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Initial stage of the C49-TiSi, formation was investigated at 530 “C and at a rate of 10 “C/m using 
transmission electron microscopy. Morphological studies reveal that the C49 phase first 
separately nucleates at the interface between amorphous silicide and crystalline silicon, then 
followed by simultaneous lateral and vertical growth. The growth proceeds very fast until the 
formation of a continuous layer of C49-TiSi2. Local chemical analysis shows that the 
composition range of the amorphous silicide is narrowed due to the C49 formation. For 
isothermal annealing, a linear density of the C49 nuclei is about 6.7X 10m3/A, and remains the 
same upon prolonged annealing. In the case of annealing at 10 “C/m, the linear density depends 
on temperature, reaching a maximum of 7.2X 10m3/A at around 575 “C. 

The formation of titanium disilicides through the re- 
action of titanium with crystalline silicon has been exten- 
sively studied from different aspects because of their im- 
portant technological applications in integrated circuits. *I’ 
It has been consistently reported that after an amorphous 
silicide formation, a high-resistivity metastable titanium di- 
silicide (C49 structure) always forms before a low- 
resistivity stable titanium disilicide (C54 structure), and is 
inevitable during conventional furnace annealing3-’ as well 
as rapid thermal annealing.” To form reliable shallow junc- 
tions and smooth interfaces, one desires an understanding 
of the reaction kinetics of both disilicides. Unfortunately, 
previous reports on the reaction rates of Ti with c-Si are far 
from consistent.‘-” Hung et al’ showed difficulties in re- 
producing the kinetics of C49 phase formation, and attrib- 
uted this lack of reproducibility to the presence of impuri- 
ties at the interface. Recently, Raaijmakers et al8 have 
indicated that for the C49 phase formation, the reaction 
proceeds much faster in the initial stage before the 
diffusion-controlled stage of the reaction sets in. They 
found that the irreproducibility was observed in the initial 
stages of the C49 formation, and was not due to the inter- 
facial impurities. Since their results were obtained by Ru- 
therford backscattering spectrometry (RBS > , a technique 
that has limited depth resolution and is relatively insensi- 
tive to the initial stage of the reaction, it appears necessary 
to examine this initial stage more closely in order to ac- 
quire a more detailed picture about the two distinct kinetic 
regimes of the C49 phase formation. 

In this Communication, we report our studies on the 
initial stages of the C49 phase formation under the condi- 
tions of isothermal and constant-heating-rate annealing us- 
ing cross-sectional transmission electron microscopy 
(XTEM) coupled with a scanning transmission electron 
microscope (STEM) probe. Our results clearly delineate 
the initial stage of the C49 formation. Morphological evo- 
lution is explained by considering both local chemistry and 

kinetic feasibility. This initial fast evolving stage is also 
discussed on the basis of the competition between nucle- 
ation and growth of the C49 phase. 

p-type Si (100) wafers with a 750~nm-thick thermal 
oxide were employed in this study. After degreasing, a 350 
nm phosphorus doped polycrystalline Si film was first 
grown onto the oxidized Si wafers using low-pressure 
chemical vapor deposition (LPCVD). A Ti film of 55 nm 
in thickness was then deposited over the polycrystalline Si 
using 1-f sputtering. Isothermal annealing and constant- 
heating-rate annealing were carried out in high vacuum 
(lo-’ Torr) at 530 “C for various times and at 10 “C/m, 
respectively. Details of the experiment are discussed 
elsewhere.4 Growth morphology of the C49-TiSiz phase 
was characterized using XTEM. Local chemical analysis 
was performed using a VG HB5 STEM with a 10 A probe. 
The phase identification of the C49 phase was carried out 
using the TEM microdiffraction technique. 

Both isothermal annealing and constant-heating-rate 
annealing resulted in quite similar morphological develop- 
ment, as revealed by XTEM examinations. For the sake of 
clarity, we only show the results for samples annealed at a 
heating rate of 10 Wm. Figure l(a) shows a micrograph 
for a sample heated up to about 510 “C. It is clearly seen 
that a metastable C49-TiSi, phase individually nucleated 
along the interphase boundary between amorphous silicide 
(a-TiSi,) and crystalline Si (c-Si). This is consistent with 
previous observations;3’4 see Ref. 11. The shape of the nu- 
clei is typical of heterogeneous nucleation, and is featured 
by the curvature toward the c-Si being larger than that 
toward the a-TiSi,, implying that interfacial energy on the 
a-TiSi, side is larger than on the c-Si side.” The same 
features were also seen from a sample annealed at 530 “C 
for 13 min. 

Upon annealing to a higher temperature or at 530 “C 
for a longer time, the C49-TiSiZ grains grew laterally (in a 
direction parallel to the a-TiSid+Si interface), as well as 
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growth behavior of the C49 phase changed over to mainly 
vertical growth. 

In both annealing cases, a linear density of the C49 
nuclei was measured along the interface based upon a num- 
ber of XTEM micrographs made for each sample. Our 
preliminary results indicate that for isothermal annealing 
at 530 “C for about 15 min, the linear density is about 
6.7~ 10A3/A and remains almost the same during pro- 
longed annealing. But in the case of annealing at 10 “C/m, 
the linear density initially depends upon temperature, in- 
creasing from 3.2~ 10-“/A ( -520 “C) to 7.2~ 10-“//A 
( - 570 “C) . The relative large increase is observed at about 
535-540 “C (6.0x 1O-3 /A,. 

c-Si 7 
2finm 

FIG. 1. XTEM micrographs for samples annealed at 10 “C/m up to (a) 
-510-c (b) -560°C, and (c) -585’C. 

vertically (in a direction perpendicular to the interface) at 
the expense of a-TiSi, and Si. The lateral growth (length- 
ening) appears faster than the vertical growth (thicken- 
ing). The vertical growth is characterized by the further 
protrusion of the C49-TiSi,/c-Si boundary into the c-Si, 
thus giving rise to the rough interface, but the growth at 
the a-TiSi,/C49-TiSi, interface seems very slow [Fig. 
l(b)]. Further simultaneous lateral and vertical growth 
resulted in the coalescence of the individual grains origi- 
nally separately formed at the interface. This initial growth 
stage proceeds very fast, as illustrated in Fig. 1 (b) for a 
sample annealed up to -560 “C. The stacking faults are 
revealed by the (020) lattice fringes in larger C49-TiSi, 
grains, as typically observed along this stacking sequence 
in the C49 phase.13 Figure 1 (c) shows an XTEM micro- 
graph obtained from a sample heated to-585 “C. As seen 
from the figure, finally, the individual growing C49-TiSiZ 
grains connected each other to form a continuous layer of 
polycrystalline C49-TiSiZ before the Ti film and a-TiSi, 
phase are exhausted. It is also worth noting that in either 
case, a continuous layer of C49 phase is formed from a 
relatively few large C49 nuclei, thus resulting in very large 
C49 grains [see Fig. l(c)]. At this stage, the simultaneous 

To understand the morphological evolution described 
above, we also performed a local chemical analysis along 
several interphase boundaries, i.e., Ti/a-TiSi, , 
a-TiSi,/c-Si, and a-TiSi,/C49-TiSi, . Figure 2 (a) shows 
approximate locations of the STEM probe during analysis. 
The effective probe size was estimated to be -40 A, based 
upon the possible drifting of the specimen and beam broad- 
ening effect. The compositions measured for the C49 phase 
were also included for comparison. These results are sum- 
marized in Fig. 2(b). It reveals two important facts: ( 1) 
the a-TiSi, layer has a composition range from - 33 at. % 
Si (at the Ti/a-TiSi, interface) to -67 at % Si (at the 
a-TiSiJc-Si interface), similar to the results reported by 
Ogawa et aZ.;14 and (2) due to the formation of the C49 
phase the composition range for the a-TiSi, layer is nar- 
rowed, changing from -67 at. % Si (a-TiSi,/c-Si) to 
- 52 at. % Si (a-TiSi&49-TiSQ. This can also be ex- 
plained qualitatively using a schematic Gibbs free energy 
versus composition diagram shown in Fig. 3. Thus, the 
results should be qualitatively quite general though the 
actual local compositions are temperature dependent. 

As pointed out by Raaijmakers et al.,’ the kinetics of 
the C49 formation can be described as two regimes: initial 
fast reaction and diffusion-controlled growth, being repre 
sented by different kinetic rates. From this study, we have 
shown that the initial stage of the reaction is essentially 
associated with the discontinuous nucleation of the C49 
phase, then followed by the simultaneous lengthening and 
thickening. The simultaneous growth exhibits a large dis- 
parity in growth rates of the C49 grains in vertical and 
lateral directions. This initial growth stage proceeds very 
fast until a continuous layer of C49 phase forms. The dis- 
parity in the growth rates can be easily understood based 
on the local chemical information. Before the C49 phase 
forms, the a-TiSi, layer has a larger composition range 
across the entire layer. The composition at the a-TiSiJ&i 
interface is about 33 at. % Ti and 67 at. % Si, very close to 
the composition required for the C49 formation.14 After 
the formation of the C49 phase, the composition shifts 
from -67 at. % Si to -52 at. % Si at the 
a-TiSi,/C!49-TiSi* interface. Such a composition barrier 
slows down the vertical growth at this interface, since a 
further growth would require more Si supply either 
through the already existing C49 phase (lattice diffusion) 
or along the interphase boundaries (interphase boundary 
diffusion) to the growth front. This explains the slow 
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FIG. 2. (a )  A n  X T E M  m ic rog raph  for a  s a m p l e  annea led  at 5 3 0  ‘C  for 
1 5  min ,  show ing  approx imate  locat ions of the S T E M  n a n o p r o b e  du r ing  
analys is ;  (b )  loca l  compos i t ions  at di f ferent in te rphase boundar ies  m e a -  
su red  by  S T E M  ( O = = u - T i S i d S i  interface; A  =a-T iS idC49-T iS i ,  inter-  
face; n  =Ti ia-T iS i ,  interface, 0  -C49-T iSQ .  
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FIG. 3. Schemat i c  G i b b s  free. ene rgy  vs compos i t ion  d i a g r a m  for the 
T i -S i  b inary  system, show ing  the loca l  equ i l ib r ia  es tab l ished by  the c o m -  
m o n  tangents  a m o n g  dif ferent phases.  

growth  obse rved  at this interface. Instead, the lateral  
g rowth  can  b e  faci l i tated by  the local  t ransport  of S i  a l ong  
the C49-TiSiz /c-Si  inter face to the g rowth  front. This  
po in t  is suppor ted  by  the k n o w n  fact that S i  is the domi -  
nan t  mov ing  spec ies  in  the C 4 9  p h a s e  g row&.” A lso  f rom 
the obse rved  s imu l taneous  g rowth  behav ior ,  w e  suggest  
that the init ial fast g rowth  is dom ina ted  by  the preferent ia l  
d i f fusion of S i  a l ong  the in te rphase bounda r i es  to the 
g rowth  front ra ther  than  th rough  the exist ing C 4 9  phase .  
T h e  latt ice di f fusion is expec ted  to b e  opera t ive  in  the later 
s tage of the growth,  so  as  to g ive  a  s low react ion rate.8 

T h e  reason  for the lack of contro l  of the init ial C 4 9  
p h a s e  format ion is still no t  qu i te  c lear  at present .  It is 
most ly  l ikely re la ted to the nuc lea t ion  di i% cult ies of the 
dis i l ic ide o n  c-Si.  A s  ind icated by  d ’Heur le ,  l2  nuc lea t ion  of 
C49-T iS i ,  at the a-TiSi , /c-Si  inter face is d r iven  by  a  very 
smal l  negat ive  f ree ene rgy  change .  S o  it can  b e  very sensi -  
t ive to temperature ,  stress, a n d  the p resence  of he te roge-  
n e o u s  nuc lea t ion  sites. O u r  n u m b e r  densi ty  da ta  suggest  
that there  exists a  th resho ld  tempera tu re  ( a round  5 3 0  “C)  
for the nuc lea t ion  of the C 4 9  phase .  A t a  tempera tu re  c lose 
to the th resho ld  temperature ,  o n c e  the C 4 9  p h a s e  is suc-  
cessful ly nuc leated,  the next  s tep is m o r e  l ikely assoc ia ted 
wi th the g rowth  of the present  nuc le i  ra ther  than  fur ther 
nuc leat ion,  e v e n  t hough  such  nuc lea t ion  sites m a y  still ex-  
ist. A s  the tempera tu re  is far a b o v e  the crit ical t empera -  
ture, al l  the nuc lea t ion  sites a re  expec ted  to b e  t i led wi th in 
a  very short  tim e , a  we l l -de f ined d i f fus ion-contro l led 
g rowth  reg ime  wil l  quickly take over  the init ial g rowth  
s tage of the C 4 9  phase .  Therefore ,  to b e  m o r e  precise,  w e  
think that the init ial s tage of the C 4 9  p h a s e  format ion m a y  
represent  the compet i t ion be tween  the nuc lea t ion  a n d  
g rowth  of the disi l ic ide. 

This  work  is part ia l ly suppor ted  by  the Joint  Serv ices  
Elect ronics P r o g r a m  ( J S E P )  u n d e r  Contract  No.  N O 0 0  14 -  
go -J -1270  (A.  G o o d m a n ) . 
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