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High-resolution core-level photoemission studies of the reactive metal-semiconductor interfaces
V/Ge(111), Ce/Si(111), and Ce/Ge(111) show that intermixing leads to unique chemical environ-

ments or species having we11-defined chemical shifts. Decomposition of the coverage-dependent
core-level emission shows the growth and attenuation of each of these species. We present a model
which quantitatively describes the evolution of the interface. We show that two-phase growth can
be described by the lever rule, such that bulk thermodynamic partitioning applies to interfaces hav-

ing thicknesses of tens of angstroms or less. From the modeling, we extract values for the onset cov-

erage of each phase, the composition of each phase, and the coverage at which each ceases to form.
These interface phase diagrams indicate that the first phase is not consumed when subsequent

phases form. Application and refinement of these analysis techniques should lead to predictive abil-

ities for junction formation and interface stability.

INTRODUCTION

The physical and chemical properties of metal-
semiconductor interfaces have been the subject of
numerous experimental and theoretical studies for de-
cades. ' Many techniques have been used to try to under-
stand the complex reaction chemistry and intermixing of
junctions. Issues of great importance include the reactivi-
ty of the interface, its morphology, ' its spatial ex-
tent, its stability, and its electrical behavior (Schottky bar-
rier). " Although there has been enormous progress in
qualitatively understanding interface properties, we are
still far from the kind of quantitative understanding that
allows predictive capabilities.

It is the purpose of this paper to show that high-
resolution synchrotron radiation photoemission studies
can be used to extract the information needed for qttanti
tatiue modeling of the interfacial zone on the scale of tens
of angstroms or less. We will show that a relatively sim-
ple, continuum-based model can provide an interface
phase diagram for such constrained systems. In the pro-
cess, we will also show that bulk thermodynamics can be
applied to the intermixed phases even when they are very
thin.

The major conclusions of this paper are the following.
(1) After intermixing occurs at metal-semiconductor in-

terfaces, well-defined species form. The evidence for this
is the decomposition of experimental results for V/Ge, '

Ce/Si, ' Ce/Ge, ' Ce/GaAs, ' and others. '

(2) The simultaneous growth of more than one phase is
possible, limited by the availability of atomic components
and partitioned according to the lever rule of thermo-
dynamics. '

(3) The phase which forms at the interface persists dur-
ing room-temperature interface growth and is not con-
sumed by formation of subsequent phases, although
changes in temperature do modify the equilibrium condi-
tions. '

(4) The photoelectron scattering properties of each
species must be included when attenuation curves are used
for modeling. '

(5) The final species of a reaction, which has often been
associated with surface-segregated semiconductor atoms,
is a metal-rich phase.

(6) Metal accumulation and covering up occurs when
there are insufficient semiconductor atoms to sustain re-
actions.

Based on these conclusions, we feel that interface
modeling can ultimately become quantitative. ' A partic-
ularly important application of quantitative descriptions
is the modeling of the Schottky barrier formation, i.e., its
dependence on morphology and the properties of the
reacted interface. Likewise, once an interface phase dia-
grarn can be created, it becomes possible to predict the
stability of the junction. Although we feel that this paper
represents a major step, it is only the first step. Future
work must push for even higher photoemission resolution
and must explore the effects of temperature on reaction
kinetics. '

In the following we briefly review the experimental
techniques and results, discuss the use of photoemission
attenuation curves to extract quantitative information,
present the mathematical formalism, and apply it to the
representative systems V/Ge(111), ' Ce/Si(111), ' and
Ce/Ge(111). ' These systems were chosen because each is
highly reactive, because the chemical shifts for the reac-
tion products are large, and because the core levels were
readily accessible using synchrotron radiation. The tech-
nique, however, is applicable to other systems, including
compound semiconductors, and efforts are presently
underway to describe these more complex interfaces. The
choice of the cleavage surface for examination was based
on convenience, and similar results should be expected for
other surfaces when account is taken of differences related
to the onset of reaction.
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EXPERIMENTAL TECHNIQUES AND RESULTS

Synchrotron radiation photoemission experiments were
conducted at the University of Wisconsin —Madison Syn-
chrotron Radiation Center at Stoughton using radiation
from the Tantalus storage ring. The white radiation was
dispersed using the Grasshopper Mark II and the 3-m
toroidal grating monochromators. Si and Ge crystals
oriented along the (111) direction were cut, notched,
etched, mounted on sample holders, and introduced into

the photoemission spectrometer. Surfaces for examina-
tion were prepared in situ by cleaving. The quality of
each cleave was assessed visually and was then character-
ized by photoemission prior to the deposition of metal
overlayers. Vanadium and cerium were evaporated from
resistively heated sources which had been extensively out-
gassed prior to the measurements to ensure the absence of
contamination. Evaporation rates were maintained at less
than 1 A per minute and were measured using a quartz-
crystal thickness monitor, The source to sample distance
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was -30 cm. During deposition, the pressure in the
chamber never exceeded 2X10 ' Torr. The operating
pressure was (3—5)&(10 " Torr. The results presented
here were obtained with the substrate at room tempera-
ture. They are representative of a large number of cleaves
and depositions, and the scatter in the experimental points
is indicative of the quality of the results.

In Figs. 1—3 we show high-resolution photoemission
results for the Ge 3d or Si 2p cores at the V/Ge interface
(Fig. 1), the Ce/Si interface (Fig. 2), and the Ce/Ge inter-
face (Fig. 3). For V/Ge, we show energy distribution
curves (EDC's) taken at h v=40, 50, and 75 eV to demon-
strate the variation in surface sensitivity. These EDC's
have been scaled for visual clarity to be of approximately
the same height, and the backgrounds have been subtract-
ed. Corrections for changes in band bending have also
been made (125 meV for V/Ge, 200 meV for Ce/Si, and
230 meV for Ce/Ge). Line shape decompositions for
representative EDC's are shown on the right of Figs. 1—3.
As discussed elsewhere, line shapes derived from the
clean surface (with the surface component removed )

were used to build subsequent spectra. The binding ener-

gy for each species was held fixed throughout the fitting
procedures and only the relative intensities of the com-
ponents were allowed to vary. The decompositions of
Figs. 1—3 then indicate that the regions under investiga-
tion are composed of distinct chemical environments or
phases. This is a fundamental observation and its validity
is demonstrated by the quality of the fits and their self-
consistency for all coverages. For V/Ge and Ce/Si, we
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FIG. 3. Ge 3d core-level EDC's for the Ce/Ge(111) interface
analogous to those of Fig. 1.

needed only two reaction products; for Ce/Ge, we needed
a third.

In the decomposition procedures, the number of phases
or bonding configurations and their chemical shifts were
determined directly from the evolving core-level spectra.
The reliability of the decomposition method lies in the
fact that we were able to fit not just one spectrum but
each EDC in the set. At the same time, it could be argued
that core-level shifts might not be large and that two dif-
ferent phases could overlap and contribute to the EDC's
and the attenuation-growth curves. We have observed just
this effect for Ce/GaAs, ' but it was straightforward to
detect the overlap from the attenuation curves. Finally, in
the decompositions, we found very small changes in line
shape on going from the substrate to the initial and final
reaction products (variations in branching ratio, slight
broadening due to inhomogeneities, different types of
backgrounds, etc.). Errors in assessing such changes
would have negligible effects on our attenuation curves
because the fitting errors were within the scatter of the ex-
perirnental points.

In Figs. 4—6 we show the normalized attenuation
curves, In[I(e)/I(0)], for the three interfaces under ex-
amination. The uppermost line in each panel corresponds
to the normalized total integrated intensity of all Ge- or
Si-related core emission. The other points correspond to
the component-specific attenuation extracted by consider-
ing each of the species of Figs. 1—3 individually. The
dashed lines represent the fits based on our model, to be
discussed in a later section.

The results of the decomposition make it possible to
identify several interface regions. The first corresponds to
the initiation of reaction when the first species grows and
becomes larger than the rapidly decaying substrate contri-
bution. The next corresponds to the region where the to-



R. A. BUTERA, M. del GIUDICE, AND J. H. %RAVER 33

20

O

V Coveroge {A)

60 80 I00
l i I

0/Ge (I I I )- 2x I

Ge Rl

ha =40eV---- co IcuIated

Ce coveroge (A)

Ce/Ge(ll)) 2x I

Ge 3d hv = 75eV
--- Calcula ted

7
-2

0
A —v-~

/

C
/

I

f—
CO

C

C

a Q

o
/

/
I X/ 0

-2 I
l /

~/ PQK /
/

I /

/
I /

/I /
/

i I I I

FIG. 6. Ge 3d growth-attenuation curves analogous to those
of Fig. 4. In the three-phase region (2—8 A.) the approximations
used do not allow as good a fit as for the two-phase regions, as
discussed in the text, but the fit is still reasonable.

-2

FIG. 4. Ge 3d growth-attenuation curves for the V/Ge(111)
interface showing normalized intensities of the total core emis-
sion as a function of coverage, In[I (e)/I(0)], for different pho-
toelectron escape depths. The total intensities are given by solid
lines connecting open circles. The component-specific intensi-
ties were obtained from the decompositions of Fig. 1 (open
three-, four-, and six-sided symbols). The dashed curves are the
result of the fits discussed in the text. In each case, the sub-
strate emission can be seen to diminish rapidly, the first reacted

0
component grows to a maximum near 15 A, the second reacted

0
component dominates above about 35 A, and rapid overall at-
tenuation is observed after 80 A of V deposition.
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tal attenuation curve exhibits a plateau. The final region
corresponds to the covering up of the reacted region by
the metal overlayer. This behavior appears to be generic,
although the details vary with overlayer-substrate pairs.
Indeed, this variation is significant for understanding the
systematics of formation.

Figures 1—6 summarize the experimental results neces-
sary for modeling. We shall return to them after the dis-
cussion of the interpretation of attenuation curves and the
discussion of the reaction chemistry expected at these in-
terfaces.

PHOTON ENERGY VARIATIONS
AND MEASURED ATTENUATION CURVES

In the following we assume that the photoelectron in-
tensity I;(8) associated with the ith species when metal
atoms corresponding to a coverage 8 have been deposited
onto a semiconductor which has atomic density C; can be
written

I;(8)=cr;(E)C T(Ek;„;)I(E)f e ' e 'dx,

where o; is the photoabsorption cross section for the
semiconductor atoms in the ith species, T(Ei„„;) takes
into account the transmission properties of the analyzer at
a kinetic energy Et „;,I (E) is the photon beam intensity,
the limits of integration correspond to the spatial extent
of the species under consideration, p,;(E) is the photon ab-
sorption coefficient, and I,;(E) is the photoelectron escape
depth. I(0) corresponds to the emission from the semi-
conductor atoms for the clean surface. ReAection at the
surface has been neglected.

For a multilayer system where the ith phase is built
with a thickness 8 over the substrate, Eq. (1) becomes

I; =a;(E)C;T(Eg„g)
1+pg A.

g

XI(E) 1 —exp — (1+@,;A.;)
8
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Analogously, we can write for the substrate
T

I (8)=0'o(E)CoT(E)u o)~(E}exp (4)

We can then form the ratio of Eqs. (3) and (4) to get the
measured quantity

I;(8)
Ig (0)

o;(E)C~A,;(E)T(Ek; ) 1 —exp
8

0'o(E)Ao(E) T(E) 'n, o)

where we have normalized to the clean substrate core-level
intensity (8=0}and taken Co to be unity. In this way C;
is actually the ratio of the atomic densities C; /Co and has
the dimension of an atomic fraction. In Eq. (5} reflix:tion
of electrons at the interface is neglected.

Equation (5) can be simplified as follows. First, the
difference in kinetic energy between photoelectrons from
the unreacted semiconductor atom and from the ith react-
ed species is &1.2 eV. Since the transmission function
for the electron energy analyzer is a slowly varying func-
tion of kinetic energy, we let T(E),;„;)= T(Ek;„o).
Second, the ratio of cr;/cro can be approximated as unity.
Far from threshold, we might expect that this approxima-
tion would be quite good since the photoelectron transi-
tion occurs between the atomic core level and the continu-
um. Close to threshold, the influence of the environment
would be larger because the final states are modified in
bonding. We do note, however, that good fits to the
evolving core-level emission are obtained by using the
spin-orbit branching ratio obtained from the unreacted
semiconductor. %ith these approximations, we can write

I;(8)/I, (0)=C;(A,;/Ao)[1 —exp( —6/A, ;)] .

Equation (6) is fundamental for interpreting the results
of attenuation curves taken at a variety of photon energies

Since the photon penetration depth is several orders of
magnitude larger than the photoelectron mean free path,
we can write (I+)u;A,;)=I, giving

8I;(6)=a;(E)Ci T(Eh;„;)AiI(E) 1 —exp

and for quantitative evaluations of atomic concentrations
in the reacted region. Many studies, including our own,
have normalized the measured intensity I;(6) to that of
the clean substrate I,(0) and have assumed that the kinet-
ic energy dependence of the photoelectron escape depth is
independent of the material in question. ' In Fig. 4 we
show experimental results for V/Ge which demonstrate
that the apparent total Ge content appears to be greatest
when the surface sensitivity is largest. This observation
has been used to argue for surface segregation of the semi-
conductor atom —not just for the systems under discus-
sion here but for a good many others —but is chemically
not tenable for a system in equilibrium. Reevaluation of
the results using Eq. (6) eliminates the need for surface
segregation since we find the material-specific scattering
parameters A,;.

To verify that the escape depths do, in fact, vary with
the composition of the overlayer, consider a system in
which the layer thickness is large enough that the
stoichiometry of the region being probed does not change
as the photon energy changes. For this case, the intensity
of a particular core component is invariant with changes
in hv, assuming that the results are normalized to the to-
tal number of atoms in the probed region. We can then
write Eq. (6) for two different photon energies, hv and
h v', and form the ratio

$0 Av

I2

SO hv'

= '2 A2

hv'

(7)

The quantity on the left-hand side of Eq. (7) can be deter-
mined experimentally by comparing the intensities of the
second component at a coverage 6 for two different pho-
ton energies using the plateau regions of Fig. 4 for V/Ge.
Likewise, we can extract values for A,i in this region since
A2 is the attenuation of the first reacted phase through the
second reacted phase —experimentally, this is the decay
slope of phase one. We can repeat this for other pairs of
photon energies, getting ratios of Ao at h v divided by Ao at
hv'. Since Ao is the escape depth of photoelectrons in
crystalline Ge, we can use the Seah-Deneb value at any
energy Ii v and we can use the ratios obtained from the in-
terface results to predict A,o values for all energies hv'. If
our modeling is self-consistent, the resulting hv depen-
dence of Ao must agree with what has been found for pure
Ge. As shown in Table I, the results in the fourth and

TABLE I. Experimental values for photoelectron mean free paths {mfp's) at the V/Ge interface.
The first column is the photon energy, the second column gives the ratio of the substrate mfp calculated
from Eq. (7), the third column gives the experimental results extracted from the growth-attenuation
curves for the metal-rich component, the fourth column gives substrate mfp calculated from the second
column assuming the substrate mfp to be 5 A at h v=75 eV, the fifth column lists the substrate mfp ob-
tained from the universal curve (Ref. 27).

hv (eV)
kp(h v)

Q (75 eV)

1.000
1.871
4.198

Ap (A)

9.840.5
10.6+0.5
15.0+0.5

5.0
9.4

20.9

o (A)
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sensitive results of Fig. 4 appear to show surface segregation.
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fifth columns are in excellent agreement. We therefore
conclude that the set of A, s that we determined are self-
consistent and the values obtained for photoelectron prop-
agation through the ith species are valid. From Table I
we see that the ratio A,;/Q in Eq. (6) is not a constant as
has generally always been assumed. '

In retrospect, this variation in k shown in Fig. 7 is in-
tuitively reasonable since the dielectric function of the
semiconductor, the silicide or germanide, and the metal
are very different. Hence, the plasma frequencies differ
significantly (the calculated plasma frequency for Ge is
15.6 eV compared to 22.3 for V}. The anomalous Iiv
dependence of the experimental attenuation curves can
now be interpreted in terms of the photoemission process
itself. It does not justify the assumption of semiconductor
atoms fioating on the surface of reacted layers.
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verges to the elemental metal. Let Bi and 8) correspond
to the beginning and end points for the first reaction
(phase 1) and let Bz and Bz correspond to the beginning
and end points for the second reaction (phase 2). If neces-
sary, a third phase could be introduced, as for
Ce/Ge(ill). In Fig. 8 we show the resulting generic
phase diagram, plotting the range of existence of each
phase versus coverage for two phases having different
semiconductor contents. Several distinct regions can be
identified in the generic two-component phase diagram
shown at the top of Fig. 8.

(1) In the region from Bi to Bi, a single phase will
form because the surface concentration of the semicon-
ductor exclusively supports the reaction (xM +yS
~M~Sy).

(2) In the range from Bz to Bi, two phases grow simul-
taneously, governed by the reactions (1—X)[xM+yS
~M, Sy] and X[uM+ wS~M„S ], where X is
given by the lever rule, X=(8—82)/(Bi —82),
and denotes the partitioning of the phases.

(3) For coverages between Bi and 82, a single phase
will again form, governed by (uM+ wS~M„S„). In this
range there are too few semiconductor atoms to support
the formation of the semiconductor-rich phase.

(4) For coverages above 82 metal accumulation starts
and there is convergence to the metal.

In the single phase regions of Fig. 8, the growth-
attenuation behaviors of the core-level intensities can be
described by the standard equations. As the two-phase

INTERFACE CHEMISTRY
AND REACTION PRODUCTS

0

(cI 2

In the following, we describe interface chemical reac-
tions which can produce well-defined phases. The pur-
pose of this section is to identify the properties of the in-
terface as a function of coverage to produce a phase dia-
gram. The fit of the predicted attenuation curves to ex-
periinent will give the values for the parameters
(stoichiometry, onset coverage, completion coverage}.

~en we consider intermixing, we can assume that
there will be sufficient disruption of the semiconductor it-
self to sustain the reactions, coupled with semiconductor
atom out diffusion to feed the reactions and provide mass
balance. When this is not satisfied, the overlayer con-

IXXXXXXXXXXXXXI
Ce/Ge

I XXXXX)OOCKXXXXKXXXXI

IO

Metal coverage (A)

lOO

FIG. 8. I',a) Proposed phase diagram for an interface where
intermixing produces two competing phases. 8I and 8q are the
onset coverages; 8~ and 82 are the completion coverages. The
two-phase region exists between 82 and 8~*. The results of our
analysis for V/Ge, Ce/Si, and Ge/Ge [(h), (c), and (d)j show
how these interfaces are generically similar but how the details
vary.
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field is entered, however, the new phase appears, coupled
with the attenuation of the substrate and the other reacted
phase. If growth is at the expense of the first reaction
product, then modeling would need to take such con-
sumption into account. However, it is important to note
that we have found good agreement with experiment by
assuming that the phases which form are stable and non-
consuming. %e assume a mixture in the two-phase region
with partitioning determined from the lever rule of bulk
thermodynamics; (1—X) represents the fraction of metal
involved in forming the first phase and X represents the
second, where X follows from the definition of the two-
phase region,

X=(8—82)/(8) —82) .

As the total overlayer thickness increases, the ratio of first
to second reacted phases decreases until, ultimately, the
first phase cannot form.

The derivation of the general expressions which
describe the intensity of any core component during the
kind of evolution represented by Fig. 8 is given in Appen-
dix A. The intensity of phase one, normalized to the sub-
strate intensity for the clean surface, is

r

—)eA))
I (0) Ao

and that of the second phase is

~2 (8 ) ~2 —[(e—ei) /i)2]

I,(0)

where the boundary conditions are

8)&8&82, X=O,

8,&8&8', , X=(8—8,)/(8', —8,),

8) &8&82, 7=1 .

The first bracketed term in Eq. (8) represents the photo-
emission intensity from a reacted layer of thickness 8
with scattering properties included in A) The second
term includes photoelectron scattering through the second
phase. X and 1 —g give the amounts of the two phases as
a function of 8. In this derivation we have considered
only two-phase systems. If three phases coexist, then the
formalism must be extended. Unfortunately, the lever
rule for three components is no longer linear in X since
there are two "levers" which dictate the partition of the
phases. We will discuss this case for Ce/Ge, and the way
in which it can be solved approximately.

Finally, our model assumes the formation of com-
pounds having definite stoichiometries. It is also possible
that solid solutions can be present, as for example at the
dilute limit of either very low metal coverages or very
high metal coverages. In the case where the solvent is the
semiconductor, the solution can vary from pure semicon-

ductor to the saturation value of metal in semiconductor.
In such variable-concentration cases, the composition will

be controlled by the amount of metal present. In princi-

ple, composition variation should be accompanied by con-
tinuous shifts in binding energy for the semiconductor
core level. In the cases studied to date, however, we have
not observed this effect. The results indicate that, within
our limits of detectibility, the energy of the semiconductor
core level associated with the initial reacted phase is con-
stant. Thus, if this phase were, in fact, the solid solution
of the metal in the semiconductor, it must correspond to
the limiting solubility value, and there must always be
sufficient metal locally to form the saturated solid solu-
tion. The underlying cause of this is still open to question
but may well be related to the bonding characteristics of
the constituents involved. The situation for the terminal
solution region differs from the metal solution region in

that the concentration will be controlled by the semicon-
ductor surface concentration. The rate of attenuation of
this final component will then be controlled by both the
declining concentration level and the covering effect of
the added metal.

To model any interface of the form described above, we
must then measure the component-specific core-level in-
tensities with high-resolution photoemission, determine
the appropriate material-specific attenuation lengths from
the experimental results, and partition the phases through
the lever rule. In this procedure, the parameters deter-
mined by the fit of one phase must remain invariant when
considering the remaining phases —they are not indepen-
dent. Likewise, parameters obtained for results at one-
photon energy must not be changed —except the ))),'s which
are h v dependent. The agreement between the predictions
and the experimental results validate the assumptions
described above.

Finally, in the equations reported here the thickness of
the reacted layer has been expressed as 8 in angstroms.
This is because the only available measure of the amount
of reacted material formed per unit surface area is the
amount of metal deposited. Indeed, there is no way to
compute the number of monolayers formed for a reactive
interface where disruption of the substrate occurs and the
density and structure of the interface are unknown.
Hence, in comparing our escape depths (in angstroms) to
published values for bulk compounds of known character,
it should be remembered that our results were obtained by
plotting the attenuation curves as a function of metal
deposited. Corrections based on the amount of germanide
or silicide formed would bring the A, 's into better agree-
ment with the universal curve of Fig. 7 (to be discussed
later in this paper).

APPLICATION OF THE MODEL

V/Ge(111)

In Fig. 1 we show EDC's for the V/Ge interface taken
at photon energies of 40, 50, and 75 eV, and in Fig. 4 we
show corresponding attenuation curves. Based on the
analysis described above, we propose the phase diagram
for this system given in Fig. 7(b), as derived with the fit-
ting parameters listed in Table II, and we can now quanti-



R. A. BUTERA, M. del GIUDICE, AND J. H. %RAVER 33

(XG, )2

TABLE II. Summary of the fitting parameters for V/Ge(111). 8& and 62 are the critical coverages at which phase 1 and phase 2
form, respectively. 8~ and 92 are the points where each species stops. +G, is the atomic fraction and represents the result of the fit.
As shown, it is consistent for the three different energies.

hv (eV) ~o (A) A2 81 gQ 8*

5
10
21

9.8
10.6
15

0+1
0+1
0+1

1J1
1+1
I+1

34
34
34

80
80
80

0.60
0.60
0.60

0.10
0.10
0.10

tatively describe the evolution of the V/Ge(111) interface.
The first reaction product induced by V deposition onto
Ge(ill) is characterized by a Ge atomic fraction of
0.60+0.05 which corresponds to the formula VzGe&.
Phase two starts to form after a coverage of 1+1 A, and it
grows through the coverage which corresponds to the ces-
sation of phase one growth (34+1 A). It is not until -80
A of coverage that pure vanadium metal starts to accu-
mulate on the surface because there is insufficient Ge to
sustain the metal-rich or phase-two reaction.

It is important to recognize that the lowest coverage at
which we can clearly detect the second reacted phase from
our EDC's is -18 A. In contrast, the fit of Fig. 4 to
the experimental results indicates that the reaction has
started at —1 A. This is an important outcome of quanti-
tative modeling and is indeed one of the ultimate goals:
By modeling we can extrapolate the behavior of the inter-
face to the dilute limits. The reason for the relatively late
detection of the second phase is straightforward —the
amount of Ge in this phase is small compared to crystal-
line Ge or the earlier V2Ge& phase, and the detection of a
phase of low concentration in a dilute matrix is difficult.

In a recent paper' we evaluated the ultralow coverage
region before reaction set in for V/Ge(111) and showed
that vanadium deposition leads to the formation of three-
dimensional islands or clusters. Detailed line-shape
analysis showed that it was not until a critical coverage of
-2 A that there was clear evidence for a reacted com-
ponent in the Ge core emission. In this prereacted stage
of interface formation we should not expect that the
present continuum model would be as reliable as the
direct experimental results. At the same time, in both in-
stances where clusters farm at ultralow coverages (V/Ge
and Ce/Si), we note that the model predicts reaction at
-1 A, which is not inconsistent with the direct results.

It should be noted that the substrate fit has been ob-
tained by taking the difference between the experimental
total attenuation curve and the sum of the component fits
obtained using our model. The results of this process are
in good agreement with the values obtained from the core
decompositions. %'e have not as yet been able to explain
or model the lack of hv dependence of the slope of the
substrate attenuation. Possible interpretations may re-
quire the introduction of morphological changes at the in-
terface during substrate disruption, involving such effects
as cluster formation and/ar indiffusion of metal atoms.
We were able, in fact, to fit the results for the substrate
for one-photon energy, but no consistency was found at
different photon energies using the values reported in

Table I for the escape depths. More accurate and detailed
investigations at low coverages are needed to shed light on
this problem, and studies in this direction are in progress.
Another consideration concerns the attenuation of the sig-
nal by the metal overlayer (8 & 80). We did not attempt a
fit of this region because of the magnitude of the signal
and the error bars on each point.

x+p ~1
1 —exp

x A,o

+~ (e—e, )

and fore &e&e,

Ii x +g ~1 —T) IA, )1)
Io x A,o

where

is the thickness of the first reacted phase and

(8—82)

is the thickness of the second one. If, for example, we as-
sume a sequential reaction of the form V+ 2G~VGe2
followed by 17V+ VGez~2V9Ge, then we have for the
reaction caefficients the values x = 1, y =2, w = 17,
u = l.

In the top panel of Fig. 9 we report the results at
hv=40 eV for two values of A, for both reacted phases
(A. i ——10 and A,

&
——21 for the lower and the upper dashed

Sequential versus simultaneous growth.

It is difficult to prove whether sequential reactions
occur at the interface where the first phase is used to form
the second phase. Our results show that the best agree-
ment with the experimental data is oPtained by assuming
no conversion between the two reacted phases. Some in-

sight into the problems related to this issue can be gained
by considering the follawing example.

I.et us assume that the first phase in its development
reaches a point 8, in the value of metal coverage where it
stops growing and the second phase begins to form, con-
suming the first one. In this way, using the same notation
as above, we can write for Bi & 8 Bz
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FIG. 9. Ge 3d attenuation curves for the V/Gec', 111)interface
at h v=40 eV. The attenuation of the substrate has been omit-
ted for simplicity. The top panel shows the best fit of the results
assuming growth of the first phase up to 18 A followed by the
growth of the second phase by consumption of the first one. A

0
sharp cusp is observed around 18 A. The equation and parame-
ters used are discussed in the text. The bottom panel sho~s the
fit of the same results assuming sequential reaction between the
first and second phase, removing the constraint that the first
phase ceases to grow when the second starts.

b, T„,=b,Ti+b, T2 ——(1—7) bB+X bB,

where b, Ti and b, Tz are the increments for phase 1 and 2,
respectively. Then

l40-
v/Ge (iii)

where Ti and Tz are the thicknesses of the first and the
second reacted phases. If we assume a sequential reaction
of the kind 2V + Ge~ V2Ge followed by 7V + VzGe
~V9Ge, then we have the results plotted in Fig. 9 (bot-
tom panel). Again, the fit is not satisfactory. Based on
this, we believe that interface formation can be described
better in terms of the formation of two phases but without
interconversion.

In Fig. 10 we report the normal thickness T of the
reacted overlayer versus the thickness of the metal depo-
sited 8. In reality, we might more appropriately define T
as the total amount of material that forms at the inter-
face, in contrast to 8 which represents the nominal num-
ber of metal atoms deposited. According to our model,
each increment of metal evaporated is partitioned in two
phases characterized by atomic fractions Ci ——y/(x+y)
and C2 ——u/(u +iJ). The total increment in thickness can
be written in the two-phase region (82 (8 8f) as

curves, respectively). As shown, the fit to the data is not
nearly as good as the one obtained in Fig. 4. A sharp cusp
is always present at the point where conversion of phase 1

to phase 2 starts (8-18 A).
If we remove the constraint that the first phase ceases

to grow when the second starts, but we still consider a
sequential reaction as the mechanism by which the second
phase forms, then we can write for the intensity of the
first phase

l20-

I IOO-

LIJ

C3

& so-
K
UJ

Io

r

X+/ ~1
1 —exp

X A,o

+y (8—8, )

for Bi (6(Bi,

Io
x +g i

(1
—r(~~&) —~2~"z

x kp

20

with

X+/ (8—Bi)——(8—82)
Q

40 60
MetaI coverage 8 {A)

80

FIG. 10. Overlayer thickness versus metal coverage e. As
shown, the total thickness T„~ does not follow a linear depen-
dence on the 8 values. The resulting distortion of the total at-
tenuation curve when plotted against 8 must be considered for
quantitative interpretation of the results. Also shown are the in-
dividual contributions of each single phase.

(8—82),
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Integration is straightforward and gives for T«, the ex-
pression

T„,= (6—62)—X+/
x

and for each phase the expressions

KIOO) g

80,%

I
I

)- 60

v/Ge {}ti}

[1——,
' X(8)](6—62),

20"

W ~
0

~~
4

Vw

These expressions for Ti and T2 are clearly not linear
and express the difficulty encountered in obtaining a
quantitative model for this kind of interface. As seen in
Fig. 10, there is an initial region in which the first phase
is practically the only one responsible for the fast growth
of the thickness of the film. Subsequently, the second
product is increasingly important and the metal concen-
tration ultimately comes into play. During this process,
T(8}«~ tends to saturate to a straight line with a slope
equal to 1, indicating convergence to a metal overlayer.
The slope of the tangent at the origin of the axes is the
~alue of (x +y)/x (2.5 for VzGe3). We can then conclude
that in our modeling the increment in the thickness of the
reacted layer is substantially different from be only in
the first -40 A of metal deposition. This expected non-
linearity in the growth mode of the interface distorts the
attenuation curves, especially in the first 40-A region. If
we correct for this effect, we find that the slope of the at-
tenuation of the substrate corresponds to 1/e dex:ay
lengths of 15 A and 20 A at 75 eV and 40 eV, respective-
ly, in better agreement with the Scab-Dench values.

We can now plot the atomic concentration of semicon-
ductor atoms as a function of the amount of material in
the overlayer. In Fig. 11 we report the results of this
analysis. The solid symbols correspond to the total per-
centage of Ge present in the reacted overlayer, where
100% indicates pure Ge. Results are plotted as a function
of r, the amount of material formed, measured in
angstroms. As shown, the Ge concentration in the over-
layer drops slowly, starting from the value 0.6 achieved in
the first 10 A, and approaches zero due to the dilution ef-
fect generated by the forming metallic overlayer. The sig-
nal measured is then proportional to the convolution
product

I I I I I

40
I I

80 I20 160 200 240
REACTED OVERLAYER THICKNESS T ( A)

280

FIG. 11. Percent of Ge dissolved in the reacted overlayer
0

versus its nominal thickness T in A (black symbols). Curves A
and 8 refer to the attenuation curve that mould be observed as-

0
suming for the probe transmission function a window of 5 A

0
and 20 A, respectively. This shoves that the plateau range in the
data reported in Figs. 4 and 5 can be emphasized by the inter-
play of the Ge density and the experimental probe itself.

Meta t
~ ' ~ '~

~ ~ ~ 0y r~ ~ ~ ~ 0 ~ ~
~ 0

0 ~ ~ 9 Fpy

e Substrate

y Coverages

p~&aors'

~ '. ~ ~ . ' ~ ~ V- Ge ~ '. .~~ ~ ~ ~ 0 ~ 9 ~ ~

Ge Substrate
s~ &pH(col

VGGe V&Ge

0
tenuation curves. Indeed, curves A (xo ——0, xi ——10 A)
and 8 (xo —x, xi ——50 A) show that in both cases the total
concentration seen with our probe drops continuously
from 100% and exhibits a typical plateau that is more or
less extended depending on the penetration of the probe it-
self. Of course, using an exponential window results are
smoother and give us the attenuation curves observed in
Fig. 4 if reported in a logarithmic section. Finally, we
show in Fig. 12 a schematic representation of the evolving

I~ exp —z p z z,

where p(z) is the concentration of the semiconductor
atoms. This means that the signal is filtered through an
exponential window due to the intrinsic properties of the
experimental probe. Curves A and 8 in Fig. 11 show the
results of this convolution when we assume that the ex-
ponential exp( —z/A, ) can be replaced by a rectangular
window described by

f(x)=6(x —xo)8(xi —x ),

Ge Substrate

d-phase VOGe

Ge Substrate

Ge Substrate

z&pH&seA

i &pH&z}(

o(QH& I A

where 8(x) is the step function with 8(x}= 1 if x & 0 and
6(x)=0 if x &0. This is a rough approximation, but re-
sults shed some light on the origin of the plateau in the at-

FIG. 12. Schematic representation of the V/Ge(111) inter-
face evolution.
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V/Ge(111) interface. According to our model, after a
first region in which reacted islands of first-component

phase are formed (0 & e & 1 A), a two-phase region
develops with the a phase always growing on top of the
first phase (1 & 8 & 34 A). This competitive or two-phase

growth mode ultimately ends up with the a phase com-

pletely covering the reacted surface, At this point only

phase 2 is formed. After 6=80 A, a metal overlayer
starts to develop, burying the reacted interface. This mor-

phology is a consequence of reaction at the Ge surface, in-

termixing, the formation of a diffusion barrier, and the ul-

timate limitation in reaction imposed by diffusion.

Ce/Si{ 111)

The reactive behavior of Ce on Si is similar to that of V
on Ge, but the room-temperature results show that the
first reaction product is much more limited in coverage.
As the results of Figs. 2 and 5 show, the experimental
core line shapes can be decomposed into the substrate and
two reacted phases and the growth attenuation of each
can be followed. Using the formalism discussed above, we
see that the first-phase reaction starts at 0.5 A and that
the second phase begins at 2 A. As shown in the pro-
posed phase diagram of Fig. 8, the two-phase region ex-
tends from 2 A until -9 A, with the second or final
phase continuing to grow to the highest coverage studied
(40 A). At a photon energy of 135 eV, the photoelec-
tron escape depths are 5 A through the substrate and the
first reacted phase and about 6 A through the second
phase. The best fit for the Si/Ce compositions are
0.55+0.05 and 0.08+0.05. As discussed in Appendix 8,
the uncertainties in the compositions arise from the error
bars for each experimental point in the growth-
attenuation curves. They can therefore be reduced as the
quality of the data themselves improves. As for V/Ge,
the second phase is most likely a saturated solution of Si
in polycrystalline Ce.

In a previous paper on the formation of the Ce/Si inter-
face we had reached qualitatively similar conclusions for
interface growth. At ultralow coverages (8&0.6 ML
=1.5 A), we showed that clusters formed and that these
clusters disrupted spontaneously to form the silicide. '

Given our error bars on the predicted onset coverages, +1
A, we see that the present conclusions are not inconsistent
with the cluster-induced-reaction interpretation.

As for the V/Ge interface, we find that modeling al-
lows us to predict onset and completion coverages with a
high level of accuracy. Significantly, we see that for the
Ce/Si system the values for the important coverages are
much lower than those for V/Ge. We can see, for exam-
ple, that the second phase (the dilute phase) appears at
-2 A rather than —18 A and that the first phase ceases
to form after -9 A rather than -34 A. This allows us
to confirm that the V/Ge interface is far more
extended —and that out diffusion of Ge is much greater
than Si in the respective reacted regions. Such informa-
tion is clearly important in applications where intermixing
is to be minimized. %'e conclude that the chemical trap-
ping via compound formation is stronger in the more
reactive Ce/Si interface.

Ce/Ge{ 111)
The interface framed between Ce and Ge(111) is more

complicated than those discussed above because there are
three reacted core lines, as shown in Fig. 3. This raises
the issue of partitioning of the three components. It can
easily be shown that there is no unique solution and that
partitioning can be obtained only by introducing at least a
quadratic correction to the linear lever rule. Our calcula-
tions show that this kind of correction modifies the shape
of the first-phase growth-attenuation curve, but does not
affect the maximum value, i.e., the calculated atomic frac-
tion is quite independent of the extension of the lever rule
to a system of three coexisting phases of two components.
For the sake of simplicity, we have modeled the three-
phase region (2 & e & 8 A) using the two-phase lever rule
between the first and the second reacted species, neglect-
ing the third one. This approximation is justified if, as in
our case, the third component has such a low intensity
that it does not play a relevant role in determining the
maximum value for the growth-attenuation curve of the
first species. Nevertheless, the shape and consequently
the fit of the first-component growth-attenuation curve
can be substantially modified by this approximation.
After 8 A, the system is reduced to two phases and parti-
tioning is again straightforward.

Comparison of the dashed-line fits shown in Fig. 6 with
the experimental results shows excellent agreement. In
this case the first reacted component appears immediately
upon deposition of Ce onto the surface. The second react-
ed component appears at 2 A and the tw'o-phase region
continues until the onset of the most dilute phase at 3 A.
Completion of phase one occurs at 8 A, phase two at 19
A, and the final phase at 50 A. Unfortunately, the avail-
able data extend to only 30 A, and we cannot prove this
last point. Nevertheless, the agreement of experiment and
the model makes it possible to predict this cutoff with a
reasonably high level of confidence. It is just the confi-
dence which we seek for other systems.

The values of the Ge atomic concentration which pro-
vided the best fit were 0.90+0.05 for the first phase,
0.40+0.05 for the second phase, and 0.11+0.05 for the fi-
nal phase. This indicates that the first region in the pro-
posed phase diagram of Fig. 8(d) is associated with the
solid solution of Ce in Ge and the composition that we
obtain is the terminal solubility limit. After 2 A a new
compound forms that ranges between CeGe& and CeGe.
At higher coverage another a phase appears which corre-
sponds to Ge dissolved in the Ce matrix. The complete
evolution of the interface can then be described in terms
of regions in which the different species vary in relative
amounts. It is interesting to note that in this system we
were able to detect both kinds of a phases (metal-rich and
semiconductor-rich) because of the very high experimental
resolution possible for Ge 3d core studies and the rela-
tively low capability of Ce to cover the sub-
strate (1 ML=2.7 A).

INFLUENCE OF MORPHOLOGY
ON THE VALIDITY OF THE MODEL

Several kinds of growth modes involving different mor-
phologies have been proposed for inetal-semiconductor in-
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terfaces because the goal has been to determine the ossi-
ble configurations for metal atoms on the surface. ' For
unreactive interfaces, this has been a challenging task, but
it becomes much more difficult for reactive ones where
disruption and continuous removal of substrate atoms
occurs at the interface. This is, of course, one of the main
difficulties in mathematically modeling the evolution of
the reaction.

IS1$1ld fOAXlf, fOQ

using hemispherical islands. Normalized emission from
the first reacted species assumes the form

=ACi [1—e '] .
S 0

Then, if I is the thickness of the reacted region following
the deposition of adatoms which form a compound
through the reaction xM+yS =M„S„,we can write

In the course of our modeling of the experimental re-
sults, we examined several growth morphologies based on
laminar structures and island formation. Significantly,
attempts in determining a morphology which could
describe the evolution of the interfaces over a wide range
of coverages (0—100 A) were largely unsuccessful, as
described below for cylindrical clusters.

One of the morphological modes that we investigated
was a cluster model of the kind reported by Ludeke and
others 9 for Ag/GaAs. If we assume cylindrical clusters
of reacted species of base area a and height I, the fraction
of the surface covered is A =n, a =n, m R, where n, is the
cluster density per cm and R is the radius of the clus-
ters. The volume occupied by the clusters per cm will be
Al, assuming that islands of the same size are formed.
With this assumption, the normalized emission from the
substrate will be

nm

X

per unit area where p is the density of the metal, and n

and n, are the numbers of evaporated metal and reacted
semiconductor atoms, respectively. Assuming an atomic
average volume u, for each atom, we have

V=n, nR 1=(n +n, )u, =l 8 u, .
X

If we assume that the clusters have a fixed aspect ratio
such that a =I/R, we obtain

r

V=n, mR a =I~8 X +P
Ua

X

I,(0)
=1+3(e ' —1),

where A, ; is the photoelectron escape depth through the
reacted and clustered species. Similar results are obtained

1/3

n, m.a

Our growth and attenuation curve then becomes

and
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From this analysis, we conclude the following. First, a
typical signature for cluster formation is a slower-than-
laminar attenuation until the islands coalesce, as discussed
previously by Ludeke. After the coalescing point, it can
decay exponentially (laminar growth) or new islands can

These equations are very sensitive to variations in the
aspect ratio c and the cluster density n, . Intuitively, we

must expect that as n, increases, the effect of clustering
will decrease (in the limit, n, will equal the number of
atoms deposited and the system will converge to laminar
growth). Likewise, if a increases to give tall, thin
cylinders, the attenuation will increasingly diverge from
exponential attenuation. Indeed, for I ~ X, the substrate
decays as

l

form on the reacted overlayer (Stranski-Krastinov mode).
During this growth, there is little dependence of the sub-
strate attenuation on hv. This is in contrast to what we
have observed, since our results for V/Ge(111) follow an
exponential attenuation (not an S-shaped curve) even if
the substrate curves are almost h v independent.

GONCI. UDING REMARKS

The method presented here is microscopic enough to
determine heterogeneities at metal-semiconductor inter-
faces, but we cannot say whether these heterogeneities are
related to single-species structure formation (large grains
or crystallites) or if the intermixing between reacted
species is on a much smaller scale. Although important
for detailed microstructural analysis, this information is
less important for our modeling once it is possible to
describe these systems in terms of bulk thermodynamics,
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averaging the heterogeneity across the sainple surface.
Indeed, when the overlayer coverage reaches a few mono-

layers, the interface is heterogeneous with two or three
different phases that are not depleting each other. As the
total number of semiconductor atoins available at any
given location diminishes with increasing coverage, the
metal-rich reaction products are favored and their relative
concentration increases. The decomposition of the total
attenuation curves of Figs. 4—6 into single-component
growth-attenuation curves gives a picture of the reacted
film in terms of relative concentration when the appropri-
ate overlayer transmission properties are included [Eq.
(6)].

We suggest that our model is of general validity and
that it leads to extremely detailed descriptions of each sys-
tem. The approximate values for the concentrations re-
ported here have an error which is essentially due to the
accuracy of the experimental results, as discussed in Ap-
pendix 8, and they can be improved. As this is done, it
will be possible to directly compare the interface phase di-
agrams to those of the bulk which are for equilibrium con-
figurations. '

The extension of modeling to metal overlayers on com-
pound semiconductor interfaces is presently underway.
We have examined the Ce/GaAs (Ref. 15) and Sm/GaAs
(Ref. 16) interfaces and the results show the presence of
reacted species with well-defined metal-As stoichio-
metries. In contrast, the Ga 3d core shifts steadily with
increasing metal coverage and this has been interpreted as
indicating a continuous change in the Ga environment
(diffusion in the metal matrix and progressive dilution).
The chemistry involved in this interface is, however, more
complex and several possible chemical reactions must be
tested. The results presented here represent a first step.
Future work must examine the effects of variations in
temperature and must push for even higher resolution.

f

We anticipate that such studies will lead to predictive
capabilities for interfaces.
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APPENDIX A: MATHEMATICAL DERIVATIONS

I]
I,(0) A,o

6
1 —exp (A1)

The second phase starts to form after 82, and partitioning
through the lever rule is necessary. We then have

To model photoelectron propagation through a compos-
ite region, we adopt the following definitions: C; is the
atomic fraction of the semiconductor atoms in phase i; A, ;
is the intrinsic electron mean free path in phase i; I,(0) is
the intensity of the semiconductor core emission of the
pure substrate; I;/I, (0) is the intensity of the semicon-
ductor core emission originating from semiconductor
atoms in phase i normalized to the emission from the
clean substrate; 8; is the onset coverage for the formation
of species i; and 8,' is the end coverage for species i. In
the following we refer to a two-phase region where the
first phase grows directly in contact with the substrate
and the second phase is formed only subsequently, giving
rise to an intermixed two-phase region.

(1) Phase 1 shows that for 8 & Bi the only species that
forms is characterized by the subscript l. In this region,
we have a simple growth curve expressed by

Ii A, i
1 —exp

8 8—Bp

Bi —Bi
6—62

exp
A2

This description is valid until the variation of the signal
due to the growth of the first phase is so small relative to
the attenuation effect of the second species that only the
second can be resolved experimentally. This is expressed
by the condition

r

I)
d ln

0
(A3)A2'

which defines the value 6=6D. At higher coverages, we
assume that the first species is simply covered up by the
second one. If BD & Bi, Eq. (A2) becomes

II A)=C( 1 —exp
is 0 ~O

(8—BD )
exp

A2

where

1 —exp
6+

1 6—62
exp

2

(A5)

[(8—82) /(8 i
—Bi],= 1

6,—6, (BD —Bp)
exp

6)—62 A2

6D —62
6)—62

After this point, the first phase is covered up and
transmission through the overlayer is characterized by k2,
the escape depth of the second phase. On the other hand,
if BD & 8&, then after 8& Eq. (A2) becomes
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and the condition of exponential decay is satisfied.
(2) Phase 2 starts to form for 8~62 but at a rate

slower by a factor (8—Bz)/(Bi —Bz). Then
T

I2 9—62 (8—Bi)
C2 1 —exp

Bi —62 ~o X2

This is true until the first phase is completed (6=Bi ).
Afterward,

I2 A2
C2

(6—Bi)
1 —exp

k2
(A7}

This expression saturates at C2(A,2/Q) unless another
phase starts to form or metal covers it up. In that case,

Ii A2 (8—62)
1 —exp

A2

8—Bi
82 —8)

8—8) (8—Bp)
+ 0 exp8,' —8, 4 (AS)

APPENDIX 8: PITTING PARAMETERS
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FIG. 13. Plot of Eq. (8) for different values of the parameters
used in our modeling of the experimental results for V/Ge{111).
As shown, variations in the coverages shift the calculated results
laterally, ~hereas variations in concentration for the reacted
species shift the calculated results vertically. The best fit is ob-
tained iteratively, as shown in (d).

In the following we describe the sensitivity of Eq. (g} to
variations in the fitting parameters. To do this, we show
in Fig. 13 the experimental points for the first reacted
phase for V/Ge(111) as obtained from the core-level
decomposition and show representative fittings. Analo-

gous plots can be obtained for other components and for
different interfaces.

When two reacted species are simultaneously present,
we can define a two-phase region using the parameters 82
and Bi. In this region, the reaction is controlled by out
diffusion of Ge through the reacted overlayer. Setting
these two parameters means defining the region where the
maximum for the single-species growth attenuation curve
must be. This position is insensitive to small variations in

Bz and Bi but depends on the width of the interval
chosen. At the same time, variations in those two param-
eters shift the growth and attenuation part of the curve
leaving almost invariant the absolute value of the "pla-
teau" region. This is shown in Figs. 13(a) and 13(b) where
small variations (+1 A) affect the decay-curve starting
point. It is then possible by increasing one value and de-
creasing the other to produce a good fit of the initial and
final slopes of the curve. In Fig. 13(c) we show that the
turning point is strongly dependent on the value of the
concentration C& chosen. Indeed, small variations
(b C; =+0.05) are able to move the maximum of the curve
through the scatter of the experimental points. At this
point, we see that the uncertainty in the numbers pro-
posed for the parameters is due to the experimental scatter
in the results. More precise and more numerous data are
therefore necessary for better quantitative modeling. This
is even more evident when studying a metal-rich phase
since small variations hC; =+0.01 are enough to produce
significant modifications in the single-coinponent curve,
but the experimental error does not allow sufficiently high
accuracy to determine C; to better than +0.05.

Finally, in Fig. 13(d) we show a set of curves for com-
bined parameter variations which indicates that the best
fit is obtained for C;=0.60, 62——1 A, and Bi =34 A.
The accord between results and calculation is impressive.
Moreover, we note that the parameters determined by the
fit of one phase must remain invariant in fitting the
remaining phases. These are also affected by the first-
phase parameter determinations, as shown in Eq. (A2) in
Appendix A. This coupling between the growth-
attenuation curves for different phases is a requirement
for maintaining self-consistency for the curves at all pho-
ton energies since these parameters are independent of h v.
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