Formation kinetics of CrSi, films on Si substrates with
and without interposed Pd,Si layer*
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We have measured the kinetic rate of formation of CrSi, using 2.0-MeV *He™ backscattering spectrometry.
CrSi, was formed on single-crystal (100> and (111)-oriented Si and on Pd,Si grown on (100> Si.

For both Si-Cr and Si-Pd,Si-Cr samples the rate of growth of CrSi, is linear in time with an activation
energy of 1.7+0.1 eV and a value of 0.7 A/sec at 450°C. For all annealing temperatures, the growth
becomes nonlinear at long annealing times. The nonlinearity is attributed to a contaminant, probably
oxygen. On Pd,Si, CrSi, starts to form at about 400°C, while on Si, CrSi, formation is observed at 450°C
and above. The difference in formation temperatures is due to contamination at the Si-Cr interface, quite
probably a thin oxide layer. The growth rate of CrSi, in the Si-Pd,Si-Cr samples is independent of the

thickness of Pd,Si.

PACS numbers: 68.50.+j, 64.70.Kb, 82.20.M;

I. INTRODUCTION

Deposited layers of Cr and Pd are used for metal-
lization in silicon devices and integrated circuits., The
metals are evaporated on Si substrates and heat treated
to form a silicide which, in turn, gives the desired
property either as an Ohmic contact or as a Schottky
barrier. The silicides are formed by the reaction of Pd
or Cr with silicon at about 200 °C for Pd and 450°C for
Cr and are known to be Pd, Si =% and CrSi,,’ respec-
tively. The Pd-Si system has been well studied, =% but
the interaction of Cr with Si is less well known. The
investigation of the formation of CrSi, on Pd,Si was
initiated by Sigurd and Van der Weg at California
Institute of Technology.® It is the objective of this in-
vestigation to study in detail the kinetics of CrSi, for-
mation. In particular, we consider the formation of
CrSi, on a Si single-crystal substrate with or without
the presence of an interposed layer of Pd,Si. The two
cases are discussed separately below. The study also
underlines the influence which impurities—probably
oxygen—can have when distributed within the film or at
an interface.
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FIG. 1. ‘He* backscattering spectrum of 2000-A Cr film evap-
orated on Si 100), before (solid dots) and after (open circles)
annealing at 450°C for 50 min.
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Il. EXPERIMENTAL PROCEDURES

Substrates of single-crystal (100)- and (111)-oriented
Si wafers were cleaned ultrasonically with TCE, ace-
tone, and methanol, rinsed in doubly-distilled H,O,
then etched in concentrated HF acid, and rinsed again
in doubly-distilled H,O just before loading in the vac-
uum evaporator. Some of the samples were boiled in
HNO,, etched in HF, and rinsed in H,O before evapora-
tion. Cr films of about 800—2000 A were evaporated on
single-crystal Si, and Pd films ranging from 300 to
3000 A were deposited on single-crystal Si before Cr
was evaporated on top. Whenever both Pd and Cr films
were deposited on a Si wafer, both evaporations were
made sequentially without breaking vacuum. All de-
positions were made with an electron gun in an oil-free
deposition system. A vacuum of better than 2x10-°
Torr was maintained during evaporation,

Heat treatments were performed in a vacuum-anneal-
ing furnace. The vacuum was maintained at a pres-
sure between 5X10-7 and 9 X107 Torr with an oil dif-
fusion pump baffled with a LN, trap. Most of the Si-Cr
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FIG. 2. Thickness W of CrSi, formed in the reaction between
Cr and Si (100) single crystal as a function of time. The non-
linear regime is due to contamination, with oxygen as a prime
suspect.

Copyright © 1976 American Institute of Physics 5182

Downloaded 21 Dec 2005 to 131.215.225.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



T(C)
3 525 500475 450 425 400 375
0 \I B T T T T
> L *Si<I00>/ Pd/Cr ]
S - 0Si <I00>/Cr |
I AN -
y . E=17:01 eV
= 1(?—-— -
& -
w - . -
S —
L - —
O
%) I~ . n
92}
L
Z 10— —
Q - -
T - . 7
— | —
L _

| | | | l- |
120 125 130 135 140 145 150 155
10/T(°K )

FIG. 3. Arrhenius plot for CrSi, formation in the reaction of
Cr with Si {L00) single crystal (open dots) and on Pd,Si grown
on Si {100) single crystal (solid dots).

and Si-Pd-Cr samples were heat treated together so
that the resultant silicide thicknesses could be com-
pared for identical process temperatures and times.
Annealing temperatures ranged from 400 to 525 °C and
lasted from about 10 to 150 min,

The product of the reaction of the Cr and Pd films
with the substrates and the rate of growth of the CrSi,
were measured with 2-MeV “He* backscattering spec-
trometry. Observations with a scanning electron micro-
scope (SEM) indicated that the samples investigated
were laterally uniform. Read camera glancing-angle
x~ray diffraction techniques were used to identify the
silicide phases.

1. RESULTS AND DISCUSSION

A. Behavior of Cr films on single-crystal Si; linear and
nonlinear growth of CrSi,

Figure 1 shows 2-MeV *He* backscattering spectra
for samples with 2000 A Cr evaporated on (100)-orient~
ed Si substrates, annealed at 450 °C for 50 min, and un-
annealed. The average atomic ratio of Si to Cr in the
compound layer was determined to be 2 to 1 within
+10%, using the appropriate energy loss factors and
differential scattering cross sections.’’® Read camera®
x-ray analysis confirms that the compound layer is in-
deed CrSi,. That the silicide, CrSi,, forms under these
conditions was also reported by Bower and Mayer.!
The compound phase develops at 450°C and is known to
be stable beyond 1000 °C. Measurements similar to
those shown in Fig. 1 were made for different times
and temperatures and the thickness of CrSi, versus the
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annealing time was plotted as shown In Fig. 2. The
linearity of the growth of CrSi, with time indicates that
the process is limited by the silicide reaction. This
observation is also consistent with that reported by
Bower and Mayer.! It is worth noting also that MoSi,
and VSi, exhibit the same linear type of growth.'s!0:!
Samples of thin Cr films evaporated on (100)- and {(111)-
oriented single-crystal Si were annealed side by side

in a vacuum furnace at 500 °C for times up to 60 min.
At this temperature and times, we observed no sub-
strate orientation effect on the growth of CrSi,. This
nondependence of Cr8i, growth on the orientation of the
substrate has been reported for Pd,Si* and VSi,, " while
the growth of Ni,Si has been shown to be strongly de-
pendent on the state of the substrates,'?

From the linear regime of Fig, 2, the Arrhenius plot
shown in Fig. 3 was derived (open circles). The plot
reveals a thermally activated process with an activa-
tion energy E,=1.7+0.1 eV. This value coincides with
that of 1.7+ 0.2 eV quoted for the growth of VSi,.!°

Bower and Mayer' report on samples annealed at
450 °C for times up to only about 25 min and find growth
which is linear in time. We have observed that for
longer anneals (e.g., 80 min at 450°C) at all tempera-
tures investigated, a nonlinear growth regime exists as
shown (Fig. 2). This nonlinear behavior is attributed
to contaminations introduced during annealing, and most
probably oxygen or water vapor. That choice is sug-
gested by the very similar observations made by
Krautle et al.'° for VSi,, and where oxygen was shown
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FIG. 4. *He* backscattering spectrum of 2000 A Cr on Si 100)
single crystal, annealed at 450°C for 60 min and then vacuum
deposited about 1000 A Cr on top (open circles). The solid line
is the unannealed sample. About 12—15% oxygen contamination
has resulted in the decrease in the yield of the unreacted Cr
layer. The dip between the unreacted and the evaporated layers
is likely due to a thin oxide layer on the vacuum-annealed sam-
ple. Samples were tilted 45° with respect to beam.
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FIG. 5. ‘He* backscattering spectrum of Pd (1400 &) and Cr
(1200 A) evaporated in that order on Si (100) single crystal
before (top) and after (bottom) annealing at 280°C for 60 min.
The reaction between Pd and Si results in the formation of
Pd,Si, while there is no apparent interaction between Pd and
Cr.

to cause nonlinear growth. In the presence of a sub-
strate such as Si, backscattering spectrometry is in-
sensitive to oxygen. An amount of oxygen sufficient
enough to retard the reaction could easily escape
detection.

To investigate the presence of light impurities in the
Cr film, an experiment was performed in which about
1000 A of Cr was reevaporated on a partly reacted film
in which the top layer of about 500 A Cr was still un-
reacted. The Cr signal obtained by backscattering spec-
trometry from this sample was then compared with the
Cr signal of an unannealed Si-Cr sample (solid line in
Fig. 4). The unreacted part of the Cr film generates a
signal of smaller height than that of the unannealed sam-
ple, while the signal height of the freshly evaporated
Cr layer agrees quite well with that of the unannealed
sample. The decrease in yield of the unreacted part of
Cr confirms that the Cr film is indeed contaminated.
About 12—15% oxygen distributed uniformly in the un-
reacted portion of the Cr film is required to account for
the reduction in the yield. The dip between the unreact-

5184 J. Appl. Phys., Vol. 47, No. 12, December 1976

ed and the unannealed spectra is probably due to a layer
of Cr oxide formed on the surface of the unreacted Cr.

B. Behavior of Cr films on Pd films on single-crystal Si

Pd films of thicknesses between 300 and 3000 A were
vacuum deposited on {100) -oriented Si and Cr films
of thicknesses between 800 and 2000 A were in turn
evaporated on the Pd film without breaking vacuum.
Typical backscattering spectra of such a sample with
about 1400 A Pd and 1200 A Cr before and after anneal-
ing at 280°C for 60 min are shown in Fig. 5. Palladium
silicide (Pd,Si) is known to form at about 200—300 °C.2
Annealing the Si-Pd-Cr sample at 280°C for 60 min
has, therefore, resulted in the formation of Pd,Si
(shaded region in Fig. 5) without any noticeable inter-
action of Pd with Cr. Samples annealed subsequently
at about 400 °C develop a compound layer, at the Pd,Si-
Cr interface, identified by Read camera glancing-angle
x-ray diffraction to be CrSi,. The same results are ob-
tained for samples heat treated directly at 400°C. This
silicide layer increases in thickness with increase in
temperature at constant time, or with increasing time
for a given temperature. Figure 6 shows a backscatter-
ing spectrum of a sample identical to that of Fig. 5,
but annealed at 450 °C for 20 min. A compound layer has
developed at the Pd,Si-Cr interface, as indicated by a
step on the high-energy edge of the Si signal and a cor-
responding plateau at the low-energy side of the Cr
signal. Comparing Figs. 5 and 6, we observe that the
thickness of the Pd,Si layer remains unchanged as CrSi,
grows on top. Figure 7 shows parts of three spectra
for the same samples annealed at 475°C for 7, 10, and
15 min. A plot of the CrSi, layer thickness versus time
gives the growth kinetics of this process (see Fig. 8).
As for the Si-Cr system, the growth of CrSi, is linear
with time, indicating that the process is reaction limit-
ed. Again, a nonlinearity is observed at long annealing

T 1 T T T 1

%0

450°C 20 min

al §%

BACKSCATTERING YIELD (10® COUNTS)

11 1.3 1.5 1.7 1.9

ENERGY (MeV)

FIG. 6. ‘He* backscattering spectrum of Pd (1400 A) and Cr
(1200 &) evaporated in that order on a Si {L00) single crystal
and annealed at 450°C for 20 min. All Pd has reacted with Si
to form Pd,Si before CrSi, was formed on top.
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times which is attributed to contamination, with oxygen
as a prime suspect. A plot of the reaction rate versus
the reciprocal temperature gives an activation energy
of 1,7+£0.1 eV (see Fig. 3) which is the same value ob-
tained for CrS8i, on Si. This indicates that the inter-
mediate layer of Pd,Si does not affect the mechanism
responsible for the growth process of CrSi,. For both
8i-Cr and Si-Pd-Cr samples, the CrSi, thicknesses are
almost equal at temperatures where they can be com-
pared. For example, the CrSi, thickness is about 1500
A at 450°C for 40 min in both cases, which corresponds
to a formation rate of about 0.7 A/sec.

To investigate the effect of the thickness of Pd,Si on
the growth rate of CrSi,, Pd films of different thick-
nesses were evaporated on single-crystal Si, and Cr
was sequentially evaporated on top. The thickness of
Cr was such that it would not be completely reacted in
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FIG. 7. ‘He* backscattering spectrum of isothermal growth of
CrSi; on top of PdySi. Anneals were done at 475°C for 7, 10,
and 15 min.
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FIG. 8. Thickness W of CrSi, formed on Pd,Si grown on a Si
{100) single crystal as a function of time. The nonlinear regime
is attributed to oxygen contamination.

the process of CrSi, formation at the temperatures and
times chosen for the experiment (400°C for 120 min,
450 °C for 30 min and 475 °C for 15 min). A plot of
CrSi, thickness versus Pd,Si thickness is shown in Fig.
9. Within the experimental error the thickness of CrSi,
remains constant regardless of the thickness of Pd,Si.
This gives further proof that the formation of CrSi, is
independent of the presence or absence of Pd,Si. The
only limiting process is the reaction of Si with Cr.

In Fig. 9 a point plotted for the reaction of Cr on bare
Si {no Pd,Si) at 400°C for 120 min indicates zero thick-
ness of CrSi, (point at origin). No measurable CrSi,
thickness was observed also for Pd-free samples an-
nealed at 425°C. Another point in the plot gives the
amount of CrSi, measured on the Pd-free sample when
it is annealed first at 500 °C for 3 min and then annealed
for 120 min at 400°C. There was no measurable amount
of Cr8i, after the quick treatment at 500°C for 3 min,
but during the subsequent annealing at 400 °C for 120
min a Cr8i, layer was formed which was almost of the
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FIG. 9. A plot of the thickness of CrSi, as a function of the
thickness of Pd,Si for various annealing conditions, The ordi-
nate (zero Pd,Si thickness) gives the CrSi, thickness obtained
for Cr films deposited directly on the Si substrate. A short-
time annealing at high temperature (500°C, 3 min) “cleans”
the Si-Cr interface for the reaction between Cr and Si at 400°C
(arrowed point on CrSi, axis).
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same thickness as the CrSi, layer formed at 400°C in
the presence of some Pd,Si, The absence of a reaction
of Cr on bare Si at 400°C can thus be overcome by a
quick exposure to higher temperature. We suspect that
the effect is due to contamination at the Cr-Si interface
such as a thin oxide layer. The oxide layer may not
withstand the brief thermal shock at 500°C. There is
no corresponding effect of the oxide layer in the pre-
sence of Pd,Si. We think that this is due to the elimina-
tion of the original interface by the formation of Pd,Si
at a relatively low temperature. This method of clean-
ing the interface by silicide formation at low tempera-
ture has been exploited also in the solid-phase epitaxial
growth of Si through Pd,Si.*?

1V. CONCLUSION

We have investigated the properties and the rate of
formation of CrSi, from evaporated thin films of Cr on
Si single crystals, by using a 2-MeV *He* backscat-
tering spectrometry. For both Si-Cr and Si-Pd-Cr sam-
ples, the rate of CrSi, formation is the same, and is
linear in time with an activation energy of 1.7+£0.1 eV.
For each temperature, the rate slows down and be-
comes nonlinear at long annealing times. The effect has
been proved to be due to a contaminant distributed uni-
formly in the Cr film, most probably oxygen.

Those systems were investigated for temperatures
between 400 and 525 °C and times up to 23 h. There is
formation of Pd,Si in the Si-Pd-Cr system at about
280°C; CrSi, starts to form at about 400°C. No CrSi,
formation was observed for Si-Cr below 450 °C. The
absence of CrSi, in the 8i-Cr reaction below 450 °C is
attributed to the presence of an interfacial layer between
the Cr film and Si substrate, quite probably a thin oxide
layer.
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Samples prepared with different thicknesses of Pd,Si
all show the same thickness of CrSi, after the same
annealing. This independence of the CrSi, formation on
the existence of a Pd,Si layer proves that the formation
of Cr8i, is only limited by 8i-Cr reaction.
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