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In this article, we demonstrate the usefulness of using aQ-switched Nd:Yttrium–aluminum–garnet
laser to induce various phases of TiSi2 in 350 Å of Ti layer deposited ontos100d Si substrates by
varying the pulse width,t, and energy fluence of the laser. Two sets of experiments were carried out.
In the first set of experiments,t and energy fluence of the laser are set at 0.18ms and approximately
1.5 J/cm2, respectively. The laser annealed Ti/Si sample was then characterized using
micro-Raman spectroscopy and it was found that C49 TiSi2 is formed at two different temperatures.
One is formed at a nonmelting temperature, 680 °C, and the other formation temperature is at a high
temperature of around 1975 °C. A mechanism is proposed to explain the formation of C49 under
these two different conditions. In addition, we also note that C40 is formed between these two
temperatures. In the second set of experiments, increasingt to 1.6ms and reducing the energy
fluence to approximately 1.0 J/cm2 resulted in the formation of pure refractory C40. This refractory
metal free C40 phase is confirmed with glancing angle x-ray diffraction.© 2005 American Vacuum
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I. INTRODUCTION

Titanium disilicidesTiSi2d has been successfully used
the semiconductor industry for ohmic contacts and gate
trodes in ultralarge-scale integrated circuits because it e
its good chemical stability, self-passivation property in o
gen, and good selective formation when using the sal
process.1 TiSi2 may exist either as high resistivity C49 ph
or as the low resistivity C54 phase.2 In a typical Ti salicide
process, there are two rapid thermal annealsRTAd processe
following Ti deposition. The first RTA at 620–680 °C form
the metastable C49 TiSi2 phase. This high resistivi
C49 TiSi2 is transformed to the more stable C54 TiSi2 at the
second RTA at a temperature of around 850 °C. It has
widely reported that the kinetics of the C49–C54 ph
transformation in TiSi2 are adversely affected as the lin
width of the silicided region decreases.3,4 This so-called
“narrow line effect” occurs for thin TiSi2 films because th
C54 phase nucleates preferentially at C49 triple g
intersections.5

Because of this “narrow line effect” problem, the Ti s
cide process cannot be extended to sub-0.25mm technology
and beyond. Several efforts have been made to achieve
formation of C54 TiSi2 bypassing the metastable C49 pha
Recently, Mourouxet al.,6 Gribelyuk et al.7 have achieve

ad
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significant breakthroughs in the formation of C54 T2
through a C40 template. They have studied the formatio
C54 TiSi2 with a thin layers,1 nm in thicknessd of molyb-
denum deposited between Ti and Si substrate6 or by implant-
ing a small dose of Mo ions into Si substrate prior to Ti fi
deposition.7 Upon annealing at 650 °C, a layer
C40 sTi,ModSi2 ternary phase was formed at the Ti and
interface, which acts as a template, allowing the d
growth of C54 TiSi2 on top. This method reduces t
C54 TiSi2 formation temperature by 100–150 °C as c
pared to the conventional method and at the same tim
passes the C49 phase.

From the process point of view, the deposition of a
interposed layers,2 nmd is difficult to reproduce. Moreove
additional refractory metal ion implantation causes inte
tion issues. Therefore, new simple methods that could le
the synthesis of refractory-metal-free C40 TiSi2 are strongly
desired. Our group8 has recently reported that refracto
metal free C40 TiSi2 on Ti/Si samples can be obtained
laser annealing. We identified the C40 TiSi2 with micro-
Raman and transmission electron microscopysTEMd. The
crystal structure of this C40 TiSi2 had been studied usi
high resolution TEM sHRTEMd by Li et al.9 In this
article, we report on the formation of C49 TiSi2 at two dif-
ferent temperaturessi.e., 680 and 1975 °C, respectived

when blanket Ti/Si samples were annealed with a

480/23 „2…/480/6/$19.00 ©2005 American Vacuum Society
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Nd:Yttrium–aluminum–garnetsYAGd laser witht at 0.18ms
and with an energy fluence of approximately 1.5 J/cm2. By
increasingt to 1.6ms and reducing the energy fluence
approximately 1.0 J/cm2 in another set of experiments, on
pure C40 phase TiSi2 was observed. The purpose of t
article is to propose a mechanism for the anomalous fo
tion temperature of C49 TiSi2 and to report on the usefulne
of using laser to induce TiSi2 by varying the pulse width an
energy fluence.

II. EXPERIMENT

Blanket Ti/Si samples were prepared froms100d oriented
p-type c-Si substrates with a thin layer of Ti film
s,350 Åd deposited on the substrate. Prior to the Ti dep
tion, the substrates were ultrasonically cleaned
SC1sNH4OH:H2O2:H2O=1:8:64d and rinsed in hot de
ionized water. The substrates were then dipped into dilut
to remove native oxidesSiO2d followed by hot de-ionize
water rinse. They were immediately loaded into a comm
cially rf sputtering chamber. Approximately 350 Å of Ti w
then sputtered on the substrates.

Two sets of experimentssSets 1 and 2d were conducted. I
the first set of experiments, Ti/Si samples were irradi
with a Q-switched Nd:YAG lasersl=1.06mm, pulse width
t=0.18msd with a repetition rate of 10 kHz and a laser fl
ence of,1.4–1.6 J/cm2. An atomic force microscope w
used to study the topography of the irradiated sample
etching the sample in NH4OH:H2O2:H2O=1:1:6 toremove
the unreacted metal. This sample was further studied us
Spex 1704 micro-Raman spectrometer with a 20
He–Ne lasersl=632.8 nmd as the excitation source.

In the second experiment, the laser pulse width wa
creased to 1.6ms and the laser fluence was set to appr
mately 0.9–1.1 J/cm2 while keeping the repetition rate u
changed. All these laser annealing processes were done
ambient. This sample was also characterized by the
1704 micro-Raman spectrometer. A glancing angle x-ray
fraction sXRDd sGAXRDd was used to characterize the p
C40 TiSi2. The XRD spectra were taken using a Bru
x-ray diffractometer. A CuKa1 x-ray source was used
40 kV and 40 mA. The incidence angle was set at 2° rela
to the sample surface while the detector rotated to collec
diffracted x-ray. Atomic force microscopysAFMd was also
used to study the surface topography of the laser ind
C40 TiSi2 after etching in NH4OH:H2O2:H2O=1:1:6.

III. SIMULATION MODEL

For a better insight into the reaction mechanisms,
critical to control the temperature during the process of
laser-materials interactions. Since it is quite difficult to
tain a direct measure of such parameters, a computer
lation is therefore carried out to determine the surface
interface temperatures.

In the computer simulation, the following assumptions
10
made:
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s1d the radiation density is uniform during the laser pu
time;

s2d the diameter of the laser beam interacting with
sample is much greater than the penetration depth o
on the time scale of interest; and

s3d the composition of the sample is homogeneous in
directions except in the direction of penetration of
laser beam, where a metal–Si interface exists.

During the short pulse laser irradiation, the thermal diffu
distances are much smaller than the dimensions of the
beam, limiting the gradients parallel to the surface to m
orders of magnitude less than the gradients perpendicu
the surface.11 Thus, we are able to simplify the proble
adopting the one-dimensional heat flow equation with ex
lent approximation and accuracy.

The heat flow equation can be written as10

risz,Tdcisz,Td
]Tisz,td

]t
=

]

]z
Fkisz,Td

]Tisz,td
]z

G
+ s1 − RdI0stdexps− azd,

where i =solid,molten phase;z and T are the direction o
propagation of the beam and temperature respect
rsz,Td, csz,Td, andksz,Td are the density, the specific he
and the thermal conductivity, respectively;R and a are the
reflectivity and absorption coefficient of the material at
Nd:YAG laser wavelength; andI0std is the power density o
incident laser. During laser annealing, the intense heat c
the surface to melt and the melt front rapidly moves d
from the surface of the titanium film into the substrate. S
movement of the solid–liquid interface is strongly depen
on the thermal properties of the Si substrate. The differ
in the melting point between the Ti film and the Si subst
may also lead to a discontinuous motion of the interfac12

The following boundary conditions are assumed:

sid a perfect thermal contact at metal–Si interface, so
heat flux is continuous:

kTi
]TTi

]z
= kSi

]TSi

]z
,

sii d Tsz,0d=300 K for all z;

]T

]z
= 0

whenz=0, i.e., the heat loss by radiation or convection
direction normal to the surface of the wafer is negligible
siii d TsL ,td=300 K, for all t, whereL is the sample thick

ness; and
sivd if a solid–liquid interface is present, the latent hea

released on melting at the interface.

Note that in above heat flow equation,rsz,Td, csz,Td,
ksz,Td and Isz,td are all temperature and depth depend
resulting in the unavailability of the analytical solutions
general cases. Therefore, computer-based numerical

tions are adopted. The heat flow equation was solved with
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computer simulations using the finite difference metho
our work with the appropriate sample and la
parameters.13,14

IV. RESULTS AND DISCUSSION

When theQ-switched Nd:YAG laser with a repetitio
rate of 10 kHz, pulse widtht of 0.18ms, and laser fluence
approximately 1.4–1.6 J/cm2 was incident on the set
samples, three distinct regions of A, B, and Cswith a diam-
eter of approximately 40mmd were observed with a ne
Gaussian spatial distribution. After irradiation, the etc
sample was first examined with an optical microscope.
Spex 1704 micro-Raman spectrometer was then use
study the phases formed at these three regions. Unde
optical microscope, it was observed that the center re
which was irradiated with a higher intensity, has a v
rough topography which was suspected to have melte
computer simulation shows that the temperature at the
face rises from the ambient temperature to around 2250
210 ns and cools down to room temperature within 900
as indicated in Fig. 1. The ramping rate of the laser anne
process is therefore in the magnitude of 1010 K/s, while the
cooling rate is also calculated to be on the order of 108 K/s.
Figure 2 shows another series of simulations of the tem
ture distribution versus depth at different duration oft=100,
200, 300, and 400 ns. Note that the melting point of Ti
Si are 1933 and 1686 K, respectively. The temperature
tribution versus depth graph att=200 ns of Fig. 3 is the tim
before the temperature reaches its maximum value in
experiment. It is obvious that the temperature at the su
and Ti/Si interface are above the melting point of Ti and
indicating a melt consisting of Ti and Si atoms. A to
graphic AFM image of the laser irradiated region is show
Fig. 4. The melted region at the center was labeled as re
A and the region outside this melted region which exp
enced weaker laser intensity was labeled as region B an

FIG. 1. Computer simulated temperature evolution on Ti surface after
irradiation at an energy fluence of 1.6 J/cm2.
near edges region was labeled as region C. Micro-Rama

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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spectrometryswith a spatial resolution of,2 mm which is
20 times smaller than the laser spot sized was used to identif
the phases present on the laser spot and it was found th
dominant phase in the melted region is C49 TiSi2. This resul
is in good agreement with Shammaet al.15 They have pro
vided evidence of uniform melting as the primary caus
the formation of C49 TiSi2 produced by laser annealing
ing an XeCl excimer laser at 308 nm. C49 TiSi2 was formed
in the center region, where it was exposed to the highest
beam intensity, instead of the C54 phase because pha
lection depends on the nucleation and growth kinetics o
competing product phases. As suggested by Boettinge
Perepezko,16 a schematic representation of the role of nu
ation and growth kinetics for phase selection as a functio
processing conditions is represented by the metastable
diagrams in Fig. 5. The thermodynamic relationships for
Gibbs free energy of the melt, the metastable C49 phase
the stable C54 phase are shown in Fig. 5sad. Iannuzziet al.17

has used molecular-dynamics simulation to show tha
melting point of C49 is about 250 K lower than that of

r

FIG. 2. Computer simulated temperature profile vs depth into the sam
different duration.
n FIG. 3. Temperature profiles at the interface region.
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stable phase C54 TiSi2. In addition, Boettinger an
Perepezko16 also suggest that a metastable phase will ha
lower melting point than the stable phase. Hence the me
point of the metastable C49 and the stable C54 phas
TiSi2 are indicated byTM

C49 and TM
C54 in Fig. 5sad, respec

tively. In the same figure, the intersections of the free en
curves correspond to the transition temperatures and
negative slope of either phase, −dG/dT at constant pressur
is the entropysSd of the phase.S is a measure of randomne
or disorder of the system. For any substance, the solid st
more ordered than the liquid state, henceSsolid,Sliquid.
Hence as shown in Fig. 5sad, the slope of the melt has t
greatest gradient. We assume that C54 has a larger en
than C49, this is because if C49 has a higher entropy
C54, the melting point of the C54 phase will be lower t
that of the C49 phase. In Figs. 5sbd and 5scd, a possible pa
of functions are depicted to illustrate the role of kinetics
phase selection under conditions that favor the nucle
and growth of the metastable phase.16

For the nucleation of C49 TiSi2 or C54 TiSi2 from the
melt, the dominant product phase is determined to a
extent by the lowest value of the activation energy barrie
nucleationDG* of C49 or C54 TiSi2. The value ofDG* for
each solid phase is a function of the amount of underco
below the respective melting points and the liquid-cry
surface energy which acts as heterogeneous nucleation
for C49 or C54 TiSi2. As stated by Bergmannet al.,18 a
rapidly solidifying melt attempts to reduce its free energ
quickly as possible, rather than attaining its lowest pos
free energy. This leads directly to a growth selection betw
metastable C49 TiSi2 and stable phases C54 TiSi2 and re-
sults in the formation of the metastable phasesi.e.,
C49 TiSi2d. In addition, Perepezko and Boettinger19 also
mentioned that during a rapid solidification process,
nucleation and/or the growth of a thermodynamically st
phase is difficult. Hence from the nucleation rate relat
ships presented in Fig. 5sbd, we can see that the nucleation

FIG. 4. AFM micrograph showing the topography of the irradiated T
sample.
C49 TiSi2 dominates at lower temperatures. Figure 5scd

JVST B - Microelectronics and Nanometer Structures
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shows the growth rate of the C49 and C54 phases from
liquid as a function of interface temperature in a situa
favoring metastable C49 TiSi2 phase formation. With hig
cooling rate and large undercooling, the metastable
phase grows much faster than the stable C54 phase of2.
This explains why the C49 phase is the only phase pres
the melt region. Iannuzziet al.17 simulations show that th
melting point of C49 and C54 are 2800 and 3050 K, res
tively. However in our simulations we show that the me
cooled down from a temperature of 2250 K which me
that if C49 phase nucleates faster than the C54 pha
shown in Fig. 5sad, then the melting point of C49 is definite
below 2250 K. On the other hand Archeret al.20 predicted
that the melting point of C54 is around 1700 K becaus
their experimental work they show that the difference
enthalpy increase significantly when C54 TiSi2 was heate
to a temperature of above 1500 K and they claim that
increases are usually observed in the temperature range
to the melting point. If that is the case, our experime
results are closer with theirs.

Several micro-Raman spectra were taken at differen

FIG. 5. Schematic representation of the operation of competitive pha
lection kinetics which favors the formation of a metastable phase C492
from the melt M at low temperature in spite of:sad the thermodynami
stability of C54 TiSi2. sbd Shows the temperature range for faster nuclea
of C49 phase, whilescd shows the temperature range for faster growth o
C49 phase.
sitions in region B, which experienced lower laser beam in-
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tensity. Most of the spectra taken in this region show
formation of C40 TiSi2 and only a few spectra show t
formation of C49 TiSi2 at some random positions. A fe
spots were found to contain C49 TiSi2 in this region becaus
of some nonuniformity in the laser beam. On the other h
most of the spectra taken from region C show C49 TiSi2 and
only a few spectra show the formation of C40 TiSi2. Figure
6 shows the general trend of the phases formed in these
regions. As shown in Fig. 6 the dominant phase in regio
is mainly C49 phases268, 292, 326 cm−1d, the dominan
phase in region B is mainly C40 phases199, 272, 280, 301
317 cm−1d, and lastly the dominant phase in region C
mainly C49 phase. This indicates that the formation temp
ture of laser induced C40 TiSi2 is higher than C49 TiS2
when the reaction is solid state. C40 TiSi2 was formed be
cause of the extreme thermal nonequilibrium induced b
ser annealing which leads to the predominance of the ki
factors that favor its formation. C49 TiSi2 can be formed a
the melted region and the edgessi.e., not melted regiond
which show that there are two different mechanisms for
metastable C49 phase formation. The C49 phase tha
formed in the region that is not melted was due mainl
diffusion, whereas the C49 phase that was formed in the
region is believed to be due to the nucleation selection
as stated in the previous paragraph. Further investiga
into the effect of C49 TiSi2 that forms from the melt on i
transformation into C54 phase could be carried out.

When this laser pulse width was set to approxima
1.6 ms and the laser fluence was reduced to approxim
1.0 J/cm2 while keeping the repetition rate the same,
were able to detect only C40 TiSi2 from the Raman spect
sspectra not shownd. C49 and C54 TiSi2 are not observed
the Raman spectra after the laser irradiation. Figure 7 s
an AFM micrograph of two circular marks that were left
the Ti/Si sample after it had been exposed to the laser b
Each circular mark is about 60mm in diameter. The lase
pulses are much bigger and uniform as compared to tho

FIG. 6. General trend of the phases formed in these three regions wi
use of a micro-Raman spectrometer.
the first set of experiments. This shows that the temperatur

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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distribution of the laser beam incident on the sample
very uniform, which means that the thermal gradient in
formation of C40 in this set of experiments is very sma
compared to the first set of experiments where the C40 p
was formed in region B where the thermal gradient was
maximum. Hence we can conclude that it is possible to
duce the formation of C40 phase under two different kind
thermal gradients. It is more desirable to induce the fo
tion of C40 using the second set of experiments becaus
thermal gradient is much smaller which also indicated
the thermal stress induced in the film is also at its minim

Approximately 400 000 of such circular pulses were
ated on a 131 cm2 which was then characterized
GAXRD. The crystal structure of this refractory-metal f
laser induced C40 TiSi2 was first identified using HRTEM
by Chenet al.8 Recently Viaet al.21 have also shown that b
depositing a thin layer of Ta at the Ti/Si interface,
C40 TiSi2 was obtained after annealing at 525 °C from t
Bragg–Bentano XRD results. In this article we discuss
observation of refractory-metal free laser induced C40 T2

eFIG. 7. AFM micrograph showing the topography of the C40 TiSi2 after
being exposed to the laser beam.
e FIG. 8. GAXRD pattern of refractory-metal free C40 TiSi2.
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by using a GAXRD. The GAXRD pattern in Fig. 8 sho
five peaks at 37.98°, 40.43°, 41.05°, 43.93°, and 47
Both the refractory-metal free and the refractory-metal do
C40 TiSi2 obtained by Liet al.9 and Viaet al.,21 respectively
have shown that the C40 TiSi2 has a hexagonal structu
with the space groupP6222. Therefore by assuming that t
C40 TiSi2 has a hexagonal structure, five peaks listed a
are indexed ass110d, s111d, s003d, s200d, ands112d, respec
tively. The experimental lattice constants calculated from
GAXRD pattern for this refractory-metal free laser indu
C40 TiSi2 are displayed in Table I. From Table I, the latt
constants of the refractory-metal freesby laser annealingd
and the refractory-metal doped C40 TiSi2, calculated by
HRTEM, BBXRD, and GAXRD patterns, are in go
agreement.

V. CONCLUSION

An interesting phenomenon was observed when
350 Å Ti/Si sample was irradiated by aQ-switched
Nd:YAG laser with a repetition rate of 10 kHz, a pu
width t of 0.18ms, and a fluence of approximate
1.4–1.6 J/cm2. Under the optical microscope, it could
seen that the center region, which experienced the mo
tensity of the laser beam, shows signs of melting. This
servation was further confirmed with our computer sim
tion results that the temperature at the center regio
beyond the melting point of Ti and Si. However the reg
outside it showed no sign of melting. Raman spectra tak
the center region showed that only C49 TiSi2 was presen
Outside this center region, the dominant phase detecte
micro-Raman spectra was C40 TiSi2. However, Raman spe
tra taken at the outer edge of the laser pulse, showed m
the C49 phase of TiSi2. These results show that the form
tion of C49 phase can take place at two different temp
tures: one is at a high temperature of around 1975 °C w
the other is at 680 °C. In addition it also shows that
formation temperature of C40 TiSi2 is inbetween these tw
temperatures. By increasingt to 1.6ms and reducing th
energy fluence to approximately 1.0 J/cm2 in another set o
experiments, only the pure C40 phase TiSi2 was observed

TABLE I. Experimental results of C40 TiSi2 by differ

Methods of forming C40 TiSi2

Refractory-metal free C40 TiSi2 sby laser annealind
By depositing a thin layer of Ta at the interface
of Ti/Si followed by annealing at 525 °C
Refractory-metal free C40 TiSi2 sby laser annealind

aSee Ref. 9.
bSee Ref. 21.
The lattice constants for C40 TiSi2 are a=4.67 Å and c
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.

-

t

y

ly

-

=6.59 Å, and were confirmed using GAXRD. Hence,
have shown that by varying the pulse width and energy
ence of the laser, we were able to produce uniform C402

film. From the process point of view this technique is m
faster as compared to other techniques6,7 mentioned in Sec.
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