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TiSi2 C49 thin films with different concentrations of defects have been prepared by conventional
annealing, in the 460–540 °C temperature range, of a Ti films deposited on a polycrystalline Si
layer. The residual sheet resistance of the C49 films decreased with increasing both the annealing
temperature and the annealing duration indicating the occurrence of defect annealing at higher
temperature and/or longer times. A successive annealing at 650 °C was used to promote the C49–
C54 transition and the transformation rate was measured byin situ sheet resistance measurements.
The C49–C54 transition time decreased with the residual sheet resistance of the C49 phase. The
activation energy for the transformation increased from 3.09±0.75 to 6.12±0.96 eV with increasing
the defect concentration in the C49 phase. This strong dependence can explain the large variation of
the kinetic results reported in the literature. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1831559]

The polymorphic C49–C54 transformation in TiSi2 thin
films has been largely investigated1 during the last decade
because it represents a crucial step that has to be solved in
order to successfully use the titanium silicide for metalliza-
tion of the submicron devices. In fact, this transformation is
limited by the nucleation of the final phase, and because of
the extremely low density of the nucleation sitess5
3106 cm−2d2 it becomes progressively more difficult as the
dimensions of the structure shrink.

The activation energy values reported in literature are
spread between 3.5 and 6 eV.3–10 Such huge spread cannot
be entirely justified on the basis of experimental errors or of
the method adopted to handle the data but it could be, in-
stead, indicative of intrinsic features of the transformation.
One of the parameters that has not been controlled and that
can affect the transformation rate could be the concentration
of defects in the C49 phase. This phase is known to be in-
trinsically defective and many experimental observations6,11

as well as theoretical calculations12 have indicated that the
C49 phase contains stacking fault. It has been suggested that
the large minimum of the total energy curve versus the reac-
tion parameters facilitates the formation of the metastable
phase with respect to the C54.

In this letter we report the effect of the C49 defect con-
centration on the C49–C54 transition rate, in particular we
will demonstrate that the C49 defect concentration affects the
stability of the C49 phase and that a faster transition rate is
observed when the defect density is reduced. Moreover the
activation energy for the transformation vary from 3 to 6 eV
as the defects in the parent phase get annealed away.

Samples were prepared by sputter deposition in an En-
dura system of Applied Materials. A 30-nm-thick Ti layer on
a polysilicon layer(150 nm thick) was deposited on an oxi-
dized silicon substrate. The base pressure before deposition
was 10−9 Torr. C49 TiSi2 films were formed by annealing
the deposited samples in vacuums10−7 Torrd at several tem-
peratures in the 460–540 °C range for times ranging be-

tween 2 and 48 h. After the annealing the unreacted or con-
taminated titanium on the surface was removed by the
NH4OH:H2O2:H2O (1:1:5) etch at room temperature. The
thickness of the silicide layer after etching was measured by
Rutherford backscattering analysis using a 2.0 MeV of He
and it resulted in 50±2 nm on each sample. The resistance of
the C49 films has been measured in the 5–320 K tempera-
ture range and the curves relatives to samples annealed at
540 °C for 2 and 48 h, and at 460 °C for 48 h are reported
in Fig. 1. The resistance was constant at temperatures lower
than 50 K, and had a positive slope at higher temperature as
expected for a metallic layer. However, the residual sheet
resistance, due primarily to the scattering of the carriers with
impurities and point defects, decreased with increasing the
annealing temperatures and/or the annealing time. In fact, it
decreased from 12.2V /h to 9.0V /h with increasing the
temperature from 460 to 540 °C for 48 h, and it decreased
from 10.2V /h to 9 V /h with increasing the annealing du-
ration from 2 to 48 h at 540 °C. The residual sheet resis-
tance could be an indication of a different defect concentra-
tion in the C49 films prepared by different thermal treatment

a)Electronic mail: francesco.lavia@imm.cnr.it

FIG. 1. Sheet resistance vs temperature for three different C49 samples
annealed at different temperatures and times. The residual sheet resistance
depends on both the annealing temperature and time.
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if we can rule out the presence of contaminant in the silicide.
It is known that O is easily gettered by Ti atoms, so we
checked the oxygen concentration in the silicide film by
backscattering spectrometry using a 3.035 MeV He+ beam.
At this energy there is a resonance in the elastic scattering
cross section of oxygen, and at 170° scattering angle, the
cross section is about 20 times greater than the Rutherford
cross section. In this configuration the minimum amount of
oxygen that can be detected inside the resonance peak
(12 keV full width at half maximum) is about 5
31015 atoms/cm2. In order to increase our depth sensitivity
we tilted the samples by 70°, and we detected in each sample
a total amount of about 1.531016 oxygen/cm2 confined
within 5 nm from the sample surface, while no oxygen could
be detected deeper in the silicide layer. The concentration of
oxygen was independent of the thermal process to form the
C49 phase so that the residual sheet resistance can be as-
sumed to be indicative of the defect density in the film. It
follows that the defect density is greater in the C49 TiSi2
film formed at low temperature and for short annealing
times. In order to verify that the different annealing pro-
cesses do not modify the phase formed we performed x-ray
diffraction measurements. The diffraction peak of the C49
(131) plane has been observed on all the samples annealed in
the 460–540 °C temperature range, while no diffraction
from the C54 planes could be detected.13

The average C49 grain size has been estimated13 by the
statistical analysis of several dark-field TEM plan-view im-
ages and it resulted 35±0.5 nm, in every sample, so that the
morphology of the samples is identical within the error of
TEM determination. This determination was necessary in or-
der to rule out any effect due to a different density of triple
grain boundary(which has been suggested to be the nucle-
ation centers of the transformation) on the C49–C54 transi-
tion rate.

The transformation from the C49 to the C54 was fol-
lowed by in situ sheet resistance at a fixed temperature of
650 °C at a pressure of 1310−7 Torr. This method relies on
the different resistivity of the C49 and C54 phases and has
been described elsewhere.12 The sample resistance is con-
verted into fraction of C54 TiSi2 and the transformation time
is assumed to be the time at which 100% of the film has been
converted into the stable phase. The transformation time was
obtained from the derivative of the sheet resistance versus
time curve and it is assumed to be the time difference be-
tween the points at which the derivative goes to zero. In Fig.
2 the C49–C54 transition time at the temperature of 650 °C
is reported as a function of the C49 residual sheet resistance.
The estimated errors on the residual sheet resistance mea-
surements and the transition times are reported too. The
C49–C54 transition time increases with the residual sheet
resistance going from a minimum value of 21 min
s8.86V /hd to a maximum of 125 mins12.09V /hd. There-
fore, a low defected C49 film is less stable than a highly
defected film.

The higher transition rate can be due to a higher nucle-
ation rate and/or to a higher growth rate. In order to discrimi-
nate between the two possibilities we have measured the C54
grain size by collecting several Normansky optical micros-
copy images of the fully transformed samples. From the sta-
tistical analysis of these images the average area of the C54
grains has been measured and converted in C54 grain den-
sity. We found a maximum variation of the C54 grain size

from 20.8 to 8mm as the transformation time decreases
from 125 to 21 min. The C54 average growth velocity has
been estimated as the ratio between the diameter of the larg-
est C54 grain and the time duration of the conversion anneal-
ing. This is equivalent to assuming that the largest grain
nucleates at once and its size is determined only by the time
available for growth. The experimental data are summarized
in Fig. 3 in which the transformation time is plotted as a
function of the C54 average growth velocity[Fig. 3(a)] and
grain density[Fig. 3(b)]. It is evident that the reduction of
the transformation time is due to the increase of either the
growth velocity or grain density. The activation energy for
the C49–C54 transformation depends on the defect density
of the metastable phase as can be inferred from Fig. 4, where
the total transformation timet has been reported in a semi-
log scale as a function of 1/KT (whereK is the Boltzmann
constant). The activation energy of the C49–C54 transforma-
tion varies from 6.12±0.96 to 3.09±0.75 eV as the anneal-
ing temperature to form the C49 phase increases from
460 to 540 °C. Therefore, the activation energy of this trans-
formation is strongly influenced by the thermal history of the

FIG. 2. C49–C54 transition time at 650 °C vs the residual sheet resistance
of the C49. A correlation can be observed for different samples with the C49
formed at 460(m), 500 (P), and 540 °C(j).

FIG. 3. C49–C54 transition time at 650 °C vs growth velocity of the C54
grains(left side) or the number of pre-existing nucleation sites per unit of
area(right side). The C49 was formed at 460(m), 500(P), and 540 °C(j).
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sample, and the huge variation observed in our samples jus-
tifies the spread of the results reported in the literature.4–11 In
a previous paper14 it has been demonstrated that the activa-
tion energy of the C49–C54 transformation is mainly due to
the growth process whilst the nucleation term is negligible.
Therefore, the variation of the transformation activation en-
ergy should be related to a reduction of the barrier height for
grain growth when the defect concentration in the C49 phase
is lowered. Moreover, the C54 steady state nucleation rate
exhibits an activated temperature dependence with an activa-
tion energyEn=EG+DG* 15,16 whereEG is the activation en-
ergy for the growth of critical nuclei andDG* is the barrier
height for nucleation. Although the precise value forEG is
not known, it is generally assumed to be very close to the
activation energy for the grain growth. This can justify the
simultaneous increase of the C54 average growth velocity

and grain density with decreasing the transition time reported
in Fig. 3.

In conclusion we have shown that the C49–C54 transi-
tion time depends on the thermal history of the parent phase.
In particular a reduction of the transition time has been ob-
served in samples in which the defect concentration of the
C49 phase was lowered by prolonged annealing processes.
The activation energy for the transformation decreases with
decreasing the defect concentration and this can explain the
large variation of the kinetic results reported in the literature.
These effects have been interpreted in term of a reduction of
the energy barrier for C54 grain growth in low defective C49
phase.
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FIG. 4. Arrhenius plot of the C49–C54 transition time starting from a highly
defective C49 phase, sample annealed at 460 °C(m) or from a low defec-
tive C49 phase, sample annealed at 540 °C(j).
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