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Film thickness effects in the Co-Si ;_,Ge, solid phase reaction
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Department of Physics and Department of Materials Science and Engineering,
North Carolina State University, Raleigh, North Carolina 27695

(Received 25 February 1998; accepted for publication 17 July)1998

The thickness dependence of the reaction of cobalt with epitaxial silicon—germanium alloys
(Si;_,Geg) has been studied. The reaction products of Co Wiib0)-oriented Sj,dG&, ;1 after
annealing at 800 °C depended on the thickness of the Co film. Complete conversion to CoSi
occurred only when the thickness of the Co layer exceeded 350 A. Interface reactions with Co layers
thinner than 50 A resulted in CoSi formation, while a mixture of CoSi and £o@s formed at
intermediate thicknesses. X-ray diffraction and extended x-ray absorption fine structure
measurements indicated no measurable incorporation of Ge had occurred in either the CoSi or
CoSi,. The threshold thickness for nucleation of Co&i (100)-oriented Sj_,Ge, was determined

in the range & x=<0.25. The threshold thickness increased superlinearly with the Ge concentration
x, and did not depend on the doping of thé18i0) substrate or the strain state of the SiGe, film.

The observed thickness effect was attributed to preferential Co—Si bonding in the reaction zone and
the energy cost of Ge segregation, which accompanies the formation of CoSi andl@Qd®] the
reaction of Co with Si_,Gg,. © 1998 American Institute of Physids$S0021-897¢08)05620-5

I. INTRODUCTION ported that the final products of the Co/SjGe, reaction are
. o _ CoSj and a Ge-rich Si,Ge, alloy (y>x),*? while Glick
Due to its low resistivity, low Schottky barrier, and good et al. did not observe CoSiformation®® It will be shown
thermal stability, cobalt disilicide (Cogiis considered an that the apparent controversy may be due to the fact that the
attractive contact material fOI’ deep SubmiCI’OH S| deViceS. Imeaction Of Co with S.LXG%( is Subject to a thickness effect

the absence of oxygen contamination, the reaction of blank&fimilar to that observed in the reaction of Ti with both Si
cobalt films with S{100 substrates proceeds in three stages{Rref. 4 and Si_,Ge,. 1

Co,Si formation above 250 °C, CoSi formation above
350 °C, and CoSiformation above 550 °¢.The silicide
phase in stable equilibrium with Si is CgSibut the
CoSi—CoSj, transition may be reversed by adding appropri-!l- EXPERIMENT
ate amounts of Co to the system and re-annedlifige re-
sistivity of CoSj, (15-20u{) cm) is approximately ten times
lower than that of CoS(147 u{) cm), making CoSj the

The majority of the samples used in this work consisted
of Co films deposited at room temperature on 2600-A-thick

desirable phase for microelectronics applicatibrishere epitaxial Si ,Ge films. The Si_,Ge films were grown by

i R lecul i BE ° -
have been no prior reports indicating that the temperature cg.o ecular beam epitaxyMBE) at 550 °C on boron-doped

) ) oy . i(100 substrates with a resistivity of 0.8—12cm (Vir-
the CoSi~CoSj, transition depends on the thickness of the _. . . . . )
Co film. This is in contrast to Ti, where the temperature ofglnla Semiconductor The Si G layers were not inten

. tionally doped. The thickness of the as-deposited Co films
the C49-C54 transition has been found to depend strongl . :
both on film thicknes®® and feature siz&’ The Ia?:k of such ’ yr_anged from 1010 450 A, and the Ge indeaf the Si_,Gg,

) film was varied in the range<9x=<0.25. In order to deter-

:hlctkn_esg effectsbmfay mage .CO bett?r Stl.med than Ti for COMine the effect of the substrate dopant and the strain state of
acts in deep submicron device applications. the Si _,Ge, film on the formation of Co$j several samples

Recently an effort has been made by a number of groupg are also prepared on phosphorous-dopétios) wafers of

t(.).evaluate the .feasibili.ty of cobalt as a_(ics)ntact mqtgrial forsimilar resistivity, and on 800-A-thick Si Ge, films with
silicon—germanium ($i,Ge) devices The driving

x=<0.21. Atomically clean surfaces were prepared by spin

force behind this research has been the potential of fabricaEtching the SiL00) substrates with a 1:1:10 HF;B:ethanol
ing high-frequency devices using existing silicon technology.somﬂon’ followed byin situ thermal desorption at 900 °C

One of the major difficulties in using cobalt as a contact,q deposition of a 200-A-thick homoepitaxial Si buffer
material to Sj,Ge, appears to be the preferential reaction|ayer ot 550 °d5 The deposition was controlled with quartz
of Co with Si, which leads to Ge segregation and film island-cysta) thickness monitors. The deposition rates for all mate-
ing, resulting in high-resistivity contacts. In addition, there .;2,s were below 0.5 A/s. The Co films were anneateditu
have been conflicting reports on the path and products of thg,. 29 min at 800 °C. The base pressure of the ultrahigh
Co/Si—,Ge, reaction. For example, Wangt al. have re- ac,ym(UHV) chambers used for deposition and annealing
was below 5<1071° Torr. In order to reduce oxidation dur-
dElectronic mail: RobertNemanich@ncsu.edu ing the subsequent characterization, all Co films 25 A and

0021-8979/98/84(8)/4285/7/$15.00 4285 © 1998 American Institute of Physics
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thinner were additionally capped after annealing with a 25- N FO ' ' '

A-thick Si film deposited at room temperature. Since mul- Cosi, Cosi Cosi,
tiple phases were formed after annealing, samples will be (1 200, (220)
referred to by the thickness of the as-deposited Co film in SR A v

to a 50 A Co film deposited on a SifGe, »; Substrate. s
Film growth and annealing were monitorédsitu with

reflection high-energy electron diffractiotRHEED). The

annealed films were characterizex situwith x-ray diffrac-

tion (XRD), atomic force microscopyAFM), and extended

x-ray absorption fine structur€EXAFS). XRD data were

collected in thed—26 mode between 25° and 709 2vith .

Cu K, radiation on a Rigaku Geigerflex instrument equipped - Hf__.‘w,;"

with a graphit€0001) monochromator. The Cu anode was

operated at 27.5 kV and 20 mA. AFM data were acquired in

noncontact mode with a Park Scientific Autoprobe M5 in- + " v > .

strument. The typical size of the AFM tips used is reported

by the manufacturer to be approximately 100 A. EXAFS

data were collected at the G6 edge(7709 eV in fluores- 26 (degrees)

cence mode _W|th a Canberra 13 el_ement Ge counting ‘_jeteﬁc;. 1. XRD scans of Co films evaporated on 2600-A-thick e, »;

tor at beamline X-11A at the National Synchrotron Light epitaxial layers and annealed for 20 min at 800 °C. The thickness of the

Source(NSLS). The incident photon beam was monochro- as-deposited Co fim is indicated on each trace. The unlabeled peak at

matized with a double-crystal @00 monochromator de- 32.95° is the(200 ghost peak of the Si substrate.

tuned 60% to suppress higher harmonics. Energy resolution

was estimated to be about 3 eV by the Cu foil near-edg§ertica| streaks for the 250 and 350 A films. The appearance
feature. Energy calibration was set to 7707 eV at the Co foily 5 streaky RHEED pattern correlated with the presence of
K-edge_ inflection point. AI_I EXAFS data pr7ocessmg and CoSi,(200) and400) peaks in the XRD scans of the 250 and
analysis were performed with MacXAFS 4.0 350 A films (Fig. 1). The CoSj(200) and(400 peaks were
at 33.55° and 70.70°, respectively, corresponding to an out-
of-plane lattice constant of 5.332.006 A. The lattice con-
stant of bulk CoSiis 5.3640 A8 indicating that the Co$i
The thickness dependence of the thin-film reaction of Cgphase is under tensile strain in the plane of the interface. In
with Si;_,Ge, was explored with a series of Co films rang- all cases the intensity of thH200) and (400 peaks exceeded
ing in thickness from 10 to 450 A. The Co films were de-that of the(220) peak at least by a factor of 2. Since the
posited on 2600-A-thick $i,dG&, »;, and were annealed for JCPDS relative intensities of th€00), (400, and (220
20 min at 800 °C. Cobalt films 50 A and thicker were exam-peaks in polycrystalline Cogiare 2%, 14%, and 100%,
ined with XRD, while films 25 A and thinner were charac- respectively*® we attribute the presence of inter@90) and
terized with EXAFS. The main reason for using EXAFS on (400 peaks in the XRD scans of the 250- and 350-A-thick
the thinner films was that the limited sensitivity of our XRD films as indicating the formation of epitaxigl00)-oriented
instrument did not permit the characterization of Co filmsCoSk. The tensile strain of the CoSphase detected in the
thinner than 50 A. XRD measurement also supports this conclusion. Similar ep-
The XRD results are summarized in Fig. 1. The phasetaxial effects have been reported previously by Donaton
content of the films was determined by the presence or atet al. for Co/SiGeC and Co/SiG¥.
sence of the Cogil1l) and (220 peaks at 28.80° and The results of EXAFS measurements for identically an-
47.90°, respectively, and the C¢&10) peak at 45.65°. The nealed 10- and 25-A-thick Co films on,SiGe, »; are shown
reaction products were found to be dependent on the thickin Fig. 2. Comparison with the reference EXAFS spectra for
ness of the Co film. Complete conversion to Go&icurred CoSi and CoSiincluded in this figure indicates that the pre-
only for the 450-A-thick Co film, as indicated by the absencedominant phase formed in both films is CoSi. Quantitative
of the CoS{210) peak. A mixture of CoSi and Cosgiiesulted  analysis of the EXAFS data showed no statistically signifi-
when the thickness of the Co film was between 150 and 358ant Co—Ge bonding in the annealed films. Since the sensi-
A. The only phase observed after the reaction of a 50-Adivity limit of EXAFS for mixed phases is typically less than
thick Co film with Sg 7dGey 21 Was CoSi. The positions of all  10%, the lack of detectable Co—Ge bonding indicates that Ge
CoSi and CoSiXRD lines were within 0.05° of those listed incorporation in the CoSi structure is less than 10%.
in the JCPDS databad®,ndicating that less than 3% Ge The XRD and EXAFS results indicate that the thin-film
incorporation had occurred in the CoSi structure after anreaction of Co with Sj,dG&, »; exhibits a dependence on the
nealing at 800 °Qin agreement with our prior result’ thickness of the Co layer, which is not observed for the re-
Two types of RHEED patterns were observed for theaction of Co with S(100). The effect of Ge on this thickness
annealed Co films: weak disordered spots on a strong diffuseffect was explored by examining the reaction of Co with
background for the 50, 150, and 450 A films and distinctSi, _,Ge, films of varying Ge concentration. Figure 3 shows

1
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FIG. 2. Fourier-transformeki>-weighted EXAFS spectra of 10- and 25-A-
thick Co films deposited on §}dG&, »;, and annealed for 20 min at 800 °C.
Reference spectra for CoSi and Cp8ie also shown for comparison. The
Fourier transform range is 3.5-13.8 &

a series of XRD measurements for 50-A-thick Co films an-

nealed for 20 min at 800 °C on various; S{Ge, substrates.
The reaction product of Co with a Si,Ge, film containing
9% Ge was predominantly polycrystalline CgSas indi-
cated by the presence of Cglill) and(220) lines. The
reaction of Co with the $i,Ge, films containing 15% Ge
resulted in the formation of a mixture of CoSi and CQ%is
indicated by the presence of both the C¢811) and(220
lines, and the Co&10) line. As the Ge concentrationwas

increased, the CoSi phase was stabilized to the point Wher&,

| CoSi, Si (220)

(111) /(200) {

Intensity (arb. units)

N9
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@
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FIG. 3. XRD scans of 50-A-thick Co films deposited on SiGe, layers
with various Ge concentrations. The films have been annealed for 20 min
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FIG. 4. Experimentally determined dependence of the critical thickness for
the onset of CoSiformation on the initial Ge concentration The line is
drawn as a guide to the eye. The critical thickness doubles for approximately
every 5.5% increase iR

CoSi was the only phase detected in thg;§be, 54 film,
indicating that the threshold thickness for the onset of €oSi
formation increases with Ge concentration.

In order to further determine how the formation of CpSi
is affected by the presence of Ge at the silicidg—gbe,
interface, the reaction of Co with a sacrificial Si layer depos-
ited on the Si_,Ge, film was examined. The bottom trace in
Fig. 3 is for a 50-A-thick Co film annealed on a 183-A-thick
Si sacrificial layer deposited on a 2600-A-thick) S5, »;
substrate. The thickness of the sacrificial layer was such that
the layer was entirely consumed by the Co film. Since the
Sig 765 1 film was relaxed, the sacrificial Si layer was most
likely strained. The only detectable XRD lines for that
sample were the Cogil11) and(220 lines, indicating the
predominant formation of polycrystalline CgSivhen Ge
was not present in the reaction zone.

The results in Figs. 1-3 clearly show that the onset of
Sh formation depends both on the thickness of the Co
film, and on the Ge concentration of thg SiGe_ layer. We
define the critical thickness for CgSbrmation as the thick-
ness of the as-deposited Co layer at whiatetectableguan-

tity of CoSi, was formed after annealing for 20 min at
800 °C. Our measurements of the critical thickness in the
range 0<x=<0.25 are summarized in Fig. 4. The Cg8il1)

and (220 XRD lines were monitored to determine the onset
of CoSi, formation. The critical thickness depends strongly
on the initial Ge concentration of the ;SiGe, layer, and
increases superlinearly as the Ge concentration increases.

The effects of the doping of the (300) substrate and the
strain in the Si_,Ge, layer on the reaction of Co with
Si;_,Ge, were explored by examining control samples on
phosphorous-doped (@00 substrates and on strained
Si;_,Ge, films. According to the work of Beamt al, the
critical thickness for strain relaxation of epitaxial, gbe, »
films grown at 550 °C is approximately 2000%A Several
control samples were prepared: 50 A Co/800 A.S5&) »;
(strained grown on boron-doped Si substrates; 50 A
C0/2600 A Sj ;dGey 1 (relaxed grown on phosphorous-
doped Si; and 50 A Co/800 A $jfGe, ,; (strained grown
an phosphorous-doped Si. All films were annealed for 20

800 °C. The Ge concentrations are indicated on each trace. The bottom trab8iN at 800 °C. The only phase observed in the control

is for a Co film deposited on a 183-A-thick sacrificial Si layer.

samples was CoSi, suggesting that dopants and strain do not
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previously in the Ti/Si and Ti/SiGe systems, where they have
been attributed to the difference in interfacial and surface
free energies of the C49 and C54 phas¥s®*

In order to determine the driving force for the thickness
effect in the Co/Si_,Gg, system, the energetics of the reac-
tion in question must be examined. The nucleation of one
phase in another can be described in terms of classical nucle-
ation theory. The phase transformation is driven by the
change in free energ§G that accompanies the nucleation of
a new phase

AG(r)=Br?(8c)+Ar3(8G), (1)

wherer is the size of the product nuclelwBr? is the area of
the interface between the parent and product phakess
FIG. 5. AFM images of Co films evaporated on 2600-A-thick g6&,;  the change in energy per unit area of the interféag, is the
epitaxial I_ayers ar_wd an}ea_led for 20 min _at 800 °C. The thickm_ess of thg/olume of the nucleus§G is the free energy difference per
as-deposited Co'fllm is indicated on each image. Th(_a 'boxed regions correunit volume between the two phases and andnd B are
spond to flat regions that have been tentatively identifielL8§)-oriented !
CoSh, constants that depend on the shape of the nuéfewghen

éo is positive anddG is negativeAG will initially increase

with nucleus size, pass through a maximum at some critical
have a significant effect on the critical thickness for GoSi radiusr., and then decrease and eventually become nega-
nucleation. tive. The critical radius . represents the size of the nucleus

The presence of at least two phases in most of the reabove which the nucleus will grow spontaneously. For a

acted films(polycrystalline CoSi and Cogiis expected to spherical nucleus
result in morphologically distinct regions and rough surfaces.
The surface morphology of the reacted films was examined 'c= —26015G. 2
with AFM. Results for the 50 to 450-A-thick Co films on
Sip.7§36 21 @are shown in Fig. 5. As before, the films were
annealed for 20 min at 800 °C. The 50 A C@/SfGe, »; film
consists entirely of fine-grained regions. Regions consisting  5G=§H—T &S, 3)
only of larger grains are observed for the 450
Co/Sh 7§86, 1 film. Since the predominant phases present inrwhere 6H is the enthalpy difference per unit volume be-
the 50 and 450 A Col§idGe,,; films are polycrystalline tween the two phaseg,is the reaction temperature, ang
CoSi and CoSi respectively, we tentatively associate theseis the change in entropy per unit volume during the reaction.
two morphologies with polycrystalline CoSi and CgSie-  Usually in solid-state reaction8G is dominated by the en-
spectively. Both types of regions are present in the 100—35halpy, and the entropy term is a small correction. However,
A films, which contain a mixture of polycrystalline CoSi and the difference in the enthalpies of formation of CoSi and
CoSk. In addition, a third type of morphology was observed CoS}, is only AH~ — 3 kJ/mole of Co atom$, and the en-
in the 250 and 350 A filmgFig. 5, boxed regions This  tropy term can be a substantial correction, as described be-
morphology is similar to that observed by Tumgal. in low.
transmission electron microscopBEM) micrographs of ep- As is evident from the results presented here, the ener-
itaxial CoSh on Si(100).222% These regions were present getics of the reaction in the Co/SiGe, system are addi-
only in samples containing epitaxigll00-oriented CoSi(as tionally affected by the presence of Ge in the reaction zone.
determined from the XRD measureméntSherefore, we Previous work by our group has shown that in the presence
tentatively identify them as epitaxié€l00)-oriented CoSi It  of excess Si_,Ge, the reaction proceeds in three stagéks:
should be noted that isolated regions of similar morphologyCo(Sk _,Geg,) formation;(ii) Ge expulsion and CoSi forma-
were also detected in the 150-A-thick filmisote the weak tion; and(iii) as the reaction proceeds to Ce8iere is fur-
CoSi(200) peak in the corresponding trace in Fig. 1 and theher Ge segregatiolf. The Ge segregation in stefis) and
boxed region in Fig. b However, the area density of these (iii) is driven by the large differences in the enthalpies of
regions is considerably lower than that found in the 250 andormation of CoSi and CoGe, and Cg%ind CoGsg, respec-
350 A samples, where they comprised at least 40% of thévely, and is a necessary condition to establish bulk equilib-

In order to estimate the value of, knowledge of bothbo
and 6G are necessary:

surface. rium between all co-existing phases at each stage of the
reaction?®
IV. DISCUSSION In the last stage of the reaction of Co with SiGg,, the

formation of CoSj from the reaction of CoSi with the

In this study it was found that the final phase formed ingj, ' Ge, substrate may therefore be expressed symbolically
the reaction of Co with $i,Ge, alloys is dependent on the 3q

thickness of the Co film and the relative concentration of Ge
in the alloy. Similar thickness effects have been observed CoSiHmSi;_,Ge— CoSp+(m—1)Si;_,Ge,, (4)
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FIG. 6. The entropy termh Gg;g. [Second term in Eq@8)] as a function of  FIG. 7. Estimated surface/interface enemdy for the CoSi~CoSj, transi-
initial Ge concentration and the number of molesparticipating in the  tion on Sj_,Ge,. The bullets are the values estimated from the experimen-
reaction. tal data. The solid line is a linear fit to the estimated values.

wherem is the number of moles of 8i,Ge, participating in  deviates from that number significantly, it is seen from Fig. 6
the reaction, ang=m/(m—1)x from mass conservation. In that this will result in a correction i\ Ggg. Of approxi-
order to determine the critical thickness at which GoSi mately 20%.
nucleation occurs, the energetics of Ed) must be exam- The surface/interface terndo contains contributions
ined: from several sources: the energy of the free GaBiface,
the energy of the CoSiCoSi and CoSi/SiGe interfaces, and
AG=AG¢yst RT{(m=1)[y In y+(1-y)In(1-y)] the surface/interface energy of the Ge-rich precipitates. Be-
cause of the apparent complexity of the problem and lack of
~mix In x+(1-x)In(1—-x)]}. ®  relevant experimental data, we have chosen to eats an
Here AG is the net change in Gibbs energy during the reacadjustable parameter that depends on the Ge concentration
tion, R is the universal gas constant, aA@s; is the en-  Given the preference for formation of Co—Si bonds at the
ergy gain of the CoSiCoSj, transition, which is equal to CoSi/SiGe interfacé’ some dependence @ir on x is to
the net changeAG for the CoSi=CoSh transition on be expected. Furthermore, if it assumed thatis propor-
Si(100). The second term in Ed5), AGgjge, is due to the tional to the Ge concentration at the interface, it is reasonable
entropy change that accompanies the Ge expulsion and fote expect thatéo is an approximately linear function of
mation of Ge-rich Si_,Gg, [Eq. (4)]. The energetics in Eq. Since there is no known threshold for Co$rowth on Si,
(5) are expressed per unit mole of Co atoms for clarity, in-it may be additionally assumed th@au(0)=~0. Therefore

stead of per unit volume as required by E). only one adjustable parameter, the slopedof(x), is re-
The second term in Eq5) is plotted as a function af  quired.
for a several values ahin Fig. 6. It should be noted that at The following procedure may be used to estimate the

550 °C RT=6.8 kdJ/mol) the energy cost of Ge segregationslope of da(x) from our experimental results. First, the
may be a substantial fraction of the energy gained from thealue of AG is calculated from Eq(5) for the Ge concen-
CoSi—CoSj, transition itself(A G¢o s~ — 7 kJ/mol of Co at- trations at which experimental results fog are available
oms. The net effect will be a decrease in the absolute valu€Fig. 4). The calculatedAG and experimentat. are then
of 6G and a corresponding increaserin, per Eq.(2), thus  used to estimatéo from Eq.(2), and a straight line is fit to
driving the thickness effect described in Sec. Ill. these values to determine the slope &f(x), which may
A quantitative calculation of . within the framework of then be used to calculate at any value ofx. The results
this model requires that the parametéts AG¢,5i, andm  from such calculations witm=1/(1—x) are shown in Figs.
be specified, per Egs(2)—(5). With the exception of 7 and 8, where a surprisingly good fit with the experimental
AGcysi, these are not known. Nevertheless, the followingresults was achieved.
observations about the possible ranges for these parameters It should be noted that calculations described in the pre-
can be made. vious paragraph depend on the choicenofThe results in
The dependence of the entropy teAfs5;c.0n the num-  Figs. 7 and 8 were obtained with the assumption that the
ber of molesm patrticipating in the reaction is weak fon  thickness of the $i,Ge, layer involved in the reaction is
=3 (Fig. 6), which is an expected result. As the thickness ofdetermined solely by the amount of Si consumed in the
the Si_,Ge_ layer increases beyond the thickness consume@oSi—CoSi, phase transition. While this is a plausible as-
by the reaction, most of the layer will simply be a passivesumption, it completely ignores effects such as the possible
spectator, and will not be affected by the reaction. Since eactedistribution of the segregated Ge. Since the reaction tem-
angstrom of Co consumes 3.65 A of pure Si to form GpSi perature (800 °C is close to the melting point of Ge
it is reasonable to expect that the thickness of the &e, (938 °O, Ge diffusion following the segregation is to be
layer which participates in the reaction 4€3.65/(1—Xx), expected. Therefore it may not be possible to determine the
wheret is the thickness of the as-deposited Co layer. Thisvalue ofmin Eq. (5) experimentally, e.g., by measuring the
corresponds ton~1/(1—x), i.e., I=m=<1.5 for 0=<x=<0.3.  volume and composition of the Ge-rich precipitates formed
Even if the amount of $i ,Ge, participating in the reaction in the reaction, since they may not be representative of the
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FIG. 8. Comparison of experimental measuremébtalets and theoretical  FIG. 9. Comparison of experimental measureménislety and theoretical

calculation (solid line) of the critical thickness for Coginucleation on  calculations of the critical thickness for Cg$iucleation on Si ,Ge, . The

Si;_,Ge, . The theoretical calculation assumes that the surface/interface eregalculations assume that the number of moles of $e, involved in the

ergy o depends linearly on the Ge concentratigrper Fig. 7. reaction ism=1/(1—x)+ &8, where5=0 (dotted ling, §=0.5 (solid line),
6=1.0 (dashed ling

amount of Sj_,Ge, involved in the CoSi~CoSj, transition

itself (post-transition redistribution of Ge will have no effect threshold doubled for approximately every 5.5% increase in
on the nucleation of Cogi Furthermore, since Ge is also x. The thickness effect appeared to be independent of the
segregated at previous stages of the reaction of Co withoping of the Sil00) substrate or the strain state of the
SiGe, it is not possible to associate unambiguously Ge-riclsj, ,Ge, film. The reacted layers exhibited distinct morpho-
precipitates that might be observed with the Ce8ioSi,  |ogical features corresponding to polycrystalline CoSi and
transition, even if it is assumed that no Ge redistribution isCoSj, and (100-oriented CoSi Experiments with sacrifi-
occurring. Calculations of . with m=1/(1-x)+ 6, where  cjal Sj layers deposited between the Co angd Sbe, films
6=0.0, 0.5, and 1.0, are shown in Fig. 9. It is seen that alindicated that the thickness effect is driven by the presence
calculations are in qualitative agreement with the experimenof Ge in the reaction zone. The effect can be accounted for
tal results, suggesting that the nucleation model adequatelyualitatively in terms of the energy cost of Ge segregation
accounts for the major features of the observed thicknesghich accompanies the formation of CoSi and Gasiring
effect. the reaction of Co with $i,Ge,.
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