
PHYSICAL REVIEW B, VOLUME 65, 024109
Atomic mixing and interface reactions in TaÕSi bilayers during noble-gas ion irradiation
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This article focuses on the influence of chemical driving forces on the mixing and phase formation taking
place at the interface of highly reactive metal/semiconductor systems under ion-beam irradiation. Ta/Si bilayers
were irradiated with Ar, Kr, and Xe ions to fluences of (0.5– 2.5)31016 ions/cm2 and at temperatures between
liquid nitrogen and 400 °C. The interface mixing and silicide formation were monitored as function of the ion
mass and fluence by means of Rutherford backscattering spectrometry and x-ray diffraction. The interface
broadening variance was found to depend linearly on the ion fluence and was explained with the help of a
compound formation model involving local or global thermal spikes. The results are compared with those
found in other silicide and germanide systems. The transition from local to global spikes was found to occur at
the critical deposited damage energy of about 2.5 keV/nm.
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I. INTRODUCTION

Transition- and refractory-metal silicides are potentia
attractive materials for various applications.1 These silicides
have many interesting physical and chemical properties, s
as low resistivity, semiconducting behavior with direct a
indirect band gaps, high-temperature chemical stabi
small lattice mismatch with Si, and oxidation resistance.2–4

Compared to noble-metal silicides, the application of refr
tory silicides, such as WSi2 or TaSi2, appears more useful in
high-temperature environments. Ion-beam techniques s
as ion implantation and ion-beam mixing are very attract
as they allow one to process the materials at comparati
low temperatures and in fewer processing steps, altho
problems may arise from the implanted species.

In the last two decades, much attention has been dev
to understanding the ion-induced atomic transport proce
and phase formation across metal/Si, Si/silicide, and me
silicide interfaces.1,2,5–7 During irradiation, heavy ions lo-
cally deposit large amounts of energy and induce str
atomic diffusion, leading to interface mixing and chemic
reactions.7–11 Elevated temperatures during irradiation fu
ther enhance these processes. It has been demonstrate
the thermal spikes and chemical driving forces enha
atomic mixing during ion irradiation.8,9 The thermal spike,
which is defined as the localized increase of very high te
perature for a short duration of time, can be either local8 or
global7–9 in nature, depending on the amount of the dep
ited damage energyFD by the incident ion. Local spikes ar
formed inside the isolated collisional subcascades belo
critical FD value. Above this value, all collisional subca
cades overlap and produce a global spike. The phase s
ture of the modified region is either a solid solution or
compound phase or a mixture of both. Ion-induced mixing
the case of solid solutions, i.e., atomic transport through
interface~s! of bi- and multilayers can be rather well modele
in many systems. On the other hand, the transition to ph
formation, the growth mechanisms of phases, the relat
ship to the mixing process~ballistic or thermal spike mixing,
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radiation-enhanced diffusion!, and the individual contribu-
tions of ion-induced and thermal processes are not well
derstood yet.10–14For this reason, we have extended previo
studies on metal/Si and nitride/Si bilayer systems14–18 to the
Ta/Si system. In this paper we present a comprehensive
vestigation, in which we varied the energy deposited at
interface by either changing the target thickness or ion m
~Ar, Kr, Xe!, and the substrate temperature~liquid-nitrogen
temperature up to 400 °C!. A detailed analysis within various
mixing models has enabled us to explain the experime
results of Ta/Si system. The present results and those
tained for other highly reactive metal/semiconduc
bilayers10–13,18clearly show the requirement of either loc
or global thermal spikes in the formation and growth of s
icide or germanide phases. A critical deposition energy
the transition from local spikes~Ar! to global spikes~Kr, Xe!
has been found.

II. EXPERIMENTAL METHODS

Ta films of 30–70 nm thickness were deposited by
magnetron sputtering in an Ar atmosphere on Si~100! wafers.
Before deposition, the Si surface was first cleaned in an
solution and then by 1.5-keV Ar-ion sputtering inside t
deposition chamber. It should be noted that a few nm~3–4
nm! of the top Si layers might be amorphized during this
cleaning process. The deposition rate was maintained
8–10 nm/min and the substrates were kept at room temp
ture ~RT! during deposition. The ion irradiations were pe
formed at various energies:~i! 120 keV Ar, ~ii ! 400 keV Kr,
and~iii ! 475 keV Xe using the TESLA facility at Vinca19 and
the 500-kV Go¨ttingen ion implanter IONAS.20 The combina-
tions of ion energy and thickness of the Ta film were chos
in such a way that a large damage energy was deposite
the Ta/Si interface. In all the cases, the fluence of the
planted ions was varied in the range of (0.5– 2.
31016 ions/cm2. The sample temperature during irradiatio
varied between liquid-nitrogen temperature (LN2) and
400 °C. The beam current was maintained at around
©2001 The American Physical Society09-1



e
nd

R

we
at

ne

le

of
gl

fo
T.
e
t

an
o

s

on
s
o
h
ly
th
th

67-
Si
ple

ce
the
less

m
c-
en-

n
er-

the
e

ere
he
al-

nge

r-

N
Ar

een
lly
ral
ion

t at

ir
e
s.

ion
-

S. DHAR, M. MILOSAVLJEVIC, N. BIBIC, AND K. P. LIEB PHYSICAL REVIEW B65 024109
mA/cm2 in order to avoid beam heating. TheTRIM95 code21

was used to simulate the ion range and the deposited en
distributions by considering a detailed calculation of seco
ary collision cascades.

Due to the large mass difference of the components,
therford backscattering spectrometry~RBS! was suitable to
monitor the ion-induced transport across the interface as
as the accumulation of the implanted ions in the substr
For taking the RBS spectrum,22 the 900-keV He21 ion beam
of IONAS was used. Two surface barrier detectors positio
at a 165° backscattering angle with a detector resolution
13.5 keV@full width at half maximum~FWHM!# were em-
ployed for the data collection. The Ta and Si depth profi
were extracted from the RBS spectra by means of theRUMP

~Ref. 23! andWINDF ~Ref. 24! codes. The phase structure
the intermixed region was monitored via 3°-grazing-an
x-ray diffraction ~XRD! using the Cu (Ka) line.

III. EXPERIMENTAL RESULTS

A. 120-keV Ar-ion irradiation

Ta films of 30, 47, and 67 nm thickness were used
studying the ion-beam mixing via 120-keV Ar ions at R
These experiments were specifically designed to vary the
ergy deposited at the Ta/Si interface. Figure 1 shows a se
RBS spectra taken from the 47-nm Ta/Si system before
after irradiation at different Ar-ion fluences. For the sake
clarity, we have presented the RBS signals of Ta~right! and
of Si and the implanted Ar~left! in different scales. It is
clearly visible that the Ta yield loses height and spread
the interface with increasing ion fluenceF. The estimated
surface sputtering is at a rate of around 1 Ta atom/Ar i
Interface broadening is also visible in the Si distribution
The implanted Ar concentration builds up in the form of tw
peaks, one positioned within the Ta-rich region and the ot
one reaching deeper into the Si substrate. A detailed ana
showed that about 4 at. % of Ar was incorporated during
sputter cleaning process of Si and Ta deposition prior to
Ar-ion irradiation.

FIG. 1. RBS spectra taken before and after 120-keV Ar-ion
radiation of Ta~47 nm!/Si bilayers at RT. The Ta signals and th
signals corresponding to Si and Ar are plotted in different scale
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Similar results were obtained for the case of 30- and
nm-thick Ta layers. The mixing effects for the 30-nm Ta/
sample are larger than those for the 67-nm Ta/Si sam
because the deposited energy (FD) of 0.47 keV/nm for the
30-nm Ta/Si sample is higher than the valueFD
50.3 keV/nm calculated for the 67-nm Ta/Si sample. Sin
the sputtered thickness of the Ta layer is very small,
deposition energy across the interface remains more or
constant.

B. 400-keV Kr-ion irradiation

400-keV Kr-ion irradiations were performed for 47-n
Ta/Si samples at LN2 and RT. Figure 2 shows the RBS spe
tra obtained from the samples irradiated at RT. The conc
tration profiles of Ta and Si were extracted using theRUMP

code23 and are plotted in Fig. 3. As in the case of Ar-io
irradiation, the interdiffusion of Ta and Si across the int
face increases progressively with the fluenceF. However, in
this case the mixing rate is expected to be higher since
deposited energyFD52.5 keV/nm is much larger than in th
case of Ar irradiation. At a fluence of 231016 ions/cm2, Si
has diffused almost up to the surface. Similar results w
obtained for irradiations at liquid-nitrogen temperature. T
analyses indeed show that mixing and interdiffusion are
most independent of the irradiation temperature in the ra
100–300 K.

C. 475-keV Xe-ion irradiation

Xe-ion irradiations of 67-nm Ta/Si samples were pe
formed at different temperatures in the range LN2 to 400 °C.
The RBS spectra taken after Xe irradiation at RT and L2
and for different fluences show features similar to those of
and Kr irradiation. In all of the above cases, we have s
that the initially well-separated Ta and Si profiles gradua
become mixed with increasing ion fluence and in gene
develop into nonhomogeneous distributions. The format
of a homogeneous layer with a fixed~phase! composition,
visible as a plateau in the RBS spectra, is more prominen

-
FIG. 2. RBS spectra taken before and after 400-keV Kr-

irradiation of Ta~47 nm!/Si bilayers at RT. The implanted Kr sig
nals are not shown in the figure.
9-2
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increased substrate temperatures. Figure 4 shows RBS
tra taken after 475-keV Xe-ion irradiations at different te
peratures. The implanted fluence was fixed at
31016 ions/cm2. It is clearly seen that atomic mixing is ob
served at liquid-nitrogen temperature and is almost indep
dent up to a temperature of 100 °C. After the irradiation
200 °C, a plateau appears near the Ta/Si interface and
mixed region either contains a Ta-rich composition or a m
ture of TaSi2 and nonreacted Ta. When the irradiation te
perature reached 400 °C, the composition at the interface
gion corresponded to the pure TaSi2 phase and the
composition near the surface region became Ta rich. In o
to further elucidate the phase structure of the mixed reg
we performed grazing-angle XRD analyses of all the samp
irradiated at RT or LN2 temperature.

FIG. 3. Extracted concentration profiles of Ta and Si from
RUMP analysis.

FIG. 4. RBS spectra taken before and after 475-keV Xe-
irradiation of Ta~70 nm!/Si bilayers at different irradiation tempera
tures.
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D. Phase analysis

Diffraction spectra taken before and after Ar, Kr, and X
irradiations at RT for a fluence of 231016 ions/cm2 are dis-
played in Figs. 5~a!–5~d!. The XRD spectrum@Fig. 5~a!#
obtained from the as-deposited sample shows only the re
tion from the single crystal Si~100! at 56°. This peak appear
as the Bragg condition is satisfied for the incident angle
3°. After irradiations, in all the cases the TaSi2 phase is in-
deed produced during ion irradiation at RT. By way of ad
tional XRD analysis, the fluence and temperature dep
dence of TaSi2 phase formation were detected. For 475-k
Xe ions and LN2 substrate temperature, only the TaSi2 phase
was identified when the ion fluence varied from 0.5 to
31016 ions/cm2. Hence the formation of a Si-rich compoun
phase at RT or LN2 temperature is purely due to the effec
of ion-beam irradiation. In all these cases of irradiations
RT and LN2, only two reflections from~110! and ~300!
planes were detected. But when the sample temperatur
creased to 400 °C during 475-keV Xe irradiations, XRD r
flections from various planes of the TaSi2 phase were regis
tered and the spectrum is shown in Fig. 5~e!. It may contain
some other phases as some reflections could not be id
fied. This high-temperature-irradiated sample indicates a
ferent microstructure compared to the RT and LN2 samples
and this can be attributed to the combined effects of ther
heating and ion beam. Phases synthesized by ion-beam
diations at low temperatures in other metal/semiconduc
systems are summarized in Table I.

E. Growth rate of the mixed layer

Quantitative information regarding the elemental redis
bution across the bilayer interface is essential for understa

n

FIG. 5. XRD spectra of Ta/Si bilayers~a! as-deposited; after ion
irradiation at RT,F5231016 ions/cm2 ~b! 120 keV Ar,~c! 400 keV
Kr, ~d! 475 keV Xe, ~e! 475 keV Xe at 400 °C, F51
31016 ions/cm2.
9-3
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TABLE I. The experimental mixing/reaction ratesDs2/F are compared with the values obtained from the compound formation m
assuming local or global spikes.

Bilayer
system Zave

Ion
species

Irradiation
temperature

Ion-beam-
induced
phase

Deposited
damage energy
FD ~keV/nm!

Athermal mixing rateDs2/F

Experimental

Compound model

Ballistic Local Global Ref.

Ta/Si 43.5 Xe RT,LN2 TaSi2 3.0 7.860.5 3.2 35 9.9 This work
43.5 Kr RT,LN2 TaSi2 2.5 6.460.5 2.7 29 6.9 This work
43.5 Ar RT TaSi2 0.62 6.660.5 0.7 7.3 0.4 This work
43.5 Ar RT TaSi2 0.47 4.660.4 0.5 5.5 0.3 This work
43.5 Ar RT TaSi2 0.32 3.360.4 0.3 3.7 0.1 This work

Pd/Si 30 Au LN2 Pd2Si 4.4 3163 4 49 33 10
Fe/Si 20 Xe RT,LN2 Solid sol. and 2.8 4.860.5 0.5 4.0 3.5 18

20 Ar RT,LN2 g-FeSi2 0.9 1.360.2 0.16 1.3 0.4 18
Ni/Si 21 Au RT Ni2Si 4.8 11.861.0 2 9 10 10
Cu/Ge 31.5 Kr RT Cu3Ge 1.6 2162 2 20 4 11

31.5 Ar RT Cu3Ge 0.4 5.460.6 0.5 5 0.3 11
Ni/Ge 30 Kr RT Ni2Ge 1.6 1962 1.6 13 2.6 12

30 Ar RT Ni2Ge 0.5 5.660.5 0.5 4 0.3 12
Co/Ge 29.5 Kr RT Co2Ge 1.5 7.760.8 0.8 6 1.2 13

29.5 Ar RT Co2Ge 0.4 1.660.2 0.2 1.6 0.1 13
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ing the underlying mechanisms of ion-beam-induced mix
and reactions at low temperature. From the measured T
Si depth profiles, we deduced the increase of the variancs2

of the intermixed region as a function of the ion fluenc
Ds2(F)5s2(F)2s2(0), wheres2(0) ands2(F) are the
variances before and after irradiation at a fluenceF. For our
calculation we assumeds252V2, whereV denotes half the
thickness of the interface zone in which the Ta~or Si! con-
centration changes from 84% to 16% of the bulk valu
When determiningDs2, we assumed that the surface roug
ness of the samples for increased ion fluence did not cha
appreciably. The average atomic density of Ta and Si (5
31022 ions/cm3) was used for the depth scale. In Figs. 6~a!–
6~c!, the quantityDs2 is plotted versus the ion fluenceF for
the three projectiles. In all cases,Ds2 varies linearly withF,
providing the well-defined slopesDs2/F, labeled as the
mixing rate. In addition, Figs. 6~b! and 6~c! show that the
mixing rates at LN2 and RT almost agree with each othe
Evidently, neither the radiation-enhanced nor tempera
difference plays a role at these temperatures. A linear gro
of the mixed layer had previously been observed in ma
other metal/semiconductor systems, such as Fe/Si, Pd/S
Si, Cu/Ge, etc., which had been subjected to
irradiations.10–13,18For many of these systems, the varian
Ds2 was found to vary linearly with the annealing time du
ing thermal treatment at a fixed temperature.1,5 This process
is referred to as diffusion controlled, which also appears
apply to these cases of ion-beam irradiation. From the lin
regression analysis, the mixing ratesDs2/F obtained for all
the cases are summarized in Table I. For comparison,
mixing rates obtained for several other metal/semicondu
systems,10–13,18e.g., Fe/Si, Ni/Si, Cu/Ge, Ni/Ge, Co/Ge, an
Pd/Si, are also given in Table I. In all these systems, exc
the Pd/Si bilayer,10 Ds2(F) was found to be proportional to
02410
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the implanted fluenceF. Table I shows that the mixing rat
increases with increasing ion mass and deposited energyFD .
The linear dependence of the mixing rate on the depos
energy in the case of the Ta/Si system irradiated with Ar io
is illustrated in Fig. 7, giving the mixing efficiency

FIG. 6. Increase of the variance of the mixed interface layer
a function of the ion fluenceF ~a! 120 keV Ar,~b! 400 keV Kr, and
~c! 475 keV Xe.
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ATOMIC MIXING AND INTERFACE REACTIONS IN . . . PHYSICAL REVIEW B65 024109
Ds2/FFD51061 nm5/keV. Such a linear dependence
the mixing rate onFD was also observed in the Cu/Ge, C
Ge, and Ni/Ge systems.11–13

IV. DISCUSSION

The underlying physical processes involved during
irradiation may be inferred from the functional dependen
of the interface broadeningDs2 on the ion fluenceF, the
deposited energyFD , and the irradiation temperature.7–11,25

It is generally observed that the mixing rate is independen
temperature during low-temperature irradiation
Temperature-dependent mixing,7 such as radiation-enhance
diffusion, is activated above a critical temperatureTc which
can be estimated from the relationTc5100DHcoh, as dem-
onstrated by Cheng.9 Here DHcoh is the average cohesiv
energy of the bilayer system.26 In the present case,Tc should
be around 350 °C. The present experimental results of T
do not show~see Fig. 4! any influence of the irradiation
temperature up to 100 °C. We conclude that the mixing eff
is insensitive to the irradiation temperature in this tempe
ture range. Several phenomenological models7–11,25 have
been proposed to explain athermal mixing and phase for
tion at the interfaces of bilayers. These models may be c
sified on the basis of the microstructure of the intermix
region. If the mixed region is a solid solution, one may eith
apply the ballistic model,25 which considers only the kine
matics of the binary collisions, or thermal spike mode
which take into account the chemically guided atomic dif
sion under local8 or global9 thermal spikes. On the othe
hand, for the mixed region consisting of a compound pha
compound formation models have been developed which
sume atomic diffusion guided by a chemical driving for
due to compound formation, either under the ballis
condition10 or in the presence of local11 or global10 thermal
spikes. By means of the fractal geometry approach, Che9

showed that the ballistic process should dominate in bin
systems with an average element number ofZave ,20, and
for Zave. 20 thermal spikes become dominant. In the pres

FIG. 7. Variation of the mixing rate as function of the deposit
damage energyFD due to 120-keV Ar irradiation at the Ta/Si b
layer interface.
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case of Ta/Si bilayers, the average element numberZave
543.5 suggests thermal spikes to be effective. We will n
discuss the mixing rates under three different assumptio
i.e., ballistic, local and global spikes. According to the pu
ballistic model25 by Sigmund and Gras Marti, the mixing rat
is defined as

kball5Ds2/F5
1

3
G0j

FDRd
2

NEd
, ~1!

whereG050.608 is a dimensionless constant,j a kinematic
factor,FD the average damage energy deposited at the in
face,N the average atomic density,Ed the displacement en
ergy, andRd5the minimum separation distance~about 1 nm!
for producing a stable Frenkel pair.7–9 The calculated ballis-
tic mixing rates for the Ta/Si system are by one to two ord
of magnitude~not given in Table I! lower than the experi-
mental values. This is also true for the other met
semiconductor systems summarized in Table I. Theref
pure ballistic mixing contributes very little to the overa
mixing rate in such highly reactive systems.

As mentioned before, thermal spikes, along with chemi
driving forces, play a dominant role in the mixing process
systems withZave.20. The influence of the chemical drivin
forces depends on the nature~compound or solid solution! of
the mixed region and is more pronounced10,11 when the
mixed region is a compound phase. Ion-beam-induced
mation of crystalline silicide and germanide phases was
served in many metal/Si and metal/Ge systems,7,10–14,18the
metal-rich phases often being predominant. For exampl
mixture ~determined by Mo¨ssbauer analysis! of Fe-Si solid
solution and silicide phases~mainly g-FeSi2! forms during
RT or LN2 irradiation of 40-nm57Fe/Si bilayers with 250-
keV Xe or 100-keV Ar ions,18 while at 400–600 °C a mix-
ture of a FeSi andb-FeSi2 is formed.17 In the Cu/Ge
system,11 the low-resistivity Cu3Ge compound was obtaine
during RT irradiations with 1-MeV Kr or Ar ions. Extensiv
experimental and theoretical efforts have been made to
derstand the effects of thermodynamic driving forces a
kinetics in the phase formation processes.7,27A set of empiri-
cal rules has been proposed,27 which predict evaluation of
the phases formed under ion bombardment. Among the m
factors influencing the final phase~s! to be formed, we men-
tion the structure and complexity of this phase, the width
the phase fields, the heat of formation, and the substrate
perature.

Since we observed the formation of compounds dur
ion-beam mixing and the thermal spikes to be predomin
in all the cases, we applied the compound format
models10,11under thermal spikes. Differentiating between l
cal and global spikes, local spikes generally develop belo
critical deposition energyFDC above which global spikes
form. Unfortunately, for many cases the value ofFDC is not
known: hence, we applied both models.

Assuming the compoundAaBb ~for example, TaSi2! to be
formed at theA/B interface~whereA5Ta andB5Si! during
ion-beam irradiation, the athermal mixing rate10,11 can be
written as
9-5
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Ds2

F
5kmixf comp, ~2!

where the enhancement factorf compdue to compound forma
tion is given by

f comp52F CA

aC/~a1b!
1

CB

bC/~a1b!G , ~3!

whereCA , CB , andC are the atomic densities of element
A, B, and their compoundAaBb . For the factorkmix we have
used the expression derived for either local spikes,8,11

kmix5
KsZave

1.77FD

C2/3DHcoh
2 , ~4!

or global spikes,7,10

kmix5
K1FD

2

C5/3DHcoh
2 . ~5!

For the Ta/Si system, we considered the formation of tan
lum silicide phases in all the cases through the reac
Ta12Si→TaSi2. The parameters used for the calculations
as follows: Ks50.931026 nm3 keV,11 K150.0035 nm,9,10

Zave5average atomic number543.5, CA55.55
31022 atoms/cm35atomic density of Ta, CB55.00
31022 atoms/cm35density of Si, and C55.18
31022 atoms/cm3 that of TaSi2 ; DHcoh56.4 eV/atom is the
average cohesive energy26 of Ta/Si. Furthermore, knowledg
of the moving species participating in the reaction is imp
tant. If both Ta and Si are about equally mobile, both ter
inside Eq.~3! must be retained. Since thermal spikes crea
very high local temperature, information on the atomic m
bility may be inferred from thermal diffusion experiment
Many studies1,5,28 gave evidence that during thermally in
duced refractory-metal silicide formation, Si would be t
predominant moving species at low temperatures~,800 °C!,
while metal atoms would also become mobile at higher te
peratures. When assuming that in all the cases both Ta an
are mobile during the spike phase, we arrive at the mix
rates listed in Table I. It may be noted that the purely ballis
model@Eq. ~1!# also predicts a linear dependence of the m
ing rate onFD . Therefore, it would be interesting to calcu
late the mixing rate after introducing the compound enhan
ment factorf comp @Eq. ~3!# in the purely ballistic model given
in Eq. ~1!. The compound enhancement factor is the same
the linear collision and thermal spike regimes. The calcula
results obtained from this compound ballistic model a
compared in Table I. The results from other met
semiconductor systems are also summarized in Table
comparison of experimental and model mixing rates in
various systems provides some very interesting conclusi
Compound formation under ballistic conditions can be saf
excluded, as the calculated mixing rates are about 3
times lower than the experimental ones. The compound
mation model under local spikes@Eq. ~4!# reproduces well all
the mixing rates for the Ar irradiations in the metal/Si sy
02410
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tems~Ta/Si, Fe/Si! as well as the mixing rates of the Ar an
Kr irradiations in the metal/Ge systems~Cu/Ge, Co/Ge, and
Ni/Ge!. The results for the heavy ion irradiations of Fe/
~Xe! and Ni/Si~Au! bilayers can be explained by either loc
or global spikes. In the case of Kr- and Xe-irradiated Ta
and Au-irradiated Pd/Si bilayers, the mixing rates are o
reproduced when assuming global spikes@Eq. ~5!#. It appears
that one of the decisive parameters to distinguish betw
local and global spikes in metal/Si and metal/Ge bilayers
the damage energyFD deposited at the interface: forFD

,2.5 keV/nm, local spikes are formed, giving rise to pha
formation, while forFD.2.5 keV/nm, global spikes enhanc
the growth. The role of the other parameterZave, which var-
ies between 20 and 43.5 and, of course, also enters the
sity of defects in the collision cascade, cannot be clea
established from the present data set. For the sake
completeness, if we use purely local and global sp
models @Eq. ~4! or ~5! together with a factor ‘ ‘1
1K2DHmix /DHcoh’ ’ which appears to be due to a solid so
lution approximation;DHmix is the heat of mixing or heat o
formation andK2 is a constant8,9#, the calculated mixing
rates also become one order of magnitude smaller than
experimental results~not shown in Table I!. Therefore, these
results demonstrate that the mechanisms of ion-be
induced mixing and compound formation in highly reacti
metal/semiconductor systems are governed by strong ch
cal driving forces.

V. CONCLUSIONS

We have investigated atomic mixing and TaSi2 phase for-
mation at the Ta/Si interface, due to noble-gas~Ar, Kr, and
Xe! ion irradiations at temperatures between LN2 and
400 °C. The thickness of the intermixed region was found
increase rapidly either with ion mass, ion fluence, or sam
temperature. In all cases~RT and LN2!, the varianceDs2 of
the mixed/reacted layer increased proportionally to the
fluence F. The measured athermal mixing/reaction rat
which experimentally are in the rangeDs2/F53 – 8 nm4,
were explained with the help of a compound formati
model in the presence of thermal spikes. Purely ballistic m
ing can be ruled out to govern the mixing process. Wh
increasing the ion mass from Ar to either Kr or Xe, a tran
tion from local spikes to global spikes was observed. It w
connected to a critical damage energy of aboutFD

52.5 keV/nm deposited at the interface. It is satisfying to s
that this critical energy density also differentiates betwe
local and global spikes in many other reactive metal/Si or
systems, which are listed in Table I. According to Eqs.~4!
and~5!, there should be a clear distinction between local a
global spikes on the basis of theFD dependence of the mix
ing rateDs2/F, which should vary proportionally toFD in
the case of local spikes and toFD

2 in the case of global
spikes. An experimental verification of this effect still a
pears to be missing. Another point to be investigated in m
detail is the transition between atomic mixing and phase
9-6
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mation as a function of the ion fluenceF. It is quite clear
that the XRD analysis is not able to monitor this transitio
For that reason, we are performing more ion beam mix
studies on57Fe/Si bilayers using highly enriched57Fe top
layers and conversion electron Mo¨ssbauer spectroscopy t
measure the phase composition.
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