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Kinetic mechanisms of the C49-to-C54 polymorphic transformation in titanium
disilicide thin films: A microstructure-scaled nucleation-mode transition
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The kinetics and mechanism of the polymorphic transformation in titanium disilicide thin films from a
base-centered orthorhombic structure (C49-TiSi2) to a face-centered orthorhombic structure (C54-TiSi2)
were investigated with the emphasis on the effect of film thickness scaling on the phase transition using
in situ resistance measurements, x-ray diffraction, and transmission electron microscopy (TEM). The
C49 disilicide films of different thicknesses were prepared by annealing Ti/polycrystalline Si thin film

couples of varying Ti thicknesses (250, 550, and 1000 A). The transformation rate was found to be a
strong function of the film thickness and temperature, and can be described by ~ ~ exp(E, /kT) with an
activation energy of E, =3.73, 4.44, and 5.08 (+0.07) eV for 1000, 550, and 250 A Ti, respectively. An
unusual transition between nucleation sites was observed as a result of the scaling: for samples with 250
0
A Ti, the transformation proceeded by nucleating the C54 polymorph at grain edges (three-grain junc-
tions) of the C49-TiSi2 films while the C54 nuclei were predominantly formed at the grain boundaries
(two-grain junctions) in thicker films, which are in good agreement with the predictions of the nucleation
mode from kinetics analyses. It has been suggested that the nucleation of the C54-TiSi2 is likely to be the
rate-limiting step in the overall transformation. Based upon the microstructural evidences provided by
TEM analyses, the significance of these observations due to the reduction in film thickness was discussed

by considering energetics of nucleation at different geometrical sites, nucleation site density, and effects
of surface and stress. It was demonstrated that the surface contribution and nucleation site density be-
come important for nucleation in thinner films with largely increased surface-to-volume ratio. The
nucleation-mode transition is driven by the morphological and microstructural changes associated with
thickness scaling.

I. INTRODUCTION

In recent years, the development of ultra-large-scale in-
tegrated circuits technology has been characterized by an
impressive move towards higher packing density and
enhanced device performance. As feature sizes of in-
tegrated circuits scale down, the associated geometries
impose severe restrictions on the junction depth. This, in
turn, requires a compatible scaling of the interconnection
lines based upon the classical laws of scaling as intro-
duced by Dennard et a/. ' It has been shown that such
dimensionality change brings about a lot of challenge and
complexity in the manufacturing of integrated cir-
cuits. Some issues such as stress-induced voiding and
stress-induced structural instability, which are obscured
in thicker films, emerge as important limiting factors re-
ceiving serious attention. In order to successfully fabri-
cate and control ultrashallow junctions under these re-
strictions, the existing microelectronic processes need to
be reassessed and the underlying mechanisms involved in
these processes must be well understood.

Refractory titanium disilicide with a face-centered or-
thorhombic structure (designated C54-TiSi2) is currently
being used in the self-aligned silicidation (known as
SALICIDE) technology because of its low resistivity
(13-20 pQcm), good thermal stability and structural
compatibility. In this process, the silicide is simultane-
ously formed on the source, drain, and gate regions of

metal-oxide semiconductor field-effect transistors (MOS-
FET), thereby avoiding high parasitic series resistance
and high contact resistance between the metallization
and the devices. It is usually prepared through a TilSi
bilayer reaction ' or crystallization of codeposited
stoichiometric amorphous alloys. ' However, due to
kinetic constraints, in both cases, a high resistivity
(80-100 lsQcm) metastable disilicide always appears
first as an intermediate phase before the stable C54 phase
forms. "" This metastable phase is composition invari-
ant to the C54 phase and possesses a base-centered ortho-
rhombic structure. It is crystallographically isomor-
phous to ZrSi2 (C49 structure) and is often heavily fault-
ed along the [Ok0] direction. ' The C49-to-C54 po-
lymorphic transformation occurs upon a high-
temperature anneal (above 650'C) and is monotropical
under ordinary pressure.

Because the C49-to-C54 structural transition is an
inevitable way to achieving the required disilicide, this
transformation has been the subject of extensive studies
from technological as well as scientific viewpoints. There
have been some research activities on optimizing the sili-
cide properties by promoting epitaxy' ' and changing
processing schemes. ' It has been reported that the
transformation to the low resistivity C54 phase is affected
by the type of dopant involved and is hindered on heavily
doped n-type silicon substrates. ' Recently, Lasky
et al. have shown very interesting results about the
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influence of line width on the C49-to-C54 transformation
and found that the structural transition is significantly re-
tarded on submicron lines. They suggested that more nu-

cleation events for the C54 phase were required to com-
pletely transform narrow lines. Since these issues are of
increasing technological importance for developing sili-

cided, ultra shallow junctions in MOS transistors, it is ex-
tremely desirable to provide additional fundamental un-

derstanding of the nucleation behavior of the stable C54
disilicide and the C49-to-C54 phase transformation
kinetics. Although there are some reports concerning the
kinetics of this transformation, they are focused on the
effects of dopant and substrates. ' Furthermore, the
influence of scaling on the phase transition is of funda-
mental interest. As film thickness decreases, surface and
stress contributions to phase transition become more
prominent due to large increase in surface-to-volume ra-
tio. It is the purpose of this paper to address the general
question of how these subtle changes, such as film thick-
ness, will affect the rate of this polymorphic transforma-
tion and its detailed kinetic behavior.

In this paper, we describe a detailed kinetics study on
the C49-TiSiz-to-C54- TiSi2 structural transformation
from a Ti/polycrystalline Si bilayer reaction and the
influence of the film thickness on the kinetic rates.
Kinetic analyses are also closely correlated with the ini-

tial microstructural evolution of the polymorphic change,
as revealed by transmission electron microscopy (TEM)
and transmission electron diffraction. It is demonstrated
that the transformation temperature increases with de-

creasing film thickness as manifested by an increase in ac-
tivation energy for the transformation. As the film thick-
ness is reduced, a transition between available nucleation
sites for the C54 phase is observed. The physical origin
of these changes are discussed in terms of the energetic
consideration for nucleation at different sites, nucleation
site density, and effects of surface and stress.

II. KXPKRIMKNTAL PROCEDURES

To facilitate the kinetics study, the samples used in this
work were prepared in a special geometry to allo~ in situ
measurement of the film sheet resistance while annealing
(the background of this method will be discussed in the
next section). A 750-nm-thick oxide was first thermally
grown on p-type Si (100) wafers. Then, a layer of phos-
phorus doped polycrystalline Si (poly-Si) film was grown
onto the oxidized Si wafers using low-pressure chemical
vapor deposition. The wafers were then chemically
cleaned by dipping in a dilute HF solution just prior to
loading into a rf sputtering deposition chamber with a
base pressure of about 2X10 Torr. Titanium films of
different thicknesses (250, 550, and 1000 A, designated as
samples A, B, and C, respectively, thereafter) were depos-
ited over the pregrown polycrystalline Si. The samples so
constructed are suited for the following in situ sheet resis-
tance measurement. The thermal oxide here serves as the
electrical isolation between the films and the Si substrate.
The Ti films were checked for possible contaminations
using Auger electron spectroscopy. Both C and 0 were

not detectable after removal of a surface contaminated

layer.
Studies of the transformation kinetics were carried out

under isothermal annealing condition in a temperature
range from 640 to 740'C. Because the Ti/Si reaction
goes through the formation of an amorphous silicide
(a-TiSi„)before forming the C49 phase, "' the samples
were first annealed to allow all the Ti films to be con-
sumed and converted into the metastable C49 phase. An
in situ resistance measurement was carried out to follow
the reaction path in order to avoid any C49-to-C54 trans-
formation in this process. This was also double checked
by TEM and x-ray diffraction. Isothermal annealing was

performed in a programmable tube furnace with a base
pressure of 5 X 10 Torr. During annealing, the C49-
to-C54 transition occurred and the film sheet resistance
was measured in situ with four spring-loaded molybde-
num probes arranged in a Van der Pauw geometry. As
demonstrated in our previous papers, "' such an in situ
measurement is capable of providing timely information
about the progress of a thin-film reaction by monitoring
the change of the film resistance and the change of the
temperature coef5cient of resistance. Due to the distinct
resistance decrease associated with the C49-to-C54 po-
lymorphic transformation, the progress of the phase
change can be easily tracked. Also, with the aid of the in
situ resistance probe, we are able to obtain the critical
samples which have been annealed to various stages for
ex situ analysis simply by interrupting annealing at
specific times and then allowing them to rapidly cool
down to ambient temperature. A few samples were ob-
tained this way for studying the initial stage of the mi-

crostructure change.
Microstructural studies of the phase transformation

were carried out using x-ray diffraction (XRD) and
transmission electron microscopy (TEM) observed both
in cross section and plan view. Plan-view TEM speci-
mens were prepared by backside mechanical polishing
down to -30 pm, followed by ion milling with a liquid-
nitrogen cold trap to electron perforation. Cross-
sectional TEM specimens were made by following stan-
dard procedures of face-to-face gluing, mechanical thin-

ning, and cold trap ion milling with an ion-beam incident
angle of 12'-15. XRD measurements were carried out
on a Rigaku D/Max III A diffractometer using Cu Ea
radiation. TEM examinations were performed in a Phi-
lips CM-12 transmission electron microscope operated at
120 kV as well as a Hitachi H-9000 transmission electron
microscope operated at 300 kV. Microstructure of the
C49 and C54 phases was identified using selected area
electron diffraction and electron microdiffraction.

III. RESULTS

A. Microstructure of C49-TiSi2
prior to transforming to C54-TiSi2

Before studying the polymorphic transformation, the
microstructure and morphology of the metastable C49-
TiSi2 were examined using plan-view and cross-sectional
TEM. Figures 1(a), 1(b), and 1(c) (left) show planar view

micrographs of the polycrystalline C49 phase formed
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FIG. 1. Plan-view (left) and cross-sectional (right) TEM mi-

crographs of the C49-TiSi2 films formed by reacting poly-Si
with Ti films of different thicknesses, showing the microstruc-
ture and morphology of the C49-TiSi2 prior to transforming to
the C54-TiSi2. (a) 250 A Ti, (b) 550 A Ti, and (c) 1000 A Ti.

from bilayers of 250 A Ti/poly-Si, 550 A Ti/poly-Si, and
1000 A Ti/poly-Si, respectively. Figures 1(a), 1(b), and
1(c) (right) are a set of cross-sectional TEM micrographs
of the corresponding samples. Except for some surface
oxide (presumably titanium oxide), all the Ti films have
reacted with polycrystalline Si, resulting in a continuous
layer of polycrystalline C49 titanium disilicide, as
identified using electron diffraction and XRD. The aver-
age grain size of the C49 phase is about 1500 A for sam-
ple A, about 1800 A for sample B, and 2300 A for sample
C. As seen in both plan-view and cross-sectional images,
the metastable C49 disilicides are heavily faulted. A
close examination reveals that the planes along the b
direction of the base-centered orthorhombic unit cell are
usually improperly stacked, being displaced by
1/2(a+c). The highly-faulted structure of the C49-
TiSi2 can be perceived along the [100] or [001] projec-
tions [Fig. 2(a)]. Its corresponding electron-diffraction
pattern is shown in Fig. 2(b). The defective nature of the
C49 phase is believed to be partially responsible for the
high resistive behavior.

It is noticed from the cross-sectional views of the C49
microstructure that the C49 phases formed via 250 A

FIG. 2. (a) High-resolution TEM micrograph of the defective
C49-TiSi, structure viewed along [100]axis. The stacking faults

in b direction are revealed. The planes are often displaced by a
vector 1/2(a+c). (b) a typical [100] selected area electron-
diffraction pattern.

0
Ti/poly-Si and 550 A Ti/poly-Si bilayer reactions (sam-

ples A and B) are essentially a layer of two-dimensional
polycrystalline structure sitting on the remaining poly-Si
with the grain boundaries running through the entire film
thickness. Grain-boundary grooving is also observed in
two cases with sample A more severe than sample B. On
the contrary, the C49 microstructure consists of more
than one layer of polycrystalline grains formed over
poly-Si in sample C. It will be shown that these different
microstructure features will dramatically affect the fol-
lowing polymorphic transformation.

B. In situ resistance measurement

As mentioned previously, the rnetastable C49-TiSi2 and
stable C54-TiSi2 have quite different values of film resis-
tivity. When the C49-TiSi2 film is isothermally annealed
in a suitable temperature range, it gradually transforms
to the stable C54 disilicide and the film resistance con-
tinuously drops down with annealing time, i.e., R =f (t),
due to the increase in volume fraction of the low resistivi-
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sigmoidal shapes, suggesting that the transformation is
accomplished by a nucleation and growth mechanism. It
is observed that for the same film thickness (Ti film thick-
ness or effective thickness of the C49 disilicide film), the
time required to complete the transformation decreases
with increasing isothermal annealing temperature. Also,
as the film thickness is reduced, the transformation tem-
perature increases. The temperature difference in initiat-
ing the C49-to-C54 structural transition can be as large
as -50'C due to the change in film thickness in our sam-
ples.

The rate of the polymorphic transformation is often
gauged by the so-called transformation velocity, which
is defined as the first derivative of the volume fraction
transformed Xz (t) with respect to time t, i.e., dXz(t)ldt.
In this case dXz(t)ldt represents the rate at which the
parent phase (C49-TiSi2) has transformed to the product
phase (C54-TiSi2). A typical plot of transformation ve-

locity versus time under isothermal anneal condition is
given in Fig. 5. The transformation velocity is also a
variable and depends upon temperature and time. In a
first half-time period, the rate of the C49-to-C54 transi-
tion increases with time. After reaching a maximum ve-
locity, the transformation slows down monotonically. To
measure the kinetic difference caused by the change of
sample thickness, the transformation rates at 20%%uo of the
C49 disilicide having been converted to the C54 disili-
cide, i.e., Xz (t) =0.2, were calculated for three types of
samples and are plotted in Fig. 6 against the reciprocal of
temperature. Two important results can be drawn from
this figure: (I) the transformation rates increase with in-
creasing annealing temperature, indicating that the trans-
formation is thermally activated; (2) higher annealing
temperatures are required for thinner films to reach the
same rates as those for thicker films.

From a kinetics viewpoint, the rate of a polymorphic
transformation depends upon the energy barrier opposing
the process. In other words, a certain thermal activation
is necessary to cause the transformation to proceed.
Therefore, it would be useful to deduce these quantities
for three different types of samples in order to understand
the rate difference. To do this, a Johnson-Mehl-Avrami-
type of kinetic analysis was used. According to their
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samples.

formulation, the volume fraction transformed can be de-
scribed by

Xz (t)= 1 —exp( —X,„,), (2)

r =voexp(E, /kz T), (5)

where k~ is the Boltzmann constant and T is temperature
in E, an effective activation energy E, for the transforma-
tion can be derived. In general, this activation energy is a
combination of the activation energies for nucleation and
growth, and is determined by the particular kinetic pro-
cesses involved. ' By plotting ln(r) versus 1/k~ T, the
slopes of these Arrhenius plots (Fig. 7) give the effective

where X,„,is the extended volume fraction of the C54
disilicide and can be expressed as

X „t=bt
where b is a kinetic parameter, depending on the nu-
cleation rate and growth rate of the disilicide, n is a mode
parameter of the polymorphic transformation, generally
implying the mode of nucleation or the dimensionality of
growth, and t is the reaction time. If the half-time cri-
terion is used, ' ' i.e., by defining

Xz (r) =
and
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activation energies of 5.08, 4.44, and 3.73 eV (+0.07 eV)
for the polymorphic transformation of samples 3, B, and
C, respectively. It is clearly seen that the activation ener-

gy increases with decreasing the film thickness.
Since these activation energies merely reflect the

overall kinetic barriers opposing the transformation, it is
desirable to know the detailed nucleation and growth
behaviors which may cause the difference observed. By
manipulating Eqs. (2), (3), and (4), one obtains

in[1 Xr(t)—]
ln

ln2
=n ln (6)

C. Nucleation of C54-TiSi2

Although the kinetics analyses indicate that different
nucleation modes of the stable C54 disilicide are involved
in three types of samples used in this study, further mi-
crostructural characterizations are critically needed to
substantiate these predictions. To investigate the nu-
cleation behavior of the C54 disilicide, we obtained a set
of samples (A, B, and C) which had been annealed to
different stages of the transition in a way described in
Sec. II and examined them using plan-view and cross-
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FIG. 8. Log-log plots to determine the mode of nucleation
for the polymorphic transformation. The mode n is 2. 13+0.15,
1.82+0. 18, and 1.16+0.12 for samples with 250, 550, and 1000
0
A Ti, respectively.

Figure 8 is obtained by plotting the double natural loga-
rithm term on the left-hand side versus ln(tie). The n
values specifying the nucleation mode can be extracted
from the slopes of these plots. The averages of all the n

values for samples A, B, and C are 2. 13+0.15,
1.82+0. 18, and 1.16+0.12, respectively. The meaning of
different n values for the polymorphic transformation is
provided by Christian, and has been explicitly derived
and discussed by Cahn and Vandermeer and Masumu-
ra. A value of n close to 2 for samples A and B predicts
a heterogeneous nucleation of the C54 phase predom-
inantly at the grain edges (three-grain junctions) of the
C49 phase, while n =1 for sample C implies that the C54
nuclei predominantly formed at the C49 grain boundaries
(two-grain junctions or normal grain boundaries).

FIG. 9. Typical micrographs showing the location of the
C54-TiSi, nuclei inside the C49-TiSi& thin films formed from
samples with (a) 250 A Ti (sample A) and (b) 1000 A Ti (sample
C) ~ The C54 nuclei were identified using electron
microdi6'raction as well as dark-field imaging, and are indicated
by arrows.

sectional TEM. Figures 9(a) and 9(b) are typical plan-
view TEM micrographs taken from samples A and C, re-
spectively. Selected area electron diffraction, electron
microdiffraction, and dark-field imaging were used to
identify and locate the C54 nuclei. The C54 disilicides
were observed indeed to nucleate at the C49 grain edges
in sample A and to predominantly form at their grain
boundaries in sample C, which are quite consistent with
the kinetics analysis. It is noted that in sample C the C54
nuclei were also found at the C49 grain edges but the
density of the nuclei occurring at grain boundaries is
higher than that at grain edges.

!t is interesting to note from cross-sectional TEM ob-
servations that most of the C54 nuclei were found inside
the parent C49 phase. At least at the early stages of the
transformation, the C54 phase was not found at the inter-
face between C49-TiSi2 and poly-Si, being quite selective.
We have also noticed that the density of the nuclei is
rather low in these samples. In some areas of the TEM
specimens, extremely large C54 grains were found while
the others remained untransformed. It was difficult to
find an area where the C49 phase has only partially
transformed to the C54 phase.

IV. DISCUSSION

The effect of Ti film thickness on the C49-to-C54 po-
lymorphic transition was initially reported by Houtum
and Raaijmakers and later by Joen et a/. ' They ob-
served that the threshold temperature for the C49-to-C54
transformation increases with decreasing film thickness.
But the kinetics aspect and mechanism of this transition
as related to the film thickness was not addressed. In this
study, we have formally treated the effect of the initial Ti
or C49 disilicide film thickness on the kinetics of the po-
lymorphic transformation and observed the increasing
difficulty of the structural transition due to the reduction
of the film thickness. The significance of these influences
is more pronouncedly represented by the deduced kinetic
parameters: transformation velocity and effective activa-
tion energy. It is found that with reducing the film thick-
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ness the activation energy increases. Also accompanying
this scaling, the nucleation sites for the C54 phase switch
from grain boundaries (a site of high dimensionality) to
grain edges (a site of low dimensionality) of the parent

49 phase.
Several groups have investigated the kinetics of the

C49-to-C54 polymorphic transformation. Thompson
et al. ' obtained an activation energy of 4.45 eV for this
transition. Li et al. studied the effect of Sb on the
phase transformation and reported reduced activation en-
ergies of 4.4, 3.5, and 2.9 eV for the films with 0.3, 1.3,
and 2.5 at. % Sb, respectively. In this work, we have ob-
tained increased activation energies of 3.73, 4.44, and
5.08 eV for samples with 1000, 550, and 250 A Ti, respec-
tively. Comparing these data, there is a very good agree-
ment between 'activation energy of sample 8 (with 550 A
Ti) and those in Refs. 10 and 32. With increasing or re-
ducing the Ti thickness, we observed a reduction or an
increase of the activation energy by several tenths of 1

eV. It has been mentioned previously that the activation
energy deduced represents the overall kinetic barrier to
the transformation. To unravel the cause of these
changes, it is useful to separate the overall process of the
C49-to-C54 transition into the nucleation and growth of
the CS4 disilicide and consider them individually. Since
polymorphic transformation is commonly described as a
diffusional transformation involving short-range atom
transfer across the moving interface separating the parent
phase from the product phase and proceeds by the nu-
cleation and growth of the product phase, ' this type of
decomposition is physically feasible.

Let us first get an idea about the rate-limiting step of
this phase transition. Comparing two crystal structures
of titanium disilicide, ' ' the C54 phase is more closely
packed than the C49 phase with about 6% volume
difference. In both structures, the Ti atoms are sitting in-
side the hexagonal network of Si atoms in the basal
planes with a tenfold coordination of Si atoms; but the
Ti-Si bond lengths are somewhat larger in the C49 phase.
These features imply that the difference in chemical free
energy is very small. The driving force for the C49-to-
C54 transition should be mainly due to the large entropy
term associated with the C54 phase. Because no reliable
heats of formation data5 are available for the C49 and
C54 disilicides, we cannot obtain accurate information
about the driving force of the transformation. However,
according to numerous reports on the polymorphic trans-
formation of intermetallic compounds, the heat effects
are determined to be rather small, ranging from 0.01 to
0.03 eV/atom. In view of this, we believe that the driv-
ing force is also very small for the C49-to-C54 po-
lymorphic transformation. Because nucleation of a po-
lymorphic phase often takes place by the reconstruction
of the parent phase and creates new interfaces (or sur-
faces), the generated new surface (or interfacial) energy
along with the misfit strain energy caused by interfacial
coherency are the main energy barriers to be overcome in
order to successfully nucleate a new phase in the solid-
state materials. Under such small driving forces, we sug-
gest that the nucleation of the C54 phase is troublesome
and is very likely the rate-limiting step in the whole

transformation. Our observations of a few C54-TiSiz nu-

clei and large growth rate seem to support this argument.
Nucleation-limited transformation phenomena have been
reported in many systems. ' In these cases, the nu-
cleation event is very sensitive to the geometry of the nu-
cleation sites, the density of nucleation sites, and surface
and stress effects due to the small difference in bulk free
energy between the parent phase and product phase but
the growth occurs very fast. We suggest that most of the
extra energy barrier revealed from the kinetics analysis
comes from the increasing diSculty for the nucleation of
the C54-TiSiz as the film thickness is scaled down. In the
following, we consider several factors which may affect
the nucleation and growth of the C54 phase and cause
the observed increase in activation energy and change in
nucleation sites.

A. Energetics of heterogeneous nucleation
at different geometrical sites

It is expected that because of the small bulk free-
energy difference between C49-TiSiz and C54-TiSiz the
nucleation of the C54 phase is mostly heterogeneous in
order to reduce the energy barrier opposing the nu-
cleation event. At these sites the grain boundary that is
eliminated by formation of a nucleus provides some of
the needed critical energy for nucleation, thereby reduc-
ing the amount to be supplied by thermal activation.
Clemm and Fisher noticed that even with heterogene-
ous nucleation there are different barriers associated with
different geometrical sites. According to their derivation
and assuming isotropic grain-boundary energy, the ener-

gy barrier to be surmounted for nucleating the C54-TiSiz
at different sites can be summarized as

3

AG*= 4 (b~c49/c54 u~c49/c49)

c (b,G~ —b,Gs)
(7)

where cr+49/(54 is the interfacial energy between C49-
TiSiz and C54-TiSiz, 0.$49/$49 is the grain-boundary ener-

gy of the C49-TiSiz, AG& is the difference in volume free
energy between C49-TiSiz and C54-TiSiz and is the driv-
ing force for the C49-to-C54 transformation, EGs is the
misfit strain energy caused by interfacial misfit between
C49-TiSiz and C54-TiSiz, and the coe5cients a, b, and c
have a particular set of values depending upon the
specific geometries such as grain boundary (two-grain
junction) and grain edge (three-grain junction). It can be
seen from Eq. (7) that the more grain boundary eliminat-
ed, the lower the nucleation barrier. Based upon this en-
ergetic consideration, nucleation barrier at the grain edge
is lower than that at the normal grain boundary. In other
words, the grain-edge nucleation should be easier than
the grain-boundary one. Our experimental results indi-
cate that for thicker films (sample C) grain-boundary nu-
cleation of the C54-TiSiz is the dominant mode, while
grain-edge nucleation becomes dominant for thinner films
(sample A ). This seemingly anomalous transition implies
that the nucleation of the C54-TiSiz becomes increasingly
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difficult due to the thickness scaling: the higher-energy
barrier grain-boundary nucleation mode was replaced by
the lower energy barrier grain-edge nucleation one, where
more grain-boundary energy eliminated can be used to
compensate the extra energy barrier resulting from the
reduction in the film thickness.

We suggest that there are at least two factors causing
the increasing difficulty of the C54-TiSiz nucleation. One
is the microstructure and morphology of the C49 phase
which provides heterogeneous nucleation sites for the
C54-TiSiz,' the other is the increasing surface-to-volume
ratio associated with the thickness reduction. We post-
pone the discussion of the second factor to the next sec-
tion. By comparing the morphology and microstructure
features of samples A and C, the difference is obvious:
the microstructure of the C49 phase in sample A (thinner
films) can be viewed as a two-dimensional polygrain net-
work with grains connected side by side, while that in
sample C (thicker films) consists of at least one layer of
C49 grains stacked over each other. This implies that the
nucleation site density in sample A is much lower than
that in sample C. As pointed out previously, the nu-

cleation of the C54 phase mostly occurs inside the C49
disilicide matrix. Thus, we expect that these microstruc-
ture differences would affect the nucleation event in sam-

ple A (thinned films) because of the following reasons: (1)
the greatly reduced heterogeneous sites for nucleating
C54-TiSiz, and (2) the restricted two-dimensional fluctua-

tion for nucleation.
Houtum, Raaijmakers, and Menting reported the

influence of the C49-TiSi2 grain size on the C49-to-C54
transformation. They observed that the transformation
temperature decreases with reducing the grain size of the
C49-TiSi2. This result can be easily understood based
upon our nucleation site density argument. For films of
the same thickness, the decrease in grain size will greatly
increase the density of heterogeneous nucleation sites. So
the transformation can be facilitated due to the relative
ease in nucleation. This aspect is extremely important for
nucleation-controlled reaction process. Since nucleation
is a fluctuation process and requires local mass transport
even in the polymorphic transformation to reorder the
structure, it is conceivable that such fluctuation is more
limited to lateral direction in thinner films but has virtu-
ally no restriction in thicker films.

B. EB'ect of surface

Another factor which will influence the nucleation of
the C54-TiSi2 is the surface contribution. Decreasing
film thickness largely increases the surface-to-volume ra-
tio. In thinner films all volume elements are in close
proximity to either a free surface or interphase boundary
of some kind. Because of this fact, some of the interfacial
energy o c49/C54 shown in Eq. (7} will be replaced by the
surface energy o.

&54 or interphase boundary energy
o-~54&s;. But we propose that the most important effect of
reducing the film thickness is the confinement of the
shape of the nuclei. This confinement of dimensionality
very effectively raises the nucleation barrier via largely
increased surface-to-volume ratio, i.e., increasing b and

reducing c in Eq. (7). To illustrate this concept, let us
consider two kinds of geometrical shapes a C54-TiSi2 nu-
cleus will adopt: sphere and disk with the same volume.
As shown in the Appendix, the disk-shaped nucleus has a
larger surface-to-volume ratio than sphere-shape nucleus,
so more energy will be needed to successfully create a
disk-shaped C54-TiSi2 nucleus. It is clearly demonstrat-
ed that simply by changing the surface-to-volume ratio,
for example, from 3.63 to 5.72 (assuming that the radius
of sphere is unity}, the total surface (or interface) energy
barrier will increase by nearly 60%. Following this
reasoning, it is not difficult to think that nucleation in
thinner films will require thermal activation at a higher
temperature than in thicker films to overcome a higher
energy barrier for creating a shape-confined C54-TiSi2
nucleus. As shown in Figs. 1(a) and 1(b) (right}, the
grain-boundary grooving further reduces the effective
thickness at these sites and thus restricts the shape of the
nuclei. This is thought to be the cause for the difference
observed between samples A and B. With further reduc-
ing the film thickness, a much higher temperature anneal
will be required to convert the C49-TiSi2 to the C54-
TiSiz. This is exactly the case recently reported by Jeon
et al. ' They found no occurrence of the C54 phase dur-
ing annealing samples with Ti thickness below 200 A at
900'C. But in their case, in addition to the large surface
contribution, other effects may also come into play such
as degradation of the heterogeneous sites resulting from
the islanding of the C49 grains.

Based upon these considerations, we can also explain
the line width dependence of the C49-to-C54 transition
observed by Lasky et al. Due to the shrinkage of line
width, nucleation site becomes very restricted and the site
density is also greatly reduced. Furthermore, the shape
confinement of the nucleus largely raises the energy bar-
rier for the C54-TiSi2 nucleation. All these factors result-
ed in the difficulty of the transformation.

C. Effect of stress

Although no stress information is available from these
samples, we suggest that stress may also play a role in the
understanding of the kinetic difference presented here. In
thin film reactions, the effect of stress is usually ignored
due to the large heat of formation of an intermetallic
compound compared to relatively small contribution of
stress. But in the case of the C49-to-C54 polymorphic
transformation, the driving force is very small, stress con-
tribution could be important for both nucleation and
growth of the C54-TiSi2. Stress in thin films typically
comes from two parts: intrinsic stress and extrinsic
stress. Intrinsic stress may originate from film deposi-
tion, interfacial reaction, and phase transformation. In-
terface misfit stress (or strain energy) ' can also in-

crease the nucleation barrier by reducing the denomina-
tor in Eq. (7). Extrinsic stress is related to thermal histo-

ry of the samples and results from the difference in
thermal expansion of the film and substrate. The corn-
bination of both efFects usually generates relatively large
biaxial stress in the film.

To find out the magnitude of these two stress com-
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ponents, we estimated the elastic strain energy of the
C49-TiSi2 film at the elastic limit, i.e., the elastic strain at
0.2%, using the following equation:

E,i„„,= I o dE= —,
' YE =2.6X10 eV/atom, (8)

where cr is the elastic stress and Y is the Young's
modulus of C49-TiSiz (=1.42X10' dyn/cm ). This
value is too small and can be neglected. Because the sam-
ples annealed in a conventional furnace is subjected to an
initial transient heating before reaching isothermal tem-
perature, the rapid transient heating to high temperature
will introduce significant amounts of thermal stress in the
film due to the slow stress relaxation process, which de-
pends on the atomic diffusion. The effect of thermal
stress on the kinetics of the transformation can be under-
stood by evaluating the chemical potential change caused
by different thermal-expansion coefBcients of the film and
substrate. Using the approach given by Rodbell et al. ,
we obtained the chemical-potential change, o 0=0.026
eV/atoin, where o is the thermal stress of the C49-TiSi2
film and 0 is the atomic volume of C49-TiSi2. This
chemical-potential change is very comparable to the ex-
pected driving force for the transformation. If there is
not enough time to relax the stress, it will either hinder
or enhance the transformation depending on the nature
of the stress. Also, it can be expected that films of
different thickness will have different stress values.

Very recently, Jongste et al. have studied the forma-
tion of C49-TiSi2 from Ti-Si multilayers with different
periodicity using in situ stress measurements. They ob-
served that after forming the C49 phase all films are un-
der tensile stress. Their results also showed that films
with small periodicity have higher tensile stress than
those with large periodicity. This interesting observation
made us suggest that the same trend of the stress state
holds for our samples. Based upon the above estimation,
we think that the higher tensile stress in thinner films is
partially responsible for the observed higher activation
energy for the transformation. Balluffi and Blakely in-
dicate that stress has a direct effect on atomic diffusion
across interface via a change of activation volume. This
will, in turn, affect the migration rate of the interface
separating C49-TiSiz from C54-TiSi~. Obviously, stress
measurements are needed to be carried out on these sam-
ples to substantiate this viewpoint.

V. CONCLUSION

We have demonstrated the large influence of the film
thickness on the kinetics of the C49-TiSi2-to-C54-TiSi2
polymorphic transformation and the nucleation behavior
of the C54 phase using in situ resistance measurements
and TEM analysis. The results show a strong correlation
between transformation temperature and film thickness,
and between transformation temperature and transforma-
tion velocity. Kinetics analyses reveal that the activation
energy of the transformation is a function of Ti film
thickness, being equal to 3.73, 4.44, and 5.08 (+0.07) eV
for samples with 1000, 550, and 250 A Ti, respectively. It
has been shown that the increase in activation energy

with reducing the film thickness is accompanied by an
anomalous transition of the nucleation sites for the C54-
TiSi2 from a higher barrier grain boundary to a lower
barrier grain edge. Based upon thermodynamic con-
siderations, we have proposed that the C49-to-C54 trans-
formation is limited by the nucleation of the C54 po-
lymorph. The thickness dependence of the activation en-
ergy has been discussed by emphasizing the influence of
film thickness on the nucleation of the C54-TiSi2 in terms
of energetics of nucleation at different sites, nucleation
site density, and effects of surfaces and stresses. Using
our simple geometrical model, we conclude that associat-
ed with the reduction in film thickness, the large increase
in surface-to-volume ratio and restrictions in nucleation
site are two major factors causing the increasing difticulty
of nucleating the C54-TiSi2. The observed site transition
is a clear manifestation of this argument. It has also been
suggested that stress may play a role in the observed
kinetic difference.
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APPENDIX

Here we consider homogeneous nucleation of the C54-
TiSi2 in the C49-TiSi2 matrix. The same derivation can
be easily extended to the case of heterogeneous nu-
cleation. It is assumed that the critical nucleus of the
C54 phase takes the shape of a sphere in thicker films,
which is also used as a reference for later comparison,
and takes the shape of a disk in thinner films due to the
restriction in vertical dimension. These are schematically
shown in Fig. 10. Assume that both nuclei have the same

~rt~ 0

FIG. 10. Schematic diagram of the formation of (a) a spheri-
cal C54-TiSi2 nucleus and (b) a disk-shaped C54-TiSi2 nucleus
within the C49-TiSi2 thin films.
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volume, i.e.,

~r h =—', mR

Eq. (Al), we obtain the surface-to-volume ratio of the
disk-shaped nucleus:

r h=4R'.
3

(Al)

A = &16/9—=3 3.63
R R

(A4)

The surface-to-volume ratio obtained for the sphere-
shaped nucleus is given by

A

V
h =r/2

= v'3 —=—3 4.33
R R

(A5)

A 4mR 3

4/3~R ' (A2)
A

V a= r/4

=3= &125/18—=3 5.72
R R

(A6)

and for the disk-shaped nucleus is given by Their corresponding energy barrier can be expressed as

A 2rtr(r +h) 1 1

V ~r2& h r
(A3) EG =

3
rrR (EGV EGs )+c 4' trc49/c54 (A7)

where A is the whole surface area of the nucleus, V is the
volume of the nucleus, r is the radius of the disk, h is the
height of the disk, and R is the radius of the sphere.

There are two variables to fix the dimension of the
disk. Because h and r are switchable in Eq. (A3), we con-
sider only the change of h with respect to r. To demon-
strate the effect of thickness on the surface-to-volume ra-
tio and the associated nucleation energy barrier, we dis-
cuss the following three cases: (1) h =r, (2) h =r/2, and
(3) h =r/4. Using these conditions and the relation in

6 ~Gv ~Gs and ac49rc54 have the same
meaning as those in Eq. (7). The coefficient c will have
different values depending upon the shape and dimension
of the nucleus, for example,
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