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In this article, we demonstrate the usefulness of usi@savitched Nd:Yttrium—aluminum—garnet
laser to induce various phases of Ti%i 350 A of Ti layer deposited ont6100) Si substrates by
varying the pulse widthz, and energy fluence of the laser. Two sets of experiments were carried out.
In the first set of experiments,and energy fluence of the laser are set at wd&nd approximately

1.5 J/cm, respectively. The laser annealed Ti/Si sample was then characterized using
micro-Raman spectroscopy and it was found that C49,T$Sbrmed 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, increastngl.6 us and reducing the energy
fluence to approximately 1.0 J/émesulted in the formation of pure refractory C40. This refractory
metal free C40 phase is confirmed with glancing angle x-ray diffractto8005 American Vacuum
Society.[DOI: 10.1116/1.1868693

[. INTRODUCTION significant breakthroughs in the formation of C54 TiSi

Titani disilicide (TiSi») has b ull di through a C40 template. They have studied the formation of
itanium disilicide (TiSi,) has been successfully used in C54 TiSh with a thin layer(~1 nm in thicknessof molyb-

the semiconductor industry for ohmic contacts and gate elec enum deposited between Ti and Si substratéy implant-

trodes in ultralarge-scale integrated circuits because it exhibq . . ) . o
. . - o . Ing a small dose of Mo ions into Si substrate prior to Ti film
its good chemical stability, self-passivation property in oxy- .7 . o
gen, and good selective formation when using the salicidgepOSI.tlon' Upon annealing at 650 °C, ‘a Iayer Of.
proces§. TiSi, may exist either as high resistivity C49 phase _C40 (Ti, MO)S_'Z ternary phase was formed at _the Ti a“‘?' Si
or as the low resistivity C54 phaden a typical Ti salicide nterface, which acts as a template, allowing the direct
process, there are two rapid thermal anr@lA) processes 9rowth of C54 TiSj on top. This method reduces the
following Ti deposition. The first RTA at 620—680 °C forms C54 TiSk formation temperature by 100-150 °C as com-
the metastable C49 TiSiphase. This high resistivity pared to the conventional method and at the same time by-
C49 TiSi, is transformed to the more stable C54 Tigfthe  Ppasses the C49 phase.
second RTA at a temperature of around 850 °C. It has been From the process point of view, the deposition of a thin
widely reported that the kinetics of the C49—C54 phasdnterposed laye(<2 nm is difficult to reproduce. Moreover,
transformation in TiSi are adversely affected as the line- additional refractory metal ion implantation causes integra-
width of the silicided region decreas®$.This so-called tion issues. Therefore, new simple methods that could lead to
“narrow line effect” occurs for thin TiSifilms because the the synthesis of refractory-metal-free C40 TiSie strongly
C54 phase nucleates preferentially at C49 triple grairdesired. Our grOLPphas recently reported that refractory-
intersections. metal free C40 TiSion Ti/Si samples can be obtained by
Because of this “narrow line effect” problem, the Ti sali- |aser annealing. We identified the C40 TiSiith micro-
cide process cannot be extended to sub-@@btechnology ~ Raman and transmission electron microsc¢pgM). The
and beyond. Several efforts have been made to achieve diregfystal structure of this C40 Tisihad been studied using
formation of C54 TiSj by6passing the metf;\stable C49 phasenigh resolution TEM (HRTEM) by Li et al® In this
Recently, Mourouxet al,” Gribelyuk et al.” have achieved article, we report on the formation of C49 TiSit two dif-
ferent temperaturesi.e., 680 and 1975 °C, respectivily
¥Electronic mail: scip1187@hotmail.com when blanket Ti/Si samples were annealed with a
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Nd:Yttrium—aluminum—-garndiYAG) laser withrat 0.18us (1) the radiation density is uniform during the laser pulse
and with an energy fluence of approximately 1.5 J9.cBy time;

increasingr to 1.6 us and reducing the energy fluence to (2) the diameter of the laser beam interacting with the
approximately 1.0 J/cfin another set of experiments, only ~ sample is much greater than the penetration depth of heat
pure C40 phase TiSiwas observed. The purpose of this  on the time scale of interest; and

article is to propose a mechanism for the anomalous formal3) the composition of the sample is homogeneous in all
tion temperature of C49 Ti$and to report on the usefulness ~ directions except in the direction of penetration of the
of using laser to induce TiSby varying the pulse width and laser beam, where a metal-Si interface exists.

energy fluence. During the short pulse laser irradiation, the thermal diffusion

distances are much smaller than the dimensions of the laser

beam, limiting the gradients parallel to the surface to man

Il. EXPERIMENT orders of magnitud?e less thaﬁ the gradients perpendicular )t/o
Blanket Ti/Si samples were prepared frét00) oriented  the surfacé! Thus, we are able to simplify the problem

p-type c-Si substrates with a thin layer of Ti films adopting the one-dimensional heat flow equation with excel-

(~350 A) deposited on the substrate. Prior to the Ti deposil€nt approximation and accuracy.

tion, the substrates were ultrasonically cleaned in 1he heat flow equation can be written'&s

SCANH,OH:H,0,:H,0=1:8:69 and rinsed in hot de- Tz 9 aT(z)

ionized water. The substrates were then dipped into dilute HF  p,(z,T)ci(z, T)——— = —[ki(z,'r)#}

to remove native oxidé¢SiO,) followed by hot de-ionized ot Jz 9z

water rinse. They were immediately loaded into a commer- +(1-R)ly(t)exp- a2),

cially rf sputtering chamber. Approximately 350 A of Ti was

then sputtered on the substrates. where i=solid, molten phasez and T are the direction of

Two sets of experimentSets 1 and Pwere conducted. In  propagation of the beam and temperature respectively;
the first set of experiments, Ti/Si samples were irradiatech(z, T), c(z,T), andk(z,T) are the density, the specific heat,
with a Q-switched Nd:YAG lasefA=1.06 um, pulse width  and the thermal conductivity, respectiveR;and o are the
7=0.18 us) with a repetition rate of 10 kHz and a laser flu- reflectivity and absorption coefficient of the material at the
ence of~1.4-1.6 J/crh An atomic force microscope was Nd:YAG laser wavelength; anid(t) is the power density of
used to study the topography of the irradiated sample aftencident laser. During laser annealing, the intense heat causes
etching the sample in NJ¥OH:H,0,:H,0=1:1:6 toremove the surface to melt and the melt front rapidly moves down
the unreacted metal. This sample was further studied usingfaom the surface of the titanium film into the substrate. Such
Spex 1704 micro-Raman spectrometer with a 20 mWmovement of the solid—liquid interface is strongly dependent
He—Ne lasefA=632.8 nm as the excitation source. on the thermal properties of the Si substrate. The difference

In the second experiment, the laser pulse width was inin the melting point between the Ti film and the Si substrate
creased to 1.Gws and the laser fluence was set to approxi-may also lead to a discontinuous motion of the interfdce.
mately 0.9—1.1 J/cfwhile keeping the repetition rate un-  The following boundary conditions are assumed:
changed. All these laser annealing processes were done in ij'j
ambient. This sample was also characterized by the Spe
1704 micro-Raman spectrometer. A glancing angle x-ray dif-
fraction (XRD) (GAXRD) was used to characterize the pure aTn ITs;

C40 TiSh. The XRD spectra were taken using a Bruker kTiE= ST,
x-ray diffractometer. A ClKKal x-ray source was used at

40 kV and 40 mA. The incidence angle was set at 2° relativeii)  T(z,0)=300 K for all z
to the sample surface while the detector rotated to collect the

diffracted x-ray. Atomic force microscop{AFM) was also ) -

used to study the surface topography of the laser induced 9z

C40 TiSh, after etching in NHOH:H,0,:H,0=1:1:6.

a perfect thermal contact at metal-Si interface, so that
heat flux is continuous:

whenz=0, i.e., the heat loss by radiation or convection in a
direction normal to the surface of the wafer is negligible.
[ll. SIMULATION MODEL (i) T(L,t)=300 K, for allt, whereL is the sample thick-

ness; and

_For a better insight into the reaction mechanisms, it isjy) if a solid-liquid interface is present, the latent heat is
critical to control the temperature during the process of the released on melting at the interface.

laser-materials interactions. Since it is quite difficult to ob-
tain a direct measure of such parameters, a computer simu- Note that in above heat flow equatiop(z,T), c(z,T),
lation is therefore carried out to determine the surface and#(z,T) andI(z,t) are all temperature and depth dependent,

interface temperatures. resulting in the unavailability of the analytical solutions in
In the computer simulation, the following assumptions aregeneral cases. Therefore, computer-based numerical solu-
made*® tions are adopted. The heat flow equation was solved with

JVST B - Microelectronics and  Nanometer Structures
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Fic. 1. Computer simulated temperature evolution on Ti surface after laser
irradiation at an energy fluence of 1.6 JAm

spectrometry(with a spatial resolution of~2 um which is
) i i . , 20 times smaller than the laser spot $izas used to identify
computer S|mglat|ons using the .f|n|te difference method Nthe phases present on the laser spot and it was found that the
our work with the appropriate sample and lasery,minant phase in the melted region is C49 FiShis result
parameters™ is in good agreement with Shamnea al*® They have pro-
vided evidence of uniform melting as the primary cause of
IV. RESULTS AND DISCUSSION the formation of C49 TiSiproduced by laser annealing us-

When theQ-switched Nd:YAG laser with a repetition ?ng an XeCl exci_mer laser a.Lt 308 nm. C49 Hiias formed
rate of 10 kHz, pulse width of 0.18 us, and laser fluence of in the center region, where it was exposed to the highest laser
approximately 1.4-1.6 J/dmwas incident on the set 1 bea_m intensity, instead of the .054 phase beca.use. phase se-
samples, three distinct regions of A, B, andth a diam- lection erends on the nucleation and growth klnetl_cs of the
eter of approximately 4gum) were observed with a near competing product phases. As suggested by Boettinger and

6 . .
Gaussian spatial distribution. After irradiation, the etchedperepGde’ a schematic representation of the role of nucle-

sample was first examined with an optical microscope. Th g\tlon and growth kinetics for phase selection as a function of

Spex 1704 micro-Raman spectrometer was then used rocessing conditions is represented by the metastable phase
study the phases formed at these three regions. Under t@a\grams in Fig. 5. The thermodynamic relationships for the

. : : . Gibbs free energy of the melt, the metastable C49 phase, and
optical microscope, it was observed that the center reglor}he stable C54 phase are shown in Fig) Slannuzziet al 17
which was irradiated with a higher intensity, has a very P '

rough topography which was suspected to have melted. Ras used molecular-dynamics simulation to show that the

computer simulation shows that the temperature at the Surrpeltmg point of C49 is about 250 K lower than that of the

face rises from the ambient temperature to around 2250 K in

210 ns and cools down to room temperature within 9000 ns  55q9 :
as indicated in Fig. 1. The ramping rate of the laser annealing

process is therefore in the magnitude ot%R/s, while the M
cooling rate is also calculated to be on the order SfKs. 2000+

Figure 2 shows another series of simulations of the tempera- 5

ture distribution versus depth at different duratiortsfL00, % :
200, 300, and 400 ns. Note that the melting point of Ti and 5§ : 400 ns
8
]
o

Si are 1933 and 1686 K, respectively. The temperature di
tribution versus depth graph &t200 ns of Fig. 3 is the time
before the temperature reaches its maximum value in ourqE,
experiment. It is obvious that the temperature at the surfacet™

and Ti/Si interface are above the melting point of Ti and Si, 500+ :

indicating a melt consisting of Ti and Si atoms. A topo- L Ti— Si substrate

graphic AFM image of the laser irradiated region is shown in 0 +——— 5, —— ——
Fig. 4. The melted region at the center was labeled as region 0O 20 40 60 80 100 120 140 160 180 200
A and the region outside this melted region which experi- Depth (nm)

enced weaker laser intensity was labeled as region B and the

near edges region was labeled as region C. Micro-Raman Fic. 3. Temperature profiles at the interface region.

J. Vac. Sci. Technol. B, Vol. 23, No. 2, Mar/Apr 2005
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Fic. 4. AFM micrograph showing the topography of the irradiated Ti/Si \
sample.
. . : ©
stable phase C54 Tigi In addition, Boettinger and L0490 C54 R
Perepezkb6 also suggest that a metastable phase will have a Growth w~ >
lower melting point than the stable phase. Hence the melting Ve(l)::,:ity
point of the metastable C49 and the stable C54 phase of
TiSi, are indicated byT* and T$>* in Fig. 5a), respec- C49 4
tively. In the same figure, the intersections of the free energy

curves correspond to the transition temperatures and the
negative slope of either phasedG/dT at constant pressure, Temperature ____,,
is the entropy(S) of the phaseSis a measure of randomness _ _ . .

. . Fic. 5. Schematic representation of the operation of competitive phase se-
or disorder of the system. For any substance, the solid state I&tion kinetics which favors the formation of a metastable phase C49 TiSi
more ordered than the liquid state, hen8g;y< Siuid- from the meltM at low temperature in spite ofa) the thermodynamic
Hence as shown in Fig.(8), the slope of the melt has the stability of C54 TiS&. (b) Shows the temperature range for faster nucleation
greatest gradient. We assume that C54 has a Iarger entro@%w phase, whiléc) shows the temperature range for faster growth of the

L. . . phase.

than C49, this is because if C49 has a higher entropy than
C54, the melting point of the C54 phase will be lower than
that of the C49 phase. In Figs(§ and 5c), a possible pair
of functions are depicted to illustrate the role of kinetics inshows the growth rate of the C49 and C54 phases from the
phase selection under conditions that favor the nucleatiofiquid as a function of interface temperature in a situation
and growth of the metastable phé@e. favoring metastable C49 Tigphase formation. With high

For the nucleation of C49 Tigior C54 TiS) from the  cooling rate and large undercooling, the metastable C49
melt, the dominant product phase is determined to a largphase grows much faster than the stable C54 phase of TiSi
extent by the lowest value of the activation energy barrier forThis explains why the C49 phase is the only phase present in
nucleationAG" of C49 or C54 TiSj. The value ofAG™ for  the melt region. lannuzzt all’ simulations show that the
each solid phase is a function of the amount of undercoolingnelting point of C49 and C54 are 2800 and 3050 K, respec-
below the respective melting points and the liquid-crystaltively. However in our simulations we show that the melt is
surface energy which acts as heterogeneous nucleation sitesoled down from a temperature of 2250 K which means
for C49 or C54 TiSj. As stated by Bergmanet al,®®a that if C49 phase nucleates faster than the C54 phase as
rapidly solidifying melt attempts to reduce its free energy asshown in Fig. %a), then the melting point of C49 is definitely
quickly as possible, rather than attaining its lowest possibléelow 2250 K. On the other hand Archet al?° predicted
free energy. This leads directly to a growth selection betweethat the melting point of C54 is around 1700 K because in
metastable C49 Tigiand stable phases C54 TjSind re- their experimental work they show that the differences in
sults in the formation of the metastable phages., enthalpy increase significantly when C54 TiSias heated
C49 TiSh). In addition, Perepezko and Boettinﬂfealso to a temperature of above 1500 K and they claim that such
mentioned that during a rapid solidification process, thdncreases are usually observed in the temperature range prior
nucleation and/or the growth of a thermodynamically stablgo the melting point. If that is the case, our experimental
phase is difficult. Hence from the nucleation rate relation-results are closer with theirs.
ships presented in Fig(ly), we can see that the nucleation of ~ Several micro-Raman spectra were taken at different po-
C49 TiSi, dominates at lower temperatures. Figuré&)5 sitions in region B, which experienced lower laser beam in-

JVST B - Microelectronics and  Nanometer Structures
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Fic. 6. General trend of the phases formed in these three regions with the,g. 7. AFM micrograph showing the topography of the C40 Tisiter
use of a micro-Raman spectrometer. being exposed to the laser beam.

tensity. Most of the spectra taken in this region show thedistribution of the laser beam incident on the sample was
formation of C40 TiSj and only a few spectra show the very uniform, which means that the thermal gradient in the

formation of C49 TiSj at some random positions. A few formation of C40 in this set of experiments is very small as
spots were found to contain C49 Tj$in this region because compared to' the first set of experiments where j[he C40 ph:_:\se
of some nonuniformity in the laser beam. On the other hand?/as formed in region B where the thermal gradient was at its

most of the spectra taken from region C show C49 Jid maximum. Hence we can conclude that it is possible to in-
only a few spectra show the formation of C40 FiSFigure duce the formation of C40 phase under two different kinds of

6 shows the general trend of the phases formed in these thré!éermal gradie_nts. It is more desirable to_induce the forma-
regions. As shown in Fig. 6 the dominant phase in region plion of C40 using the second set of experiments because the
is mainly C49 phasd268, 292, 326 ci), the dominant thermal gradient is much smaller which also indicated that

phase in region B is mainly C40 pha&e99, 272, 280, 301, the thermgl stress induced in the film is also at its minimum.
317 cmY), and lastly the dominant phase in region C is Approximately 400 000 of such circular pulses were cre-

mainly C49 phase. This indicates that the formation tempera@d On @ X1cn? which was then characterized by

ture of laser induced C40 TiSis higher than C49 TiSi GAXRD. The crystal structure of this refractory-metal free
when the reaction is solid state. C40 Ti®¥as formed be- |aser induced C40 Tigiwas first identified using HRTEM
cause of the extreme thermal nonequilibrium induced by laby Ch(_anet al. R_ecently Viaet al™” have al§o §hown that by
ser annealing which leads to the predominance of the kinetifl€Positing a thin layer of Ta at the Ti/Si interface, the
factors that favor its formation. C49 TiS¢an be formed at ©40 TiSh was obtained after annealing at 525 °C from their
the melted region and the edgése., not melted region Bragg—-Bentano XRD results. In this article we discuss the

which show that there are two different mechanisms for thé)bservation of refractory-metal free laser induced C40,TiSi

metastable C49 phase formation. The C49 phase that was
formed in the region that is not melted was due mainly to
diffusion, whereas the C49 phase that was formed in the melt

region is believed to be due to the nucleation selection rules <
as stated in the previous paragraph. Further investigations EA
into the effect of C49 TiSithat forms from the melt on its zor) "8°
transformation into C54 phase could be carried out. §
O

When this laser pulse width was set to approximately
1.6 us and the laser fluence was reduced to approximately
1.0 J/cnd while keeping the repetition rate the same, we
were able to detect only C40 TiSirom the Raman spectra
(spectra not shownC49 and C54 TiSiare not observed in
the Raman spectra after the laser irradiation. Figure 7 shows
an AFM micrograph of two circular marks that were left on
the Ti/Si sample after it had been exposed to the laser beam. 36 38 40 42 44 46 48 50 52
Each circular mark is about 60m in diameter. The laser 20°
pulses are much bigger and uniform as compared to those in
the first set of experiments. This shows that the temperature Fic. 8. GAXRD pattern of refractory-metal free C40 T;Si

Counts (a. u.)
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TaBLE |. Experimental results of C40 Tigby different techniques.

Techniques used to find

Methods of forming C40 TiSi the lattice constants (&) c(A) References
Refractory-metal free C40 Tigiby laser annealing HRTEM 471 6.53 Liet al?
By depositing a thin layer of Ta at the interface BBXRD 469 6.49 Viaetal?

of Ti/Si followed by annealing at 525 °C
Refractory-metal free C40 Tigiby laser annealing GAXRD (Present study 4.67 6.59 Present study

aSee Ref. 9.
PSee Ref. 21.

by using a GAXRD. The GAXRD pattern in Fig. 8 shows =6.59 A, and were confirmed using GAXRD. Hence, we
five peaks at 37.98°, 40.43°, 41.05°, 43.93°, and 47.23%have shown that by varying the pulse width and energy flu-
Both the refractory-metal free and the refractory-metal dope@nce of the laser, we were able to produce uniform C40,TiSi
C40 TiSh, obtained by Liet al® and Viaet al,* respectively, film. From the process point of view this technique is much
have shown that the C40 TiShas a hexagonal structure faster as compared to othertechniqq]ementioned in Sec. I.
with the space group6,22. Therefore by assuming that the

C40 TiSi, has a hexagonal structure, five peaks listed abov& CKNOWLEDGMENTS

are indexed a$110), (111), (003), (200), and(112), respec- The authors would like to thank Associate Professor An-

tively. The experimental lattice constants calculated from theyrew Wee Thye Shen and Dr. William J. Boettinger for the
GAXRD pattern for this refractory-metal free laser inducedyg|yable discussion.

C40 TiSh, are displayed in Table I. From Table I, the lattice
constants of the refractory-metal fréby laser annealing !s. R. Muraka,Silicides for VLSI ApplicationgAcademic, New York,
and the refractory-metal doped C40 TiScalculated by 1983.

2, . .
; R. Beyers and R. Sinclair, J. Appl. Phy57, 5240(1985.
HRTEM, BBXRD, and GAXRD patterns, are in good 3J. B. Lasky, J. S. Nakos, O. J. Cain, and P. J. Geiss, IEEE Trans. Electron

agreement. Devices 38, 262 (1991).
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V. CONCLUSION 73, 3863(1998.

. . 5Z. Ma, L. H. Allen, and D. D. J. Allman, Thin Solid Film®53 451
An interesting phenomenon was observed when the (1994.
350 A Ti/Si sample was irradiated by &-switched °A. Mouroux, S.-IL. f}hang, \g\/é l;apl?né gsé Nygren, M. Ostling, and C. S.
. ; i Petersson, Appl. Phys. Let69, 975 (1 .

N.d :YAG laser with a repetition rate of 10 kHz, a pulse M. A. Gribelyuk, J. A. Kittl, and S. B. Samavedam, Appl. Phys. L&,
width 7 of 0.18us, and a fluence of approximately 5571 (1999.
1.4-1.6 J/cri Under the optical microscope, it could be ®S.Y. Chen, Z. X. Shen, K. Li, A. K. See, and L. H. Chan, Appl. Phys.
seen that the center region, which experienced the most in-Lett. 77, 439?‘(2000- A en
tensity of the laser beam, shows signs of melting. This ob-;,< b S: Y. Chen, and Z. X. Shen, Appl. Phys. Le@t5, 3989(2000.

i . i i %M. Bertoloti, Physical Process in Laser-Materials Interactiof®lenum,
servation was further confirmed with our computer simula- New York).
tion results that the temperature at the center region iSER. K. Singh and J. Viatella, JOM4, 20 (1992.
beyond the melting point of Ti and Si. However the region R.ggé&ngh, K. Jagannadham, and J. Narayan, J. Mater. Be$119
outside it shovv_ed no sign of meltmg' Ramar_] §pectra taken at3Y. S. 'I.'ouloukian,ThermaI Properties of High Temperature Solid Materi-
the center region showed that only C49 Ti8ias present. als (Macmillian, New York, 1969, \ol. 4.
Outside this center region, the dominant phase detected bﬁ/“c_;. GorachandHandbook of Thermo-Optic Coefficients of Optical Mate-
micro-Raman spectra was C40 TiSHowever, Raman spec- Jials with Applications(Academic, New York, 1998 _
tra tak tth t d fthe | | h d inl N. Shamma, S. Talwar, G. Verma, K. J. Kramer, N. Farrar, C. Chi, W.
ra taken at the ou e.r e geo € laser puise, snowed main yGreene, and K. Weiner, Mater. Res. Soc. Symp. P9 265(1997).
the C49 phase of Tigi These results show that the forma- 8. J. Boettinger and J. H. PerepezkoRapidly Solidified Alloysedited
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