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We have investigated a phase transformation from PdSi to Pd,Si using x-ray diffraction and scan-
ning electron microscopy combined with Auger-electron-spectroscopy analysis. PdSi initially
formed by annealing an epitaxial Pd,Si layer on Si at 850°C transformed to Pd,;Si by a postannealing
below 750°C. After the phase transformation, small grains of Pd,Si and Si have been observed.
Ninety percent of the surface area of the sample postannealed at 650°C was covered with Pd,Si
grains, while only 75% of the surface area was covered with Pd,Si grains for the sample postan-
nealed at 750°C. The period for the transformation was measured as a function of the postanneal-
ing temperature and had a concave temperature dependence with a minimum at 650°C. The differ-
ence in the surface morphologies and the temperature dependence of the transformation period can
be explained on the basis of nucleation and mass transport. The rate of the nucleation is a function
of the supercooling which is faster at lower annealing temperatures. Mass transport for growth of
Pd,Si nuclei is controlled by diffusion of atoms, the coefficient of which is higher at higher anneal-
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ing temperatures.

I. INTRODUCTION

Phase transformation from PdSi to Pd,Si was first re-
ported by Tsauer et al. by annealing PdSi below 750°C.!
This result is obviously contradictory to the existing
binary-phase diagrams given by Hansen? and Elliott.’
They attributed the phase transformation to the excess in-
terfacial free energy of the PdSi/crystalline-Si interface
because the transformation occurred only when the PdSi
layer was in contact with the crystalline-Si substrate.! Tu
also examined the phase transformation by means of x-ray
diffraction and discussed the phenomenon from a
viewpoint of volume free-energy change, AG.*

These works shed light on the reversible phase transfor-
mation between Pd,Si and PdSi. However much has not
been discussed on the inconsistency with the existing
phase diagrams and reaction kinetics.

A new phase diagram proposed by Langer and Wachtel
based on new experimental data predicts that PdSi is
stable only above 824 °C and below this temperature Pd,Si
is stable.” Thus one of the major problems associated
with the reversible phase transformation has been solved.
The remaining problem is a reaction kinetics.

In the present work, we have measured the time neces-
sary for phase transformation from PdSi to Pd,Si (desig-
nated as the phase-transformation period hereafter) as a
function of annealing temperature and found that both
the degree of supercooling and mass transport control the
phase-transformation period. We also discuss the surface
morphology of Pd,Si after the phase transformation in
terms of nucleation and growth which also are dependent
on the degree of supercooling and the mass transport.

II. EXPERIMENTAL PROCEDURE

Si(111) wafers with resistivity of 4~7 cm were used
throughout the whole experiment. After the usual clean-
ing processes, a thin oxide layer was grown on a Si sub-
strate in a boiling mixture of NH,OH:H,0,:H,0=1:2:7
and etched in a diluted HF solution just before loading
into a vacuum chamber.

Pd films of 100 nm were deposited onto the Si sub-
strates with an electron gun in vacuum lower than
3% 107° Pa. Samples were heated at 250°C for an hour in
dry N, to form Pd,Si and subsequently at 850°C for an
hour to form PdSi. The uniformity of the PdSi layers
formed by the two-step heat treatment was much better
than the ones formed by a single heat treatment at 850°C.
The PdSi layers were further heat treated at a temperature
lower than 824°C for several hours to transform PdSi to
Pd,Si (designated as postannealing hereafter). Phases of
the films at each annealing stage were identified by x-ray
diffraction and morphology by scanning electron micros-
copy (SEM) and Auger-electron spectroscopy (AES).

III. RESULTS

Figure 1 shows a series of x-ray spectra of a sample
after successive annealing at 250°C, 850°C, and 750°C.
After the heat treatment of 250°C for an hour, peaks of
Pd,Si and Pd were observed as shown in Fig. 1(a), indicat-
ing the coexistence of epitaxial Pd,Si with (0016) orienta-
tion parallel to Si(111) and the unreacted Pd layer. A sub-
sequent annealing at 850°C for an hour converted both
the Pd,Si and the unreacted Pd into PdSi with polycrys-
talline structure as shown in Fig. 1(b). This is the expect-
ed result from the temperature of phase transformation
from Pd,Si to PdSi; 824°C on a Si(111) substrate.” A fur-
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ther annealing at 750°C for 24 h transformed PdSi back
to Pd,Si as shown in Fig. 1(c). Annealing of PdSi at
650°C for 24 h also transformed the PdSi back to Pd,Si.
The Pd,Si films thus formed were not epitaxial to the Si
substrates but polycrystalline. The results were very simi-
lar to the ones reported previously."*

Figures 2(a) and 2(b) show surface morphology of the
samples after the postannealing at 750°C and 650°C for
24 h, which were observed by SEM. Dark and bright re-
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FIG. 1 X-ray diffraction patterns for the samples after the
successive annealing at (a) 250°C, (b) 850°C, and (c) 750°C. (a)
Shows that the epitaxial Pd,Si exists and the unreacted Pd films
remain after the annealing at 250°C for an hour. (b) The spec-
tra of the polycrystalline PdSi after the successive annealing at
850°C for an hour following the first annealing at 250°C. (c)
The spectra of the polycrystalline Pd,Si, indicating that the re-
versible phase transformation from PdSi to Pd,Si occurred by
the postannealing at 750°C for 24 h following the second an-
nealing at 850°C.
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gions in the figures are identified with Si and Pd,Si from
the AES signal shape analysis. For the sample postan-
nealed at 750°C [Fig. 2(a)], the Pd,Si region covers 75%
of the surface area and the Si region 25%. For the sample
postannealed at 650°C [Fig. 2(b)], surface morphology
was similar to the one postannealed at 750°C, but the ra-
tio of coverage with Pd,Si is different. Pd,Si covers 90%
of the surface and Si only 10%.

Cross-sectional SEM micrograph of the sample postan-
nealed at 750°C for 24 h is shown in Fig. 2(c). It is clear-
ly seen that the Pd,Si region is wider at the surface and
narrower at the interface like a trapezoid. In this connec-
tion, in the sample postannealed at 800°C for 24 h, semi-
spherelike small Pd,Si grains about 20 nm in diameter
were observed at the PdSi surface. This obviously indicat-
ed that Pd,Si nucleates at the PdSi surface and then grows
isotropically until the growth front reaches the PdSi-Si in-
terface. Figure 2(d) also shows the cross-sectional micro-
graph of the sample postannealed at 650°C for 24 h.
There can be seen a clear difference from the one postan-
nealed at 750°C. The silicide region is almost entirely
Pd,Si. In addition, the thickness of the silicide layer is
rather thinner than that of initial PdSi and this thickness
value is very close to that of Pd,Si formed by the first an-
nealing at 250°C.

In order to examine the reaction kinetics for the Pd,Si
formation, the period for phase transformation was mea-
sured as a function of annealing temperature. The period
was defined as that for disappearance of PdSi peaks in x-
ray diffraction spectra by postannealing below 824°C. Si
samples with PdSi overlayers were annealed at 750°C,
650°C, 600°C, and 550°C for several hours. The result is
shown in Fig. 3. 200-nm-thick PdSi is transformed to
Pd,Si by the postannealing at 750°C, 650°C, and 600°C,
for 9 h, 6 h, and 14 h, respectively. At 550°C, the anneal-
ing for 24 h was not long enough to convert the PdSi
completely to Pd,Si. The result is shown by the triangle
in Fig. 3. Clearly much longer annealing time is neces-
sary. A dashed vertical line indicates the temperature for
the phase transformation from Pd,Si to PdSi; 824°C.
From Fig. 3 the phase transformation period has a
minimum around 650 °C.

IV. DISCUSSION

Detailed atomic motion during the phase transforma-
tion is not known yet, but we can explain the temperature
dependence qualitatively by taking the nucleation rate and
mass transport into consideration. Suppose the initial
stage of the reversible phase transformation is controlled
by the nucleation of Pd,Si at the PdSi surface. In general,
the nucleation rate N can be expressed as follows:

AG*
kT

N «<exp (D

Here, AG* is an activation energy for nucleation and kT
has the usual meaning. AG* has a dependence on the de-
gree of supercooling AT from the phase-transformation



34 KINETICS OF PHASE TRANSFORMATION FROM PdSi TO Pd,Si 4809

(a)

(c)
postannealed at 750°C

(b)

(d)
postannealed at 650°C

FIG. 2. Surface morphologies and cross-sectional SEM micrographs. (a) and (c) show the surface morphology and cross-sectional
view of the sample postannealed at 750°C for 24 h. Surface was divided into bright Pd,Si regions and dark Si regions. From the mi-
crograph of (c) it was found that the Pd,Si region has a reversed trapezoid structure. (b) and (d) are the surface and cross-sectional
micrographs of the one postannealed at 650°C for 24 h. The surface was almost covered with Pd,Si layer. The cross-sectional view

also indicates the same structure.

temperature. A relation between AG* and AT is given by
the classical nucleation theory® as follows:

3
AG = 1670’V

LA A 2
3AS)XAT)? @

Here o is the specific surface energy, V the volume of the
nuclei, and AS the entropy change from PdSi to Pd,Si.
From Egs. (1) and (2), greater AT will reduce AG* which,
in turn, will increase the nucleation rate considerably.
Since, when the kinetics are nucleation limited, the phase
transformation period is inversely proportional to the nu-
cleation rate, the shorter period results. This situation is
denoted by an ascending curve to the right in Fig. 4.

On the other hand, the phase transformation period de-
pends also on grain growth which is controlled by mass
transport. The diffusion coefficient D has a temperature
dependence as follows:
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FIG. 3. Phase transformation period from PdSi to Pd,Si as a
function of the annealing temperature. Dashed vertical line at
824°C denotes the phase transformation temperature in the
PdSi-Pd,Si system. Circles are the period for complete transfor-
mation and the triangle is the one for incomplete transition.
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EXPLANATION OF PHASE TRANSFORMATION PERIQOD
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FIG. 4. Explanation for the concave curve of the phase transformation period. There are two contributions: One is the nucleation
rate of Pd,Si (descending curve to the right) and the other is mass transport (ascending curve to the right).
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. 3
T (3)

D =Dgyexp

Here D, is a prefactor and E, is an activation energy for
diffusion. At higher temperature, the diffusion coeffi-
cient becomes larger and this leads to a decrease in the
phase transformation period. This tendency is also shown
in Fig. 4 with a descending curve to the right. Linear
combination of these curves gives the temperature depen-

dence of the total period for the phase transformation
(solid curve), which is qualitatively close to the relation
obtained by the experiment.

The difference in surface morphology shown in Fig. 2
can also be explained in terms of the nucleation rate of
Pd,Si and mass transport. At 750°C, the amount of su-
percooling is not so great and nucleation occurs at the
well-separated portion of the PdSi surface. The reaction
for Pd,Si formation is expressed as

SCHEMATIC ILLUSTRATION OF PHASE TRANSFORMATION
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FIG. 5. Schematic illustrations of the phase transformation from PdSi to Pd,Si. (a) The case of the sample postannealed at 750°C.
Surface consists of the Pd,Si region and the Si region. The thickness of the transformed layer is close to the initial PdSi thickness. (b)
The case of the one postannealed at 650°C. Surface is almost covered with the Pd,Si layer. The thickness of the transformation re-

gion is a little thinner than the initial PdSi layer.



34 KINETICS OF PHASE TRANSFORMATION FROM PdSi TO Pd,Si

2PdSi—Pd,Si+Si . (4)

The subsequent grain growth occurs rather quickly due to
high diffusivity of atoms at high temperature. Although
the diffusing species during the phase transformation are
not identified yet, for the grain growth of Pd,Si of 1 cm?
to take place, Si atoms numbering 1.0 10?2 atoms/cm’
have to go out and Pd atoms numbering 1.44 X 10?
atoms/cm’® have to come in. This would indicate that
both Si and Pd atoms move, and the grown Pd,Si grains
are surrounded by Si skins with thickness much thinner
than the diameter of the grains. After the growth front of
the grains reaches the original PdSi/Si interface, further
grain growth is allowed only in the direction parallel to
the surface. Consequently, as schematically shown in Fig.
5(a), large grains of Pd,Si become separated by Si regions.
In other words, Si atoms used for the normal transforma-
tion from Pd,Si to PdSi are predominantly emitted la-
terally without changing the consumed Si thickness very
much.

At 650°C, contribution of the nucleation is relatively
greater than the mass transport. In the early stage a num-
ber of Pd,Si nuclei appear on the PdSi surface which
coalesce during subsequent grain growth to form an al-
most continuous Pd,Si film. Then the mass transport
predominantly occurs vertically, which results in a consid-
erable decrease in the consumed Si thickness. This situa-
tion is schematically drawn in Fig. 5(b). The reduction
was actually observed as shown in Fig. 2(d).
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V. CONCLUSIONS

We have investigated the phase transformation from
PdSi to Pd,Si in terms of surface morphology and the
phase transformation period using x-ray diffraction,
SEM, and AES. Throughout the experiments the follow-
ing has been concluded.

(1) PdSi transforms back to Pd,Si by heat treatment
below the phase transformation temperature, 824 °C.

(2) After the phase transformation, the surface region
of the samples was divided into Pd,Si and Si. For the
sample postannealed at 750°C for 24 h, 75% of the sur-
face area was Pd,Si and 25% was Si. For the one postan-
nealed at 650°C for 24 h, Pd,Si and Si were 90% and
10%, respectively.

(3) The phase transformation period has a temperature
dependence with a minimum around 650°C. This is a re-
sult of two competing factors, the nucleation rate of Pd,Si
at PdSi surface due to supercooling and the mass trans-
port for the grain growth of Pd,Si.

(4) The difference in the surface morphology can be ex-
plained by two contributions of the nucleation rate and
the mass transport.
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FIG. 2. Surface morphologies and cross-sectional SEM micrographs. (a) and (c) show the surface morphology and cross-sectional
view of the sample postannealed at 750°C for 24 h. Surface was divided into bright Pd,Si regions and dark Si regions. From the mi-
crograph of (¢) it was found that the Pd,Si region has a reversed trapezoid structure. (b) and (d) are the surface and cross-sectional
micrographs of the one postannealed at 650°C for 24 h. The surface was almost covered with Pd,Si layer. The cross-sectional view
also indicates the same structure.



