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Stability of C54 titanium germanosilicide on a silicon- -germanium
alloy substrate
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The stability of C54 Ti(Si, _,Ge,), films in contact with Si,_,Ge, substrates was investigated. The
C54 Ti(Si, -,Ge,), films were formed from the Ti-Si; _,Ge, solid phase metallization reaction. It
was determined that initially C54 Ti(Si; _,Ge,), forms with a Ge index y approximately the same
as the Ge index x of the Si;_,Ge, substrate (i.e., y~x). After the formation of the C54 titanium
germanosilicide, Si and Ge from the Si;_,Ge, substrate continue to diffuse into the C54 layer,
presumably via lattice and grain boundary diffusion. Some of the Si diffusing into the C54 lattice
replaces Ge on the C54 lattice and the Ge index of the C54 Ti(Si; _,Ge, ), decreases (i.e., y<x). We
propose that this process is driven by a reduction in C54 crystal energy which accompanies the
replacement of Ge with Si on the C54 lattice. The excess Ge diffuses to the C54 grain boundaries
where it combines with Si;_,Ge, from the substrate and precipitates as Si;,Ge, which is Ge-rich
relative to the substrate (z>>x). This segregation and precipitation enhances the agglomeration of
the C54 titanium germanosilicide film (i.e., lower agglomeration temperature). It was observed that
rapid thermal annealing techniques could be used to reduce the annealing duration and resulted in

a reduction of the Ge segregation. © 1995 American Institute of Physics.

1. INTRODUCTION

Currently the C54 phase of titanium disilicide (TiSi,) is -

used in microelectronics for interconnects and source and
drain contacts. The C54 phase of TiSi, has a low resistivity
(13-25 u) cm) and exhibits a low Schottky barrier with
both p- and n-type silicon (~0.60 eV).! The C54 phase of
TiSi, is usually formed by the solid phase reaction of Ti and
Si in the multistep SALICIDE (self-aligned silicide)
process.! The high temperature solid phase reaction of Ti
with Ge can also result in the formation of a low resistivity
C54 phase. The C54 phase of TiGe, forms at temperatures
comparable to the C54 TiSi, formation temperature.>> We
have shown previously that C54 Ti(Si; _,Ge,),, isomorphic
with C54 TiSi,, results from the high temperature solid
phase reaction of Ti and Si; _,Ge, over the entire alloy com-
position range (0.0=<x=1.0).* Recently, selective deposi-
tion of Si;_,Ge, prior to the solid phase Ti metallization
reaction has been developed as a technique for raised source
and drain contacts.’~” This novel application and the increas-
ing use of Si; _,Ge, in device structures motivates the search
for information about the metallization of this material.53~!!
The bilayer solid phase Ti-Si and Ti-Ge reactions usually
result in the formation of at least two prominent phases in
each reaction. The two phases observed in the Ti-Si reaction
are C49 TiSi, (base centered orthorhombic) and C54 TiSi,
(face centered orthorhombic).!* ' Several studies of the
Ti-Si reaction have addressed the energetics of the C49 TiSi,
formation and the C49 TiSi, to C54 TiSi, polymorphic
transformation.!>16 Recently, transmission electron micro-
scope analysis has provided phenomenological insight into
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the formation and transformation processes.!”® The follow-
ing is a summary of the Ti-Si reaction sequence:'*!" (1) a
disordered TiSi layer forms at the Ti/Si interface, (2) C49
TiSi, nucleates at the a-TiSi/Si interface and forms a con-
tinuous interface layer of C49 TiSi,, (3) the C49 layer grows
vertically to the surface of the sample as silicon diffuses
through the C49 layer to react with the overlying Ti layer,
and (4) C54 nucleates along the grain boundaries of the C49
layer and grows very rapidly. The two phases formed in the
Ti-Ge solid phase reaction are TigGes and C54 TiGe,.>!>?0
Initially, the TigGes phase forms by diffusion controlled
growth from the Ti/Ge interface, through the Ti layer, to the
sample surface. At higher annealing temperatures Ge diffuses
into the TigGes layer and C54 TiGe, nucleates as columns
extending from the TigGes/Ge interface to the TigGes surface.
The TiGe, regions then grow laterally through the TizGes
film. There is no analogy in the Ti-Si system for TigGes and
likewise C49 TiGe, has not been observed in the Ti-Ge solid
phase reaction. However, Hong et al.?! have observed the
formation of C49 TiGe, during the recrystallization of co-
deposited amorphous Ti+2Ge. The primary diffusing species
in the Ti-Si and Ti-Ge reactions are Si'* and Ge,? respec-
tively. Because the intermediate phases in both systems ex-
perience diffusion controlled growth it is anticipated that the
relative diffusion rates of Si and Ge in the Ti-Si, Ge, _, reac-
tion may effect the composition and structure of the interme-
diate phases which form. The competing energetics of the
Ti-Si and Ti-Ge reaction paths may effect Ti-Si/Ti-Ge segre-
gation during the initial stages of the reaction.

Usually when C54 TiSi, is formed from the solid phase

reaction of Ti and Si, the C54 phase initially forms as a

continuous layer of low resistivity C54 grains which provide
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a low resistance conduction path through the metallized
layer. Following further annealing (and annealing at higher
temperatures) the formation of grooves along the C54 TiSi,

grain boundaries has been observed.”® The thermal grooving
of the C54 'T‘1Q1~ has been modeled as a balance hetween the

surface and grain boundary energies of the C54 TiSi, (groov-
ing is also observed on the substrate side of the C54
grains).!*?® Further annealing can cause the C54 grains to
separate into individual islands, breaking the low resistance
conduction path.2** Several studies have investigated the
effects of the surface and interface energetics on the shape of
the agglomerated TiSi, islands. In these studies the contact
angles of the TiSi, islands were used to calculated the ener-
gies of the TiSi, surface and TiSi,/Si interface.!52

Several studies have investigated properties of the
Ti-Si, _,Ge, reaction including agglomeration.>*"% In a
study by Ashburn ez al.,?*?° Ti was reacted with Si-Ge alloys
by rapid thermal annealing (RTA). They found that the addi-
tion of Ge to the Ti-Si reaction lowered the temperature at
which the C54 Ti(Si; . ,Ge,), grains agglomerated. An un-
derstanding of the agglomeration process of C54
Ti(Si; _,Ge,), is necessary for determining the limits of the
practical application of C54 titanium germanosilicide.

In this study Ti was reacted with Si;_, Ge, (x
=0.32,0.55) using a variety of annealing temperatures and
annealing durations. The temperatures and annealing times
were chosen such that the C54 Ti(Si;-,Ge,), phase would
form and then continue to react with the Si;_.Ge, alloy.
Structural and compositional properties were examined using
x-ray diffraction (XRD), depth profile Auger electron spec-
troscopy (DPAES), and energy dispersive x-ray spectroscopy
(EDXS). The morphologies of the surfaces and interfaces
were examined using scanning electron microscopy {SEM)
and cross-sectional transmission electron microscopy
(XTEM). The sheet resistances of the samples were deter-
mined using four point probe measurements.

Il. EXPERIMENT

To study the stability of C54 Ti(Si;_,Ge,), formed in
contact with Si,_,Ge,, samples were prepared using short
(10 s) and long (10 min) annealing durations and a wide
range of annealing temperatures. The samples annealed for
long durations were prepared using an ultra-high vacuum
(UHV) processing technique described below. Samples an-
nealed for short durations were prepared using rapid thermal
chemical vapor deposition (RTCVD) and RTA techniques.
The range of annealing temperatures used included the C54
titanium germanosilicide formation temperature and tem-
peratures which caused significant agglomeration of the C54
titanium germanosilicide.

The 1-in.-diam Si(100) wafers used in this study were
precleaned by the manufacturer using a standard RCA clean-
ing procedure prior to shipment. In the laboratory the wafers
were cleaned prior to use by (1) exposure to UV generated
ozone to remove. hydrocarbons from the surface and to form
a stable oxide, (2) spin etching with a solution of hydrofluo-
ric acid: H,O: ethanol (1:1:10) to remove the oxide and pas-
sivate the surface with hydrogen, and (3) an in situ thermal
desorption at >850 °C for 10 min to remove surface con-
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taminants which may remain. This cleaning process has been
shown to produce atomically clean surfaces.’® Following the
in situ thermal desorption at >850 °C, the substrate tempera-
ture was reduced and held at 550 °C for the deposition of a

homoepitaxial silicon buffer layer (=225 A) and a heteroepi-

taxial single-crystal Siy¢Geq s, alloy layer (~2500 A). The
Si buffer layer and Si-Ge layers were not intentionally
doped. Silicon and germanium were codeposited from two
electron beam evaporation sources. The Si and Ge deposition
rates were monitored using oscillating quartz crystal moni-
tors. Feedback from the deposition monitors was used to
automatically control the relative Si and Ge deposition rates,
and the maximum composition variation during deposition
was approximately 2%. The compositions of the deposited
Si;_,Ge, alloys were determined from Rutherford back-
scattering (RBS) and x-ray absorption fine structure (XAFS)
analysis of native Si;_,Ge, layers similarly prepared.’! Fol-
lowing deposition of the epitaxial SijGey 3, alloy layer the
sample was cooled to <150 °C and 400 A of titanium was
deposited from an in situ hot-filament Ti source. The thick-
ness of the deposited Ti was also monitored using an oscil-
lating quartz crystal deposition monitor. Upon completion of
the titanium deposition, the samples were annealed in situ at
temperatures of 530, 570, 660, or 700 °C. During annealing
the substrate temperature was increased at a rate of 40 °C/
min, held at the desired temperature for 10 min, and de-
creased at a rate of 40 °C/min. The processing chamber base
pressure was ~1X1071° Torr, the pressure during desorption
was <5%X107'° Torr, the pressure during Si and Ge deposi-
tion was -<<1X107® Torr, the pressure during Ti deposition
was <5%107° Torr, and the pressure during annealing was
<1X107? Torr.

The samples prepared using RTA consisted of 3000 A
Sig 45Geq 55 deposited by RTCVD on a chemically cleaned 4
in. Si(100) substrate.’® A 300 A Ti layer was subsequently
sputter deposited. The 4 in. wafer was then cleaved into 1
cm? pieces which were RTA processed in an argon ambient
at atmospheric pressure for 10 s at different temperatures.
Annealing temperatures of 600, 650, 700, 850, and 900 °C
were used in this study. A more detailed description of the
sample preparation process has been reported previously.?®

The structural properties of the alloys were examined
using a Rigaku x-ray diffractometer. Surface and interface
morphologies were examined using a JEOL 6400 field-
emission scanning electron microscope and a Topcon 002B
transmission electron microscope. Both the JEOL 6400 and
the Topcon 002B electron microscopes were equipped with
energy-dispersive x-ray spectrometers. Depth profiled Auger
electron spectroscopy was used to examine compositional
changes as a function of the depth in the sample. Depth
profile composition measurements were performed with a
JEOL JAMP-30 Auger electron microprobe system. The Au-
ger microprobe was positioned using SEM. Auger data col-
lection and sample sputtering were cycled until the compo-
sition of the region of interest was determined. The C, O, Ti,
Si, and Ge Auger signals were monitored (in the UHV pre-
pared samples C or O contamination was only detected on
the surface of samples, apparently due to exposure of the
samples to atmosphere after removal from the deposition

Aldrich et al.
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FIG. 1. XRD scan of a Ti+Siy4Gep s, bilayer structure which has been
annealed for 10 min at 700 °C in UHV to form C54 Ti(Si; -, Ge,),. As noted
in the figure the (311), (004), (022), and (313) diffraction peaks of C54
Ti(Si, -,Ge,), are observed. Peaks corresponding to the (400) diffraction
from the Si substrate, unreacted Sig¢sGeg 3, layer, and the Sig4,Geg sy grain
boundary decorations are also observed. The spacing of the C54 diffraction
planes was calculated from the diffraction angles. The C54 lattice param-
eters and C54 unit cell volume were calculated from. the spacing of the
diffraction planes. Vegard’s law was used to determine the Ge index y of the
C54 Ti(S}; -, Ge,), by comparing the calculated C54 unit cell volume to the
known volumes of the C54 TiSi, and C54 TiGe, unit cells.

system). Standard Si, Ge, Ti, and Siy¢Geq 3, samples were
used to check the relative Si, Ge, and Ti Auger sensitivities.

Il RESULTS

A. Long duration anneal--composition, morphology,
and sheet resistance

XRD was used to determine the structure of the titanium
germanosilicide films that formed from 10 min annealing of
Ti-SiggsGeg3p bilayer structures. The XRD scan. of the
sample annealed at 530 °C contained peaks corresponding to
diffraction from the (150) and (200) planes of C49
Ti(Si; - ,Ge,),. In the Ti-Si reaction C49 TiSi, is the precur-
sor to the low resistivity C54 TiSi, phase. Apparently the
addition of 32% Ge to the Si did not alter this reaction path.
The XRD scans of the samples annealed at 570, 660, and
700 °C all contained peaks corresponding to diffraction from
the (311), (004), (022), and (313) planes of C54
Ti(Si; _,Ge,), (see Fig. 1). There were no indications of the
presence of C49 Ti(Si, - ,Ge, ), in these samples.

DPAES and XRD were used to examine the composition
of the C49 and C54 titanium germanosilicides found in the
samples annealed for 10 min. In a study of bulk C54
Ti(Si, - yGey)2 by Boutarek and Madar™? it was found that the
lattice parameters of C54 titanium germanosilicide vary lin-
early, with respect to the Ge index y, between the lattice
constants of C54 TiSi, (y=0) and C54 TiGe, (y=1) [ie.,
Vegard’s law holds for bulk C54 Ti(Si,_,Ge,),]. Conse-
quently, the volume of the C54 Ti(Si, ..,Ge,), unit cell also
varies linearly with respect to the Ge index y. The (311),
(004), (022), and (313) diffraction peaks of the C54 found in
the 570, 660, and 700 °C samples shifted to higher angle
with increasing annealing temperature indicating changes in
the spacing of the diffraction planes. The Ge indices of the
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FIG. 2. Comparisonof the compositions of the Ti(Si, _,Ge,), layers and the
Si;,Ge, precipitates which formed during the 10 min anneals of the
Ti-Sig¢gGeg sy bilayer samples. The Ge index x (x=0.32%0.01) of the
Sig6Geg.3, substrate is indicated by the dashed line and gray bar. The com-
positions (Ge index y) of the C54 Ti(Si; _,Ge,), layers are indicated by the
circle and square symbols. The compositions (Ge index z) of the Si;_,Ge,
precipitates are indicated by the diamond symbols. The compositions deter-
mined by XRD analysis are indicated by the open symbols. The composi-
tions determined by DPAES analysis are indicated by the solid symbols
(DPAES analysis was only applied to the grain boundary decorations in the
700 °C ‘sample). At 530 °C the Ti(Si; ., Ge,), formed with a C49 structure
and following annealing at higher temperatures the Ti(Si, _,Ge, ), was in the
C54 structure. It appears that at the C54 Ti(Si,,Ge,), formation tempera-
ture the C54 Ti(Si,_,Ge,), initially forms with the same Ge index as the
Si;_,Ge, substrate (y~x=0.32 in this case). As the annealing temperature
increases the Ge index of the Ti(Si; _,Ge, ), decreases below the Ge index of
the Sig¢gGey 3, substrate (i.e., y<<0.32). Also, as the annealing temperature
increases, the formation of Ge-rich Si;,Ge, precipitates (z>>0.32) is ob-
served. The formation of Ge-rich Si;_,Ge, alloy precipitates was only ob-
served in the samples annealed at 660 and 700 °C.

C54 Ti(Si; —,Ge, ), in these samples were obtained by calcu-
lating the diffraction plane spacings using XRD, calculating
the C54 lattice parameters from the plane spacings, calculat-
ing the volumes of the C54 unit cells, and comparing the
calculated unit cell volumes with the known unit cell vol-
umes of C54 TiSi, and C54 TiGe,.** The C54 composition
determination was based on the C54 unit cell volume (using
all three lattice parameters instead of just a single lattice
parameter) to reduce error which would occur if the C54 unit
cell was distorted by strain. The Ge indices, as determined by
DPAES and XRD, of the C49 Ti(Si;_,Ge,), formed at
530 °C and the C54 Ti(Si; _,Ge,), formed at 570, 660, and
700 °C are plotted in Fig. 2. The Ge indices determined by
DPAES and XRD are in good agreement. The Ge indices of
the samples annealed at 530 and 570 °C, as determined by
DPAES analysis, are approximately equal to the Ge index of
the deposited Siy gsGeg 5, alloy (i.e., y=0.32). At the higher
annealing temperatures of 660 and 700 °C, the observed de-
crease in the Ge index indicates that Ge in the C54
Ti(Si, -, Ge,), is being replaced by Si (i.e., y<0.32).
Scanning electron micrographs of the surface morpholo-
gies of the samples annealed at 660 and 700 °C are shown in
Fig. 3. After annealing at 660 °C the formation of decora-
tions along the C54 grain boundaries was observed [Fig.
3(a)]. An increase in the average size and areal density of the
decorations was observed for the sample annealed at 700 °C

Aldrich et al. 5109



FIG. 3. SEM micrographs of the morphology of the samples annealed for 10
min at 660 and 700 °C. After annealing at 660 °C Si, - .Ge, decorations are
observed along the C54 Ti(Sh, . ,Ge, ), grain boundaries (a). After annealing
at 700 “C the grain boundary decorations occupy a significant portion of the
54 grain boundaries (b). The largest decorations appear to have formed at
34 triple grain boundaries.

[Fig. 3(b)}. A close inspection of the two samples revealed
that the largest decorations formed at triple (or greater) grain
boundary intersections. The high energy of such grain
boundary intersections may promote the nucleation of deco-
rations at these sites. Energy dispersive x-ray spectroscopy in
the SEM was used to examine the composition of the C54
grains and the grain boundary decorations. Within the EDXS
detection limit no Ti was found in the decorations. Grain
boundary decorations were not observed in the samples an-
nealed at 530 or 570 °C.

The morphology of the C54 grains and the grain bound-
ary decorations of the 700 “C sample were more closely ex-
amined using XTEM. As is shown in Fig. 4(a) the C54 tita-
pium germanosilicide formed with a relatively smooth
surface and an abrupt C54/Si,, ¢4Geg 40 interface. Two differ-
ent geometries of the grain boundary decorations were ob-
served (angled sidewalls and vertical sidewalls). As shown in
Figs. 4(b} and 4ic) both types of decorations extend from the
sample surface to the underlying Sig¢sGeg 52 alloy layer, ef-
fectively separating the two neighboring C34 grains.

The top surfaces of the grain boundary decorations are
convex and the apex of the convex surfaces are higher than
the ariginal surface of the C54 Ti(Si; .. Ge, ), grains. A nano-
probe was focused on the decorations, the underlying
Si; -, Ge, alloy layer, and the silicon substrate for microdif-
fraction and EDXS analysis in the TEM. The microdiffrac-
tion analysis of the microstructure detected the diamond
structure in all three of the areas. A slight difference in the

5110 J. Appl. Phys., Vol. 77, No. 10, 15 May 1995

FIG. 4. Cross-section TEM micrographs of a C34 Ti(Si, .., Ge,); grain and
Si, . ,Ge, grain boundary decorations found in the 700 °C UHV sample. (a)
Cross section of the C54 Ti(Si, . Ge,), grain showing the relatively smooth
surface and an abrupt C54/Siy4Geysn interface. (b) A conical sidewall
Si)_,Ge, precipitate on a C34 grain boundary. {¢) A vertical sidewall
Si;_,Ge, precipitate on a C54 grain boundary.

lattice spacings in the three areas was also detected. The
largest lattice spacing was measured in the decorations and
the smallest lattice spacing was measured in the Si substrate
indicating that the decorations (Si,_,Ge.) were richer in Ge
than the underlying Si;_,Ge, alloy (z>x). Dislocations
starting at the decoration/alloy-layer and alloy-layer/Si sub-
strate interfaces were observed [see Fig. 4(c)], indicative of
the lattice mismatch between these regions due to the differ-
ent Ge concentrations. The EDXS results also indicated that
the decoration area was richer in Ge than the underlying
Si; - ,Ge, alloy layer.

The composition of the grain boundary decorations was
also examined using DPAES and XRD. The XRD scans of
these samples included the range where the Si (400), Ge
(400), and Si;_ Ge, (400) diffraction peaks occur, as shown
in Fig. 1. At 530 and 570 °C, the only XRD peaks observed
in this range corresponded to the Si substrate and the remain-
ing unreacted Siy 4xGey 30 alloy. At 660 and 700 °C, an addi-
tional peak corresponding to Sij4;Gegso(z2=0.59+0.04)
was observed. DPAES was also used to examine the compo-
sition of the decorations along C54 grain boundaries. The
DPAES analysis indicated that the Ge index z of the
Siy _.Ge, grain boundary decorations in the 700 °C annealed
sample was z=0.64%0.04, in good agreement with the

Aldrich et al.
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FIG. 5. Measured sheet resistance of the samples annealed for 10 min. At
530 °C the Ti(Si; . ,Ge, ), is in the high resistivity C49 phase. At 570 °C the
Ti(8i; - ,Ge,), has transformed to the low resistivity C54 phase. At 660 and
700 °C grain boundary decorations form along the C54 grain boundaries and
the sheet resistance increases. The dashed line is included to guide the eye
and is not an extrapolation of the data. '

XRD results. The Ge index of the grain boundary decora-
tions are also plotted in Fig. 2.

The sheet resistances of the long duration anneal
samples were measured and are displayed in Fig. 5. The
sheet resistance after annealing at 530 °C is 9.6 {¥/[1. This
corresponds to the high resistivity C49 phase of the
Ti(Si; -, Ge,),. At 570 °C, the Ti(Si, - ,Ge,), transformed to
the low resistivity C54 phase and the sheet resistance
dropped to 2.2 (/O1. At 660 and 700 °C, the temperatures
where Ge segregation and grain boundary decorations were

observed, the sheet resistance increases to 2.9 and 3.8 /g,

respectively.

B. Short duration anneal-——composition

The compositions of the C54 Ti(Si; -,Ge,), layers re-
sulting from the RTA (10 s anneal) reactions of Ti with a
Sip4sGeqss substrate were determined using similar XRD
analysis. The Ge indices of the C54 titanium germanosili-
cides found in the short duration anneal samples are plotted
in Fig. 6. The Ge indices of the C54 Ti(Si, _,Ge,), layers in
these samples closely match the Ge index of the deposited
Sig4sGegss alloy for temperatures below 850 °C (ie.,
y=~0.55). At 850°C, the Ge index of the C54 layer is
slightly reduced and at 900 °C the Ge index is significantly
reduced (y=~0.46). The XRD scans of these samples also
included the range where the Si (400), Ge (400), and
Si; -, Ge, (400) diffraction peaks occur. The only diffraction
peaks observed in the XRD scans of samples annealed below
900 °C were due to the C54 Ti(Sij_,Ge,),, the deposited
Sip45Gepss alloy, and the Si substrate. At 900 °C, an addi-
tional peak corresponding to the (400) diffraction from
Sig39Gegqe was also observed (Fig. 6). These results are
similar to those of the samples annealed for 10 min. How-
ever, in the samples annealed for 10 s the C54 titanium ger-
manosilicide appears to be stable at higher temperatures with
respect to Ge migration out of the C54 structure.

J. Appl. Phys,, Vol. 77, No. 10, 15 May 1995
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FIG. 6. Comparison of the compositions of the C54 Ti(Si,-,Ge,), layers
and the Si; _,Ge, precipitates which formed during the 10 s annealing of the
Ti-Sig4sGeyss bilayer samples. The Ge index x (x=0.55%0.01) of the
Sig45Geg 55 substrate is indicated by the dashed line and gray bar. The com-
positions (Ge index y) of the C54 Ti(Si, - ,Ge,), layers are indicated by the
open squares. The composition (Ge index z) of the Si;_,Ge, alloy, which
was detected at high annealing temperature, is indicated by the open dia-
mond. The compositions were determined by XRD analysis. It appears that
at the C54 formation temperature the C54 Ti(Si, - ,Ge,), forms with the
same Ge index as the Sij 4sGey 55 substrate (i.e., y~0.55). The formation of
C54 Ti(Si; - ,Ge,), was first detected after annealing at 600 °C. An appre-
ciable change in the Ge index of the C54 Ti(Si, _yGey)Z was not detected
until the annealing temperature was increased to >850 °C. It appears that
the segregation of Ge out of the C54 Ti(Si;_,Ge,), is limited by the short
annealing duration.

V. DISCUSSION

The measured C54 compositions, for both the short and
long duration annealed samples, indicate that the
Ti+8Si;_ ,Ge,~C54 Ti(Si; _,Ge,),+8i, _ Ge, (y<x<z) re-
action can be separated into a two step process: (1) C54
formation and (2) germanium segregation [Egs. (1) and (2),
respectively]

Ti+Si,_,Ge,=C54 Ti(Si;_,Ce,)s, (1)
C54 Ti(Si;,Ge,),+Si; _,Ce,
=C54 Ti(Si;_,Ge,),+8Si;_,Ge, (y<x<z). )

In the plots of C54 composition versus annealing tempera-

" ture, for both the short and long duration annealed samples

(Figs. 2 and 6, respectively) it appears that at the C54 for-
mation temperature the C54 Ti(Si;_,Ge,), forms with the
same Ge index as the deposited Si_,Ge, layer (i.e., y=x).
As the annealing temperature is increased, Ge on the C54
lattice is replaced by Si and the Ge index of the C54
Ti(Siy _,Ge,), decreases (y<x). The decrease in the Ge in-
dex of the C54 titanium germanosilicide occurs concurrently
with the observed formation of Ge-rich Si, _,Ge, alloy grain
boundary decorations (z>>x).

In both the Ti-Si and Ti-Ge reactions the tormatlon of
the final C54 phase is nucleation controiled and is driven by
a reduction in crystal energy which occurs when the C54
phase forms.!®!® Presumably the same is true of the
Ti-Si; - ,Ge, reaction. In this study, it was found that when
the C54 Ti(Si _,Ge,), initially formed, the C54 had approxi-
mately the same Ge index as the Si;_,Ge, alloy of the sub-
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strate (y=x). This indicates that at near the C54 formation
temperature the driving force for the C54 phase formation is
much greater than the driving force for the Ge segregation.
The initial formation of C54 Ti(Si;_,Ge,), from the
Ti+Si; _,Ge, reaction is consistent with the results of a
study of bulk Ti-Si-Ge by Boutarek and Madar.®® In that
study it was found that C54 TiSi, and C54 TiGe, are com-
pletely miscible when the quantities of Ti, Si, and Ge are
limited to Ti:(Si+Ge)=1:2.

Following the formation of the C54 Ti(Si;-,Ge,), on
Si,_,Ge,, Si and Ge are available from the underlying
Si; _,Ge, substrate for continued reaction with the C54 layer.
If it is assumed that Si and Ge diffuse into the C54 layer in
quantities proportional to the Si;_,Ge, alloy composition
then the replacement of Ge with Si on the C54 lattice, as
observed in the compositional analysis, will result in a large
excess of Ge in the C54 lattice. The binary phase diagram of
Ti and Si indicates a very limited solubility of Si in C54
TiSi,.*> Presumably the solid solubilities of Si and Ge in C54
Ti(Si; —,Ge, ), will also be very limited. The limited solubili-
ties indicate that the C54 titanium germanosilicide cannot
support a large excess of dissolved Ge. The buildup of dis-
solved Ge in the C54 titanium germanosilicide will limit the
progression of the replacement of Ge with Si on the C54
lattice. Some of the excess Ge could diffuse out of the C54
lattice and into C54 grain boundaries, but a high concentra-

_tion of mobile Ge in the grain boundaries would limit the net
diffusion of Ge out of the C54 lattice which would again
limit the Ge/Si replacement reaction occurring in the C54.
The compositional analysis (Figs. 2 and 6) indicates that ex-

cess Ge which diffuses to the C54 grain boundaries can com- -

bine with Si and Ge from the substrate and nucleate as Ge-
rich 8i; _,Ge, (z>x). The nucleation of Si,_,Ge, at the C54
grain boundaries establishes a sink for excess Ge and enables
the replacement of Ge with Si on the C54 lattice to continue.
A schematic representation of this reaction sequence appears
in Fig. 7.

The diffusion of Ge in C54 TiSi, has been studied by
Gas et al.>® In that study Ge was implanted into a C54 TiSi,
layer which was subsequently annealed to examine the dif-
fusion of the Ge. The lattice diffusion coefficients were de-
termined and it was found that Ge diffused along the C54
TiSi, grain boundaries more rapidly than through the C54
TiSi, lattice. The results of Gas et al. suggest that in this
study: (1) Si and Ge from the Si;_,Ge, substrate diffuse
more rapidly into and along the C54 titanium germanosili-
cide grain boundaries; and (2) the subsequent diffusion of Si
into the C54 lattice, the replacement of Ge with Si on the
C54 lattice, and the diffusion of Ge out of the C54 lattice
occurs at a slower rate. This is consistent with the formation
of Si; _,Ge, along the grain boundaries where the excess Ge
diffusing out of the C54 lattice combines with Si and Ge
diffusing into the grain boundary from the Si;_,Ge, alloy
substrate (z>x).

A possible driving force for the segregation of Ge from
the C54 lattice can be found in the relative crystal energies of
the C54 TiSi, and C54 TiGe, structures. If the heats of for-
mation of C54 TiSi, and C54 TiGe, are used as an approxgi-
mation of the relative crystal energies of these materials, then
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FIG. 7. Schematic representation of the reaction of C54 Ti(Si, -, Ge,), with
Si;_,Ge, . Initially the C54 Ti(Si, - ,Ge,), is formed from the solid phase
reaction of Ti and Si;_,Ge, (a). After the C54 phase forms, silicon and
germanium from the substrate diffuses into the C54 lattice and into the C54
grain boundaries (b). Driven by a reduction of the crystal energy, the diffus-
ing Si replaces Ge on the C54 lattice. The excess Ge diffuses to the C54
grain boundary where it combines with Si and Ge from the substrate and
precipitates as Si; -, Ge, (z>x), (c). As the diffusion continues the Ge index
of the C54 Ti(Si,_,Ge,), decreases (y<<x) and the size of the Si;_,Ge,

nuclei increases, (d).

the relative stability of these two materials can be compared.
The heats of formation of C54 TiSi, and C54 TiGe, have
been determined to be —57.0 and —47.5 kJ/mol,
respectively.’’~>° These values suggest that given C54
TiGe,, the crystal energy could be reduced if the Ge atoms
could be replaced by Si atoms. An approximation for the heat
of formation (i.e., crystal energy) of C54 Ti(Si,_,Ge,), is a
linear interpolation between the C54 TiSi, and C54 TiGe,
end point values, or

AH{x)=(9.5 k¥/mol)x—(57.0 kJ/mo}). 3)

Equation (3) suggests that for the C54 titanium germanosili-
cide crystal, the replacement of Ge with Si will reduce the
C54 crystal energy. This linear approximation is also consis-
tent with the complete miscibility of C54 TiSi, and C54
TiGe, observed by Boutarek and Madar.*® Using the linear
approximation [Eq. (3)] the crystal energies on both sides of

Eq. (4) are balanced

Aldrich et al.



A Ti(Si;_,Ge,),=A(1 —x)TiSiy+Ax TiGe, @)

(where all three compounds have the C54 crystal structure
and A is the total quantity of C54) and there is no crystal
energy driving force for segregation of C54 TiSi, and C54

TiG62 .

In the experimental results there is a direct correlation .

between the appearance of Si;_,Ge, decorations [Ge-rich
relative to the Si,_,Ge, substrate (z>>x)] along the C54 ti-
tanium germanosilicide grain boundaries and an increase in
the sheet resistance of the sample. This correlation suggests
that the segregation of Ge out of the C54 titanium germano-
silicide may promote the agglomeration of the C54 grains
and lead to an interruption of the low resistance conduction
path through the C54 layer. In the samples annealed for 10 s
higher annealing temperatures were required to produce a
measurable change in the C54- Ti(Si;_,Ge,), composition
and the formation of detectable Si; _,Ge, nuclei. This effect
of annealing duration suggests that by limiting the annealing
duration the diffusion of Si into and Ge out of the C54 grains
can be limited. The presence of contamination at the
Ti/Sig45Gey 55 interface and in the Ti prior to annealing may
also contribute to the stability of the short duration annealed
(rapid thermal processed) samples.

The segregation of Ge out of C54 Ti(Si; _,Ge, ), requires
the transport of material and appears to be a thermally acti-
vated process [i.e., no segregation is observed at low tem-
peratures when C54 Ti(Si; _,Ge,), first forms and the rate of
segregation increases with annealing temperature]. In both
sets of samples (10 s anneal with x=0.55 and 10 min. an-
neal with x=0.32) it was observed that the C54
Ti(Si, - ,Ge, ), formed from the Ti-Si, _,Ge, reaction initially
formed with y=~x. The composition of the initial C54
Ti(Si; - ,Ge,), seems to be directly correlated to the compo-
sition of the underlying Si,_,Ge, alloy and independent of
the annealing duration and annealing temperature ramp rate.
We suggest that after the formation of the initial C54
Ti(Si; -,Ge,), (y~x) then Eq. (3) defines the thermody-
namic driving force for Ge segregation, and the rate or de-
gree of Ge segregation is controlled by the nucleation of the
Si, _.Ge, grain boundary decorations and the mobility of the
Si and Ge atoms. It is anticipated that the alloy composition
may also effect the rate or degree of Ge segregation from
C54 Ti(Si, —,Ge,),. But presumably, the effect of composi-
tion will not completely account for the ~240 °C difference
between the Si;_,Ge, precipitation temperatures observed
for the samples annealed for 10 min. (x=0.32, Fig. 2) and
the samples annealed for 10 s (x=0.55, Fig. 6).

V. CONCLUSIONS

The formation and stability of C54 Ti(Si;_,Ge,),
formed from the solid phase reaction of Ti with Si; _ Ge, has
been investigated (specifically x=0.32 and 0.55). The reac-
tion can be separated into two stages: Ti+Si;_,Ge, =C54
Ti(Si;_,Ge,), and C54 Ti(Si;_,Ge,),+Si;_,Ge,=C54
Ti(Si; -,Ge,),+8Si; - ,Ge, where y<<x<(z. The driving force
for the C54 titanium germanosilicide formation is a decrease
in the crystal energy which accompanies the C54 phase for-
mation. After the initial C54 Ti(Si; . ,Ge,), formation, Si and
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Ge from the Si;_,Ge, substrate continue to diffuse into the
C54 layer via lattice and grain boundary diffusion. A reduc-
tion in crystal energy drives the replacement of Ge with Si in
the C54 lattice and the Ge index y of the C54 Ti(Si, - ,Ge,),
decreases (y<x). The excess Ge diffusing out of the C54
lattice combines with the Si and Ge diffusing into the C54
grain boundaries from the substrate and nucleates as
Siy _,Ge, (z>>x) along the grain boundaries.

The degree of Ge segregation appears to be related to the
mobility of Si and Ge in the C54 region. For a given tem-
perature the degree of Ge segregation was reduced by reduc-
ing the annealing duration using rapid thermal anpealing.
Decreasing the annealing duration required increasing the
annealing temperature to produce significant Ge segregation
and the formation of detectable Si;_,Ge, nuclei. Limiting
the duration of the reaction appears to limit the transport of
Si into and Ge out of the C54 layer, increasing the stability of
the C54 Ti(Si; -, Ge,),.
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