

FIG. 2. Schematic representation of the interfacial portions
within region I. © and & are, respectively, the semiconductor
and metal boundaries of the interface when the amount of metal
that has been deposited is 6.
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density of the metal, and N,=6.02x 10?. For vanadi-
um, ¥ =2.4. Therefore,

10 489

where © is measured in A. The expressions for the pho-
toelectron intensities when the amount of metal that has
been deposited is © are (see Appendix C)

N, (06)=6/2.4,
|
I, (6) " 2
Ge 14y Awy+yAwg, —
w = VPTG | (1 —exp[ = Np(67)/A]}expl — 67 /(yM)]
I, (0) P
Awg,
1 o ) e/—6e
+?’}\ fo exp(—a;0%)exp | — "y |d6 , (8)
; w P2
Ig. (©7) 1+w Awy+wAw f f S
€2) v Ge 1 o e/—6 <] —0
= — doe— —a,6? — de | |,
IGe‘S)(O) o {yk fo ex "y fo exp(—a 0% )exp "y
Awg,
9)
and
I, (©) y I
“s exo - NA(Of o/ e e _9’-9e
IGe(S)(O) a | {1—exp[ —N;(67)/A]l}exp[ —©/ /(yA) ]+ "y fo exp(—a,0%)exp " doe
+exp[ —Np(67)/A]exp[ —©/ /(Y M)] , (10)

where A is the attenuation length in atoms, yA=A, is the
Seah-Dench attenuation length in A,'> and I Ge,5,(0) s

the intensity from the substrate Ge at ©=0. We associ-
ate the term multiplied by a in Eq. (10) with the Ge emis-
sion from a solution of V in Ge, which is most likely lo-
cated at the grain boundaries within the reacted region as
suggested by Butera, del Giudice, and Weaver (BGW),!*
and the last term accounts for the emission from the sub-
strate.

DISCUSSION

Butera, del Giudice, and Weaver'* have fitted high-
resolution photoemission results for the V/Ge(111) inter-
face over the temperature region 300-643 K for cover-
ages up to 60 A of vanadium using a model based on the
production of separate phases, the amount of each
governed by a linear lever rule. Their model represents a
first step in the quantitative description of these inter-
faces. However, the BGW model does not yield density
information for the phases and also introduced material
specific electron attenuation lengths for each phase.

The model we presented above does not require the in-
troduction of material-specific electron attenuation
lengths and does provide density information, as well as
insight into the mechanism controlling the chemistry of
these interfaces. We have applied our model to the
above-mentioned data and the results are shown in Figs.

3-8. As can be seen from Fig. 3, the data can be fitted
quite well using the composition and density of the bulk
compound,'® VGe, 5 and p=7.07 g/cm?, for the first re-
action product and the composition VGe, o and a densi-
ty approximately the same as pure vanadium for the
second reaction product. It is our belief that the VGeg (¢
material represents the saturated Ge-in-V solution. The
data for elevated temperatures have been fitted using our
model with only the parameters a and a, changing with
temperature (Figs. 4-8). The parameters used are given
in Table 1.

Butera, del Giudice, and Weaver'* have shown that the
relative amount of the V-in-Ge solution present at the
grain boundaries appears to be independent of © but
dependent on T in the following manner:

a=Bexp(—E,/RT) . (11)

Since a;=1/(4D7) and D =Dyexp(—E*/RT), we pre-
dict that the temperature dependence of a, will be given
by

Ina,=(E*/RT)+const . (12)

Figure 9 shows that Eq. (12) does represent the temper-
ature dependence of a; and we obtain an activation ener-
gy, E*, of 7.79 kcal/mol for the diffusion occurring dur-
ing the activation. We now consider how this value of
the activation energy compares with that reported by
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FIG. 3. Ge 3d core-level attenuation curve, T pgrae =300 K.
The notation used in this figure and Figs. 4-8 is as follows: 1,
phase-1 Ge emission; 2, phase-2 Ge emission; @ denotes V-in-
Ge-solution Ge emission; S denotes substrate Ge emission; 0
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FIG. 6. Ge 3d core-level attenuation curve, T psrae =459 K.

7. Ge 3d core-level attenuation curve, Tgperae =523 K.

FIG. 8. Ge 3d core-level attenuation curve, Tgypgirae =643 K.
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TABLE 1. Parameters used to obtain fits between Eqgs.
(44)-(46) and the experimental results of BGW (Ref. 14).
Temperature-independent parameters used in the fitting includ-
ed the atomic photoelectron mean free path A=6 (where
YA=2Xy, the Seah-Dench mean free path); the composition and
density for VGe, g (y =1.8 and p,=7.07 g/cm?®); the composi-
tion and density for the Ge-in-V solution (w =0.06 and p,=6.1
g/cm’); and the densities and atomic weights of V and Ge
(py=6.1g/cm?, pg.=5.36 g/cm’, Awy =50.94, Awg,=72.60).
Temperature-dependent parameters are a,=1/(4D7) and the
amount of the V-in-Ge solution, a.

T a,=1/(4D7)

(K) (A7) a
300 1.39 1072

373 1.25x 1073 0.030
423 2.22x107* 0.060
459 1.07x 104 0.082
523 3.68x107° 0.141
643 9.3 x10~¢ 0.319

BGW (Ref. 14) using their linear-lever-rule model. The
relationship between P;, used in our model, and 1—X,
used in the BGW linear-lever-rule model, is shown in Fig.
10. In the BGW model,

(S S)
~ef-e,
where O, is the coverage at which phase i begins to form
and O} is the coverage at which phase i ceases to form.
We can now write

67 -0

Pl =~
67 -6,
for the region of © near the point of inflection in P,.
Thus,

1-X ) (13)

(14)

e:-o

exp(—a,0%)~ ——— 15
P 1 er—ez (15)
and
d exp(—a,©?) )
T—:—Zaleexp(—ale )
d ©7—9©
do o7 -0,
- (16)
67 -6,
yielding
1
2a,0exp(—a,0*) =~ ———— . (17
19 eXp 1 ot —o,

Let ©=6, at the point of inflection of exp(—a,0?%);

then,
d?exp(—a,0?) 5 5
——‘—d'é—z———z(zale —1)2(11exp(-—ale ):O (18)

and
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FIG. 9. Arrhenius plot of Ina, vs 1/T for the V/Ge(111) in-
terface.

0,=(2a,)" 2. (19)
We now fit the magnitude and slope at O, to yield
(01)Y=2/a, . (20)
Thus,
*
(©1)?=8DyTexp | — RT 1)
and
E*
In6} =In(8D,7)!2— SRT (22)

Since BGW (Ref. 14) fitted In©} versus 1/T to obtain
their reported activation energy, their value is thus equal
to E* /2. The value of the activation energy reported by
BGW (Ref. 14) is 3.93 kcal/mol, which corresponds to a
value of E*=7.86 kcal/mol. This is the same as the
value we obtain within experimental error.

We can get some idea of the nature of 7 and possibly, a
rough estimate of the values of 7 and D by following con-

siderations. Let T* be the highest temperature that
-4 T T
Slope-E/R-3922K
E’-7.79 kcal/mole
L 4
3
8 ’

12 1 1 1
0.003

1 (1
T (%)

FIG. 10. Relationship between P, used in this model and the
linear level used by BGW.
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occurs during the activation, and 7' be the temperature
below which significant diffusion cannot take place. 7' is
independent of T, but T* is a function of T, viz.,

T*=T +AT, , (23)

where AT, is the maximum fluctuation in temperature
produced by the reaction. A single-relaxation-time ap-
proximation for the temperature decay due to heat leak
from the interface into the bulk substrate gives

AT =AT,exp(—at) , (24)

where AT =T —T,, AT,=T*—T,, and T, is the temper-
ature of the bulk substrate.

Since 7 is the time required for the temperature of the
fluctuation to decrease from T* to T’, we have

T'—T,=(T*—T,)exp(—ar) (25)
and

T=(1/a)n[(T*—-T)H)NT'—T,)] . (26)
The constant a is of the form

a=nkl"?, 27

where « is the thermal diffusivity, and [/ is the linear di-
mension of the fluctuation. The constant 1 depends on
the shape of the fluctuation, but does not vary greatly. A
reasonable set of values for the V/Ge(111) system might
be

n=10,
12~10"" cm?,
k=~1073 cm?/s ,
and
(T*—THNT' —T,)=2 .

These values give 7=~10~° s and D =~ 10~ cm?/s.

T increases with T, and, in fact, should become infinite
when T is sufficiently high that the activated diffusion
occurs spontaneously. Equation (26) is in agreement with
this, since it gives 7— o as T,— T’ (see Fig. 11). Thus,
our model predicts that for two substrates which differ
only in « and react similarly with the metal to form a
product having the same metal-semiconductor composi-
tion, the interface extent in © will be smaller for the sub-
strate having the larger value of k. BGW-model fits of
the photoelectron intensity attenuation data for the
Ce/Si(111) and Ce/Ge(111) interfaces'? yield the follow-
ing values:

[Celce.si/[Silcesi=0.55+0.05, ©* =9 A for Ce/Si(111)
and

[Celce.ge/[Gelce.ge=0.4010.05,

©=19 A for Ce/Ge(111) .

The thermal conductivity of Si is approximately twice
that of Ge (Ref. 7) and, assuming that the chemistry of Si
and Ge is similar, Eq. (26) would predict that the phase
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FIG. 11. Temperature dependence of the activation lifetime,
T.

formed with Ge would extend twice as far as that formed
with Si. This is consistent with the values of ©F reported
from the BGW-model fits of the experimental data.

In conclusion, we have shown that a model based on
the balance between the thermodynamic driving force
and the kinetic limitation due to atomic and thermal
diffusion can be used to extract quantitative information
on the mechanism governing reactive metal-
semiconductor interfaces. We are presently extending
this approach to the terminal variable composition solu-
tion, the metal-binary-semiconductor interface, and also
other cases where solid reaction products are formed
within the interface between reactants. It is our belief
that the mechanism presented here is generally applicable
in these cases.
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APPENDIX A: DERIVATION OF EQ. (1)

Since the diffusing atoms are absorbed by reaction once
they arrive at the reaction boundaries, we need the proba-
bility that an atom arrived at the reaction site for the first
time at some time between 0 and 7. The probability that
an atom arrives during the time ¢ and ¢ 4 dt for the first
time is proportional to

2

—‘ZD—t dt . (A1)

o
(372 SXP

The probability that we seek is proportional to
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- 2 ® "

fo t—33exp —aDr dtocfu exp(—x)dx , (A2)

where
(E)

“ T apni”

Use of
2 «© 2

— —x%)dx =1—erf(u) (A4)

Y fu exp(—x“)dx erf(u
and

2 2
exp(—u-) ® exp( —x 2)dx < exp(—u”)
u+wr+2)? <fu P T u+(uld/mi?
(AS)

leads to

P,(©)=C[1—erf(a}!?0)], (A6)
which can be put into the form of Eq. (1) with

C
220 1 (4,62 12)' /2 </fi(®)
< C
= a!?0+(a;0*+4/m)'
(A7)

where the equality holds in the limit ©—0. The function
fi(©) is much weaker than the exponential, and the ex-
perimental results can be described by Eq. (1) with f;(©)
equal to a constant.

APPENDIX B: SOME ASPECTS
OF THE REACTION-DIFFUSION PROCESS

We obtain the stoichiometric coefficients (X, Y,Z) in
terms of @, b, a’, b’, a’’, and b"’ as follows. Consideration
of atom balance gives

Za+Y =a'+Xa" for metal M , B1)
B1
Zb=b'4+Xb" for semiconductor S .

We next assume that continuity of the solid at © after re-
action requires that

Z(a+b)=qla’'+b'), (B2)
where g is constant. Equations (B1) and (B2) lead to
Z=q[(a’+b')/(a+b)],
X=(Zb-b")/b", (B3)
Y=a'+[(Zb—-b")/b")a" —Za .
The equations for the diffusion process can be written as
(Zb—b")S(8)—(Zb —b")S(H)

A — (B4)
(a'—Za)M(©)—(a’'—Za)M (O) .

If we assume that ¢ =1 (which gives satisfactory results
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for the V/Ge system), then Eq. (B4) becomes
[(a’'b—b'a)/(a +b)]S(O)
—[(a'b—b'a)/(a +b)]S(O),
~ B5)
[(a'b—b'a)/(a +b)IM(O)
—[(a'b—b'a)/(a +b)IM(O) .

—

For our application (¢ =0 and b =1) we have
a'S(8)—a’'s(6),
a'M(8)—»a'M(®). (B6)
We shall now consider the specific case of the V/Ge in-
terface. The data for this system corresponds to region I
and the reaction-induced diffusion processes involved can
be expressed (in terms of per mole of V deposited) as fol-

lows: _ R
Production of phase 1 at © and ©,

—_ A y —_ 1 A
_V [
yGe(©)+V(O)— Tty Gey(6)+ Ity VGey(G) ,

(B7)

with the diffusion process

Ge(®),
1+y I+y

2 v(6)-»-2L-v®).
1+y 14y
Production of phase 1 at © and phase 2 at 6,

w+Y) G.@)+ V(D)

1+w

w = 1 A
———VGe, (0)+ ——VGe, )
T+w e, (0)+ T+ Ge,(O)

(B9)

with the diffusion process

w Ge(6)— w

Ge(©),
1+w 1+w

(B10)
w

14w

The combination of processes (B7) and (B9) in proper
proportion leads to Eq. (6).

v(d)—»—2 v(@).
1+w

APPENDIX C: PHOTOELECTRON INTENSITY
EXPRESSIONS

A relationship between N;(©), the number of atoms in
the interface, and N,,(©) can be obtained as follows.
From Eq. (23),

Ny
dN,,

w w
= l ’ 1
—(l-ky)—1 +1+4+ y—(1+y)1 P, (C1

where P, is given by Eq. (3). Using the experimental fit
values, y =1.8 and w =0.06 (see the Discussion), we ob-
tain
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Np(©)=1.16(1/2.4)0

+1.64(1/2.4)f09exp(—alxz)dx . (C)

Np(©)=1.16(1/2.4)0+ 1.64(1/2.4)(1 )7 /a)'?

1
2
xerf[(a,©9)'?], (C3)

and

172
erf[(a,6%)!?] .

T
4a,06?

N;(©)/N,,(0)=1.16+1.64

(C4)

As (a;6%)!/2 goes from 0 to 2!/, which fairly well covers
the two-phase region, N, /N,, gradually decreases from

2.8 to 1.6. Thus, for this region of © we can use
N,/N,, =2.2, and therefore,

N (0)=(2.2/2.4)0~6 . (C5)

This means that for this region, in Eq. (2) we can take
B=1.

For values of © corresponding to region II, Eq. (C1) must
be modified to account for P, , but we need not consider
that here. Thus, because of Eq. (C5), the diffusion “dis-
tance” involved in Eq. (2) is in terms of the number of
atoms, N, as well as in units of length (A).

The reaction equations for the V/Ge interface are

(Cé)

P, [yGe(§>+V(é)

HLyVGey(éw ——1—~VGey(é) ] ,

1+ I+y
(7
(1—p,) |22 Ge@) +v(O)
(14w)
w = 1 A
LW — VGe, (&), (C8)
T VG (®)+ 1 Voeul >}
and
dN, w
?iN—m:yP‘+m(y+l)(l_P‘)
w w
= y—1+w(l+y) P1+1+w(1+y), (C9)
N = 2 (115)&
r B ) Y
w
y———(14y) ,
+ l+w  exp(—a,02dO |
¥
(C10)
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where the superscript f indicates the “final” value of a
variable of integration, and

dN;
N, =P, +(1—-P))=1, (C11)
Ny=N,=6/y . (C12)

Let NGe( ) be atoms of Ge in phase i in the single-phase
portion and N Ge,, the atoms of Ge in phase i in the two-
phase portion. Thus,

_Gemz%ﬂd - (C13)
y
Ge“) 1+yP1de
__Y p d©
1+y 'y
1
= 1:‘;yexp(—alez)de , (C14)
w A
dﬁGeu.:m(l—P‘)dNT
:%HLw[l_exm—alez)]de : (C15)

We now obtain the photoelectron intensities by convo-
luting the number of germanium atoms with the photo-
electron attenuation functions to yield

— e/ _ _
I, (©)=K, | [ " expl —Np(©)/A]dNg,

xexp(—Np/1), (C16)

R Y . . N
To., (©N)=K, foe exp( —[N7(8/)—Rp(©)]/A}dR, .

(C17)
Also,
Ige, (©N)=Ig, (®/)+1g, (€1 (C18)
and

-4 ~ N ~
IGe(z)(ef)szfo exp{ —[N(6/)—N1(©)]1/A}dNg, , .

(C19)
These lead to Egs. (8)—(10).
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