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Metastable phase formations were studied inaA8if thin film multilayers using differential
scanning calorimetry and x-ray diffraction. Two nonequilibrium crystalline silicides were found to
form below 500 K. Each phase formed by a different mechanism, and the competing growth of the
two phases over the temperature range of 375 to 500 K, was found to depend greatly on thickness
and grain size in the Au layers. At higher temperatu{®0—600 K, these metastable phases
decomposed and tree Si crystallized by metal-induced crystallization to yield a phase mixture of

Au andx-Si. The enthalpy of crystallization @&-Si was measured from the calorimetry data to be
—12.1+1.2 kJ/mol. © 2002 American Institute of Physic§DOI: 10.1063/1.1432774

I. INTRODUCTION =0.96 nm), first identified by Krutenat al!® and Predecki,
et al,?® and a second gamma brass structure with a larger

With length scales in electronic devices shrinking to thejattice constant = 1.95 nm) observed first by Luet al?*
nanometer regime, a better understanding of the effect ofnese structures are labeled hereinyaga=0.96 nm), and
grain boundaries and material interfaces on thermal and,, (a=1.95 nm), respectively. No obvious trends were iden-
atomic processes is necessary. Thin films typically have highfied from the literature as to which silicide phase will form
densities of grain boundaries and dislocations, providing{yl, 2, or some other silicide even when a given sample
paths for fast, short-circuiting atomic diffusion. These a"[er'preparation technique is used.
native reaction mechanisms have long been understood to The diffusion mechanism by which a phase forms is of-
greatly affect kinetics and phase selection in binary diffusionen key to understanding the phase competition and resulting
couples and thin film multilayers:® The work presented phase formation sequence in a binary system. In the litera-
here on Aud-Si multilayer thin films has provided an inter- ture for thin film Au-Si structures, there is evidence for the
esting example of the effects of reduced dimensions on thgyrmation of crystalline Au silicides by annealing of amor-
kinetics and energetics of thermal processes in a binary syghous Au—Si thin film¥1*?4and by the metal-induced crys-
tem. tallization (MIC) of a-Si in Au/a-Si multilayers>’?°=%"|n

The Au-Si system is a simple eutectic with no interme-the work of Kochet al,?* the formation of at least two meta-
diate phase formations. However, many researchers have otable Au silicides was observed by annealing glassy Au—Si
served the formation of nonequilibrium phases, such aslloys prepared by sputtering and laser annealing. They were
amorphous alloys and metastable crystalline affo$/sthat,  not able to unambiguously identify the two phases, but noted
in some cases, form by unique reaction kinetieg)., Harri-  that the diffraction data from first phase was consistent with
son’s type G.#?*%The extensive work in the literature on the y, structure and an orthorhombic phase reported by
characterizing metastable Au silicides was summarized mogtndersseret al?® The second phase was reported by Koch
recently by Okamoto and Massal§khmorphous Au-Si al- et al. to be either they, phase or a hexagonal phase identi-
loys have been produced over a wide range of compositionied by M. von Allmenet al*
(from 10 at. % Si to 90 at. % $by rapid quenching from the Past studies of annealing of A4/Si multilayers offer
melt, laser irradiation, ion beam mixing, or sputter deposithe most intriguing results. The work of Hultma al.” in-
tion. Many metastable crystalline phases have been ohrestigated the MIC o&-Si in a Aufa-Si single bilayer. As
served, with stoichiometries varying from 11 to 33 at. % Simany researchers have observéd®?"the crystallization of
and different crystal structures. The work of Hultmetnal.”  a-Si takes place at drastically reduced temperatures in the
reviewed the crystallography literature and proposed that thpresence of Au and other metd#50 K as opposed to 1000
majority of diffraction data is consistent with a body cen- K for pure a-Si). During this process, Hultmaat al. ob-
tered cubic structurea(=0.552 nm) with nominal stoichiom- served the formation of a metastable Au silicide at tempera-
etry of Au,Si. Although this observation is helpful in possi- tures of 450 K and above, with a lattice constant of 2.208
bly connecting the different crystalline structures, nonm. The mechanism of Au diffusion int Si was concluded
symmetry or atomic positions were identified by Hultmanto be responsible for both the formation of the silicide and
et al. for this sublattice or the cubic superstructura ( the MIC. In contrast, Seibet al,* who annealed Aa-Si
=2.208 nm) they observed experimentally. Two of the strucmultilayers, defined the mechanism for the formation of a
tures in the literature that have been observed by more thagilicide in their samples as being grain boundary diffusion of
one group experimentally are a gamma brass structare (Si into the Au layer followed by lateral growtt2D) of a Au
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researchefs indicates the formation of metastable Au-Si g L ]
alloys in similar Aua-Si samples, but the mechanism iden- < qob LT T 7 sl

tified for the growth of the alloy is entirely different. 210"  (b) f g\ g g _ -
In this study, the growth mechanisms for silicides in Au/ g - - & 8% ~

a-Si thin films were examined to determine if microstruc- & 10° - 2 2 30 ) -

tural differences are responsible for providing competing re- £ E

action mechanisms. AafSi thin film multilayers with a 10
wide range of layer thicknesses were used to examine the r
role of decreasing length scales and varying microstructure 10
on the solid state reaction to form Au silicides at similar 2
temperatures(300-550 K to the two studies detailed
above*’ Differential scanning calorimetryDSC) was used FIG. 1. X-ray diffraction data for as-prepared AuSi multilayers of two

for the measurement of the heat flow associated with thes‘réﬁerent modulationsh =47 nm (@) and\ =14 nm (b). Dashed curves are
r samples prepared on NaCl substrates and solid curves are for samples

thermal processes as the samples were heated from 300 K;Eo%pared on $100). The samples exhibited(@11) preferred orientation for
temperatures between 600 and 660 K. Sample characterizeie peaks for Au and the typical broad peak for amorphous Si at approxi-

tion and identification of reaction products was carried outmately 28.5°.
using x-ray diffraction. Combining these two techniques, we
gﬁ\éi'??:tgﬁdsgﬁgli rsmtigct)?oorIntvg; ::noer;a;ﬁg;errs1llelglhda¢n§ismswomd then be used for x-ray diffragtion analysis or hermeti-
that azre highly dependent on the initial grain size of the Au cally sealed for DSC experimentation. . .

. o ey " In some cases, the substrate wa4@0 oriented Si wa-
Finally, a determination of the crystallization enthalpy of : : :
a-Si was obtained by integration of the exothermic heat flowfer' _For these samples, x-ray (_Jllffraqtlon expenmen_ts were
signals in numerous DSC experiments carried out on the as-prepared film with the wafer being sub-

' sequently scored and broken into six or more smaller pieces
to be annealed under an Ar atmosphere in a tube furnace. The
Il. EXPERIMENT annealed samples were examined with x-ray diffraction to

further assist in phase identification in these thin films.

Thin film multilayers of Au anda-Si were prepared in a
sputter deposition chamber with a typical base pressure qf|. RESULTS AND DISCUSSION
1x10 7 Torr. When preparing a multilayer, the chamber
pressure was set to between 7 and 8 mTbigh purity Ar
gag, with some samples prepared at a pressure of 3 mTorr. As-prepared samples were characterized by x-ray dif-
Sputtering of Au was conducted with a dc magnetron sputfraction, and, for Aud-Si multilayers with\ =14 nm, were
tering gun, and an rf powered magnetron sputtering gun wadetermined to be phase mixtures of Au aamdbi. Figure 1
used to sputter Si. Typical deposition rates were 0.15 nm/shows x-ray diffraction scans for samples of two different
for Au and 0.10 nm/s for Si. modulations: 47 nm, AysSip47 [Fig. 1(@], and 14 nm,

Multilayers of Au anda-Si were created by timed, se- AugssSip.47 [Fig. 1(b)]. Also, for each sample modulation,
guential sputter deposition of the two materials. In this man+ig. 1 displays x-ray diffraction data for two different sub-
ner, both a sample’s average stoichiometry and modulatiostrates: Sisolid curve and NaCl(dashed curve For these
(sum of the thicknesses of one layer each of Au ari), \, larger modulation samples, two strong peaks for Au are ob-
could be controlled by changing the delay times for the subserved, i.e., Miller indice$111) and (222), and some inten-
strate over each sputter gun. The average stoichiometry ity for the (220) and(311) peaks, indicating &111) texture
the multilayer was selected to be betweensMiy; and  for Au in these samples af=14 nm. It is also clear from
Au,gSis;. The modulation for the samples varied betweenthe Au peaks in these x-ray diffraction scans that the grain
6.1 and 64 nm. size of the Au decreases with sample modulation. Using the

After sputter deposition, samples were removed from thé€111) reflection as an example, the full width, half maximum
vented sample chamber and readied for x-ray diffractiofFWHM) value of this peak for the.=47 nm sample was
analysis and differential scanning calorimetry experiments0.3°, but, for thex =14 nm sample, the FWHM was 1.5°.
The substrate, an NaCl crystal, was dipped in de-ionized wadsing the method of integral breadtfso separate the con-
ter to obtain a freestanding Aa4Si thin film. This thin film  tributions of the stress and the crystallite size on broadening
was rinsed in de-ionized water followed by rinsing with of the peaks, the grain size of the Au for different modula-
semiconductor grade acetone. The sample was then placedtinons was calculated. It was found that the grain size scaled
a dry nitrogen atmosphere at 308 K for one hour. Lastly, theoughly with the individual Au layer thickness, meaning that
thin film was cut up using a razor blade. The smaller pieceshe grain size was 6 nm for 14 nm modulation sam({@l&-

A. X-ray diffraction study of Au /a-Si phase formations
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FIG. 2. X-ray diffraction data for a A@-Si sample prepared with a modu- 20
lation of 6.1 nm. These data indicated the formation of an amorphous Au-Si
alloy. FIG. 3. X-ray diffraction data for Awd-Si multilayers § =14 nm) prepared

on Si(100 and annealed at 423 &) and 513 K(b). Evidence is found for
the growth of they, phase identified by Krutenat al. (Ref. 18 at both
temperatures.

nm-thick Au layer$, and 22 nm for a 47 nm modulation
sample(24.5-nm-thick Au layers This result is in agreement
with what was observed by previous investigators studyingare presented in Fig. 3. The first sd&tig. 3(a)], for a sample
Au/a-Si multilayers fabricated by electron beam evapo-annealed at 423 K, exhibits new Bragg peaks that are in-
ration?°29 dexed to they; phase observed by Krutenettal1® There is
Also present in the x-ray profiles of Fig. 1 is a broad also evidence in this scan for the crystallizatiorae8i. The
peak centered at28.5°, corresponding ta-Si. This peak is peak for Si in this scan has a FWHM of 1.4°, indicating that
evident only in samples deposited on Si. For samples deposome of the Si in the sample has transformed from the amor-
ited on NaCl, a glass substrate supported the film duringphous state to a small grained crystalline state. Annealing the
x-ray diffraction scans, and contributed a broad peak to theample at 513 K/Fig. 3(b)] resulted in additional Bragg
profiles that prevents the resolution of the peak de6i. peaks for they, phase, evidence for the formation of more of
When thea-Si peak was resolved, a Lorentzian curve was fitthis metastable silicide. Also, the peak for Si in Figb)3
to the data and the FWHM value for this amorphous pealalthough low in intensity, is still present and now exhibits a
was determined to be approximately 5.5°. In terms of thdeWHM of 0.4°, suggesting further crystallization and grain
scattering vector, #sind/\, this FWHM is 3.9 growth has taken place. It has been previously observed that
X 1072 nm™ L. In a previous study oa-Si,?! this peak was the reaction process in Aa/Si multilayers finishes with Au
observed to occur at the same scattering vector for which wdiffusing to the outer surfaces of the multilayer stackhe
observe our peak, but with a slightly larger FWHM of 4.5 intensity of the Si peaks observed in all of our x-ray diffrac-
X102 nm L. tion experiments is rather low, and can be attributed to the Si
For Au/a-Si multilayers withx <7 nm, x-ray diffraction  being buried in the bulk of the sample.
data indicates the formation of significant amount of an  X-ray diffraction results for furnace annealed, larger
amorphous Au-Si alloy. Figure 2 contains x-ray diffraction modulation samples\(=47 nm) are shown in Fig. 4. For the
data for a sample prepared as ana@®i composite with\ sample annealed at 423 [IKig. 4(@)], there is some indica-
=6.1 nm and Ay:Siy 5. Two broad peaks are evident in this tion of the growth of they, phase. Also, the broad peak for
scan, the first at 28.2° with a FWHM of 5.2°, and the seconda-Si has disappeared, and has been replaced by a very low
at 41.0° with a FWHM of 4.3°. There is also a peak for theintensity peak corresponding to crystalline Si with a FWHM
Au(11)) reflection with a FWHM of 2.7°. The peak at 28.2° of 0.2°. At higher temperaturé23 K), the phase formations
is associated witla-Si. The second broad peak indicates theare clearer, as shown in Fig(b}. For this sample with larger
formation of an amorphous Au—Si compound. The literaturemodulation, the indication is the growth of a phase identified
indicates that amorphous Au—Si alloys can be prepared ovdry Luo et al?* This second phasey,, has a large stoichio-
a wide composition range from 9 to 91 at. %°Si. metric range of stability0.25—-0.50 at. % $iand was best fit
Phase formation in Aa-Si films that had been prepared to a face centered cubic structure wik-1.905 nm.
on Si(100) wafers was studied by performing furnace anneals
at pertinent temperatures for between 5 and 15 min foIIowe%
by quenching to room temperature. The annealed sections
were then examined by x-ray diffraction. New Bragg peaks Annealing of the Aud-Si composites resulted in com-
were observed for these annealed samples, indicating form@iex sequences of phase transformations that depended on
tions of metastable Au—-Si compounds. X-ray diffractionthe as-prepared state of the sample, especially on the Au
scans for annealed small modulation samples-14 nm) thickness. This is depicted in Fig. 5, where the heat flow data

Calorimetry
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FIG. 4. X-ray diffraction data for Awd-Si multilayers § =47 nm) annealed FIG. 6. X-ray diffraction data for Au-Si samples prepared with a modu-

at 423 K(a) and 523 K(b). Evidence is found for the formation of thg ) - . !
phase for the lower temperature anneal, and the formation of a second metlg-tlon of A=6.1 nm that were heated to intermediate temperafi62 K

stable silicide, identified as the, phase(Ref. 21, at higher temperatures. a) and 648 K(b)] in a differential scanning calorimeter and then quenched
to room temperature.

versus temperaturgscan rate of 20 K/minis presented for

Au/a-Si samples with three different modulations. From thedrained Si occurs during the crystallization of &é€Au—Si.
differences in heat flow data of these three traces. it is evil N€Se results indicate that reaction #1, including the shallow
i otherm between 350 and 400 K, consists of the formation

dent that each sample is somewhat unique in the manner .
which it reacts upon heat treatment. Considering first th f the metastable, crystallllngl phase.at t_he expense of the
smallest modulation sample=6.1 nm[Fig. 5a)], two tran- a?(Au—_SD phase a”F’ partial crystallization @FSi. X-ray
sitions are identified: a crystallization proceéabeled #3  diffraction data obtained for a sample heated through reac-
and a final transition to equilibriurtiabeled #2. More detail tion #2[Fig. 6b)] indicates that the sample has transformed

about these two transitions was obtained by heating portion%’ a phase mixture of crystalline Au and Si. From this data,

of this sample to pertinent temperatures, immediately coollN® exotherml(_:_peak labeled #2 in F|ga)5|s attnb_ute_d to
ing to room temperature and then performing x-ray diffrac-1"€ deco“.“p_os'“or? of the, phase and final crystallization of
tion experiments. These x-ray diffraction results are pre-any remaininga-Si.

sented in Fig. 6 for samples heated to 462 and 648 K. At 462 To chargcterize phase _formgtions for samples with
K, in between the two reactions for this sample, there is_/ldf'4 nm(Fig. 3db)], AU/a'Sd' multllar)]/e(;slweredheatled at 20
evidence for the formation of the metastable Au—Si phasel,< min to 453 and 623 K and quenched immediately to room

v, [cf. Fig. 6@)]. Also, the peak for Si in this scan has a ';emperaturr]e. Each Tample \;]vas then gxaminei by x-ray g'f
FWHM of 2.4°, indicating some crystallization of fine fraction. These results are shown in Fig. 7. At the intermedi-
ate temperature of 453 [cf. Fig. 7(a)], which lies between
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FIG. 5. Heat flow vs temperature measured by differential scanning caloFIG. 7. X-ray diffraction data for samples with a modulation\of 14 nm
rimetry for Au/a-Si multilayers prepared with three different modulations: that were heated to intermediate temperat{4&8 K (a) and 623 K(b)] in
A=6.1nm(a), A\=14 nm(b) andA =47 nm(c). a differential scanning calorimeter and then quenched to room temperature.
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the first and second peak of the DSC trace for this sampléABLE I. The_collected_results from the literature for the crystalliz_ation
[cf. Fig. b)), there is evidence for the formation of the 0 mE 2, o el acanning calorimeny.

. .pe 18 .. . .
phase identified by Krutenadt al.*° In addition, there is a

peak for the(1 1 1) reflection of Si with a FWHM value of Sample Relaxation ~Crystallization
roughly 2°. Thus, at the temperature of 453 K in the DSC (Preparation enthalpy enthalpy
trace shown in Fig. @), both the formation of the meta- Researcher Techniqug (kJ/mo) (kd/mo)
stable silicide phasey;, and some relaxation or partial crys- This work Au/a-Si N/a -12.1+1.2
tallization of thea-Si has occurred. For the samples heated (sputteredl
to 623 K, peaks for Au and crystalline Si are observed. From ~ Gnauert’ Au/a-Si N/a —13.3-06
this x-ray _diﬁracti_on data, the _exothermic peaks in F_i(_p)s Donovanet al® (elecz(_)gibeam _54%12 :gig?
are associated with the formation gf from Au anda-Si (i), (ion implantation
and the crystallization o&-Si and decomposition of the; Roordaet al*? a-Si -3.7£02 -11.7+1.0
phase(ii and iii). (ion implantation

For the sample of the largest modulation=(47 nm)  Fan and Andersdf a-Si N/a -100

(sputteredl

shown in Fig. %c), there is only one distinct exothermic peak
in the heat flow(labeled Il). Some other features exist in the
scan: a very shallow exothermic signal between 350 and 450

K (labeled ), and an exothermic shouldéllabel_ed I) be- relaxation process attributed to small changes in bonding
tween 460 and 490 K that precedes the main exothermlgngles resulting in a more ordered, but still amorphous
peak at 500 K. To associate these peaks with thermal proﬁhase3.5
cesses in the AatSi multilayers, the x-ray diffraction data
presented for furnace annealed samptdsFig. 4] is exam-
ined again. For annealing at 423 K, evidence is found for th
formation of they, phase. Annealing at 523 K resulted in the
formation of they, phase. However, as with all our samples
heated in the differential scanning calorimeter to above 55
K, the final state of the sample was found to be Au and Si.
From the x-ray diffraction results for the=47 nm sample,
peak | is associated with the formation of small amounts ot{];
v, phase, peak Il is associated with the formation of the
phase, and the main exothermic pdHk) is associated with
the decomposition of the metastable silicide and final crys
tallization of any remaining-Si. The decomposition of the
silicide and crystallization of-Si are not resolved as sepa-  X-Au+a-Si—1y;, AH. (©)
rate peaks in the heat flow.

Thus, depending on the degree of relaxation in the
as-preparedh-Si, one may expect differences in the total
enthalpy measured for crystallization. Looking at Table I, the
§wo studies that attempted to separate the relaxation enthalpy
from the crystallization enthalpy found that this relaxation

rocess can result in an enthalpy release as large as 3-5

J/mol.

Also of interest is the enthalpy associated with the for-
ation of the metastable silicide phases. In our calorimetry
sults, the formation of the/; phase is most clearly re-
solved for sample modulations of 14 nm. The peak labeled
“i”in Fig. 5(b) is associated with the formation of thg
phase. The reaction proceeding during pgdk:

Using peak fitting software, the total heat released for the
distinct peak at 380 K was calculated. The heat flow data in
the region of 370—400 K was fit to a Lorentzian with the
Integration of exothermic peaks in the heat flow data ofshallow heat release from 350 to 450 K being separated by
Fig. 5 yields enthalpy values that are attributed to distincincluding a baseline and two other peaks. For the ten samples
thermal processes, as identified by x-ray diffraction. Forfor which the peak associated with Eq. 3 was resolved, the
samples with the smallest modulations=6.1 nm [Fig.  enthalpy was found to be 1.22+0.23 kJ/mol, if it was as-

5(a)], x-ray diffraction results indicate that the reaction tak-sumed that all of the Au was consumed in forming the
ing place is: phase. From x-ray data, it is clear that not all of the Au is

) _ consumed in the formation of; . Thus, the value found here
a-(AU=S) +x-Auta-Siox-Au+x-Si,  AH, @) s a lower limit for the enthalpyAH for Eq. 3. Previous work
For samples with\=14 nm, x-ray diffraction results indi- on electron beam evaporated Aubi samples found a value

C. Thermodynamics of Au /a-Si reactions

cate that the overall reaction taking place is: of —1.6+0.3 kd/mol for a reaction similar to Eq. 3, in which
. . I i all f f i f
X-AU+a-SioX-AU+X-Si. AH. @ (;1, T}gtgstabe AYBi alloy was found to form instead o
1.

Thus, integration of DSC scans for the larger modulation In Fig. 8, the enthalpy of formation versus atomic per-
samples gives enthalpy values for Eq. 2, which represents theent Si is plotted for the Au—Si system. The point &85i is
crystallization ofa-Si. With a total of 26 scans performed an average of the values in Table I, and the dashed line in the
for samples withh=14 nm, the crystallization enthalpy for plot represents the enthalpy for a phase mixture of Au and
a-Si was found to be-12.1+ 1.2 kJ/mol. This value is con- a-Si. Also shown in Fig. 8 is the point for the enthalpy of a
sistent with a number of different values in the AugSicompound investigated by Gnautgnd the enthalpy
literature®®*2-3*Table | lists the available data for the crys- for the y, phase as investigated by Chen and Turnbull.
tallization enthalpy ofa-Si. In general, variations in these Lastly, the lower limit for the driving force of Eq. 3 6f1.22
measurements can be attributed to the as-prepared state kafmol is also plotted in Fig. 8, indicated by an arrow and
thea-Si. It has long been speculated thaSi can undergo a our datum(J).
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FIG. 8. A plot of the enthalpy of formation vs atomic percent Si for the modulations ofA =14 nm and\=47 nm, based on the results of this work
Au-Si system. Data are plotted for the enthalpy of formation for pure ele-and silicide reaction mechanisms described in Refs. 4 and 7. The reaction
ments anda-Si (O). The dashed line represents the enthalpy for a phasesequence is as followsa) as-prepared samples have smaller grain size in
mixture of Au anda-Si. Three measurements are also plotted for the en-the Au layer for smaller modulationgb) heating the samples t&400 K
thalpy of formation of metastable silicides: Chen and Turniotl) (Ref. results in the formation of thg, phase by grain boundary diffusion of Si in
19), Gnauert(V) (Ref. 29, and the measurement made hérg. the Au layer,(c) at ~450 K, diffusion of Au into thea-Si results in the
crystallization ofa-Si, and for the larger modulation samples, the formation
of the y, phase,(d) heating above 550 K, the sample converts to a phase

Consideration of the magnitude of the enthalpy of for-mixture of Au andx-Si.
mation of Au silicides of compositions near 80 at. % Au from
crystalline Au and Si provides an indication of why these
compounds form so readily by a variety of mechanisms. A
illustrated in Fig. 8, our determination of the lower limit of
the enthalpy of formation ofy; from a-Si and Au implies

o . peratures of 450 K and above, Au diffused into theSi
that the upper limit on the enthalpy of formation pf from layer, resulting in the nucleation &t Si that was surrounded
crystalline Si and Au is+1.1 kJ/mol. As mentioned above yer, g

our measurement is consistent with that of Gnaeed!?® by a Au-Si compound. In contrast, Seittal,” found that

: grain boundary diffusion of Si into the Au layéHarrison
while the measure_me_nt of Che_:n and TumBtiiyho use_d type C kinetic$’) resulted in the formation of a metastable
bulk samples ofy, , indicates a higher enthalpy of formation.

- S ilicide that then grew laterall{2D) within the Au layer at
The data presented in Fig. 8 indicates that the enthalpy (ﬁemperatures as low at 370 K. The results for our calorimetry

formation for Au silicides near the eutectic compositiond d oh identificati K : ith both of
(18.6 at. % Siis relatively small, approximately 1 kJ/mol in ataandp asel ent |_cat|on work are consistent with both o
o ' these mechanisms. Figure 9 is a sketch of how these two

magnitude. Given the positive, albeit small, increase in en- . h et om o
. ) mechanisms compete in our “thinA(= 14 nm) and “thick
tropy upon alloy formation, the free energy difference be-,, ) . .
. . - (A=47 nm) film Auk-Si multilayers. For the as-prepared
tweeny; and a phase mixture of Au and Si is even smaller in . : - NS
. . . state, x-ray diffraction data indicated a smaller grain size for
magnitude. This measurement of the enthalpy of formatloq . : . .
rovides thermodynamic evidence that supports numeroushe smaller modulation sampléig. a]. This results in
P . y - SuUpp . more available grain boundaries for diffusion of Si into the
observations that these metastable Au silicides are easily Pre; . .
. . 7 u layer and substantial formation of thg phase. In the
pared by many techniques making use of nonequilibrium . : T
i sample with a thicker Au layer and larger grain size, fewer
conditions. : . . -
grain boundaries are present, and there is the possibility of
unfavorable diffusion paths once the Si has entered the Au
layer, resulting in the formation of only a small amount of
v1. This explains the presence of a distinct exotherm for the
The differences in the heat flow signals for samples offormation ofy, in theA =14 nm samples and only a shallow
different modulations merits a discussion of the mechanismexotherm for the. =47 nm samples. Now, with the samples
of silicide formation anda-Si crystallization in this system. heated to 450 K and above, the mechanism described by
The differences between the larger modulation samples ( Hultmanet al. becomes available. Au atoms diffuse into the
=14 nm) and the small modulation sample=6.1 nm) is  a-Si layer, resulting in crystallization od-Si and possibly
primarily due to the presence of the amorphous Au—Si commore silicide formation. However, for the small modulation
pound in the latter. However, the differences between thesample, much of the Au is used up by the formationyef
heat flow data for th& =14.4 and 47 nm sampl¢Eig. 5b)  What Au does diffuse into tha-Si layer is not enough to
and Fig. %c), respectively are due to more subtle differ- form the Au-rich y, phase. In contrast, for the=47 nm
ences in the samples. Two previous researchers have exasamples, much of the Au remains unreacted, allowing for
ined the Au—Si system in connection with the crystallizationboth the crystallization o&-Si and the formation of the,

of a-Si, and each derived different mechanisms for silicidephase within the- Si layer. This explains the presence of the

Yormation and the eventual crystallization of theSi. Hult-
manet al.” used a bilayer of A@-Si and found that at tem-

D. Metastable silicide growth mechanisms and their
competition
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