
Journal of Applied Physics 78, 4958 (1995); https://doi.org/10.1063/1.359786 78, 4958

© 1995 American Institute of Physics.

Film thickness effects in the Ti–Si1−xGex
solid phase reaction
Cite as: Journal of Applied Physics 78, 4958 (1995); https://doi.org/10.1063/1.359786
Submitted: 13 March 1995 • Accepted: 28 June 1995 • Published Online: 17 August 1998

D. B. Aldrich, Holly L. Heck, Y. L. Chen, et al.

ARTICLES YOU MAY BE INTERESTED IN

Stability of C54 titanium germanosilicide on a silicon-germanium alloy substrate
Journal of Applied Physics 77, 5107 (1995); https://doi.org/10.1063/1.359321

Reaction of titanium with germanium and silicon-germanium alloys
Applied Physics Letters 54, 228 (1989); https://doi.org/10.1063/1.101444

A note on the reactions in the Ti-Ge system
AIP Advances 2, 032185 (2012); https://doi.org/10.1063/1.4757117

https://images.scitation.org/redirect.spark?MID=176720&plid=1700942&setID=379065&channelID=0&CID=567027&banID=520459198&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=82522d7bb27f1044174adc7707f954cf55fa997f&location=
https://doi.org/10.1063/1.359786
https://doi.org/10.1063/1.359786
https://aip.scitation.org/author/Aldrich%2C+D+B
https://aip.scitation.org/author/Heck%2C+Holly+L
https://aip.scitation.org/author/Chen%2C+Y+L
https://doi.org/10.1063/1.359786
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.359786
https://aip.scitation.org/doi/10.1063/1.359321
https://doi.org/10.1063/1.359321
https://aip.scitation.org/doi/10.1063/1.101444
https://doi.org/10.1063/1.101444
https://aip.scitation.org/doi/10.1063/1.4757117
https://doi.org/10.1063/1.4757117


Film thickness effects in the Ti-Si, -xGe, solid phase reaction 
D. 9. Aldrich,a) Holly L. Heck, Y. L. Chen, D. E. Sayers, and R. J. Nemanichb) 
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202 

(Received 13 March 1995; accepted for publication 28 June 1995) 

The effects of film thickness on the Ti-Sit -xGex solid phase reaction were investigated. Thin C49 
TIM, (M=Si,-,Ge,) films were formed from the solid phase reaction of 400 p\ Ti or 100 A Ti with 
Sit -XGeX alloys. It was determined that for films formed from 400 A Ti, the nucleation barrier of the 
C49-to-C54 transformation decreases with increasing germanium content, for alloy compositions 
with up to =40 at. % germanium (i.e., ~~0.40). It was also observed that germanium segregates out 
of the TiM, lattice, for both the C49 and C54 phases, and is replaced on the TiMz lattice with Si 
from the substrate. The germanium segregation changes the Ge index y of the Ti(Si,-,Ge,),. For 
films formed from a 100 A Ti layer it was observed that the C54 TiSi, nucleation temperature was 
increased by 2 125 “C. The addition of germanium to the silicon increased the agglomeration of the 
C49 phase and caused the C54 TiM2 nucleation barrier to increase further. The results also indicate 
that the increased temperature required for the transition to the C54 phase, for the 100 8, films, leads 
to an increased rate of germanium segregation. 0 1995 American Institute of Physics. 

1. INTRODUCTION 

The bilayer solid phase Ti-Si reaction usually results in 
the sequential formation of at least two prominent crystalline 
phases: C49 TiSi, and C54 TiSi,.lw3 Initially Ti and Si inter- 
diffuse to form a disordered intermixed a-TiSi interface 
layer.3v4 Following the formation of the disordered layer, 
TiSia nucleates at the a-TiSi/Si interface and grows laterally 
to form an interface layer.3q4 This initial TiSi, layer has a 
base-centered orthorhombic crystal structure (C49 TiSi,).5*6 
The C49 phase of TiSi, is not the stable TiSi2 phase listed in 
the Ti-Si binary phase diagram.’ It has been proposed that 
C49 TiSi, has a lower nucleation barrier than C54 TiSi, be- 
cause the TiSi,/Si and TiSi,/a-TiSi interface energies are 
lower for the C49 phase than for the C54 phase.8P9 After an 
interfacial layer of C49 TiSi, forms, Si diffuses through the 
C49 TiSi, layer and the silicide grows toward the Ti 
surface.3V4 The C49 TiSi, grows until the Ti layer has been 
completely reacted. At higher annealing temperatures the 
TiSi, layer may undergo a polymorphic transformation from 
the C49 structure to the C54 structure (face-centered 
orthorhombic).3*6 The polymorphic transformation is driven 
by a small bulk free-energy difference between the two 
phases (C54 having the lower bulk free energy).” Depending 
on the thickness of the C49 TiSi, layer, the C54 TiSi, phase 
can form as a continuous layer of low-resistivity C54 TiSi, 
grains (providing a low-resistance conduction path through 
the C54 TiSi, region).10-12 If a continuous layer of C54 TiSi, 
is desired then the nucleation and growth of C54 TiSi2 in 
C49 TiSi, defines a lower limit to the thermal budget for 
Ti-Si processing.13 

The thermal stability of C54 TiSi, determines the pro- 
cessing conditions which cause a continuous layer of C54 
TiSi, to agglomerate and defines an upper limit to the ther- 
mal budget for Ti-Si processing. When C54 TiSi, initially 
forms during the solid phase reaction of Ti and Si the C54 
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phase may form as a continuous layer of low-resistivity C54 
TiSi, grains which provide a low-resistance conduction path 
through the metallized layer. At high annealing temperatures 
the formation of grooves along the C54 TiSi, grain bound- 
aries has been observed.14-16 The formation of the grooves 
requires mass transport which is a thermally activated 
process and the grooves become more rapidly prominent as 
the annealing temperature is increased.3V’6 Nolan and 
co-workers’6 have examined groove formation at both the 
C54 TiSi, surface and at the C54 TiSi,/Si interface and mod- 
eled the groove formation as a balance of the surface and the 
interface energies. 

As the thermal grooves deepen, eventually the surface 
groove will meet the interface groove and the two neighbor- 
ing grains will separate.16 When the C54 TiSi, grains become 
individual islands another energy term must be considered, 
the Si surface energy. The equilibrium shape of the C54 TiSi, 
grains (islands) is determined by the relative surface and in- 
terface energies of the C54 TiSi2 surface, the C54 TiSi,/Si 
interface, and the Si surface.“*17 Jeon et al.” modeled the 
triple junction of the TiSi, surface, the Si surface, and the 
TiSi,/Si interface as a balance between the surface and inter- 
face energies (solid-state capillary model). By measuring 
contact angles of TiSi, islands they were able to calculate 
values for the TiSiZ surface energy and the TiSi$Si interface 
energy using a known value of the Si surface energy.“,” 
When the low-resistance conduction path is broken by the 
islanding of C54 TiSi, grains the sheet resistance of the C54 
TiSi, layer increases rapidly. A temperature processing win- 
dow, for a given annealing duration, can be defined by the 
temperatures at which a continuous layer of C54 TiSi, forms 
(forming a continuous low-resistance conduction path) and 
the temperature at which the C54 TiSi, grains completely 
agglomerate (breaking the low resistance conduction path).13 

The C49 TiSi2 film thickness can have a profound effect 
on both the C49 TiSi,-to-C54 TiSi, transformation and the 
TiSi, agglomeration processes. It was initially reported by 
van Houtum and Raaijmakers’* and later by Jeon et al.” 
that, for Ti-Si solid phase reactions, as the thickness of the 
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initial Ti film was decreased the C49 TiSi,-to-C54 TiSi, 
transformation temperature increased. It has also been ob- 
served that, for a given annealing duration, the agglomera- 
tion temperature decreases as the film thickness 
decreases.‘3*19 For thin films less material transport is re- 
quired for thermal grooving to result in agglomeration (i.e., 
for a given annealing duration agglomeration occurs in a thin 
film at a lower temperature than in a thick film, and for a 
given annealing temperature agglomeration occurs in a thin 
film in a shorter time than in a thick film). Therefore, as the 
film thickness decreases, the temperature needed to form the 
low-resistivity C54 TiSi, increases and the agglomeration 
temperature decreases. 

(2) 

(3) 

spin etching with a solution of hydrofluoric acid: 
H*O:ethanol (1: 1: 10) to remove the oxide and passivate 
the Si(100) surface with hydrogen, and 
an in situ thermal desorption at >850 “C for 10 min to 
remove any surface contaminants which may remain. 

Like the Ti-Si reaction the bilayer solid phase Ti-Ge 
reaction usually results in the formation of at least two 
prominent crystalline phases. The two phases usually ob- 
served in the Ti-Ge reaction are Ti,GeS and 04 TiGe,.20-22 
Initially, the Ti,Ge, phase forms by diffusion-controlled 
growth from the Ti/Ge interface, through the Ti layer, to the 
sample surface. At higher annealing temperatures germanium 
diffuses into the Ti,GeS, C54 TiGe2 nucleates, and the C54 
TiGe, grows laterally through the Ti,Ge, film.20v21 There is 
no analogy in the Ti-Si system for Ti,Ge,, and C49 TiGe, 
has not been observed in the solid phase reaction of Ti-Ge 
bilayers. However, Hong, Barmak, and d’Heurle23 have ob- 
served the formation of C49 TiGe2 during the crystallization 
of codeposited amorphous Tif2Ge. 

Previously it has been observed that C54 Ti(Si,-,GeJ2 
is the final phase of the Ti-Sir-,Ge, solid phase 
reaction.24”’ In a recent study of the phase formation se- 
quence in the Ti-Sit-,Ge, solid phase reaction it was ob- 
served that for a range of silicon-rich alloys the reaction 
followed a “Ti-Si-like” reaction path (i.e., TifSi, -xGe, 
*C49 TiM,=+C54 TiM,, where M=Si,-,,Ge,).9 The 
Ti-Sit -xGe, reaction was observed to follow a “Ti-Si-like” 
reaction path for germanium content up to 40 at. % germa- 
nium (i.e., xGO.40). In that same study’ it was also observed 
that for “Ti-S&like” reactions the C54 TiM, nucleation tem- 
perature decreased with increasing germanium content. In 
this study the addition of germanium to the very thin-film 
Ti-Si solid phase reaction was investigated as a possible 
means of alleviating some of the C54 TiM, nucleation diffi- 
culties associated with very thin films. Structural and com- 
positional properties were examined using x-ray diffraction 
(XRD) and in wcuo Raman spectroscopy. The morphologies 
of the surfaces and interfaces were examined using scanning 
electron microscopy (SEM) and cross-sectional transmission 
electron microscopy (XTEM). 

This cleaning process has been shown to produce atomically 
clean surfaces.26 Following the in situ thermal desorption at 
>850 “C, the substrate temperature was reduced at 40 “C/ 
min and held at 550 “C for the deposition of a heteroepitaxial 
single-crystal Sit -xGe, alloy layer. The Sit -rGex alloy layer 
was not intentionally doped. Alloy compositions with 
x=0.00, 0.10, and 0.20 were deposited. Silicon and germa- 
nium were codeposited from two electron-beam evaporation 
sources. The silicon and germanium deposition rates were 
monitored using oscillating quartz-crystal monitors. Feed- 
back from the deposition monitors was used to automatically 
control the relative silicon and germanium deposition rates. 
The maximum composition variation during deposition was 
approximately 2%. The compositions of the deposited 
Sit-,Ge, alloys were determined from Rutherford back- 
scattering (RBS) and x-ray-absorption fine structure (XAFS) 
analysis of native Sit -xGe, layers similarly prepared.24 Fol- 
lowing deposition of the epitaxial Si,-,Ge, alloy layer the 
sample was cooled at 40 Wmin to (150 “C and titanium 
was deposited from an in situ hot-filament titanium source. 
The titanium layer thickness was either 400 or 100 A. The 
thickness of the preceding Si,,..,Ge, layer was such that the 
ratio of Ti-to-Sit -.,Ge, atoms in the bilayer structure was m 1 
to 2. The thickness of the deposited titanium was monitored 
using an oscillating quartz-crystal deposition monitor. Upon 
completion of the titanium deposition, the sample was an- 
nealed in situ. During the annealing cycle the substrate tem- 
perature was increased at a rate of 40 Wmin, held at the 
desired temperature for 10 min, and decreased at a rate of 
40 Wmin. Annealing temperatures ranging from 579 to 
605 “C were used for the 400 A Ti samples, and annealing 
temperatures ranging from 710 to 770 “C were used for the 
100 A Ti samples. The final cleaning step, the depositions, 
and the annealing were all performed in the same ultra- 
high-vacuum (UHV) chamber to minimize the effects of 
contamination. The processing chamber base pressure was 
-1 X IO-” Torr, the pressure during desorption was 
<5x lo-‘0 Ton; the pressure during silicon and germanium 
deposition was < 1 X 10m8 Ton; the pressure during titanium 
deposition was <5X 10e9 Ton; and the pressure during an- 
nealing was < 1 X 10F9 Ton: 

II. EXPERIMENT 

The samples used in this study consisted of cleaned 1 in. 
Si( 100) wafers on which a layer of Sir -xGe, and a layer of 
Ti were deposited. The silicon wafers were precleaned by the 
manufacturer using a standard RCA cleaning procedure. 
Prior to use in the laboratory the wafers were further cleaned 
by 

(1) exposure to UV-generated ozone to remove hydrocar- 
bons from the surface and to form a stable oxide, 

Results obtained from four Ti-Sio,osGeo.32 samples 
which have been the subject of a previous study27 were also 
included here. These samples were produced using a proce- 
dure similar to that outlined above. However, in these 
samples, following the in situ thermal desorption at 
>850 “C, the substrate temperature was reduced and held at 
550 “C for the deposition of a homoepitaxial silicon buffer 
layer (-225 A) and a heteroepitaxial single-crystal 
Si0,6sGe0,32 alloy layer (-2500 A). Following deposition of 
the epitaxial Si0,68Ge0,32 alloy layer each sample was cooled 
to < 150 “C! and 400 8, of titanium was deposited from the in 
situ hot-filament Ti source. The samples were annealed in 
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FIG. 1. The phases of TiM, present in the series annealed 400 8, 
Ti-Si, -*Ge, samples as determined by in vacua Raman spectroscopy. The 
C54 TiM, Raman signal in the Ti-Si,,,Ge,,, sample after annealing at 
579 “C was at the threshold of the Raman detectability limit. The x=0.32 
samples are from a previous study of the Ti-Si, -,G, reaction (Ref. 27) and 
the composit ion of these samples was determined by XRD (as outlined in 
the previous study). The dashed line is drawn to guide the eye to the de- 
crease in the C54 TIM, nucleation temperature with increasing Ge content. 

situ at 530, 570, 660, or 700 “C for 10 min using the tem- 
perature ramp rates listed above. The complete sample 
preparation is outlined in a previous study.27 

The structural properties of the alloys were examined 
using a Rigaku x-ray diffractometer and in vucuo Raman 
spectroscopy. Raman spectra were excited with -250 m W  of 
514.5 nm Ar-ion laser light. The scattered light was filtered 
and dispersed with an ISA U3000 spectrometer, and the light 
was detected with a LN,-cooled charge-coupled-device 
(CCD) array detector. An instrument resolution of -6 cm-’ 
was used. The sample was held in UHV and excitation and 
scattered light passed through a 4-in.-diam glass window. 
Surface and interface morphologies were examined using a 
JEOL 6400 field-emission scanning electron microscope and 
a Topcon 002B transmission electron microscope operated at 
200 kV. 

Ill. RESULTS 

A. The 400 A Ti-Si, -xGe, solid phase reaction 

To examine the effect of Si, -xGe, alloy composition on 
the nucleation of C54 TiM, in C49 TiM, during the 
Ti-Si, -xGe, solid phase reaction, thin-film Ti-Si, -xGez 
samples were prepared using 400 a Ti and Si,-,Ge, alloy 
compositions of x=0.0, 0.1, and 0.2. The samples were re- 
peatedly annealed in -9” increments from 579 to 605 “C. 
After each anneal the composition and structure of the tita- 
nium germanosilicide were examined using in vucuo Raman 
spectroscopy (the samples were never exposed to pressures 
greater than 1 X 10M9 Torr during the annealing and Raman 
cycles). The C49 and C54 phases of TiM, were the only 
titanium germanosilicide phases detected, and the Raman 
signatures of these phases remained distinct, despite changes 
in alloy composition, allowing for easy detection of C54 
TiM, nucleation. The observed phases are plotted in Fig. 1. 
In the Ti-Sio,90Geo,lo and Ti-Sio~80Geo,20 samples the C49 
and C54 phases of TiM, were observed to coexist at some of 
the annealing temperatures. The Raman peak from the 
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FIG. 2. Peak position of one.of the Raman active C49 TIM, phonon modes, 
plotted for each annealing temperature for which C49 TIM, was detected in 
the series annealed 400 8, Ti-Si, -xGe, samples. The x=0.0, 0.1, and 0.2 
samples are indicated by the circles, squares, and diamonds, respectively. 
The peak positions were correlated to the C49 TiM, composition, the lower 
the wave number of the peak the higher the Ge index of the C49 
Ti(Si,-,Ge,)2. The plot indicates that as the Ti-Si,mGe,,,O sample was 
repeatedly annealed the composit ion of the C49 TiM2 changed [i.e., the Ge 
content of the C49 Ti(Si, -vGe,)z decreased]. 

Si(100) substrate was not observed in any of the Raman 
spectra of any of the series annealed samples indicating that 
initially the titanium germanosilicide formed as a continuous 
layer and that the layer remained continuous during the re- 
peated annealing. 

In a previous study of titanium germanides it was pre- 
dicted and observed that the Raman active phonon frequen- 
cies of C54 TiGe, are lower than those of C54 TiSi, .28 It was 
anticipated that in the titanium germanosilicides the phonon 
frequencies of both C49 TiM, and C54 TiM, would decrease 
with increasing germanium content. To examine changes in 
the relative compositions of the TiM2 samples, the phonon 
frequencies of the titanium germanosilicide phases were ex- 
amined for each sample at each annealing temperature. 
Changes in phonon frequencies were examined as a function 
of the annealing temperature and deposited Si,-.Ge, alloy 
composition. The position of one of the Raman active C49 
TiM2 phonon peaks was determined for each sample at each 
temperature where C49 TiM, was detected. The C49 TiM, 
peak positions are plotted in Fig. 2. If C49 Ti(Si,-,Ge,), 
were to form from the Ti-Si,-,Ge, reaction with the same 
Ge index as the Si,-,Ge, alloy (i.e., y=x) then as x de- 
creases y would also decrease and the frequency of the Ra- 
man active C49 TiM, phonon modes would decrease (i.e., 
the C49 TiM, Raman peaks would shift to lower wave num- 
ber as Ge index increased). The phonon frequencies of the 
C49 TiM, observed in the Ti-Sio,90Geo,,o sample were lower 
than in the Ti-Si sample (as anticipated). The phonon fre- 
quencies of C49 TiM2 observed in the Ti-Sio,80Geo,20 
sample, after the first annealing at 579 “C, were lower than in 
the Ti-Si,,Ge,,, sample (as anticipated). However, as the 
Ti-Si0,80Geo~~o sample was repeatedly annealed the C49 
TiM2 phonon frequency increased suggesting that the com- 
position of the C49 Ti(Si, -yGey)2 was changing (i.e., germa- 
nium was being replaced by silicon on the C49 
Ti(Sil -,,Ge,), lattice, y=O.2*0.0). 
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TABLE 1. The phases and compositions of the titanium germanosilicides 
and the Si,-&ez precipitates formed in the 400 8, Ti-Si,,,sGe032 samples. 
The phases and compositions were determined by XRD and depth profile 
Auger electron spectroscopy (DPAES) analysis. The error in the determined 
y values is ‘0.02, and the error in the determined z values is 20.04. 

Annealing 
temperature 

530 
570 
660 
700 

Ti(Si, - YGe,)2 

Phase Composition 

c49 y =0.30 
c54 y=O.32 
c54 y =0.29 
c54 y =0.26 

Si, -zGeZ precipitate 
composition 

z = 1 .oo, 0.87 
none 

z=O.60 
z=o.59 

Following the series annealing and Raman analysis, the 
400 A Ti-Si, -xGe, samples were examined using XRD. The 
XRD analysis was used to determine the final state of the 
samples and to corroborate the Raman analysis. In the XRD 
scans of the Ti-Si and Ti-SiO,~,GeO,,, samples, the only dif- 
fraction peaks observed were due to C54 TiM2 and the 
Si(100) substrate, indicating that the TiMT had completely 
converted to the C54 phase during the series annealing (in 
good agreement with the final Raman spectra of the 
samples). In the XRD scan of the Ti-Sio,s,Geo,,a sample, 
diffraction peaks due to both C49 TiM2 and C54 TiM2 were 
observed. The presence of both the C49 and C54 phases 
suggests that the growth (not the nucleation) of the C54 
phase is being retarded by the presence of germanium. Also 
observed in the XRD scan of the Ti-Si0.80Ge0,20 sample were 
diffraction peaks corresponding to the (400) diffractions 
from both Si(100) and Sir-,Ge,(lOO). Using Vegard’s law to 
estimate the composition of the observed Sit-,Ge, alloy a 
composition of Si0,74Ge0.26 was determined.29 The thickness 
of the initially deposited S~e.a~ * Geo.20 layer was such that it 
should have been completely consumed during the formation 
of C49 TIM, and the presence of Si0.74Ge0,26 in the 
Ti-Si0,80Ge0,z0 sample after repeated annealing suggests that 
following the initial formation of TiM2, germanium segrega- 
tion out of the titanium germanosilicide led to the formation 
of Si, -,Ge, alloy (~~0.20). The germanium segregation 
may play a role in retarding of the growth of the C54 phase. 

In a previous study27 the phases and compositions of the 
titanium germanosilicides present in the 400 A 
Ti-Si,,6,Ge0.32 samples were determined using XRD and 
depth-profiled Auger electron spectroscopy; the results are 
listed in Table I. In some of the samples the segregation of 
germanium out of the titanium germanosilicide was ob- 
served. Formation of Ge and germanium-rich Sit-,Ge, pre- 
cipitates corresponded with the observed germanium segre- 
gation. XRD was also used to determine the composition of 
the precipitates (also listed in Table I). 

6. The 100 A Ti-SilbxGe, solid phase reaction 

To study the effects of decreased film thickness and 
added germanium on the C49 TiSi,-to-C54 TiSi, phase trans- 
formation in the Ti-Si solid phase reaction, Ti-Sit-,Ge, 
samples were produced using 100 A layers of Ti and 
Sit -.rGex alloy compositions of x=0.00 and 0.10. In the 
Ti-Si0.90Ge0,10 samples the thickness of the deposited 

TABLE II. The phases of the titanium germanosilicides and the composi- 
tions of the Sir -$le, precipitates observed in the 100 8, Ti-Si and 100 8, 
Ti-Si,,aeGea,,c samples. The titanium germanosilicide phases were deter- 
mined by XRD analysis. The compositions of the Sir-,Ge, precipitates 

. . observed in the Tr-Sl,-,wGeo ,a samples were also determined by XRD. The 
error in the determined z values is 20.04. 

Annealing 
temperature 

Ti-Si reaction Ti-SiasoGeo.,o reaction 

TiSi, Ti(Si,-,Ge,), Si, -zGeZ precipitate 
phase phase composition 

770 c49 82 c54 c49 z =0.30 
750 c49 & c54 c49 z =0.32 
730 c49 . . . .*. 
710 c49 . . . . . . 

Sio.9oGeo.10 was such that it would be completely consumed 
during the formation of Ti$. Individual samples were 
produced for each alloy composition and each annealing 
temperature. Four Ti-Si samples were produced using an- 
nealing temperatures of 710, 730, 750, and 770 “C. Two 
Ti-Sio,90Geo,,o samples were produced using annealing tem- 
peratures of 750 and 770 “C. Following the UHV deposition 
and annealing the samples were removed from vacuum, and 
the compositions and morphologies of the samples were ex- 
amined. 

XRD was used to identify the titanium germanosilicide 
phases present in the 100 A Ti-Sit -xGe, samples. The XRD 
scans of the Ti-Si samples annealed at 710 and 730 “C con- 
tained diffraction peaks corresponding to only C49 TiSi, and 
the Si(100) substrate. The XRD scans of the Ti-Si samples 
annealed at 750 and 770 “C indicated that both C49 TiSi, 
and C54 TiSi, were present in these samples. The XRD scans 
of the Ti-Sio,90Geo,,o samples annealed at 750 and 770 “C 
indicated that C49 TiM, was the only titanium germanosili- 
tide phase present in these samples. A diffraction peak cor- 
responding to the (400) diffraction from a Sit-,Ge, alloy 
(z>O,l) was also present in the XRD scans of both 
Ti-Sio,90Geo,,o samples. Vegard’s law was used to estimate 
the composition of the Sii-,Ge, alloy.29 The phases of the 
titanium germanosilicides and compositions of the Si, -zGez 
alloy precipitates are listed in Table II. 

The morphologies of the four Ti-Si and two 
Ti-%.9&%lo samples were examined using SEM. A micro- 
graph of the Ti-Si sample annealed at 770 “C, which con- 
tains both C49 TiSi2 and C54 TiSi,, appears in Fig. 3. The 
C49 regions consist of small TiSi, grains and the C54 re- 
gions consist of large TiSi, grains. Figure 4 contains micro- 
graphs of the C49 regions of the Ti-Si samples annealed at 
710, 750, and 770 “C. In Fig. 4 it can be seen that as the 
annealing temperature increases the small C49 TiSi, grains 
begin to agglomerate into individual islands. Figure 5 con- 
tains SEM micrographs of the C49 TiM, found in the 
Ti-Sio,90Geo,lo samples annealed at 750 and 770 “C. In the 
Ti-Sio,90Geo,lo samples the agglomeration is more severe 
than in the corresponding Ti-Si samples. In the 
Ti-Sio,90Geo,la sample annealed at 770 “C the agglomeration 
of the C49 TiM2 grains into distinct islands is clearly visible 
[Fig. 5(b)]. 
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E‘IQ. 3. Scanninp elc&on microuraph uf :t 100 i\ Ti-Si sample annenlcd at 
730 “CF fix IO nGn. Hoth of the ?qS and 0-I phases of TiSi, wers detected 
1~~ SliT). The: regions ot a9 TiSi2 and C5-I TiSi> h;lve distinctly different 
sutfa~~ mm phology and are ckariy visible in the micrograph. The CN TiSi, 
consists k>f small grains which give the surface a rough apprarance ia gen- 
erally Axtdy qpxwttce i~t the rnicrographj. The CN TiSi, has a large grain 
struc‘turr’ w&h +qi:ivz\ thL> nut-ti~ce of the ~155 TiSi, a very smooth appcxance 
tthr tvgiaus of trr~ifor-m contrast in thr tnicrographi. 

IV. DISCUSSION 

A. Energetics of the C49 TiSi,-to-C54 TiSi, 
polymorphic transformation 

Frnrn clt~ssical nucleution theory the free-energy change 
which xcompanics the nucication of a new phase cun be 
wTitte11 LLS 

AGll_)=Bt4.r-Ar3 AC;*, (1) 

where Nr’ is the interface area of the interface between the 
parent phase and the product phase, u is the energy per unit 
:uxa of the interface formed between the parent phase and the 
product phase, A? is the volume of the nucleus of the prod- 
uct phase, and ,1G, is the free-energy difference per unit 
voIumc betu;cen the two phases.“’ In the C49 TiSi,-to-C54 
TiSil tranofkmation (24.9 TiSil is the parent phase zmd (2% 
TiSi, is the pnxiuct phase. For a nucleus of C54 TiS& to 
form and grow in C4 TiSi,, ;IG(r) must decrease as the 
C54 TiSiz nucleus size increases (i.e., as I’ increxes). If CT 
and A(;, are both positive values then L!LG( r) may initially 
increase and then dccrcase 11s the nucleus size increases. The 
nucleus size at which AG( r) is a maximum represents a 
crjtisal nucleus size above which the nucleus will grow and 
helow which the nucleus will not be stable. The critical 
nwlrus six P ,md the nucIcat.ion harrier aG* for a spheri- 
cal nucleus can lx derived from Eq. i I), 

r:“;=~(T/A(-y ‘I ? (2) 

A~“:-~G(~‘“)-(~~.~/~;)(~~‘/AGT), (3 

where AG’” is the energy required to form a titahle nucleus 
(i.e., the nucleation barrierj. Equation (3j represents the 
nucleation barrier for a very simple case (.the formation of a 
spherical nucleus with the formation of only one new inter- 
fxzce’) hut it does give an indication of the strong dependence 
of the nucleation barrier on the energy of the new interface 
that forms. For nucleution at ;l surface or at an interface Eq. 

FlCi. 3. h cotnpatrison of the ttwrpholq$t’b of CC19 TiSi, formed in three 100 
ii ‘IT Si sarnplrs anncald at (a) 710 ‘Yi, (hj 7%) ‘C, and (c) 770 “C’. The 
small grain structure of the C49 TiSi, is apparent in tttz wnple annealed at 
(a) 710 “C. The CG TiSi, layer is still relatively continuous following the 
7 10 “C anneal an3 the undwlyin, 0 Si subskate is only sli.qhtlq exposed. It 
appears that durittg the 750 “C anneal the C-N TiSi? grain3 agglotnerated 
slightly more than durin, ~7 the 7 IO “C :tnntal and small discontinuous w&ts 
nf exposed Si are clearly visible 1 (b)l. During the 770 “C anneal the (I49 
TiSi, grains agglotntxtted sigttificantly and in (c) the rounded sh;ipe c?f the 

grains can bc FCCII. Following the 770 ‘!(‘I anneal the are:ts of exposed Si arc 
similar in size to the C-t!2 TiSi, grains. Wttilc significant ;qq$orntxttiott has 
occurred during the 770 ,“C xtncal it appenr~ that many of the C49 TiSi.> 
graina are still in contact \I;ith neighboring grains 

(I) becotnes more complicakd with the addition of surface 
energy terms and/or more intert’ace energy terms. 

In Fq. ( 1 j the driving force for the nucleation event is the 
bulk free-energy change (volume termj and the retarding 
force is the energy of the new interface that forms (area 
term). In the simple two-phase cast the interface energy is 
assumed to be isotropic and the nucleus of the product phase 
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tX;. 5. A cc.impxiscm of the morphologies of (159 TiM, fixmcd in two 100 
L& ‘IX--Si,,,Ck,, I,i wntpics unnealcti at Ial 750 “C and Cb) 770 ‘+C. During the 
“dricl “C annral the c’4) TiM2 grains i~ggl~wv2rat~d significiintly. In (a) it c3* 
he xm that mltny of the exposed Si areah hrtnven CWJ TiM? groins arc 
c.mnected, isiilatin~ pups of i‘49 TiM, grains. Eollowinp the 770 “C an- 
ncx! the C.49 Tihl;, r&s me nwrly completely agglomerated into indi- 
vidual islandr and wry few C49 ‘CM: grain huundaries remain. 

is a sphere. The spherical shape minimizes the surface-to- 
volume ratio of the nucleus (i.e., it minimizes A<L*j. For 
nuclei of different shapes the surthce-to-volume ratio in- 
creams causing both the critical nucleus size and the nucle- 
ation barrier to increase. 

I11 il StUiiy Of the Ti-Si rraction by Ma arId Allen”’ it Wi3S 

observed that the formation of CS4 TiSi, occurred along the 
Cl9 TiSi., grain boundaries and grain edges. By nucleating 
and growing along a 1.149 TiSi, grain boundary the CS4 TiSi, 
nucleus ciiminates some of the C49 TiSi, grain boundary. 
The energy film the eliminated C39 TiSi? grain boundary 
adds to the driving force for the C5-! TiSi, nucleation and 
growth (i.e., along the C& grain boundaries the activation 
energy for nucleation of‘ C5-t is reduced). 

In this study it was observed that in the Ti-Si solid 
phase reaction, dccrexing the Ti layer thickness from 300 to 
100 2’i caused an incrrasc of :s I25 “C in the temperature 
required to nuclcatte C.54 TiSi, from C49 TiSi,. This effect of 
the film thickne?;s has heen observed previously by van Hou- 
turn and Raaijma!iersts and by Jean i?t id.” In the study by 
Jcon i!t al. it was prqx3~~f that the observed increase in C54 
TiSi, nucleation temperature with decreasing film thickness 
may be attributable to an increase of the surface-to-volume 
ratio of the C54 TiSi, nucleus caused by the decreasing film 

thickness. If the equilibrium shape of the CS4 TiSi, nucleus 
changes then the surface-to-volume ratio of the nucleus will 
increase causing the nucleation barrier to also increase. In a 
study by Ma and Allen I” several possible nucleus shapes 
were examined. 

6. Effects of germanium on the nucleation of 054 
TiSi2 from C49 TiSip 

In the 400 w Ti-Si, -6Ge, samples it was observed that 
the (2% TiMz nucleation tcmperaturc decreased with increas- 
ing germaniutn content (Fig. Ii. Presumablyt the decrease in 
the CS4 T&f2 nucleation temperature indicates that the pres- 
ence of the germanium decreases the CS4 TiM, nucleation 
barrier. The nucleation barrier [Eq. (3)] could decrease if 

(I j the CS4 TiM$49 TiM2 interface energy decreases 
and/or 

(2’) the Ati, of the C49 Tihil,-to-C54 T&f, transition in- 
creases. 

Also observed in the 400 ii Ti-Si, ,xGe.L samples was 
the segregation of germanium out of both the C49 and CS4 
phases of TiM?. A previous study of the thermal stability of 
C54 TiM, reported on the germanium segregation out of CS4 
‘T&l, which occurred during the Ti-Si,,,,Gq,, solid phase 
reaction (the same Ti-Si,,,Ge,,.,z samples examined in this 
studyj.‘7 In that study it was observed that, at the C54 for- 
mation tempemture, the CS4 Ti(Si, -,G~Q.)~ formed with 
~=0.32. At higher annealing tempera&s it was observed 
that the Ge index .\I! of the CS4 Ti(Si, _. ,,Gc,,j2 decreased (>I 
<0.32j and that Si, ;Ge, (x+0.32) nucleated along the CS..I 
TiM, grain boundaries and grain edges, It was suggested that 
following the initial formation of the CS4 TiMl 

(I) 

(2) 

(3) 

silicon and germanium diffused into the C’S4 T&i2 (from 
the underlying SiU,,,Ge,,,2 layer), 
some of the silicon replaced germanium on the CS4 lat- 
tice causing the decrease in the Ge index of the C54 
T&l, (y<.r), and 
the remaining silicon and the escess germanium diffused 
to the CS4 grain boundaries where it precipitated as the 
Si,-,Ge, (;>s). 

In a previous study by Aldrich et cd.” it was proposed that the 
C.54 TiM,/C49 TiM., int.erfacc energy decreases slightly as 
the Ge index varies t’rom x=0.00 to .I-= 1.00, and the AG I 
for the transition increases slightly as the gern~anium~contcnt 
increases. 

Because the solubitity of silicon and germanium in CS4 TiM, 
is limited, both the replacement of‘ germanium with silicon in 
the CS4 T&T, and the growth of the grain-boundary decora- 
tions continues concurrently. The driving force for the ger- 
manium segregation was modeled as a dccrcasc in the CSJ 
TiM, crystal energy that accompanied the composition 
change of the CS4 T&f.“’ The driving force was modeled in 
terms of the crystal cncrgy of CS4 Ti(Si, ,,Ge,j, as 

~zi~~~~i?‘:~=ilti(_~~(o)-~~[~H~~~iOj-~II(:~Ji I !.I, i.4 

where ilH&,Oj is the heat of formation of C54 TiSi?, 
AHcssi I j is the heat of formation of C.54 TLC;+, and 
L!IH&Y) is the heat of formation of CS4 TicSi, ,Ge,.j,. 
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Since C54 TiSi* has a lower heat of formation than C54 
TiGe,,3’ the heat of formation of C54 Ti(Si, -rGe,)2 de- 
creases as y decreases (i.e., as germanium is replaced by Si 
in C54 TiM, the crystal energy of the C54 TiM, decreases).27 
While the first-order approximation of the C54 crystal energy 
[Eq. (4)] is sufficient to understand the segregation effects 
addressed in this study, higher-order terms, including entropy 
of mixing, will determine the true equilibrium structures. 
Studies are in progress to explore these contributions. 

(i.e., the C54 phase can only grow laterally through con- 
nected C49 grains, and the growth of the C54 is terminated 
where the C49 has agglomerated). 

From the results of this study it appears that germanium 
also segregates from the C49 phase of TiSi,. During the 
Ti-SiO,ssGea,sz reaction, segregation of germanium from C49 
TiM, was observed after annealing at 530 “C, but the segre- 
gation of germanium from C54 TiM, was not detected until 
after annealing at >570 “C (Table I). This suggests that the 
driving force for germanium segregation is greater for the 
C49 phase and/or the mobility of silicon and germanium is 
greater in the C49 phase. In a recent study of the phase 
formation sequences in Ti-Sit -xGe, solid phase reactions it 
was proposed that the difference in crystal energies between 
C49 TiSi2 and C49 TiGe, is greater than the difference in 
crystal energies between C54 TiSi, and C54 TiGe,.’ In a 
study by Motakef et a1.32 it was observed that silicon is more 
mobile in the C49 phase of TiSiz than in the C54 phase. Such 
differences in the crystal energies and mobilities could cause 
the segregation of germanium out of the C49 phase of TiM2 
at lower temperatures than required for similar germanium 
segregation out of the C54 phase. By analogy to germanium 
segregation from C54 TiM, it is assumed that the germanium 
segregating out of C49 TiM, accumulates in the C49 TiM, 
grain boundaries. 

The second effect is the precipitation of a germanium- 
rich alloy in the grain boundaries of the C49 phase, also prior 
to the nucleation of the C54 phase. The formation of grain- 
boundary precipitates may destroy some or most of the pre- 
ferred nucleation sites in the grain boundary. For a C54 TiM2 
nucleus to form, centered on a C49 TiM2 grain boundary, any 
excess silicon and germanium in the C49 TiM, grain bound- 
ary would either 

(1) have to be forced out of the C49 TiSi, grain boundary 
before or during the C54 TiSi, nucleation and growth or 

(2) be dissolved in the C54 TiM,, increasing the C54 TiM, 
crystal energy. 

C. Effects of film thickness on the nucleation of C54 
TIM2 from C49 TiM, 

Both thermal grooving (agglomeration) and germanium 
segregation are reIated to the mobility of the atomic species 
(i.e., both are thermally activated processes requiring mate- 
rial transport).3*‘6’27 The effects of, these two process are 
more evident in thin films because increased annealing tem- 
peratures are required to overcome the C54 TiM, nucleation 
barrier as film thickness decreases (independent of the effects 
of germanium). Rapid thermal annealing techniques make it 
possible to use high annealing temperatures (required to ac- 
tivate the rapid C49-to-C54 transformation) and short an- 
nealing durations (which minimizes the effects of agglom- 
eration and germanium segregation). If the C49-to-C54 
transformation can be activated in the Ti-Sii -XGeX samples 
prior to the onset of agglomeration or germanium segrega- 
tion then the reduced C54 TiM, nucleation barrier caused by 
the presence of germanium may actually reduce the anneal- 
ing temperature and duration needed to completely transform 
the C49 TIM, to C54 TIM,. 

In the 400 A Ti-Sir -XGeX samples it was observed that 
the C54 TiMz nucleation barrier decreased with increasing 
Ge index X. If the only effect of germanium in the Ti-Si 
reaction is a reduction of the C54 TIM, nucleation barrier 
then the effect observed in the 400 A Ti-Sit-,Ge, samples 
should also be observed in the 100 8, Ti-Sit-,Ge, samples. 
In the 100 8, Ti-Si samples annealed at 710, 730, 750, and 
770 “C the lowest temperature at which C54 TiSi, was de- 
tected was 750 “C. An examination of the two 100 A 
Ti-Sio.9oGeo.10 samples annealed at 750 and 770 “C indi- 

V. CONCLUSIONS 

cated that C49 TiM2 was the only titanium germanosilicide 
phase present, suggesting that the germanium was respon- 
sible for more than just a reduction in the C54 TiM, nucle- 
ation barrier. 

The addition of germanium to the silicon in the 
titanium-silicon solid phase reaction affects the reaction in 
several ways. The addition of germanium decreases the C49 
TiM,-to-C54 TiM, nucleation barrier. Following the forma- 
tion of Ti(Sit-,Ge,), (in either the C49 or C54 phase) ger- 
manium segregates out of the titanium germanosilicide, if 
silicon is available to replace it, and germanium-rich Si-Ge 
alloy precipitates at the TiM, grain boundaries. The addition 
of germanium also increases the rate at which TiM, agglom- 
erates. Both agglomeration and germanium segregation re- 
quire material transport, and the rates of these processes in- 
crease with annealing temperature. 

The delayed formation of the C54 phase observed as a The initial Ti film thickness also has a significant effect 
result of adding germanium to samples prepared from tita- 
nium layers 100 A thick may be due to two effects. The first 

on the Ti-Sit-,Ge, reaction. In the Ti-Si reaction, decreas- 
ing the titanium film thickness from 400 to 100 A causes the 

of these effects is increased thermal grooving and agglom- C49-to-C54 nucleation barrier to increase. At the increased 
eration of the C49 phase prior to the nucleation of the C54 annealing temperature needed to overcome the increased 
phase. The increased agglomeration decreases the number of C54 nucleation barrier, the agglomeration of the C49 TiM, 
preferred C54 nucleation sites along the C49 grain bound- and the germanium segregation from the C49 TiM, become 
aries, and the increased thermal grooving along the remain- limiting factors to the nucleation of C54 TiM, in the 100 A 
ing C49 TiM2 grain boundaries may interfere with the nucle- Ti-Sit-,Ge, reaction. In thin films the advantage of lower- 
ation C54 TIM, at these remaining sites. The agglomeration ing the C49-to-C54 nucleation barrier may be partially (or 
of the C49 phase also limits the growth of the C54 phase completely) offset by the segregation of germanium and the 
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increase in agglomeration. However, if rapid thermal pro- 
cessing can be used to nucleate and grow the C54 phase, 
prior to the onset of the limiting effects of agglomeration and 
germanium segregation, then the technological use of such 
thin films may be possible. 
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