Marker experiments for diffusion in the silicide during oxidation of PdSi,

Pd,Si, CoSi,, and NiSi; films on <Si>
M. Bartur and M-A. Nicolet

California Institute of Technology, Pasadena, California 91125
(Received 22 November 1982; accepted for publication 9 March 1983)

Inert markers (evaporated tungsten and ion implanted Xenon) were used to investigate the mass
transport through a silicide layer on a (Si) substrate during thermal oxidation at 700900 °C. The
Si0, growth from PdSi, Pd,Si, CoSi,, and NiSi, films on (Si) is a process limited by the diffusion
of the oxidant from the ambient gas to the silicide/oxide interface. Possible diffusion processes

through the silicide that supply Si to the growing SiO, layer, but keep the silicide stoichiometry
intact, are discussed. Backscattering spectrometry is used to monitor the marker position in the
silicide layer. We find that the diffusing species during oxidation correlate with the moving species

during silicide formation.

PACS numbers: 81.60.Bn, 68.55. + b, 66.30.Fq, 66.30. — h

|. INTRODUCTION

Thermal oxidation of thin metal silicide films on a Si
substrate generally results in the growth of a SiO, layer on
top of the silicide (Ref. 1, Table XVII). Except for HfSi,, all
silicides investigated so far conform to that behavior. In this
paper, we consider the silicides of Co(CoSi,), Ni{NiSi,), and
Pd(Pd,Si and PdSi) which were all reported to have the fol-
lowing characteristics®>:

(a) The SiO, layer growth is parabolic with time.

{b) The silicide retains its thin-film configuration and its
phase (crystal structure) up to a certain SiO, thickness that
depends on the initial silicide thickness.

(c) The oxide growth rate is independent of the silicide
thickness.

(d) The orientation or the crystalline quality of the Si
substrate does not affect the kinetics {(in Co and Ni cases).
Platinum silicide is an obvious fourth member in this group,
but as we have shown® it does not follow the same character-
istics. An important conclusion from the above observations
is that the oxidation process is limited by the diffusion of
oxygen-containing species through the SiO, layer. As the
SiO, layer grows, there is necessarily an overall displace-
ment of the Si with respect to the metal. To see that, consider
for example, the top interface of the silicide. Before oxida-
tion there is no Si above that interface, but after oxidation Si
{in form of SiO,) resides on top of the silicide. The question
addressed here is: How does this displacement of one specie
against the other take place? To answer this question we
shall first assume that a transport process that is effective for
a given species will be so across the whole silicide layer. This
assumption is consistent with the fact that the silicide re-
mains stoichiometric during oxidation.

To start we shall assume that only the Si or only the
metal diffuse via one process. The possible cases are:

(a) Dissociation of the silicide at the silicide/SiO, inter-
face. As the oxygen arrives there it reacts with the Si and
frees metal atoms. This excess metal finds its way to the
silicon substrate, where it reacts again with Si, thus preserv-
ing the silicide. Here we distinguish the two limiting cases:

(i) Metal diffuses through the silicide layer to the silicon

substrate by a folding mechanism (i.e., interstitially,
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through grain boundaries (GB) or any other equiva-
lent process).

(ii) Metal diffuses through the silicide layer toward the

silicon substrate by a lattice diffusion mechanism
(i.e., substitutionally, or any other equivalent pro-
cess).

This particular subdivision of diffusion processes is sug-
gested by the experimental techniques. It has been previous-
ly used by other authors and is discussed in detail in Appen-
dix A.

(b) No dissociation of the silicide layer. The silicon in
the SiO, is supplied from the Si substrate to the silicide/
oxide interface by either:

(i) A folding mechanism (e.g., direct interstitial or grain

boundary diffusion of Si through the silicide layer).

(ii) A lattice diffusion mechanism (e.g., vacancy diffu-

sion of Si through the silicide layer]).

We have here four cases: the Si or the metal moves by
either a lattice diffusion or folding mechanism. Before dis-
cussing more general cases, we consider how these four cases
can be distinguished by certain marker experiments.

Backscattering spectrometry (BS) is naturally suited for
the measurement of atomic distribution profiles in surface
layers a few thousand A thick. BS can also give the amount
of material positioned with respect to one or the other side of
a given plane that is delineated by some particular atomic
species. It is assumed that these elements do not participate
in the process investigated (*‘inert markers” experiment).
This kind of marker experiment combining inert markers
and BS thus yields the net mass transported an imaginary
plane imbedded in the silicide. In terms of the limiting cases
considered above, this experiment thus distinguishes only
between the two cases of metal transport versus Si transport,
that is, between dissociation or no dissociation [see Fig. 1(a)}.
In Fig. 1, we schematically describe the effects of progressive
oxidation on our samples, i.e. after a thin oxide growth (short
oxidation) and after a (exaggerated) long oxidation process.

The details of the transport mechanisms (*“folding” ver-
sus “lattice diffusion” mechanisms) are not resolved by an
inert marker experiment. To get the full picture, one has to
resort to additional analytical techniques. One such tech-
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FIG. 1. Comparison between the behavior of
three different diffusion markers in the sili-
cide: (a) inert, (b) radioactive metal, (c) radio-
active Si, for four cases of mass transport
across the silicide induced by the formation of
SiO,, under the assumption that only one spe-
cie diffuses via one mechanism. The mechan-
isms of lattice diffusion and folding are de-
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nique uses a radioactive tracer. In this case, one of the species
(metal or Si) has a spacially distinct layer in which a radioac-
tive isotope of that specie is present. The location of this
isotope can be monitored. The evolution of that radioactive
tracer layer during oxidation reflects the transport process.
In Figs. 1{b) and 1(c), we depict idealized radioactivity depth
profiles of a tracer layer imbedded initially in the silicide.
These profiles are for idealized limiting cases assuming that
only one species diffuses and that only one process is respon-
sible for the transport. The above analysis holds also for sili-
cide formation. Appendix A elaborates on the origin of these
profiles. The important conclusion is that the diffusion pro-
cess of the moving species is resolved by the tracer technique.
Some treatments of radioactive tracer experiments®® have
ignored the intermixing that is inherent in lattice diffusion so
that the outcome of lattice diffusion of the marked species
was omitted.

To proceed beyond the simple cases described so far, we
now consider the general case of a simultaneous diffusion of
both Si and metal across the silicide. This may come about as
a superposition of the simple cases of (a) metal diffusion to-
ward the substrate, and (b) Si diffusion toward the SiO, de-
scribed above. This particular combination of elemental pro-
cesses is shown schematically as process B in Fig. 2. In this
process, the two species diffuse in opposite directions. There
exist three more possibilities: diffusion of the two species in
the same direction either inward or outward, and inward
diffusion of Si with outward diffusion of metal. This last
possibility should be ruled out because it is incompatible
with the growth of SiO, and the preservation of a stoichio-
metric silicide layer. The other two possibilities are shown
schematically in Fig. 2 as processes A and C.
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Figure 2 also indicates the expected shift of an inert
marker signal from its initial position E,, in the energy
space of a backscattering spectrum for the three processes A,
B, and C. Each of these three cases covers a range of inert
marker positions as the relative magnitude of the two atomic
fluxes vary. In process A, metal diffuses inwards as a result
of the silicide dissociation and some Si also diffuses inward
toward the substrate. The source of this Si is the silicide
dissociation also, and its transport is the result of a low re-
combination probability with the diffusing metal. In process
C, metal as well as Si diffuse outward toward the oxide. Al-
though this process is unlikely to occur as a result of oxida-
tion, it is included here for the sake of completeness. A
further linear combination of the processes A, B, and C is
also conceivable, but inert marker experiment will only de-
tect the net resulting effect. The outcome must fall within the
realm of one of these processes. It is this net effect that we
characterize as a result of inert marker experiment.

In contrast to an inert marker position, the profile of a
radioactive tracer cannot in general be interpreted uniquely
when more than one process is effective. As shown in Appen-
dix A, the result of tracer experiment will identify a class of
processes uniquely only if it is known that a single process is

present.

The primary question is whether or not the silicide dis-
sociates at the silicide/SiO, interface. This question can be
answered by an inert marker experiment while a tracer ex-
periment does not necessarily provide an answer. The opti-
mum procedure for a transport study of this kind is thus to
begin with an inert marker experiment and then to proceed
with a radioactive tracer of the moving species. In the case
where both elements diffuse, two radioactive experiments—
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one with each marker specie—are required.

Accordingly, we report here on first experiments with
inert markers to investigate transport in silicide during sili-
cide oxidation. The three possible conclusions are: (i) only
metal diffuses (case a), (ii) only Si diffuses (case b), (iii} pro-
cesses A, B and C (in Fig. 2) where both species diffuse.

A clear distinction between these various possibilities
demands high experimental accuracy. Whether or not the
silicide dissociates at the silicide/SiO, interface is easier to
answer and is the first step in understanding the oxidation
process. We shall therefore address the dissociation question
primarily, and only secondarily, the details of the flux com-
position.

The following list of abbreviations will be used through-
out the paper:

S¢Sy Si that diffuses from the substrate.
Sis!, . —  Si that diffuses from the silicide at the
silicide/oxide interface.

Sitl . —  Si that diffuses from the silicide at the
silicide/substrate interface.

M,,,0x — Metal that diffuses from the silicide at
the silicide/oxide interface.

M, .o —  Metal that diffuses from the silicide at
the silicide/substrate interface.

AE,, — Net change of marker position in BS

spectra. (AEy, =Ey — E,;; Ey—
marker’s BS energy after oxidation; E,,;
—initial marker’s BS energyj.

1. EXPERIMENTAL AND ANALYTICAL PROCEDURES

An inert marker for the investigation of the oxidation
process of a silicide layer should be imbedded inside the sili-
cide in the form of a well-defined layer, desirably at the cen-
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ter of the film. It is known that for Co and Ni, metal is the
dominant diffusing species in the first silicide phases formed
(Ref. 1, Table VIII). To have the marker finally situated in-
side the silicide layer, it must therefore be imbedded first in
the silicon. We incorporated the two different markers, Xe
and W, differently.

The tungsten marker was prepared by sequential e-gun
evaporation on top of the Si single-crystal substrate of W (5—
15 A-thick), S$i, and finally the metal, followed by appropri-
ate thermal annealing. The amorphous silicon thickness was
adjusted so that after silicide formation the marker was im-
bedded in the silicide. All Si substrates were n type with
{111) orientation. The deposition was conducted in an ion-
pumped e-gun evaporator at a pressure below 2 X 10~ torr.
The annealing was done in a vacuum furnace at a pressure
below 10~ torr, at 800 °C for Ni and Co (to form NiSi,,
CoSi,), or 750 °C and 850 °C for Pd {to form Pd,Si and PdSi,
respectively). At this temperature W should form WSi,
which is the actual inert marker. We did not confirm that
phase due to the sensitivity limitations of the analytical tech-
niques available to us.

The Xe marker was implanted in the Si substrate. We
chose Xe because its heavy mass assures good sensitivity and
signal separation in a BS spectrum and due to the anticipated
formation of bubbles. The doses were 25 10'* cm 2, Pre-
vious studies of Ne, Ar, and Kr implanted in Si'® show that
at such doses ideal gases form microbubbles in the Si and will
not diffuse out during the following heat treatment. The ob-
served trend is that the higher the mass is, the lower the
required dose for bubble formation becomes. We thus expect
to form Xe bubbles at this 600 keV Xe implantation. To
check the stability of Xe in Si, we oxidized the implanted Si
wafers at 900 °C for 20 min. There was no spread of the Xe
signal and the total amount was conserved. Other samples
were only cleaned in a plasma of O,. The thin oxide was then
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etched away with HF. The metal was e-gun evaporated, fol-
lowed by vacuum annealing, both under the same conditions
as for the W marker.

The oxidation was conducted in an open tube furnace in
dry O, or wet (O, bubbled through 95 °C H,O). These are the
same conditions under which we previously characterized
the kinetics of silicide oxidation.>*"!

As a check for the inert quality of our marker we com-
pared the oxidation kinetics of samples with and without
marker. This check was conducted in each case. Thermal
annealing in vacuum instead of an oxidizing ambient, for the
same time/temperature cycles as in the oxidization case, was
also conducted. This experiment tests the stability of the
marker when mass transport is absent in the silicide. If there
were a driving force to change the marker position that is
unrelated to the mass transport generated by the oxidation
process, it would show up as a marker shift after this vacuum
annealing. The kinetics studies and inert ambient annealings
confirmed the passive nature of our markers.

As an analytical tool we used BS spectra of 2 MeV *He*
at normal incidence and the detector at a 170° scattering
angle. This technique measures the total energy that a heli-
um ion loses as it penetrates to the marker, undergoes an
elastic collision, and then loses energy again on its way out to
the detector. The changes of this energy loss reflect the
amount of material removed or added in front of the marker.
Since we know that only oxygen is incorporated in the grow-
ing SiO, layer, and that the silicide remains stoichiometric,
the position of the marker signal in the energy space of a BS
spectrum can be converted uniquely to a position of the
marker in the real space of the silicide. To clarify the result of
this conversion, we describe in Fig. 2 the energy shifts of a
marker signal in a BS spectrum as a result of various trans-
port processes. In this figure we have set the energy £, of the
marker signal at its initial value E,,, before oxidation as O.
The upper line gives the shift of the marker signal in the
energy space of BS spectrum. Below it we designate regions
of markers energy shift that correlate with transport pro-
cesses described before, for a given oxide thickness. For each
of the processes considered, a ratio scale is given that indi-
cates the ratio of atomic fluxes involved.

TABLE I. Summary of the experimental results.

AE,,, is the marker position when the silicide dissoci-
ates at the silicide—oxide interface, when all the Si is oxidized
and when only metal diffuses. In this special case, silicide
dissociates at the SiO, interface and generates excess metal
that can move to the substrate, hence reducing the stopping
power in front of the marker. But the oxygen incorporated in
the SiO, increases the stopping power. The net effect of both
yields a shift of energy AE,,, .

AE,,, is the position of the marker when only Si dif-
fuses from the substrate through the silicide to the oxide
interface where it is oxidized. In this case, Si adds stopping
material in front of the marker. This contribution adds to
that of the incorporated oxygen and causes the shift of
AE,,,.

The position of a marker in general is calculated in Ap-
pendix B. Numerical values for the silicides considered in
this paper per 1000 A Si0, and a heavy marker are also
depicted in Appendix B.

Hl. RESULTS

Table I describes the set of experiments conducted and
gives the main results. Details are discussed below in the
order of the listing in that table.

A. PdSi

The as-evaporated sample consisted of the following
layers (on a (111) Si substrate): 15 A W, 680 A Si, 1200
A Pd. After vacuum annealing at 400 °C for 30 min about
2000 A Pd,Si was formed. The W signal was spread, but
centered at the Pd,Si/Si interface. This is expected if during
Pd,Si formation Si is the dominant diffusing specie.'> Our
sample preparation procedure confirmed that. Final anneal-
ing for 30 min at 800 °C in vacuum transformed the Pd,Si to
PdSi. The marker position in the as-prepared sample is de-
scribed in Fig. 3. The marker is situated well within the sili-
cide. From this marker position, we conclude that there was
no interface drag of the marker in the Si/silicide interface,
and that during PdSi formation Pd is a moving specie. To
verify the marker stability, we checked the marker position
after an additional 12 min at 850 °C in vacuum. No marker

Characteristics of silicide

Inert marker experiment

studied
Existence® Oxidation”
temperature temperature Marker Temperature
Silicide range °C range °C Type of oxidation °C Result
PdSi ~800~853°C 820-850°C w 850 °C Wet Dissociation
Pd,Si up to ~800°C ~750°C W 750 °C Wet No dissociation (?)
CoSi, upto ~1150°C 700-1100 °C w 800 °C Wet Dissociation
Xe 850 °C Wet Dissociation
. 850 °C Wet
NiSi, up to ~963 °C 700-940 °C X issociati
p e 900°C Dry Dissociation
Thick W 900 °C Dry Dissociation

* The existence temperature range was extracted from Ref. 1.
® and the oxidation temperature range from Refs. 2, 3, and 11.

5407 J. Appl. Phys., Vol. 54, No. 9, September 1983

M. Bartur and M. Nicolet 5407

Downloaded 22 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



1 i IIW |
AS &
PREPARED <Si> NIPdS!

i

-2200R

D
1

Y
25 MIN WET 170
OXIDATION AT 850°C

W

W

Si0, 21504

OXIDIZED <Si>{PdS!

FIG. 3. 2 MeV “He™ BS spectrum of a
PdSi layer with a W marker imbedded in
the silicide (probably in WSi, form), before
oxidation (solid line) and after 25 min,
850 °C wet oxidation (dots). Pd, Si, and O

T

BACKSCAT TERING YIELD (10% COUNTS)
Ny

energy shifts give the SiO, thickness. TDhe
relative marker shift AE,, is 10 keV/kA.

O

I 1.
04 06 08 10 2 14
BS ENERGY (MeV)

shift was observed. Figure 3 gives the BS spectrum of the as-
prepared PdSi sample compared to a spectrum taken after 25
min of wet O, oxidation. This figure also serves as an exam-
ple of the way we analyzed the BS spectra. From the shift of
the metal signal (in this case, AE}p,) and the widths AE of the
Si and O signals, we find the SiO, thickness with an accuracy
of about + 50 A. The shift AE,, of the marker in keV (22
keV in our case) is then divided by the oxide thickness (2150
A) to give the relative marker energy shift of 10 keV/kA.
From Appendix B, we find that this value corresponds ex-
actly to AE,,, which is dissociation process with metal diffu-
sion to the Si substrate. We conclude that silicide dissociates
at the SiO,/silicide interface. However, caution should be
exercised since in this example we have an extreme case
where finally the marker resides at the silicide/oxide inter-
face. An alternative scenario is that the marker actually
shifted rapidly until it reached the SiO,/silicide interface.
This motion corresponds to process A in Fig. 2, which again
implies dissociation so that the conclusion is the same.

B. Pd,Si

Sample preparation for this experiment is exactly as de-
scribed for the PdSi case, but without the final annealing step
of 30 min at 800 °C. The W marker was centered at the Si/
silicide interface. The oxidation was done at 750 °C with wet
oxygen atmosphere. This low temperature was chosen to en-
sure that during oxidation there will be no phase transition in
thessilicide. As reported,® oxidation of Pd,Si at 750 °C results
in formation of SiO, on top, but also some Pd, O is formed on
the surface, depending on the history of the sample. Due to
this complicating fact, we do not present BS spectra, but
summarize the results in Fig. 4. The marker position is obvi-
ously shifting down in energy. We get about — 56 keV/kA.
Using the scale of Appendix B, we find that the marker shift
matches 4E,,,. Stated differently, the result is that the W
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marker stays at the Si/Pd,Si interface. This can be the effect
of an interface drag that controls the marker position and
not the true atomic transport. We can refer to the PdSi ex-
periment where the marker was shifted from that interface
so we do not expect the drag to control the marker position.
Hence, we tentatively conclude that Si is the moving specie
during the silicide oxidation and there is no dissociation.

C. CoSi,
1. Thin Tungsten Marker

The sample as evaporated consisted of the following
layers (ona (111) Sisubstrate): ~6 A W, 1100 A Si, and 550
A Co. Vacuum annealing cycles of 30 min at 400 °C and 30
min at 800 °C concluded the sample preparation. The mark-
er thus formed was imbedded 1300 A-deep in the silicide.
(See schematic description in Fig. 5). We performed a series
of oxidations for 5, 20, 45, 80 and 125 min at 800 °C in wet
O,. The resultant oxide thicknesses were 490, 1080, 1570,

>
2
S 17501 .
(@)
& ook
1
&8 1650} + .
’.w \ﬁ‘
&5 1600 - .
X
4
<L 5501 SLOPE -AE,, - x 4
]

| !
2000 3000
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FIG. 4. Tungsten marker energy in BS spectrum of Pd,Si sample as a func-
tion of the oxide grown on top. Oxidation was done at 750 °C wet. The heavy
lineslopeis — 56 keV/kA, which corresponds (see Appendix B) to dissocia-
tion with metal diffusion toward the substrate, if there is no interfacial drag.
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2200 and 2770 A, respectively. The parabolic rate constant
thus obtained fits exactly the CoSi, oxidation kinetics re-
ported previously in Ref. 2, Fig. 1. The marker positionin BS
energy space almost did not change during the oxidation.
For example, we depict in Fig. 5, the BS spectrum after 80
min oxidation, which is exactly when the marker reaches the
SiO, interface. Only about — 10 keV marker shift is ob-
served. The argument previously raised in the PdSi case does
not apply here because we have checked the marker position
intermittently and saw no significant shift all the way. Using
the scale in Appendix B, we find that the marker shift corre-
sponds to process A which is dissociation at the silicide/SiO,
interface followed by diffusion of both metal and Si toward
the substrate. The essential result of this experiment is that it
indicates dissociation. The energy resolution for the marker
position is not high enough to quote a fixed ratio of Co;,,,, to
Sig; o, in the fluxes toward the (Si) substrate. AE,, = —
keV/kKA corresponds to about Cog oy /Sl 0x =~2. The aver-
age marker shift of all samples in the sequence combined is
about — 8 keV/kA. To check our result, we repeated the
experiment with samples that had 3400 A thick CoSi, layer
where the marker was imbedded 2750 A deep inside the sili-
cide. We got exactly the same oxide thickness with the mark-
er moving slightly more down, about — 15 keV/KA.

The result we extracted from these data is a definite
dissociation of the silicide at the SiO, interface with Co indif-
fusion and possibly some Si movement in the same direction.

2. Implanted Xenon Marker

The substrate of this sample was implanted with
3.8 10" Xe atoms/cm? of 600 keV, as explained before.
About 450 A Co was evaporated and then vacuum-annealed
for 30 min at 400 °C and 30 min at 800 °C. The sample thus
formed had a silicide thickness of about 1700 A, and the Xe
marker was imbedded partially in the silicide and partially in
the Si substrate. Further annealing at 850 °C in an Ar envi-
ronment did not change the Xe distribution. Figure 6(a) is
the BS spectrum of our sample before oxidation. The Xe
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signal was magnified, and is rendered in Fig. 6(b). We show
the data points and the curve we have fitted to this data. The
following figures contain only the fitted curve. (The statisti-
cal uncertainty is typically the same for all cases.) In Fig. 6(c),
the BS signal of Xe after 850 °C wet oxidation is given for
various oxide thicknesses. (Again, the kinetics fit exactly to
that of Ref. 2). On each curve we have marked the position of
the CoSi,/SiO, interface. After 1700 A oxide was grown, the
Xe signal is fully imbedded in the silicide. It is difficult to
assign a marker position accurately to this distribution, but
we arbitrarily have chosen the maximum height. This gives a
marker shift of — 15 keV/kA. After 2750 A oxide growth,
the Xe is distributed almost equally in the silicide and the
oxide. We chose the lower peak which gives a lower limit of
Xe position in the silicide. This solution would yield about
— 12 keV/kA marker shift. We included a third curve after
4200 A SiO, was grown on the CoSi,. There is almost no
marker shift, but nearly all the marker is imbedded in the
Si0,.
The Xe marker has much less resolving power than the
W marker. We nevertheless have two conclusions: First, us-
ing the scale in Appendix B, it is clear that silicide dissocia-
tion and metal diffusion occurs. We cannot state if any ex-
cess Si generated during the dissociation is diffusing back to
the substrate. The second observation is that during SiO,
growth oxygen is the moving species through the SiO, layer.
This is a well established result'® and this agreement with
our result serves as a further confirmation and validation to
this marker experiment. The marker moves through two in-
terfaces (Si/CoSi, and CoSi,/Si0,) with practically no
change so we conclude that there is no interface interaction
or driving force that shift our Xe spectra.

D. NiSi,

1. Implanted Xenon Marker

Our first set of samples for this experiment were done
together with the CoSi, sample we already discussed, on the
same substrate, with about 500 A of evaporated Ni. The
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results after wet oxidation (as was already reported,'’ the
kinetics for CoSi, and NiSi, oxidation are practically the
same) were similar to the CoSi, and led to the same conclu-
sions. To confirm these results, we repeated the experiment
on a freshly implanted sample (5 X 10" Xe atoms/cm?) and
the oxidation was conducted at 900 °C in dry O,. The initial
silicide layer was about 2000 A-thick. The Xe marker was
predominantly in the Si substrate as described in Fig. 7. Ini-
tially, the marker shift does not correspond to our model
assumptions. But after some oxidation, the marker resides
inside the silicide and can be used for our model.

Figure 7 describes the Xe profiles after successive oxi-
dation. Again, the oxidation rate was the same as reported
for samples without marker. The interface between NiSi,/
Si0O, is marked on each of these curves. Except for the initial
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shift, due to the fact that the Xe was not fully in the silicide
initially, all the sample profiles are practically the same. Us-
ing the scale of Appendix B, we conclude that dissociation
occurs when metal diffuses into the substrate, and that possi-
bly some Si diffuses from the sil/ox interface to the Si sub-
strate.

2. “Thick” Tungsten Marker

The sample preparation here was the same as for the
CoSi,-W marker experiment, except that the initial W layer
thickness was about 15 A rather than ~6 A. Following the
W evaporation, we deposited about 1800 A Si and 750 A Ni
sequentially. The relatively thick W acts as a local barrier
between the Si substrate and the growing silicide. Evidently,
the W layer is nonuniform, so that the silicide grows in co-
Iumns located at weak spots of the W layer. A similar meth-
od of applying W island structure as a diffusion marker has
previously been reported.’* In Fig. 8, we schematically de-
scribe our sample preparation and its resulting morphology.
Again, we expect the W to be bonded to Si in the WSi, form.
The BS spectrum of the as-prepared sample is depicted in the
figure as a solid line. The area blocked by the W layer is
almost 30% of the interface.

This sample construction enables us to get more infor-
mation from the BS spectra than is usually achieved with a
marker experiment. Since the marker leaves a clear trace in
the Ni signal, we can also find the amount of Ni above the
marker. From signal heights we confirm that the compound
above the marker is NiSi,. The amount of Ni above the W
becomes an additional independently measured quantity.
Since the silicide stays stoichiometric and the SiO, thickness
can be obtained independently, we can separately determine
the total amount of Ni and Si that resides above the marker.
The dotted spectrum in Fig. 8 serves as an example. From
the shift of the Ni signal and the difference of the Si and O
width (in the SiO, signal), we obtained the SiO, thickness
that is, the amount of Si in the oxide. From the W marker
step in the Ni signal, we find the total amount of the Ni above
the marker. Since we know that the compound is NiSi,, the
total Si amount above the marker is twice that of the Ni plus
the silicon contained in the oxide. In Fig. 9, we show the
result of this analysis as deduced from the spectra. All sam-
ples were oxidized at 900 °C, those marked S were done in
wet O, and the rest in dry O,. (Again, the kinetics fit the
“nonmarker” case.) It is clear that both Ni and Si are lost
above the marker, so that process A of Fig. 2 applies. Here
we can be quantitative and check the slopes to get the flux
ratio M, .. /Siq,.. Of the two diffusing species. The ratio
can be determined independently from the Si and Ni slopes
and is consistently found to be about 2, which is in good
agreement with the Xe marker results.

IV. DISCUSSION

The results as summarized in Table I clearly indicate
dissociation in the PdSi, CoSi,, and NiSi,. The general trend
we find is that some Si also diffuses from the sil/ox interface
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down to the substrate. The simple explanation we suggest is
as follows: The oxidation process is controlled by the oxygen
arrival at the sil/ox interface. All other processes apparently
are much faster and do not influence the kinetics. Oxygen
arrival at the interface breaks up the silicide bonds and gen-
erates an excess of metal and Si. This is a local phenomenon
and the probability of silicide reconstruction with the excess
Si and metal is low. Hence, both species diffuse toward the
substrate. In previous studies,® it was found that during

NiSi, formation Ni diffuses substitutionally in the silicide.
The substitutional nature of the Ni may contribute to the low
reconstruction probability inside the silicide lattice.

As already stated in the introduction, inert markers
should be the first, but not the only experimental technique
used to resolve the mass transport problem. The next step is
to apply the appropriate radioactive tracer to characterize
the diffusion mechanism. From our results, it is clear that for
this silicide oxidation, where the metal moves predominant-
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ox sil/o;

ly, one needs radioactive metal marker experiments. Such an
experiment is not reported in the literature. But the oxida-
tion of CoSi, was studied with a Si tracer experiment.'* The
conclusion was that “silicon diffuses through the silicide by a
substitutional (vacancy) mechanism”. In the terminology
used in our introduction, this conclusion states that Si‘"
mixes with the Si®" via lattice diffusion. But the present
results show the dominant process is Co transport to the (Si)
substrate. The silicon lattice diffusion hence must be a secon-
dary process. The conclusion as stated'* implies no dissocia-
tion and is incorrect.

In the Pd,Si case, we find that Si is supplied from the
substrate and here a radioactive Si tracer experiment would
be meaningful and conclusive to identify the mode of Si
transport. We cannot exclude dissociation at the oxide inter-
face, however. For example, it could be that the diffusion
rate of Si from the substrate in the silicide is much higher
than that of the metal while dissociation does occur, so that
most of the silicide reconstruction occurs near the oxide in-
terface. (This is basically a variation of process B in Fig. 2
where the metal only moves a short distance into the sili-
cide.)

The question arises what the connection is between the
transport across the silicide observed here during oxidation
and the transport during silicide formation by reaction of a
metal film on Si. We compare the known results from both
oxidation and silicide formation in Table I1. The table sug-
gests a rule: during oxidation the dominant moving species is
the same as in the silicide formation. This result is physically
plausible. In silicide formation or oxidation, we deal with the
same bulk, hence same relative magnitude of diffusivities.
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TABLE 1I. Dominant diffusion species during silicide formation and oxida-
tion.

Dominant diffusion specie  Dominant diffusion specie

Silicide  during silicide formation during oxidation
PdSi Si and Pd* Pd
Pd,Si Si™; Si and Pd” (Si)
CoSi, unknown Co
NiSi, Ni? Ni
TiSi, Si¥! Si¢!

*'We conclude that, from the position of the marker in our sample described
in Fig. 4.

" Ref. 12.

“Ref. 1.

J'Ref. 15.

“'Ref. 16.

Apparently, the boundary conditions generated by the
chemical reaction at the interfaces are also similar, which
results in similar atomic fluxes in both cases. Oxidation stu-
dies are more controllable at high temperature than the for-
mation of silicides. Hence we may infer the moving species in
the formation of a silicide from oxidation studies. We thus
predict, for example, that Co is the moving species in CoSi,
formation.
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APPENDIX A

We discuss diffusion processes through an assumed
uniform layer. Such is the case in silicide formation and in
our case of silicide oxidation. We are interested in the atomic
traffic from one boundary plane of the silicide to the other.

In this Appendix we follow ideas previously proposed
for analysis of radioactive tracer studies. All the schematic
presentations used by the different authors working in this
field to interpret the results of radioactive tracer experiments
ignore the thermal random motion of a diffusion process [for
example, Refs. (6-8, 13, 16)]. As different authors have used
different terminologies, we first define a terminology that
generalized the previously used notations.

We subdivide atomic diffusion processes in crystals into
two groups. All diffusion processes which involved ex-
change with lattice atoms are lumped together in a process
we call “Lattice Diffusion”. For the silicides considered here,
this type of mechanism amounts to exchanging an incoming
diffusing species at one boundary with an outgoing atom of
the same species at the other boundary. The second group
contains all diffusion processes which change the atomic se-
quence in the sample (e.g., GB diffusion), which we call
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TABLE II1. Classification of basic diffusion processes.

Diffusion Process® Basic mechanism

Defect 1) Direct Exchange Lattice diffusion
independent 2) Ring Mechanism Lattice diffusion
1) Direct Interstitial Folding
2) Interstitial Lattice diffusion
Interstitial 3) Crowdion Lattice diffusion
4) Dissociation Lattice diffusion
1) Vacancy
Distribution Lattice diffusion
Vacancy 2) Relaxation Lattice diffusion

Dislocation
1) Pipe Diffusion
2) GB Diffusion

Folding
Folding

* For more details of a specific diffusion process, see for example, Ref. 17.

“Folding Mechanism”. In a silicide oxidation, this kind of
process will generate an inverted sequence in the atomic lay-
ers of the diffusing species. The best example is the radioac-
tive marked metal that diffuses through GB. See the top
schematic in Fig. 1(b).

To clarify the definition, we have categorized in Table
I11 all diffusion processes in crystals,'” according to the con-
cepts of lattice diffusion and folding mechanisms.

To include the effect of thermal random motion we
must identify which atoms in the layer through which we
investigate the traffic are candidates for participation in the
random walk process. To have a net transport through a
layer, when the total amount of atoms transported is of the
same order of magnitude as the total number of atoms in the
layer, the diffusion coefficient of the moving species D multi-
plied by the process duration ¢ must be at least of the same
order of magnitude as the square of the layer thickness L
(Dt ~ L ?). In such a case, no matter what the process is, all the
atoms involved in the traffic mechanism are mixed with the
incoming flux so that the out-flux consists of atoms from
both sources.

For the case of folding mechanism, it is conceivable that
the simplified description ignoring thermal random motion
holds, because the total number of atoms that participate in
the traffic through the layer is small compared to the total
number of atoms in the layer. For example, in grain bound-
ary diffusion we consider only atoms that decorate the grain
boundaries, and in direct interstitials only the interstitial
concentration. In both cases, the exchange with atoms at
lattice sites can be ignored (otherwise an additional diffusion
mechanism should be invoked). Since most of the radioactive
tracer atoms are assumed to be initially located on lattice
sites and do not participate in the transport process, the posi-
tion of the tracer can indeed convey information on the rear-
rangement of the atoms in the sample. Even when an addi-
tional diffusion process—not the dominant one—is
included, the geometrical boundary of the radioactive pro-
file can still be identified and serve for analysis. We can thus
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refine the concept of a folding mechanism as a process in
which a substantial fraction of atoms in the layer is excluded
from the atomic traffic.

For the case of lattice diffusion, all the atoms in the
layer are candidates for exchange so the mixing of the radio-
active element in the layer is anticipated. When lattice diffu-
sion is dominant and the transported number of atoms is
commensurate with the atoms in the layer, the mixing will be
very thorough, so that the radioactivity profile in the layer
will be uniform throughout the layer. For example, in Fig.
1{b), we schematically describe the effect of lattice diffusion.
The oxide formation at the silicide/oxide interface samples
the instantaneous radioactive level in the layer. Since fresh Si
is consumed from the substrate and is mixed in the layer, the
level within the layer declines. The oxide profile contains the
information about the radioactivity level in the silicide layer
at each oxide thickness.

In some cases, the presence of a lattice diffusion mecha-
nism can be identified experimentally by profiling in SiO,
layer, but this tracer profile does not assure that the Si lattice
diffusion is the dominant diffusion process. It might only be
a secondary process. (See our discussion on the CoSi, oxida-
tion.) Only when the moving specie is known can the data
from the radioactive tracer be interpreted correctly (see, for
example, Ref. 8). In cases where two species diffuse, two
tracer experiments with radioactive metal and Si should be
conducted following an inert marker experiment. Under the
assumption that only one process dominates per specie, it is
then possible to classify the diffusion process into folding
mechanism or lattice diffusion for each species separately.

APPENDIX B

The detailed calculation of the energy scale for possible
marker shifts was done as follows. We generally designated
the silicide as M, Si. For CoSi, and NiSi,, x = 0.5; for PdSi,
x = 1; and for Pd,Si, x = 2. We used the notation of Ref. 16.
All the calculations were done for the W marker.

The energy shift with respect to the initial marker ener-
gy is calculated using the surface energy approximation for
the combined SiO, and silicide layers which are on top of the
marker. This assumption leads to the linear equation

AE = N%9xd, XA [€,], (1)

where d_ , oxide thickness, is taken as 1000 A for normaliza-
tion A [¢,] is evaluated for each of the following cases, and is
fixed for a given beam energy. Therefore, AE for different
oxide thicknesses scales linearly with d,, . For the molecular
density N 59 of Si0,, we used 2.28 X 10> cm~?, and the
vapor value for the oxygen stopping power'® which might
give small (less than 8§%) systematic error.
(1) Silicide is dissociated at the SiO, interface; the disso-
ciated metal M, diffuses to the substrate (a single
moving species).

M, Si + O;—xM,,, + SiO,. (2)
The added stopping power per O, is
4[] =2[6]% —x[€&)u. (3)

The numerical evaluation gives AE|.
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(2) Silicon from the substrate Si‘*” diffuses to the SiO,
interface (a single moving species)

Si% 4+ M Si+ O0,—M_ Si+ SiO,. (4)
The added stopping power per O, is
4 [&] =2[e]w + [€]%- (5)

The numerical evaluation gives 4E,.

(3) Dissociation of the silicide at the silicide/SiO, inter-
face. Both metal M, and silicon Si}, ., from the
interface move to the substrate (process A in Fig. 2).
We calculate the marker shift for three ratios of

Mﬂil/ax /Sisil (NOTE X< Msil/ox /SIZ::/ox <. The

sil/ox *
case M, .. /Sili . = oo is considered already in no.
(1) above).
Mo /Sitiox =1 r=13;2; 1;0.5%,
(*r = 0.5 applies only to M,Si; r = 1 applies to M,Si
and M Si only).
r .
( )MX Si+ O,
r—x
A E My + Sitn) + SO, 0
F—x

The added stopping power per O, is

{r[e()]% + [60]%:/}
(7)
(4) Dissociation of the silicide at the silicide/SiO, inter-
face; the dissociated metal M, . diffuses to sub-
strate, and Si from substrate, Si‘*?, diffuses to SiO,.
(Process B in Fig. 2.) We considered only the ratio
M ,../Si = 1. (The case M, /Si® = » was
calculated in no. (1) above, and the case M, /Si‘*

= 0 was calculated in point no. (2) above.)

X

4 (€] =2[&]% —
ryr—Xx

5414 J. Appl. Phys., Vol. 54, No. 9, September 1983

( X )Si‘s‘) + (—I—)MxSi + 0,
14 x 1+x

x (8)
(—)Msil/ox + SIOZ
1+x

The added stopping power per O, is
4 ley) =269 +——{le]% — eI}
1+ x

(%)

(5) Dissociation of the silicide at the {(Si)/silicide inter-
face; the dissociation products as well as substrate
diffuse to the silicide/SiO, interface where the sili-

cide reconstructs again in front of the marker. (Pro-

cess C in Fig. 2.) We considered the flux ratio
M0 /(SI® + SiS) o) = 0.25.

(NOTE: 0<Msil/sub/(Si(Si> + Sig:/sub) <x)

+(Si ssi X
(x—-xﬁ)sl(s» + sl:i:/sub) + (4x — I)MS“/S“b

+ OZH(Z—I—I)MX Si + Si0,.

(10)

The added stopping power is

A ley] = 2[6,]3 +( X

4x — 1

Jatenss + @t}
(11

In Fig. 10, we give the calculated values for each of the
silicides we investigated, using the W marker. Since the ac-
curacy of our measurement and analysis is not better than
10%, we used this value for the Xe marker as well. (This
contributes 3% error in the worst case.) Any heavy marker
should result in almost the same marker shift. All the values
are given for a 2 MeV analyzing ‘He* beam and a 170° scat-
tering angle.

The above model applies for marker shift as long as the
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final marker position is inside the silicide. When the reaction
progresses further such that the marker reaches an interface,
the fate of the marker is determined by the energetics and
kinetics of the marker at that interface. It is nontheless possi-
ble to conclude if dissociation at the silicide/SiO, interface
occurs or not, because dissociation is necessary for the mark-
er to reach the SiO, interface.
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