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Microstructural study of the C49-TiSi, to C54-TiSi, polymorphic transformation has been 
performed to elucidate microstructural evolution and possible mechanism of the phase 
transformation. It has been shown that the nucleation of the C54-TiSi, is heterogeneous, and 
preferentially takes place at triple grain junctions or grain boundaries. The interphase interfaces 
between C49 and C54 disilicides are often ragged with incoherent characteristics. The growth of 
the 04 phase is found to proceed by advancing the highly mobile incoherent interfaces in all 
directions toward the heavily faulted C49 phase. No rigorous orientation relationships are found 
between the two phases. The microstructural features of the transformation bear some massive 
characteristics. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Polymorphism is recognized as the ability of the same 
chemical compound to exist in more than one crystalline 
structure and is very common phenomenon found in nature. 
Many transition metal silicides (such as FeSi, and Co,Si) 
and refractory metal silicides (such as TiSiZ and MoSi,) pos- 
sess more than one crystalline structure. The technologically 
important titanium disilicide was discovered to have two 
crystalline forms: one with a base-centered-orthorhombic 
structure (C49-TiSi,: a =0.362 nm, b = 1.376 nm, c =0.360 
nm) and the other with a face-centered-orthorhombic struc- 
ture (C54-TiSi, : a=0.825 nm, b=0.478 nm, c=O.854 
nm).’ The C49 phase does not appear in the Ti-Si bulk 
equilibrium phase diagram’ and forms during low- 
temperature annealing of a TiiSi thin-film couple 
(500- 600 oC)374 or crystallization of a codeposited, stoichio- 
metric amorphous Ti,,,S&, alloy (about 390 0C).5 It is of- 
ten highly resistive (about 60- 100 $1 cm) as compared with 
the equilibrium C54 phase, which has an electrical resistivity 
of about 15 fl cm and is currently being used as intercon- 
nects and contacts in Si-based metal-oxide-semiconductor 
field-effect transistors. It has been shown that the C49 phase 
is inevitable during microelectronic processing and the de- 
sired low resistivity C54 disilicide can only be obtained by 
thermally transforming the metastable C49 polymorph at el- 
evated temperatures (2650 OC).‘-s 

Since the C49-to-C54 phase transformation is of par- 
ticular technological interest, there have been considerable 
studies on this structural transition. Most of them were fo- 
cused on the effect of processing conditions such as 
dopants7V9 and linewidth” on the transformation. Antimony 
is found to enhance the structural conversion, while arsenic” 
retards it. Lasky et aLlo reported that the effect of linewidth 
on the C49-to-C54 transformation in patterned C49-TiSi, 
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fine lines. They found that the transformation is significantly 
difficult on the submicrometer lines. It has been suggested 
that more nucleation events for the C54 phase be required to 
completely transform narrow lines of C49 phase into C54 
phase lines. However, very little is known about the micro- 
structural details of this structural transformation and its pos- 
sibly associated mechanism. In order to provide a fundamen- 
tal basis for explaining various interesting experimental 
results and to effectively control the microstructure during 
processing, a study of the microstructural aspects of the 
transformation appears very useful. 

In this paper, we present a microstructural study of vari- 
ous stages of the C49-to-C54 phase transformation in tita- 
nium disilicide using transmission electron microscopy 
(TEM) and selected area electron diffraction. Both nucle- 
ation and growth of the C54-TiSi, within polycrystalline 
C49-TiSi, have been described in detail. A possible mecha- 
nism of the transformation will be suggested in the light of 
the main microstructural characteristics observed. 

II. EXPERIMENTAL PROCEDURE 

The samples used in this work were prepared using 
p-type Si (100) substrates with a 750-nm-thick thermal ox- 
ide. After chemical cleaning, about 350 nm of phosphorus 
doped polycrystalline Si (poly-Si) film was first grown onto 
the oxidized Si wafers using low-pressure chemical-vapor 
deposition. The samples were then dipped in a dilute HF 
solution just prior to loading into a sputter-deposition system 
with a base pressure of 2X 10-s Ton: 55-65 nm Ti film was 
deposited over the poly-Si. The samples were so constructed 
to meet the needs for in situ sheet resistance measurement.12 
The thermal oxide serves as electrical isolation between the 
deposited Ti/Si bilayer and the Si substrate. The advantage of 
the ia situ resistance measurement is that it gives a real-time 
track of thin-film reaction by monitoring the change of tem- 
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FIG. 1. A plan-view ‘EM micrograph of the C49-TiSi,, showing heavily 
faulted, polyclystalline C49 grains, taken from samples after anneaI at 
600 “C for 1 h. 

perature coefficient of resistance during annealing, and also 
aids in obtaining critical samples at various stages of the 
transformation. 

The samples were first annealed in high vacuum 
(5X IO-” Torr) at 600 “C for 1 h to obtain a fully reacted 
C49-TiSi, film. During annealing, sheet resistance of the 
bilayer was used to monitor the progress of the silicide for- 
mation. The annealed samples were also examined using 
x-ray diffraction and TEM for the starting microstructure of 
the C49 phase. For transformation study, annealing was car- 
ried out isothermally over a temperature range of 650- 
750 “C for various times. Microstructure and morphology 
were characterized in a Philips CM-12 transmission electron 
microscope operated at 120 kV, with an emphasis on the 
nucleation and growth of the C54-TiSi,. Plan-view TEM 
specimens were prepared using backside polishing down to 
-30 ,um, followed by a cold-trap ion milling to electron 
transparency. Some samples were also studied using a Hita- 
chi H-9000 transmission electron microscope operated at 300 
kV. 

Ill. RESULTS AND DISCUSSION 

Figure 1 shows a bright-field image of the plan-view 
samples after the first annealing step. The electron- 
diffraction analysis indicates that all the Ti film reacted with 
the poly-Si to form a polycrystalline C49-TiS&, which is 
approximately equiaxed with an average grain size of 300 
nm. As seen in the picture, the C49-TiSi, phase is heavily 
faulted. A chemical analysis was also done on the samples 
using Auger electron spectroscopy. It is found that the com- 
position of C49-TiSi, film is fairly uniform through the en- 
tire layer and is nearly stoicbiometric (i.e., Ti,,,Si,,,). High- 
resolution imaging was also used to examine its defective 
nature. Figure 2(a) and 2(b) show a high-resolution image of 
the C49-TiSi, structure projected along the [loo] zone axis 
and the corresponding selected area diffraction pattern, re- 
spectively. The faults are visible when viewed in either the 
[loo] or [OOl] zone axis and disappear in the [loll projec- 
tion. These planar defects cause streaking (rel-rods) in recip- 
rocal space. Diffraction analyses reveal that most of the 
stacking fault is a 90°-rotation twin which changes the a axis 

FIG. 2. (,a) High-resolution TEZvl image of the C49-TiSi, structure viewed 
along [loo] zone axis. The stacking faults are revealed in the b direction 
with a displacement vector (a+c)/2. (b) The corresponding [IOO] zone axis 
electron-diffraction pattern. Note that there is 90” rotation between two 
photos. 

into the c axis. The twin habit plane is (010). Similar results 
have recently been reported by Bourret et al. I3 and Jia 
et a1.14 

Nucleation and growth of the C54-TiSi, were studied 
during the second annealing step. Figure 3(a) is a planar 
view TEM image of a sample annealed at 680 “C for 30 min, 
showing the early stage of the transformation. A C54-TiSi, 
nucleus is observed to form at grain boundaries of the 
C49-TiSi,. Figure 3(b) gives a magnified picture of the C54 
nucleus with its microdiffraction pattern shown as an inset. 
The interface between the C54 nucleus and the lower C49 
grain is mostly smoothly curved, indicating its incoherent 
characteristics. But its upper interphase boundary exhibits 
some .coherency, as demonstrated by the faceted interface.15 
Like all other solid-state transformations, the occurrence of 
local coherency would lower interphase boundary energy, 
thereby reducing the energy barrier for critical nucleus for- 
mation. In addition to grain-boundary nucleation, the 
C54-TiSi? was also found to nucleate at trip!e grain junc- 
tions of the C49 phase, as is shown in Fig. 4(a) and 4(b) 
taken from samples annealed at 700 “C for 15 min. Statistical 
examinations reveal that nucleation at triple grain junctions 
is more prevalent. It has also been noticed that among the 
available heterogeneous sites (including grain boundaries 
and triple grain junctions), only about 15% of grain bound- 
aries and triple grain boundaries were taken. This may be 
indicative of the difficulty of nucleating the C54 disilicide. 

In most cases, polymorphic transformation in intermetal- 
lit compounds is accompanied by a very small heat effect, 
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FIG. 3. (a)  A  p lan-v iew T J Z M  mic rog raph  taken f rom a  s a m p l e  annea led  at 
6 8 0  “C  for 3 0  m m , showing  the nuc leat ion of C54-T iS i ,  at g ra in  b o u n d -  
ar ies  of C49-T iS i ,  ( ind icated by  arrows) ,  a n d  (b)  a  m a g m f i e d  v iew of the 
C 5 4  nuc leus  a n d  its microdi f f ract ion pat tern s h o w n  as  a n  inset. Note  that the 
inter face be tween  the C 5 4  nuc leus  a n d  the lower  C 4 9  g r a m  is smooth ly  
curved,  indicat ing its incoherent  character ist ics.  

typically rang ing  f rom 0 .01  to 0 .03  e V /atom.16 A l though  
there  is n o  da ta  ava i lab le  o n  the C49- to -C54  t ransformat ion,  
the bu lk  f ree-energy  d i f ference A G , be tween  C49-TiSi ,  a n d  
C54-TiSi ,  is expec ted  to b e  very small .  S ince  the nuc leat ion  
ene rgy  bar r ier  is inversely propor t iona l  to A C , a n d  therefore 
wou ld  b e  very la rge  for the C 5 4  phase,  the nuc leat ion  of the 
C 5 4  disi l ic ide is very difficult a n d  of ten occurs  he te roge-  
neously ,  as  was  observed  in  ou r  samples.  T h e  adop t ion  of 
tr iple g ra in  junct ions for nuc leat ion  wou ld  fur ther reduce  this 
ene rgy  bar r ier  b a s e d  u p o n  a n  analys is  m a d e  by  C l e m m  a n d  
Fisher .17 

T h e  morpho log ica l  deve lopmen t  a n d  crystal lographic in-  
format ion be tween  the C 4 9  a n d  C 5 4  disi l ic ides w e r e  a lso 
examined .  O u r  pre l iminary  results d o  not  s h o w  any  r igorous  
or ientat ion re lat ionships be tween  the two phases.  This can  
a lso b e  expec ted  f rom the largely  incoherent  na tu re  of the 
in te rphase boundar ies .  F igures  5 (a )  a n d  6 (a)  s h o w  br ight-  
f ield images  of the typical inter face morpho logy  of the coex-  
ist ing C 4 9  a n d  C 5 4  phases.  These  w e r e  taken f rom samples  
after annea l i ng  at 7 0 0  “C  for 7 5  min.  A s  s e e n  in  these micro-  
g raphs,  the C 5 4  p h a s e  g rows  by  consuming  the heavi ly  

FIG. 4. TF& l  m ic rog raphs  taken f rom samp les  annea led  at 7 0 0  “C  for 1 0  
m i n  (a)  showing  pre fer red nuc leat ion of the C54-T iS i ,  at t r iple g r a m  junc-  
t ions of the C49-T iS i ,  a n d  (b)  incoherent  in terphase inter faces be tween  the 
coexis t ing C 4 9  a n d  C 5 4  phases.  

faul ted C 4 9  phase.  T h e  growth  front is very ragged ,  imply-  
ing  incoherent  character ist ics of the g rowth  front. This is a lso 
conf i rmed by  severa l  z o n e  axis dif fract ion analyses,  for ex-  
ample ,  as  s h o w n  in Figs. 5 (b )  a n d  6(b) ,  w h e r e  the C 5 4  p h a s e  
was  a l igned  with a  part icular  z o n e  axis whi le  the C 4 9  p h a s e  
is a w a y  f rom z o n e  axis ( the streaks d u e  to the C 4 9  p h a s e  a re  
ind icated by  arrows).  

A n o ther  sal ient  morpho log ica l  feature,  wh ich  is of ten 
observed  in  ou r  samples,  is that cer ta in C 5 4  gra ins  w e r e  ab le  
to g r o w  across m a n y  smal l  C 4 9  grams,  resul t ing in  
C54-T iS i?  gra ins  as  la rge  as  -10 -15  p m . A n  examp le  is 
i l lustrated-in Fig. 7. A l though  there  is n o  g rowth  velocity 
da ta  avai lable,  it is expec ted  that these incoherent  inter faces 
h a v e  la rge  mobi l i ty  a n d  a re  ab le  to migra te  very fast u n d e r  
cer ta in c i rcumstances.  W ithin the C 5 4  grams,  t ransformat ion 
twins w e r e  fo rmed to accommoda te  the strain ene rgy  caused  
by  the vo lume  c h a n g e  ( -6%  reduct ionj  assoc ia ted with the 
t ransformat ion.” Al l  these microstructural  character ist ics de -  
scr ibed a b o v e  h a v e  m u c h  resemb lance  to the d is t inguished 
features of mass ive  t ransformat ion out l ined by  MassaIski tg 
a n d  m o r e  recent ly  rev iewed by  M e n o n  a n d  Aaronson .“’ 

In the l i terature regard ing  m e  C49- to -C54  po lymorph ic  
t ransformat ion,  it has  b e e n  sugges ted  by  severa l  g r o u p ~ “*“,~ ~  
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FIG. 5. Typical TJ34 micrograph taken from a sample after 700 ‘C, 75 mm 
anneal. The growth front of the C54-TiSi, exhibits a ragged appearance, 
implying its incoherent characteristics. (b) Its corresponding selected area 
diffraction pattern, confirming the incoherent interface nature. The streaks 
are due to faulted C49 phase (indicated by arrows). 

that this structural transformation proceed via a recrystalliza- 
tion process. If we review the definition for 
recrystallization,13 it will be found that this analogy is not 
appropriate. Recrystallization is referred to those processes 
where the deformed materials are recovered and crystallized 
into a relatively defect-free state. This process does not in- 
volve a change of crystal structure of the materials. Although 
the C49-to-C54 phase transformation proceeds by eliminat- 
ing crystal imperfections in the heavily faulted C49 phase 
and reconstructing the relatively defect-free 04 phase, the 
process transforms the disilicide from a base-centered- 
orthorhombic structure (.prototype C49-ZrSi,3 to a face- 
centered-orthorhombic one (prototype C54-TiSi,). In this 
sense, this structural transformation is obviously not a re- 
crystallization process. 

Polymorphic transformation is classified as a short-range 
diffusional transformation, involving local atomic transport 
across the interphase boundary separating two phases. Two 
of the possible mechanisms often observed to be operative in 
polymorphic transformation are martensitic transformation 
and massive transformation. The first is a shear type of trans- 
formation and is diffusionless. It often exhibits habit planes 
and rigorous orientation relationships between the parent 
phase and product phase. The second is a diffusional trans- 
formation in which incoherent interfaces advance in all di- 
rections by diiusional processes across the interfaces. It is 
well known that massive transformation often shows no rig- 

FIG. 6. Typical TEM micrograph taken from the same sample shown in Fig. 
5, showing the morphology of the growth front. The growth of the C54 
phase proceeds by advancing the mobile incoherent interface toward the 
C49 phase. A large strain contrast due to the transformation is also seen in 
the picture. (b) The corresponding selected area diffraction pattern. The 
streaks are due to the faulted C49 phase. 

orous orientation relationships and exhibits explosive growth 
features.% From a thermodynamic standpoint, polymorphic 
transformation may be considered as a limiting case of mas- 
sive transformation.25 From the main microstructural and 
morphological data gathered above, we did not observe a 
martensitic behavior of the transformation. This may also be 
expected from purely structural analysis of the C49 and C54 

FIG. 7. A typical bright-field TEM microgmph, taken from samples after 
anneal at 700 “C for about 25 mm, showing that some C54-TiSi, grains 
grew across many small C49-TiSi, grams by rapidly migrating highly mo- 
bile interphase boundaries, resulting in extremely large C54 grains. 

J. Appl. Phys., Vol. 77, No. 9, 1 May 1995 Ma, Allen, and Allman 4387 

Downloaded 30 May 2001 to 130.126.103.205. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



disilicides since large mismatches exist between the major 
crystallographic planes of the two structures, which prevents 
any shear process from occurring. However, it is noticed that 
the microstructure and morphology evolved reveal some in- 
teresting characteristics resembling those of massive trans- 
formation.. Both nucleation and growth of the C54 phase 
reveal some massivelike features. But at this point, no further 
conclusion can be made on this before any important kinetic 
parameters such as nucleation and growth rates are 
established.“6 

IV. CONCLUSIONS 

The microstructural and morphological aspects of the 
C49-to-C54 polymorphic transformation in titanium disili- 
tide have been investigated with the focus on the nucleation 
and growth of the C54-TiSi*. Nucleation of the C54 phase 
predominantly takes place at triple junctions of the C49 
grains with less interphase coherency. No orientation rela- 
tionships were found between the C49 and C54 phases. The 
density of triple grain junction nucleation is higher than that 
of a grain-boundary one. The growth front of the C54 disi- 
licide is highly incoherent. No martensitic characteristics 
were observed. Both nucleation and growth bear some im- 
portant microstructural characteristics of massive transfor- 
mation. Further work on the thermodynamics and detailed 
kinetic behavior of the transformation is necessary in order 
to address the mode and more fundamental mechanism of the 
C49-to-C54 TiSi, polymorphic transformation. 
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