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Interface stability of Ti (SiGe), and SiGe alloys: Tie lines in the ternary equilibrium diagram
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The C54 phases of Tigand TiGe are known to be completely miscible, however, we have observed that
thin films of C54 T{Si, ,Gg,), are not stable in contact with Si,Ge, wheny=x. In this study it is shown
that this interface instability can be related to the composition-dependent energetics that determine the Ti-
Si-Ge ternary equilibrium diagram. Tie lines of theSii,_,Ge,), to S, _,Ge, system were calculated on the
basis of classical thermodynamics. The calculations indicate that for G54 TjGe,), to be stable in contact
with Si; _,Ge, the compositions of the two phases must be suchytkat. The specific compositions of the
two phases in equilibrium depend on the temperature and the relative quantities of the two phases. The
dynamics of the interface reactions of C54Sij _,Gg), on Si_,Ge are related to the calculated tie lines,
and the diffusion kinetics of the materials. Experimental results are presented that quantitatively support the
model calculations.S0163-18286)04920-X]

The formation of stable metal-semiconductor interfaces isontaining no detectable Ti, as shown in Fig. 1. As this pre-
a key aspect in all semiconductor technologies. The reactiongipitation occurs, the compound composition changes to val-
of metals with Si to form a silicide-silicon interface have ues ofy smaller than the original T8i; -,Gg)), (i.e.,y—y
proven to be an important process for integrated circuits, and<X). It is clear that this phenomenon is caused by the larger
also a demonstration materials system for the study of rea@nthalpy of formation of TiSi(—55 kJ per molgas com-
tive interface formation. Recently, advanced high-Pared to that of TiGe(—47 kJ per molg® This effect has
performance device structures have employed SiGe layer§&€n observed for other similar compounds: e.g., it has been
and in advanced integrated circuit technologies, SiGe layef®und, for example, that Si reduces {e to CuSi with
are being considered for channel engineériagd raised p_reC|p|tat|on_o_f Gé. In the system of interest here, since
source-drain contactsMetal junctions to these layers may TiG€ and TiSh have the same crystal structure and nearly
prove essential for the advancement of the technology. Thi!€ same lattice parameters, they form continuous solid
interface reactions between a metal and a two-compones@!utions; ™ so that there cannot be formation of new com-
semiconductor will be substantially more complex, and toPounds. With Si available from the underlying Si-Ge alloy
date, most results have relied on an empirical approach. In
the reaction of thin-film Ti with silicon or germanium, the el
final phases that form are C54 Tj@ind C54 TiGe, respec- T e
tively. Both Si-Ge and TiSiTiGe, form continuous solid / \
solutions, making this a model ternary system for the study 4
of reactive interface formation. This paper relates the unex-
pected morphological and compositional inhomogeneities
that develop in the reaction of Ti and SiGe alloys. A model \ o ®
guided by thermodynamic arguments is presented to describe C54 Ti(Si;.,Gey);
the dynamics of the interface reactions, and new results in- L«
dicate quantitative agreement.

In the course of studying the interaction between Ti and
Si-Ge solid solutions, unexpected phenomena were
observed:* Upon reaction of Ti with a Si_,Ge, alloy (with
a Ge concentration of) one obtains a compound with the £ 1. Mmicrograph of the surface morphology of a film of C54
formula Ti(Si,_,Ge)), and a C54(orthorhombi¢ crystal  Ti(sj, ,Ge,), on Si_,Ge,. The C54 TiM film was formed by
structure. Initially, the composition of the compound is suchyeacting 400 A of Ti with=2200 A of S}, 5/Ge, s3at 700 °C. Upon
that y=x (as anticipated Once the compound is formed, heating, the formation of T8iy /G&, 39> is observed initially. Dur-
upon further heating at a constant temperature, the graiimg further annealing the composition of the compound changes and
boundaries of the compound become decorated with a nearbermanium-rich Si-Ge alloy precipitates form along the grain
continuous precipitate of an Si,Ge, alloy rich in Ge, and  boundaries of the compour{&ef. 3.
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alloys is presumed to be extremely small the width of this
one phase field can be neglected. The FiBGe, line like-

wise defines the compound solid solution, extending from

one end to the other. This one phase domain should have a

finite width, and as with the Si-Ge solid solution considered

first, this single phase will be assumed to have no width.

Thus the domain of interest in the ternary diagrams is a two-

phase domain limited by a Si-Ge solid solution on the bot-

tom and the compound solid solution at the top. Like all

two-phase domains in a ternary equilibrium diagram, this

domain should show true tie lines that indicate the composi-

tions of the two phases that are in equilibrium with each
Ti other. That is not an arbitrary matter, the phase (st Ref.

(b) 10) dictates that in a ternary system at constant pressure and
temperature in any two-phase domain, one phase with a cho-
sen composition can only be in equilibrium with the other
phase at a specific composition. This should be shown by tie
lines. The straight lines that are often called tie lines are not

TiSi, TiGe, properly tie lines but actually the boundaries of three-phase
domains; they may be called tie lines only through an unfor-
// \\ \ tunate stretching of the words. Illustrations of true tie lines in

silicide ternary systems, for example, in the system [iSi

St Ge CrSi,, and WS}, can be found in Refs. 11 and 12.
In general, tie lines in ternary diagrams have to be deter-
Ti mined experimentally. This is a tedious procedure, which
(c) explains the absence of such lines in many published equi-

librium diagrams. One interesting aspect of the system that is
of concern here is that it is possible to make first approxima-
tion calculations of the tie lines on the basis of classical
thermodynamics. In order to accomplish this, it will be as-
TiSi, TiGe, sumed that the solid solution Si-Ge behaves as an ideal solid
solution, where the free energy is determined only by the
entropy of mixing. A second assumption is that in the com-
Si Ge pound solid solution the enthalpy varies linearly with the
composition, and the entropy again is only the entropy of
FIG. 2. Calculated C54 T5i;_,Gg,),-Si, 4G tie lines for 1 mixing. In bot_h solid s_ol_ution ph_ases _it is ass_umed, therefore,
mole of C54 TiSi;_,Gs,), in contact with 1 mole of Si ,Ge, . that t_here exist no privileged Sl-Ge_ mteractlons_._ln_order to
The C54 TiSj-C54 TiGe boundary and the Si-Ge boundary are SIMPIify the matter we shall consider the equilibrium be-
indicated by thick solid lines. The C54 (Biy_,Ge,),-Si; ,Ge tie ~ Ween one mole of compoun@ atoms, Avogadro's num-
lines are indicated by the lines extending between the boundarie§€r, of Ti, Si plus Gg and one mole of solid solution alloy
Tie lines were determined by minimizing the total energy of both(N atoms of Si plus Gg with equal total amounts of Si and
the C54 TiSi;_,Gg,), compound and $i.,Ge, alloy. Calculations ~ Ge. This would be represented by a point exactly in the
were performed for temperatures @ 0 K and (b) 700 °C using  center of the two-phase field. In order to write the free en-
starting compositions of =x=0.10, 0.20, 0.30, 0.40, 0.50, 0.60, ergy of the system, pure Si and pure Ge will be assumed to
0.70, 0.80, and 0.90. For comparison,(@), tie lines are drawn for  be at the reference state with free energy 0. Pure, T8I
y=x (i.e., for the compound and Si-Ge alloy with the same Gealso be assumed to have a free energy of zero. Then the free
concentrations which represents the high-temperature limit. energy of TiGg is +m, wherem is the difference between
the heats(enthalpie¥ of formation of the two compounds.
there is a tendency to form a Si-rich compound. Given thatHere m is taken as equal to 8.0 kJ/mole according to the
the quantity of Ti is finite, that cannot happen without someestimation in Ref. 5. There exist experimental values for the
precipitation of Ge, or of a Ge-rich alloy. It will be shown heat of formation of TiSj, however, no such values could be
below that this, at first unanticipated observation, is quite infound for TiGg. For consistency, theoretical values were
keeping with an understanding of the ternary equilibriumused for the heats of formation of TiSand TiGe.® The
diagram of the Ti-Si-Ge system. equilibrium compound shall have a concentration of Ge that
For the present purpose attention will be focused entirelyaries from 0.5 by (Ge concentratioy= 0.5 z), while the
on the area bound by the compounds 7jSiiGe,, Si, and conservation of matter dictates that the solid solution shall
Ge (see Fig. 2 The Ti-rich part of the diagram will not be assume a concentration of Ge givenby 0.5+ (2/3)z. One
discussed here. The line from Si to Ge defines the solid scsan now write the free energies of both the componrs),
lution alloy (one phask In reality it should have a finite and alloyAG,. The calculation is simplified by the choice of
thickness, but since the solubility of Ti in Si, Ge, or their one mole of each phase. For the compound,
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AG;=m(0.5-2)+ 2RT[(0.5-2)In(0.5- 2) Ti
+(0.5+2)In(0.5+2)], (1) "

where the factor in front of the entropy of mixing term
reflects the fact that only the Si and Ge atoms mix, Rrid
the gas constant. Similarly for the second phéy) one
obtains

AG,=RT[(0.5-52)In(0.5-52)+ (0.5+ 52)In(0.5+ 5 2)].
2

Calculatingz is now simply a matter of finding the minimum
for the free energy of the systeMMG=AG;+AG,) given
by the sum of the two equations above. With Si and Ge ag

reference states, TiSwould not also be at the reference (S 5158 337-So o1& 33 reaction, plotted on the Ti-Si-Ge ter-

tsr:ate. Howevgr, t atklng th(_a dtruet_value Olf dth(?ffretethenerg:les Ogary phase diagram. The compositions of thgs%be, 33 Substrate
€ compounds Into consideration would arfect the value O, e injtial C54 TiSiy 6/5&y 39), are indicated by pointd andB,

AG, by_"’_‘ constant that doe§ ,nOt affecF the position of therespectively. The composition of the initial Si-Ge precipitate is in-
composition that has the minimulG (i.e., the constant gjcated by poinC. As Ge segregates out of the C54 compound the
term drops when taking the derivative AG). _ composition of the compound progresses from p8irio pointB’,

For the starting Ge/Si ratio of 50/50 one finds that atand the interface composition of the precipitate progresses from
700 °Cz is equal to 0.21. Thus a compound with @ Ge con-point C to pointC’. Stability is obtained when the composition of
centration[Ge{Ge+Si)] of y=0.29 at 700 °C shall be in the C54 compound reaches poBftand the surface composition of
equilibrium with an alloy with a concentration of Ge of the precipitate reaches poi6t.
x=0.64. This defines one tie line. Note that as with the equi-
librium between two phases in binary systems, the equilib-

rium concentrations do not correspond to the minimum freeSumptlon of the substratéor the present purpose the Si-Ge

energies of either phas® Similar calculations for different alloy shall be assumed to be infinitely thicksiven the con-

overall concentrationsgi.e., other Ge/Si ratigsdefine other stapt numbsr of StGe atoms in the compound th? “silicon
tie lines. The results are displayed in FigbR In order to  €nrichment” of the compound will be accompanied by the

give an idea of how the tie lines vary as a function of tem-Precipitation of a germanium-rich Si-Ge alloy. Figure 1
perature a hypothetical set of tie lines at absolute zase ~ Shows clearly that the alloy precipitates form at the grain
suming the continued stability of the solid solutions down toPoundaries of the compound. The selection of these precipi-
0 K) are shown in Fig. @). Of course, with increasing tem- tation sites could be the object of some more detailed con-
perature, the dominant effect of entropy will cause the tiesiderations. For the present purpose, suffice it to observe that
lines to become increasingly parallel to lines issuing from theprecipitation at grain boundaries is due to a minimization of
Ti apex of the diagram as shown in Figcp surface energy.

Having now determined a sufficiently accurate equilib- We note that the nucleation barrier of the precipitation
rium diagram the features observed in Fig. 1 can be exprocess would lead to a region of metastability in which the
plained. In the development of the equilibrium diagram itcompound and substrate compositions could deviate from the
was assumed that the atomic mobilities were such that thiée line stability compounds. However, once nucleation oc-
ternary system could reach the lowest-energy configurationurs the system should evolve towards the equilibrium state.
directly. In reality the mobilities of the silicon and germa- The dynamics of the germanium segregation process can
nium atoms affect the path by which the total energy of thebe examined in terms of the calculated C54
system is minimized. If the mobilities of silicon and germa- Ti(Si, _,Ge,),-Si; _ Ge tie lines. Since the diffusion of sili-
nium in the substrate were equivalent to those in the C54on and germanium is fast in the compound and negligible in
compound, equilibrium conditions would prevail during the the substrate, the reaction proceeds as atoms pass from the
course of the reaction, and the C54 compound would fornC54 TiM,-substrate interface through the compoundhere
with the equilibrium concentrations of Si-Gfor a thin C54  the exchange of silicon and germanium oc¢wasd to the
compound equilibrated with a §i{Ge, ;3 Substrate at 700 °C  C54 TiM,-precipitate interfacé.Simultaneouslyn number
this would be T(Sij @G&y 10-]- If this were the case then of Si+Ge atomgin a 0.67:0.33 ratipare removed from the
there would be no need for further equilibration. However,substrate, and there is precipitationroBi+Ge atoms at the
the mobilities of the silicon and germanium atoms in theC54 TiM, grain boundary. The initial concentrations of the
Si-Ge alloy and in the C54 TiMicompound are very differ- silicon and germanium atoms in the precipitate will corre-
ent and cause the formation of the third phase during thepond to the alloy composition that is in equilibrium with the
reaction. initial Ti(Siy /G 39, compound (namely, SisGe) 7o at

For practical purposes the mobilities of silicon and ger-700 °Q. The composition of the §k/Ge 33 substrate is in-
manium in the substrate are negligibly small with respect talicated in Fig. 3 by poinA and the composition of the C54
those in the titanium germanosilicide. It is evident that fol- Ti(Siy /G&) 332, Which intially forms is indicated by point
lowing the formation of the C54 T8iy /G, 392, the com-  B. The initial precipitate composition is indicated by potit
pound will become more rich in silicon through the con- (as determined by the calculated tie lines

FIG. 3. The effects of germanium segregation on the composi-
ns of the C54 TiM compound and Si-Ge alloy phases during the



16 282 D. B. ALDRICH et al. 53

After a finite amount of atom exchange has occurred, thaisplayed in Fig. 2 indicates that at 700 °C an alloy of com-
C54 compound is slightly richer in silicon, and its compo- position Sj 4dG&) o Would be in equilibrium with a com-
sition on the equilibrium diagram has moved to the left ofpound composition of T8iy 7.5 ¢>. We note that the
the initial Ti(Siy ¢G&, 39, composition(to the left of point  composition of the 100-min anneal is equal to that predicted
B). The atom exchange process will continue, but now thdrom the calculation, while the composition after the 10-min
Si-Ge alloy accumulating at the surface of the precipitateanneal had progressed to more than half the final composi-
shall be slightly richer in silicon. As the segregation contin-tion. These results lend quantitative support to the calcula-
ues, the composition of the C54 changes, and thus the cortions that guide the dynamic description of the interface re-
position of the Si-Ge alloy accumulating at the precipitates2€tions-

changes(i.e, the composition of the precipitate at the C54 thelr:j;rrllizi n?fg:)c/)f \'z\;\ee r']r?-vsei-%Xeagirr;]igybroetgci?oenerr;%?eeggz gfr:d
TiM ,-precipitate interface is different from the average Com'cally, the formation and stability of C54 (Bi, .G, in

position of the precipitaje Throughout this process the com- . . ; o
position of the interface of the Si-Ge precipitate will be de-gggts?gltevgg rr],nosfja%e:‘a'tvlvr:)_t:ﬁa;zrZ%%g%gis-le-i(gliagrérgl)lt 'S
termined by the tie line in equilibrium with the appropriate 5 1°si~ Ge ] and calculate tie lines using simﬁg tharmo-
C54 compound, and the composition at the surface of thynamic arguments for the crystal energies of the two mate-
precipitate shifts to the left of poir€ in Fig. 3. The atom g5 The simple energy balance described above indicates
exchange process shall proceed until the compositions at thea; these two materials can coexist, howevet,y. This
interfaces are in equilibrium. _ _indicates that following the formation of C54 (8i;, _,Gg,),

It is evident that the atom exchange process will continug,om the reaction of Ti with Si_,Ge,, the composition of
until the Sj_,Ge, substrate, the C54 i,_,Ge)), layer,  he C54 compound and/or the Si-Ge alloy must change for
and the Si_,Ge, precipitates reach equilibrium. This implies e system to reach equilibrium.
that the process continues until the surface composition of The results presented here demonstrate that what seemed
the precipitate is the same as the substfate, pointC’ 4 pe ynexplained phenomena of the segregation of Ti-Si-Ge
equals pointA). At this stage of the reaction both the C54 ¢ompounds annealed at high temperature can be explained
TiM-precipitate interface(tie line C'-B’) and the C54 by 3 proper understanding of the ternary equilibrium diagram
TiM-substrate interfacglie line A-B') are stable. and of the role played by actual tie lines. The dynamics by

The progression of the atom exchange process can be oQmich the C54 TiSi, ,Ge,),/Si; ,Ge, system progresses
served by measuring composition changes that occur as thg,m the as-formed statey & x) to the equilibrium statey(
annealing duration is increased. To explore this effect, twa.y can be related to the calculated tie lines and the diffu-

C54 Ti(Slp.4f>&.602 Samples were prepared following the gion properties of Si and Ge in the allégegligible and in
same procedures described in Refs. 3 and 4. The samplgs: c54 compoundrapid).

were annealed for a duration of 10 and 100 min, respec-

tively. The compound compositions were determined from The authors gratefully acknowledge the assistance of J.
x-ray diffraction, and the results were (B, ¢dG&) 402 and  Montgomery. This work was supported in part by the NSF

Ti(Siy 745629, for the 10- and 100-min anneals, respec-through Grant No. DMR-9204285 and the DOE through

tively. The equilibrium model used to calculate the tie linesContract No. DE-FG05-89ER45384.
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