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Formation of stable titanium germanosilicide thin films on Si 1-xGe,

James E. Burnette, Robert J. Nemanich,? and Dale E. Sayers
Department of Physics, North Carolina State University, Raleigh, North Carolina 27695-8202

(Received 3 November 2004; accepted 29 March 2005; published online 31 May 2005

The sequential deposition of strained, 35e, with concentrationx=0.20 and 0.30, amorphous
silicon, and titanium on Si{100 after annealing at 700 °C leads to the formation of a C54
Ti(Si,-,Gg)),/ Si;Geg, bilayer, the phase formation and interface stability of which are studied. The
use of an amorphous layer of Si is employed to eliminate or decrease the formation of
germanium-rich Si,Ge, alloy precipitates found in the solid-phase reaction of Ti and,Sk,. It

has been proposed that the precipitation phenomenon was driven by differences in the enthalpy of
formation as a function of concentration in the(Sii_,Ge)), layer, resulting from the enthalpy
difference between Tigiand TiGe compounds, both of which are assumed to be completely
miscible with one another. Layers of amorphous silicon of varying thicknesses were incorporated
between a 300-A Ti layer and the strained_$be, substrate layer to achieve (8i;-,Gg,)), films

that are in equilibrium with the $i,Ge, substrate. The use of amorphous silicon layers of varying
thicknesses indicated that (8i;-,Geg)),/Si;_,Geg, films could be formed with the absence of
germanium-rich precipitates at the grain boundaries, depending on the amorphous silicon layer
thickness. ©2005 American Institute of PhysidDOI: 10.1063/1.1923164

I. INTRODUCTION the initial reaction, the Si and Ge atoms are very mobile in

o . , the Ti(Si,-,Ge)), layer, and upon further annealing, it was
EpltaX|a! StGe& allqys on Si(100) are c.)f |ntere§t fr.O”? noted that the composition of the (Bi,_,Geg), layer
a technological standpoint because of their potential in inte-

grated circuit(IC) device applications. Electronic devices ?:r?:gdei?/oix)tsgd :Z?nt S:Jgngizsx)ofslﬁf&zg?Fgat)es
have been fabricated and demonstrated based,ofG8}/Si flm g g 1582
heterojunctions, and §iGe, in the context of integrated cir- . - . .

cuit technology has been used for channel engineering and. S:)r;ce T('jS% and T|(3tg, and S||%nd IG(ta are corgr;lr(]etely
raised source-drain contacté. In silicon integrated-circuit mh|s|C| ef ?n orm cfog_m_u_ouls sol hso uhlons,f _?%ﬁloﬁ en-
technology, source-drain contacts typically employ silicidet@lPy of formation of TiSjis larger than that of Ti

films formed by solid-state reaction. A similar approachthere is a tendency for Si to replace Ge in theShi, Ge)),
would be important for Si-Ge device structures. Informationc®mMpPound. This replacement is accompanied by the forma-

concerning reactions between metal germanosilicides an®? ©f germanium-rich Si-Ge precipitates at the
Si,_,Ge, alloys are necessary in order to successfully fabri-11(Si1-yG&)2 grain boundaries. During this process, Si and
cate these structures. Ge atoms are extracted from the SGe, substrate and dif-
There has been a significant effort to study the phasé!se through the T5i;_,Gg), compound, and as Ge is re-
formation of some metal/Si,Ge, reactions and the proper- Placed by Si in the T5i,-,Gg,), compound, excess Si and
ties of their product8=® When Ti reacts with Si or Ge the Ge atoms diffuse to the grain boundaries. The formation of
final phases that form are C54 TjSir C54 TiGe (face- the precipitate clusters occurs as the total Gibbs free energy
centered orthorhombjc which form around 600—700 °C. is minimized and equilibrium is established at the
Intermediate phases of C49 TjSbody-centered orthorhom- Ti(Si,_,Ge&),/ Si,_Ge interface. This matter of phase segre-
bic) or TigGe; compounds form between 400 and 600 °C.gation has also been the object of studies of the ternary Ni-
The C54 phase of TiSiis used to form interconnects and Si-Ge(Refs. 12 and 18 Zr-Si-Ge(Ref. 14, Pt-Si-Ge(Refs.
source-drain contacts due to its lower resistivity as comparel and 19, and Pd-Si-GdRefs. 15 and 1p6systems.
to the C49 phase of Tigithe C54 phase of TiGeor the This behavior is not desirable in the context of IC tech-
TigGe; compound. nology since this segregation will lead to($i,_,Gs)), layer
Recently, the phase formation and interface stability ofdegradation and an interruption of the low-resistance con-
Ti on Si,_,Ge has been studiel.In this work, Ti was di- ductance path through the film. This paper addresses this
rectly deposited onto a strained, SGe, substrate grown epi- problem by investigating an approach to form stable bilayer
taxially to Si (100. Upon annealing, it was found that a structures without the formation of the Ge-rich SGe, pre-
Ti(Si,-,Geg), layer initially formed on the Si,Ge, sub-  cipitates found when Ti is directly deposited onto a Sbe,
strate, which contained the same ratio of silicon to germasybstrate. To this end, layers of amorphous silicon of varying
nium atoms as the SUbStrasFX). This is due to the fact that thicknesses are formed between the Strain@q(séx and Ti
the Ti initially reacts uniformly with the $iGe film. After  |ayers to determine whether this approach will prevent pre-
cipitate formation and produce a more stable
¥Electronic mail: robernemanich@ncsu.edu Ti(Siy-,Ge)),/ Si;,Geg, alloy film.
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FIG. 1. Interaction of Ti an@-Si layers with Sj_,Ge, substrate, leading to
the formation of T(Si,_,Gg,), compound.(a) After deposition,(b) forma-
tion of TiSi, adjacent to substratég) interaction of TiSj layer with sub-
strate, leading to the formation of a homogenized solid solution of, Bl
TiGe, [denoted by TiSi,G8,], and (d) total consumption of Ti from the
uppermost layer and formation of (8i;_,Geg,),. Note that the reacted film
leads to a reduction in thickness.
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ments and calculations explore the temperature stability at
700 °C, which is high enough to cause the solid-state reac-
tion to form the C54 phase and only causes partial relaxation
of the Si_,Ge layer.

II. EXPERIMENT

The Ti(Si;_,Geg,),/ Si;_«Gg alloy films were formed by
first growing strained $i,Ge, layers, withx=0.2 and 0.3,
approximately 1000-A thick onto $100) p-type wafers us-
ing e-beam molecular-beam epitaXiIBE). The wafers
were prepared for deposition by spin etching with a
HF:H,O:ethanol solution and then loaded into UHV for a
thermal desorption at 900 °C for 10 min to remove surface
oxides and contaminants. To enhance pseudomorphic growth
of the strained Si,Ge, layer, silicon buffer layers-200-A
thick were grown at 550 °C in a solid-source MBE chamber
with a base pressure &f2.4x 1071° Torr.

The strained Si,Ge, layers were also grown at a tem-
perature of 550 °C. Silicon and germanium for thg Sie, »
substrates were deposited at a rate of 4 and 1 A/s, respec-
tively, and at rates of 3.5 and 1.5 A/s for they e, 5 sub-
strates. A thickness of 1000 A was chosen for these layers,
and the amount of strain relaxation present before and after
sample annealing was determined by Raman spectroscopy

In this study we employ a Gibbs free-energy model tofrom the wave number of the optic phonon of the_gbe,
determine the conditions that generate precipitate formatiorlayers. The Raman spectra were obtained in a backscattering
The incorporation of an amorphous silicon layer shifts thegeometry using 514.5-nm radiation. The measurements were

composition of the reacted (Bi;_,Gg,)), layer towards a Si-

performed on the $i,Ge layers after growth and after an-

rich composition that is favored by equilibrium. This con- nealing at 700 °C. A calculation which relates the wave
trols the occurrence of the precipitation phenomenon duringiumber of the optic phonons to the in-plane and out-of-plane

the homogenization of T8i,Ga,.>’ This process of homog-

§8,19

lattice strain indicated that the §iGe, 5 substrates show

enization is schematically depicted in Fig. 1. All experimentsa 54% relaxation before annealing and a 72% relaxation after
employed a 300-A Ti layer and an amorphous Si-layer thick-annealing, and the §iGe,, substrates show a 36% relax-
ness between 0 and 600 A, since 681 A of silicon would beation before annealing and a 42% relaxation after annealing.

consumed by 300 A of Ti to form Tigi The 300-A Ti thick-

After deposition of the strained SiGe, the samples

ness is typical in contact-formation applications. Our experiwere allowed to cool and amorphous Si layers of 100, 400,

FIG. 2. SEM micrographs di) refer-
ence,(b) 100-, (c) 400-, (d) 500-, and
(e) 600-A amorphous-Si layered
samples on a §iGey, substrate an-
nealed to 700 °C. C54 T®i,_,Gg),
grains and Si,Ge, precipitates are
shown.
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FIG. 3. SEM micrographs di) refer-
ence,(b) 100-, (c) 400-, (d) 500-, and
(e 600-A amorphous-Si layered
samples on a §iGe,; substrate an-
nealed to 700 °C. C54 T8i,,Gg)),
grains and Si,Ge, precipitates are
shown. The dark gray areas between
C54 Ti(Si,_,Gg), grains, particularly
in Fig. 3(d), are regions where the Si
substrate is exposed.

500, and 600 A were deposited in the same MBE chambetates at the grain boundaries in the reference saififite

with the substrate at room temperature. The samples wer&a)], but as the amorphous layer thickness is increased to

then transferred in UHV to an e-beam metallization chamber100 and 400 A[Figs. 2b) and Zc)] the precipitate density

where 300 A of Ti was deposited at room temperature. Adecreases. As the amorphous layer thickness is further in-

reference sample, where 300 A of titanium was depositedreased to 500 and 600 A, the precipitation phenomena is

directly onto the strained §iGeg, layers, was also fabricated virtually nonexistent, as shown in Figs(d? and Ze).

for bothx=0.2 and 0.3 substrates. All samples were annealed  As shown in Fig. 3 for the §i,Gg, ; Samples, SEM mi-

in UHV at 700 °C for 20 min. crographs indicate that precipitate formation is found in the
The films were studiedex situ by x-ray diffraction  reference, 100- and 400-A samplg&igs. 3a)-3(c)], with

(XRD) using a Rigaku Geigerflex diffractometer with &)  decreasing precipitate density as the amorphous layer thick-

radiation, at a 27-kV tube voltage and 20-mA tube currentpess is increased, but precipitate formation is eliminated for

and data was collected in @26 mode with 2° diffraction  the 500- and 600-A sampl¢Eigs. 3d) and 3e)].

and scattering slits, with a detector resolution of 42%—45%. The XRD scans contain intensity peaks indicating dif-

The surface morphology of the films was studied using a Jogtaction from the C54 TiSi,-,Ge), (004 and (311 diffrac-

Scientific model 6400 field-emission scanning electron mi+jon planes, as shown in Figs. 4 and 5, indicating that the

Croscope. films are not epitaxial, but instead polycrystalline. The varia-

Il RESULTS tion in peak intensities §uggests a complex texturing process

beyond the scope of this study.

The scanning electron microscop$EM) images from The concentration of germanium contained within the
the S} Ge&y, samples clearly show the presence of precipi-

1500 T T T T T T ] 1400 T T T T T
S00A G11) ©o04) | (311) (004)
- 1200 - !
i 600 A /\/\MAM\W@
500A ]
i 1000 -
% ] 500°A
£1000 |-'}"400A ‘ & MW
g ] 3 0 pnamA W )
@) 1 &)
1 600 [\ ul00 A w ]
00A t ] W M, AN
500 w i 400 [ reference \/\/Mv\;
L referpncew I Il L I 1 | I i 200 1 1 Il 1 |
37 38 39 40 41 42 43 44 37 38 39 40 41 42 43 44
Angle (26) Angle (20)

FIG. 4. 6-260 XRD scan of C54 TiSi;_,Gg,), compound on a $iGe,, FIG. 5. 6-26 XRD scan of C54 TiSi;_,Gg,), compound on a §iGe;
substrate. The intensity peaks frai®11) and (004) diffraction planes are  substrate. The intensity peaks frai®11) and (004) diffraction planes are
shown. The solid vertical lines indicate the diffraction peak for the referenceshown. The solid vertical lines indicate the diffraction peak for the reference
sample. sample.
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TABLE I. Ge concentration of C54 T$i;_,Gg,), samples with a §iGe, » 1 T T P
substrate, as calculated from tt&11) and(004) XRD peaks, and the aver- p
age value of concentration froit811) and (004) grains. The equilibrium .81 L7 |
value as calculated from the Gibbs free-energy modgki6.05. ' high-temperature L7
N limit e
Average o061 \ e N
Siy §G&y 5 (311 (004 concentration = -
VR _"—‘ e
Sample y y y 3 o4l - |
Reference 0.11+0.04 0.11+0.03 0.11+0.02 = P -
100 A 0.09+0.02 0.09+0.02 02l e |
400 A 0.06+0.02 0.06+0.01 0.06+0.01 ' P -
500 A 0.04+£0.01 0.08+0.01 0.06+£0.01 e
600 A 0.03+0.01 0.07+0.03 0.05+0.01 00 0“2 0f4 0f6 0.‘3 1
Sil_xGex

Ti(Si,-,Ge), compound can be determined from th@ 2 FIG. 6. Plot of the germanium concentration®f the C54 T(Si_,Ge),
value for a diffraction peak associated with a given orientaJ2yer in equilibrium with the Si,Ge; substratex) at 600 °C(@®), 700 °C

. . . L A), and 800 ° Q). Equilibrium in the high-temperature limit is indicated
tion. The diffraction plane spacing is then assumed to obey g, the dashed line.

Vegard's law relationship, using the C54 TjSind TiGe

plane spacing as the endpoints. The results are summarizgllqyo ot 600, 700, and 800 “C is shown in Fig. 6. The

dashed line indicates the high-temperature limit, where the
total configurational entropy of the system drives the change
IV. DISCUSSION in free energy, in which case the germanium concentrations
of both the T{Si,_,Gg,), compound and $i,Geg, substrate
are equaly=x).

The thermodynamic stability in the [Bi,_,Geg),/ If the atomic mobilities of Si and Ge in both the
Si,Ge, system can be analyzed qualitatively by formulating Ti(Si;_,Geg,), compound and $i,Geg, substrate were similar,
its description in terms of the equilibration of the two-phasethe system would be directly driven to equilibrium, with the
field connecting a C54 T8i,_,Gg), phase at a specific con- absence of precipitation. However, the mobilities of Si and
centration with that of a coexisting SiGe, phase at a par- Ge in the T{Si;_,Gg,), compound and substrate are differ-
ticular concentration, wheng need not be equal te. Under  ent; the diffusion of Si and Ge atoms is rapid in the poly-
isobaric and isochoric conditions, it is assumed that equilib<rystalline T{Si;_,Ge), compound and negligible in the
rium states occur at the minima for the total Gibbs free ensingle-crystal substrat@ This, coupled with the enthalpy
ergy at the thin-film interface between the two phases. change in the of TBi;_,Gg), compound, leads to the for-

Aldrich et al° developed a first-approximation thermo- mation of precipitates at the grain boundaries of the subse-
dynamic model to determine the Ge concentration present iquent film that forms.
both the T(Si;_,Gg)), equilibrium compound and §iGe, These calculations show that for a; SGe, substrate
solid solution formed by direct deposition of Ti onto a with Ge concentratiox=0.20 at 700 °C, the Ge concentra-
strained Sj,Geg, substrate. The results were presented in dion for the equilibrium T{Si;_,Gg,), compound film isy
ternary phase diagram for the reaction in order to determine0.05. The tie line connecting this equilibrium two-phase
the conditions that led to precipitate formation. The samdield defines the maximum percentage of germanium which
model was invoked in these experiments to determine thénhe Ti(Si;_,Gg)), layer can incorporate without precipitate
equilibrium concentration of a germanosilicide layer in con-formation. A similar calculation for ar=0.3 substrate indi-
tact with Si_,Ge, substrates 0k=0.2 andx=0.3. cates equilibrium with a TBi,_,Ge), film with y=0.09.

A graph depicting the coexisting equilibrium concentra- These results are displayed in the ternary phase diagrams
tions of the C54 TiSi,_,Geg,), compound with the $i,Gg,  shown in Figs. 7 and 8.

A. Equilibrium concentrations

TABLE II. Ge concentration of C54 T8i,_,Gg,), samples with a giGe, 3 B. Reaction dynamics
substrate, as calculated from tt&11) and(004) XRD peaks, and the aver-

age value of concentration frori811) and (004) grains. The equilibrium We now consider two situations where($i,_,Gg)),
value as calculated from the Gibbs free-energy modgk6.09. films are formed through solid-state reactions, which are then
in contact with the Si,Ge, strained-substrate layer. In one
Average the TiSi;_,Ge,), film has an initial concentration that is
Sip Gy (311 (004 concentration case ; lh-yG&)2 T = it ) ! ’ !
Sample y y v more Ge-rich than the equilibrium concentration, and in the
other case the film is more Si-rich than the equilibrium con-
Reference 0.14+0.01 0.15+0.02 0.15+0.01 ;
100 A 0.08+0.01 0.08+0.01 centration.
+ .. + . . . .
B DA For Ti(Si;_,G layers with Ge concentrationsto the
400 A 0.05+0.01 0.03+0.05 0.04+0.01 (Siy,Ge), lay s

500 A 0.0740.01 ) 0.0740.01 right of the equilibrium tie line, the Gibbs free energy of the
600 A 0.03+0.01 0.02+0.03 0.03+0.01 system would be reduced by the formation of the Ge-rich
Si-Ge precipitates. Our observations are consistent with this
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Ti this case, the precipitation would lead to a Si enrichment of
the adjoining T{Si,_,Gg)), layer. The formation of a Si-
reference enriched T(Si;_,Ge)), region leads to a relative increase in
100§ the Gibbs free energy. In other words, even though enough Si
ggg X is available from the TBi,_,Ge)), layer to form the precipi-
600 A tate, Ge is not available in the amount required to create a
Si-Ge precipitate which would be in equilibrium with the
TiSi, TiGe, Ti(Si;—,Ge)), layer. As a result, a significant amount of ma-
s terial transport would have to occur between both interfaces
i(Sig.95Gegs):

in order to minimize the free energy in this manner. Thus, the
_—SipsGey,; diffusion of material through the T$i,_,Geg), layer leads to
Si Ge a tendency for the system to remain in its initial state.
FIG. 7. The Ti-Si-Ge ternary phase diagram, indicating the titanium ger- For the cases dlscgsse_d abov_e’ there_ may be other factors
manosilicide compound in equilibrium with SiGe,, substrate. Arrows ~ SUCh as surface energies, interfacial strain, and thermal stress
paint to the equilibrium tie line which connects the(Sk oGey 09, com-  that would modify the Gibbs equilibrium and also diffusion

pound to the substrate. The vertical lingsindicate the initial concentra- kinetics and nucleation barriers that would limit the precipi-
tionsy’ of the titanium germanosilicide compound for the amorphous lay-, _,.

ered sample$100 A (y'=0.179, 400 A (y'=0.083, 500 A (y'=0.053,  Latlon process.

600 A (y'=0.024 and Ti directly deposited onto a§Ge, , substrate(y’

=0.20].

C. Experimental analysis

prediction. We note that the formation of Ge-rich precipitates ~ From our experimental conditions, with an amorphous Si

can occur from any surface of the(%i;_,Ge)), layer, since  (a-Si) interlayer, the initial values for the concentrations are

this precipitation will drive that region of the film towards determined from the equation

the concentration determined from the Gibbs free-energy '

minimum. Diffusion will occur in the TiSi,_,Ge), layer, y'= {(1—%)4, (1)

which would equilibrate the concentration of the film and Sl

lower the overall Ge concentration. This process was dewherey’ is the initial Ge concentration in the (Bi;-,Ge),

scribed previously layer formed by solid-state reactioty; andty; are thea-Si

For Ti(Si,_,Geg)), layers with Ge concentrationsto the  |ayer and titanium layer thicknesses, anekQ;<2.2%;.

left of the equilibrium tie line, the TBi,_,Ge)), layer is Si-  Here 2.27 is a stoichiometric factor arising from the differ-

rich. Again, any surface of the film could be available for ences in the molar densities and atomic masses between pure

precipitate formation; however, the situation is different for Ti and Si, calculated by taking a volume containimgoles

the Ge-rich case. According to the model, the reduction obf Ti with a certain thickness, equal tg, of which 2n moles

the Gibbs free energy in this case should result in the preof Si will be needed to form a TiSicompound, from which

cipitation of a Si-Ge compound with a Ge concentration lessan upper limit totg; can be determined. The termis the

thanx of the Si_,Gg, substrate. To maintain equilibrium at initial Ge concentration in the §iGe, solid solution.

the precipitate interface, the precipitate concentration, as de- Based on our analysis, those(STil_yGey)z films with

termined from the equilibrium calculations, would have a Gey’ <0.05 in contact with a §iGe, , Substrate, which are to

concentration greater thay of the Ti(Si;_,Geg), layer. In  the left of the boundary, will not be driven by the free-energy
difference. As a consequence, precipitate formation in grain

Ti boundaries is not likely. In this case, the energetics of the
system is such that there is a barrier to precipitate formation,
andy’ does not change appreciably during the course of the

reference reaction. For those T8i;-,Ge)), films with a concentration
igg y’=0.05, equilibration to the §iGe, » substrate is achieved
gggé by replacing Ge atoms with Si atoms in the(Sii_,Ge)),
lattice, which can be accomplished by extracting Si and Ge
TiSi, TiGe, atoms from the substrate. Precipitate formation then occurs
\Ti(Sio_glGeglog)z to minimize interfacial and surface energies due to the pres-
ence of extra Ge. In this case, the minimization of the Gibbs
Sip. 7€ free energy in the TBi;_,Gg)), layer drives the subsequent
Si Ge phase formation and the precipitation process. Within the

FIG. 8. The Ti-Si-Ge ternary phase diagram, indicating the titanium ger-.context of the. eXp,e”mem’ treSi Iayered'sgmple.s Tesu'"”g
manosilicide compound in equilibrium with SiGe, ; substrate. Arrows in concentrationy’ <0.05 should not exhibit precipitate for-
point to the equilibrium tie line which connects the(Si, o,Gey 09, com-  Mation, while those with concentrations greater thgn
pound to the substrate. The vertical lingsindicate the initial concentra- = 0.05 should exhibit precipitate formation.

tions (y’) of the titanium germanosilicide compound for the amorphous : _ _ _
layered samplegL00 A (y’=0.255, 400 A (y’ =0.123, 500 A (y'=0.079, Base?&on the thicknesses emplqy_e_d, the 100-, 40.0 » 500-,
600 A (y'=0.035 and Ti directly deposited onto aSGe,  substrately’ ~ @nd 600-A samples would have initial concentrations of

=0.30]. 0.171, 0.082, 0.053, and 0.024, respectively. Thus, the tie
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FIG. 9. The average Ge concentratioh) as a function of thex-Si layer ~ FIG. 10. The average Ge concentratiak) as a function of thea-Si layer
thickness for the reference and amorphous-Si layered samples, {@e5h thickness for the reference and amorphous-Si layered samples, iGesi
substrates, taken from Table | for the($i,_,Ge)), XRD (311 and (004  substrates, taken from Table Il for the($i,,Gg), XRD (311) and (004
orientations. The initial Ge concentration of the(Sii_,Ge,), compound  oOrientations. The initial Ge concentration of the(Sii,Geg), compound
(#) as a function of the-Si layer thickness. The calculated equilibrium Ge (#) as a function of the-Si layer thickness. The calculated equilibrium Ge
concentration of the T8iy_,Ge,), compound isy=0.05 for this substrate, ~concentration of the T8i;,.,Gg)), compound isy=0.09 for this substrate,
and is indicated by the solid horizontal line. and is indicated by the solid horizontal line.

line which shows the T8i;_,Gg,), compound in equilibrium From Fig. 9, it can be seen that for the 400-, 500- and
with the Sj ¢Ge, , solid solution is bounded on the left by the 600-A amorphous layers, the average concentration is close
concentration of the 600-A sample, and bounded on the righ© the equilibrium value of/=0.05. As the amorphous layer
by the concentrations of the 100-, 400-, and 500-A sampleghickness is decreased to 100 and QrAferenc, the ger-
which implies that the 600-A amorphous layered samplgnanium concentration as calculated from XRD measure-
should be precipitate-free, while the 500-, 400-, and 100-Aments is greater than the calculated equilibrium value. These
samples should show evidence of precipitate formation in th&esults are consistent with the idea thatSli-,Gg)), films
grain boundaries of the film. Figure 7 displays a ternarythat start in a Si-rich state should remain in that state. How-
phase diagram, which depicts the compositional relationshif§Ve"> the reference and 100-A($i,,Ge), film have a Ge

of the reference and amorphous layered samples to the ww&oncentration that is greater than the equilibrium value,

phase equilibrium boundary for a solid solution with concen-Withi” the region of uncertainty. This indicates that perhaps
longer annealing times may be required in order for Ge-rich

tration of x=0.2. e il ilib
For Sj /Ge) 5 substrates at 700 °C, the equilibrium tie T'(S'l_‘y_Gey)Z lims to equrh r_at_e. _
Similarly, from Fig. 10 it is evident that the average

line connects the T8ig ¢:G hase with the substrate. X :
BlooiGe092 P concentration of the reference sample is greater than the cal-

Based on the-Si layer thickness employed, the 100-, 400-, S _ .
500-, and 600-A samples would have initial concentrationscuImed equilibrium value 0§=0.09, the 100-A sample is

. ) quilibrated, within the region of uncertainty, while the av-
228;2'&52’”?;;?6&0;%323 gfii,lerssl?eeigvterz E:‘te gfo;)heangrage concentration of the 400-, 500-, and 600-A samples is

-0.090 boundary, while the 400-A, 100-A, and referenceless than the equilibrium value. Again, these results are con-

sistent with the hypothesis that(8i;_,G films that start
samples lie to the right of the boundary, as shown in Fig. 8 WI yp ! (BlyG8), f

in a Si-rich state should remain in that state. Again, the av-

A comparison between the concentrations of the referérm‘],e concentration of the reference sample for theGRj 5

ence and amorphous layered samples and an average CONCENpstrates is higher than the calculated equilibrium value,

tration of these samples has been determined from thgyicating that longer annealing times may be required to
Ti(Si;-,Gg)), (311)- and (004-oriented grains for both achieve equilibrium.

Sio.gG& 2 and Sp/G& 5 substrates shown in the XRD scans  ag mentioned previously, other factors might influence
of Figs. 4 and 5. Plots of the average concentration versUge stapility of the TiSi,_,Ge,), films, such as surface and
a-Si layer thickness are shown in Figs. 9 and 10 for bothnterfacial energies, interfacial strain, and thermal stress gen-
Sip §Gey 2 and Sp /Ge 3 substrates, respectively. The Ge con-grated during the annealing process, all of which can affect
centrations from th¢311) and (004 reflections, as well as the angular position of the diffraction peaks, and hence the
the average concentration from these reflections, are alsgoncentration calculation. The degree to which these effects
listed in Tables | and Il. The average concentration and thgyre present in the samples is undetermined.

error in the average concentration were calculated by weigh- The model can then be used to determine the minimum
ing over the errors in the concentration measurements oka-Si layer thickness which will equilibrate a (8i;-,Geg,),/
tained from the(311) and (004) reflections® In spite of the  Si,_ Ge, bilayer without precipitate formation, for a given Ti
low S/N ratio of these scans, perhaps due to the small strudayer thickness. These layer thicknesses could be used to
ture factor for TiSj, the peak positions for th€311) and define a window for fabrication processes. Focusing atten-
(004) reflections were resolved. tion to equilibrating with §j /Ge, ; substrates at 700 °C, we
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600 ' ' w14 Si;_Gg, bilayer system was analyzed within the context of a
Gibbs free-energy model parametrized in terms of the Ge
Z 500 concentration of both the Ti,_,Ge), equilibrium com-
% 400 pound and the $i,Ge, solid solution. For a 300-A Ti layer,
o reaction temperature of 700 °C and substrate Ge concentra-
é 200 z tion of x=0.2 orx=0.3, the Gibbs free-energy model predicts
5 = that an amorphous layered sample with a thickness equal to
900 495 or 477 A should not contain precipitates in the grain-
@ boundary regions. Results from SEM indicate that a 300-A
100 Ti layer with a 600-A interlayer on §iGe, 5 did not form
precipitates, and the 500-A interlayer on §&, , showed a
0

similar stability. We have proposed that a barrier to precipi-
tate formation exists for T8i;_,Ge)), compositions that are

to the Si-rich side of the calculated stability, and this effect
FIG. 11. The solid lines indicate theSi layer thicknessleft scalg pre- ~ broadens the range of processing conditions which mitigate
dicted to obtain the equilibrium concentration for a 300-A layer of Ti at precipitate formation. The model has been used to determine
600 °C (@), 700 °C (A), and 800 °C(M). The dashed lines indicate the the thickness of am-Si layer required to equilibrate the bi-
ratio of Ti to a-Si (right scale needed to equilibrate to a specific substrate | t f ticul e bstrat it t
germanium concentrationat 600 °C(O), 700 °C(A), and 800 ° Q) for ayer system for particular 5iGe, substrate compositions a

any Ti-layer thickness. temperatures of 600, 700, and 800 °C. Thus, we have dem-
onstrated a process that may be incorporated into the existing

{C manufacturing technology.

have shown that given a Ti layer thickness of 300 A, a direc
equilibration tie line connects a (Biy 9;G&) 09> phase with

the Sp /Ge, ;3 substrate. Again using the relation between theACKNOWLEDGMENTS
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