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Compound formation under local thermal spikes during ion-beam mixing:
Model and its experimental verification

Sankar Dhar, Y. N. Mohapatra, and V. N. Kulkarn
Department of Physics, Indian Institute of Technology, Kanpur- 208016, India
(Received 27 November 1995; revised manuscript received 21 March 1996

We propose a model to explain the experimentally observed ion-beam mixing rates in reactive systems under
nonoverlapping spike conditions. There are several technologically important metal-semiconductor systems
belonging to this class. For comparison with model prediction, we have studied experimentally ion-beam
mixing in Cu/Ge bilayer systems at various temperatures. The results show that the room-temperature mixing
rate varies linearly with deposited energy density and that the mixing is a diffusion controlled process
proceeding via compound formation. Excellent agreement has been obtained between the experimental obser-
vations and theoretical values predicted from our proposed model while other current models are seen to be
inadequate. The model also explains the mixing rates of the Ni/Si system reported in the literature.
[S0163-182696)01332-X

[. INTRODUCTION standing of such mechanisms have been enriched by the
molecular-dynamics studié$1°

Among the directed energy deposition techniques, ion- The ballistic modéP which uses the ballistic properties
beam mixing has been widely used for producing stablewithout considering the thermodynamic parameters is valid
metastable, and amorphous phases in  metalfor elements with average atomic numbegy,<20 for low
semiconductdr 3 thin films at relatively lower temperatures deposition energy,F, of the irradiating ion into the
than the corresponding thermal reacti6n¥hese phases target>!! Recently, Kelly and Miotelld’ incorporated a
have many potential applications in modern semiconductochemically guided defect motion in their ballistic approach
industry for making contacts, interconnects, insulating lay-of ion mixing.
ers, and protective coatings, éttIn order to make the ion- On the other hand, for elements wit,.>20 exhibiting
beam mixing a viable technique for the above-mentionedstrong thermodynamic driving force, the rate of mixing is
applications, the important prerequisite is the understandingxplained by models which consider the overlappmgor
of the physics behind the basic mechanisms for different prononoverlapping'®!!  subcascades. The  overlapping
cessing conditions under which these phases synthesizeubcascade/global spike model of Johnebal.” predicts the
Some of the important parameters are mass, energy, flux, etmixing rate to be proportional to the square of the deposited
of the incident ion and the thermodynamic parameters reenergy densityF . It has been successfully used in cases of
lated to the mixing elements such as cohesive energy, heat bfgh-Z target atoms and heavy irradiating ions for which the
mixing, and substrate temperatidre. Several ion-beam cascade density is expected to be latgédowever, recent
mixing studies have been reported for metal/3f, experimental resulfs"°show that for systems consisting of
metal/metal®’~1%systems, which reveal the character of theelements, theZ values of which lie in the range of
mixing mechanism under different combinations of thel7<Z,,<39, mixing rate is generally proportional t#p
above-mentioned conditions. From these studies it is nowelow a critical energy densiﬂ;g'.lo Borgesen, Lilienfeld,
well established that for a given bilayer system of two ele-and Johnschand Bolsé® have explained this linear depen-
ments, there exist two critical temperatufgs(Refs. 5, 11, dence by considering the mixing process within nonoverlap-
12, and 14andT,,.*? Below T, the mixing rate is indepen- ping subcascades/local spikes. As for example, in the case of
dent of the temperature commonly referred to as the athermé#ie Ni/Ti systenf the mixing rate varies linearly witf, up
mixing region® Above T, the mixing rate becomes tempera- to 7 keV/nm, whereas for the Co/Ti system, it varies up to
ture dependent exhibiting a thermally activated redibtr. 2.25 keV/inm. But wherFp>F§', the local spikes start to

For irradiation temperature, (Refs. 11, 12, and 24or  overlap on each other and form a single global spiehe
below, the mixing process is dominated either by the colli-overlapping occurs above 2.25 and 7 keV/nm for CgRef.
sion cascadés® or diffusion in thermal spikes coupled 8) and Ni/Ti systems, respectively, and the probability of
with the thermodynamic driving forces in a complex overlapping at loweF values increases with increasidg
mannert3>7819n order to explain the experimental mixing values.
rates of ion-beam mixing in this region, several phenomeno- Recently, Desimoni and Traverskave reported that the
logical models have been proposet’1%!115These phe- silicide formation occurs in Pd/Si and Ni/Si systems and the
nomenological models seek to predict the dependence ahixing rate varies linearly as a function Bf. For the Pd/Si
mixing on the deposition energy by the irradiating ions andsystem, the square of the mixed lay€rshows two different
ballistic parameters, i.e., atomic number, atomic densitykind of dependence as a function of irradiation ddseThe
mass, etc. of the target and incident ions. Also the underdependence is quadratié?«®?) up to a critical doseb, and
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above this becomes lineéX?<®) and is independent of ir- However, in cases where a chemical reaction also occurs
radiation temperature between 80—-508%hey have found at the interface of growing mixed layer, the reaction rate can
that the calculated mixing rates using the Johnson and Cherggrongly influence the concentration gradients and thus can
modeP” are 3-8 times lower than the measured mixing ratebecome the dominant source of thermodynamically con-
and does not exhibit the observed quadratic dose dependenielled modification of the diffusion coefficient. This effect
as well’'® However, they have found good quantitative of reaction kinetics on mass transport coefficients is well
agreement between calculated and experimental mixing ratésiown in the analysis of compound forming thermal diffu-
by using a model in Ref. 1, which the chemical kinetics ofsion couple€®~?2 Desimoni and Traverseuse this analogy
compound formation enhances diffusion during mixing. with thermal synthesis of compounds in explaining ion-beam
Their success motivates us to ask whether this model camixing results for silicides.
be extended to the cases of mixing dominated by nonover- This is best illustrated by considering a bilayer system
lapping subcascades, where compound formation also o@&/B, where each layer is an infinite source of corresponding
curs. In fact, there are several compound forming systéths atoms; and for simplicity let only one atom, sdy be the
(two of which will be discussed in this papesonsisting of moving species during compound formation. Assume that
elements wittZ . in the range 17-39, where the mixing rate the solubility of A and B is very low, but they are highly
is proportional td=j . However, the observed mixing rates in reactive resulting into a compourdl,B,,. On irradiation,
these cases are much higher than those calculated from lodaitially the rate of the growth of the lay&,B,, is limited by
spike modelS:° which also predict linear dependence of the rate of reaction. However, at later times the supply of the
mixing rate withF as mentioned earlier. It is interesting to mobile species to the reacting interface gets limited by its
note that there are several technologically important metaMiffusion through the mixed layérlf the reaction rate is
semiconductor systems such as Cu/Ge, Ni/Ge, Ni/Si, Y/Sihigh, then each atom arriving at the interface is consumed in
etc.12®which belong to this category. For example, the cop-the formation of the compound, and hence for the steady-
per germanide phase has emerged as an important materghte growth, the flux of mobile atoms due to diffusion must
for contacts and interconnections for VLSI technology due toequal the flux participating in the formation of the compound
its unusually low resistivity of the order of few()-cm and  at the interface. Assuming a small layer of thickn&sghis

other favorable properti€s:® equality of steady-state fluks can be written &s
In the present work, we extend the model of Desimoni
and Traverse of compound formation to the cases where (CA—C))
mixing occurs under nonoverlapping subcascades. The pre- Fs=D T:kch )

dictions of this model are shown to be in good agreement
with the mediumzZ bilayer compound forming systems where C, is the atomic density of layeA and C; is the
where mixing rate is proportional ¥y . We also report a set concentration ofA atoms at the growing interfacg, is the
of ion-beam mixing experimental results of the Cu/Ge systeaction rate, an® is the diffusion coefficient. Note that the
tem in detail. The Cu/Ge system has been chosen becausedaction-rate coefficient determines ‘“reaction kinetics,”
forms a CyGe compound at room temperature by ion-beamwhich in turn influences “transport kinetics” in a diffusion
mixing, as has been shown by us recently for multilayercontrolled process. The relationship between kinetics and
configuratior? Also, local spike formation is expected in this thermodynamics in phase formation in ion-beam mixing has
system, according to the criteria proposed by Cheng,been discussed by Kelly and Mioteftd.
Bolsel® and Rossi and NastaSiThese experimental results ~ The time dependence of thickneXsof the mixed layer
will be compared with the theoretical value predicted fromcan be expressed as a steady-state flux divided by the con-
the model proposed here, as well as with theoretical prediceentration of atomA in the compound,
tions of other current models. In addition, we will also show
that the prediction of mixing rate from the proposed model is dX Fg . dX
very close to the experimental results of a Ni/Si bilayer sys- at N_A TR ()
tem reported in Ref. 1.
whereN, is the concentration of in the compound?,By,
Il. MODEL FOR COMPOUND FORMATION with atomic densityC, i.e., Ny=(a/a+b)C. The second
UNDER LOCAL SPIKES MIXING equality is obtained by replacing time by dose assuming the
flux ® to be constant.

It is now well recognized that thermodynamics has to be Using Egs.(2) and (3) eliminating C; and solving forX
taken into account in describing ion-beam mixing and is norwith initial condition, X (t=0)=0, one obtains
mally manifests through heat of mixing. Johnsetral.” and

Cheng have shown that under regular solution approxima- D Cpd K2 vz
tion the diffusion coefficient can be expressed as X=—||1+2D — ——| -—1]|. (4)
k Np ® D?
D=Do(1~2AHp/KgT), 1) For diffusion-limited process and high reaction rktex be-

] ] ) comes independent &f giving rise to
whereD, is constantkg is Boltzman constant, antiH ,;, is

the heat of mixing. The term within the bracket is respon- c P o
sible for enhancing the diffusion coefficient and is known as X2=2"Ap = Dt —. (5)
Darken term. Ny @ )
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Note that thougrk does not explicitly appear in this equa- gold of thickness<20 A deposited between Cu and Ge lay-
tion, it is responsible for enhancementdfto someD 4 by  ers for studying movement of atoms across the interface dur-
a factor Z,/N,, the origin of which can be attributed to ing mixing. The total thickness of these bilayer samples was
chemical driving force for the formation of a compouhbh in the range of 150 to 270 nm with an overall composition in
the approximation that there is no terminal solid solution,the vicinity of Cu Ges,.
this is the only enhancement factor different from the Darken lon-beam mixing was done by 1-MeV Krand Ar" from
term in Eq.(1). It is straight forward to extend E@5) to the 100 to 373 K for a dose of2—20x 10" at./cnf. The inci-
case when both atomic species are mobile and is given bydent ion flux was kept low<5x10" at./cnf s 1) to mini-
mize sample heating. At this energy most of the irradiating
d ions are transmitted through the bilayer structure. The values
D g ©®) of range and deposited energy dengity by the irradiating
ions in the target were calculated using Monte Carlo com-
It is interesting to note that the enhancement factor appeagsuter progranTriM.?®° The Rutherford backscatterif@®BS)
as a ratio of concentration of mobile species to its concenmeasurements with thd.3—1.5 MeV He' beam were car-
tration in the compound and is independent of the depositegled out to study the composition and growth of the mixed
energy: However, under irradiation conditions the diffusion |ayers. The ion implanted partially passivated detector was
coefficient is separately dependent on deposited erfeggy  mounted at a backscattering angle of 150° subtending a solid
This dependence is known to vary B in case of overlap- angle of 2.57 mSr and the total-energy resolution was 14
ping subcascadeand only asFp, in case of nonoverlapping keV [full width at half maximun}. The 2-MeV Van de
subcascade®:%In case of nonoverlapping subcascades/locaGraaff accelerator at IIT Kanpur was used for both irradia-
spikes, under a regular solution approximation the mixingion and RBS measurements. Tkiemp code€® has been used

Ca, Ce
Na  Ne

X2=2

rate x?/®|, for the later case is given &s to simulate all experimental RBS spectra. The RBS spectra
X2 K 7177 AH of the mixed samples did not show any noticeable oxygen or
2~ _Ib~ave’ D miX} @ carbon concentration. X-ray diffraction measurements have
Q. C2PAHZ,, AHcon/’ been performed using a €&« source. The surface mor-

hology has been studied by scanning electron microscopy.
whereAH_, is the average cohesive enetg§of the mixed phology y g by

elements, and, is proportionality constant. The first factor IV. RESULTS

is due to the spike effect and the second one is due to the

effect of the chemical driving force. In the case of compound The RBS analysis of the mixed layers for room-
formation, this would be further enhanced by the factortemperature irradiation reveals that atomic mixing at the in-
shown in Eqs(5) or (6) above. However, in the absence of terface has occurred at the lowest dose Bt Kr*/cm?.
terminal solution, the Darken term can be simply replaced it this dose a mixed layer of thickness 160 A and composi-

Eq. (7) by the compound formation enhancement factdin ~ tion CusGeys forms across the interface. The thickness of
Eq. (6) [or Eq. (5)] and the mixing ratex®™ would be  the mixed layer increases up to a dose afI6"° Kr*/cnt.

loc

given by F_igure Xa) shows the RBS spectrum of as-deposite_d Cu-Ge
bilayer sample along with the spectrum taken after ion-beam
x2|com Ca . Cs 2FpZETT @ mixing at a dose of 810" Kr*/cm?. The simulated spec-
®|_~ "dal(atb) " b/(atb)| CAHZ,’ trum (solid line) for the irradiated case is obtained using a

layer structure SigiCu(800 A)/Cu,sGexs(335 A)/Ge(1410
whereKg is the proportionality constant. This expression isA). The effect of Kr irradiation performed at a higher dose of
similar to Eq.(11b) of Ref. 1 for overlapping subcascades. 8x10* Kr*/cn? is shown by the RBS spectra of Fig(bL
When atomA (B) is the only moving species during phase The step in the copper signal at channel number 365 indi-
formation, then the firstsecond term within the bracket will  cates the formation of a stoichiometric composition at the
be retained. Cu/Ge interface. The simulated spectrum was obtained by
It is our intention to show the extent of quantitative suc-using two adjacent layers of the mixed region, one with an
cess of such a phenomenological treatment of compound fobverall composition of CuGe,s and other of composition
mation in the presence of local spikes, without seeking taCu;,Ge,; is shown by the solid line. The layer structure uti-
explore the detailed mechanisms at this stage. However, lized for simulation was Si@Cu(540 A)/CuyGe (300
qualitative understanding leads to a mental picture in whichd)/Cu,sGe,(300 A)/Ge(1350 A). Similar results are ob-
the mobile species is transported to the growing interfacgerved for Ar-ion irradiations performed at room tempera-
where it is consumed in compound formation along withture. However, the thickness of the mixed region in this case

simultaneous structural relaxation. is lower as compared to the one obtained for Kr irradiated
samples for the same dose.
lll. EXPERIMENTAL DETAILS Since the thickness of the mixed layer is typically 10—30

nm, the x-ray-diffraction measurements did not clearly show

A number of samples having bilayer configuration werethe phases formed after mixing. To get the information about
prepared by sequentially depositing high-purity Cu and Gehe phases formed we have performed ion-beam mixing of
films onto clean fused quartz substrate without breakingnultilayer Cu/Ge samples under similar experimental condi-
vacuum using an electron-gun evaporation system equippdtbns. In this configuration the mixing occurs at each inter-
with a digital thickness monitor to measure the thickniess face, resulting in an overall larger thickness of the mixed
situ. Some samples were prepared with a thin marker layer afegion. We have shown in Ref. 2 that for doses lower than
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FIG. 2. Dose dependence of squared thickness of mixed layers

of composition CyGe formed across the interface of Cu/Ge bilayer
system irradiated at room temperature with 1-MeV Ar i¢©s and
Kr ions (@), respectively.

growth, whereX? varies linearly with timé&’ In fact, the
linear dependence ok? is a general trend that has been
found in ion-beam mixing and thermal annealing experi-
ments in many metal/silicdif and metal/metdf8-1° sys-
tems. From these dose dependence stuéies 2), the value

of mixing rates(X%®) at room temperature are found to be
20.6 and 5.4 nrthfor Kr- and Ar-ions bombardment, respec-
tively. The dependence of the mixing rate on the deposited
energy densityF at the interface can be studied from the

plot of mixing rate as a function df, which is shown in

quartz substrate for as deposited samf@l®) and after room-
temperature mixing(A) with 1-MeV Kr ions at a dose ofa)
6x10'° Kr/cm?, (b) 8x10'® Kr/cm?. The corresponding simulated
spectra are shown by solid lines. The arrows show the surface po-
sition of different elements.

8x10' Kr*/cn? the e,— Cu,Ge phase is formed after mix-
ing, whereas at higher doses the;Ge phase is formed to-
gether with thee; phase. In the case of an Ar ion the
€,— Cu;Ge phase is formed up to a dose of 10'® Ar */cn?.

This sequence of phase formation is consistent with the ther-
mal annealing experiments reported in literatt/ré The
surface topography of all samples observed under scanning
electron microscope do not show any noticeable features be-
fore and after mixing. In this study, we will consider the dose
range where growth of only the gBe phase occurs.

The squared thicknes&® of the mixed layers of the
Cu;Ge phase produced at room temperature, due to both Kr-
and Ar-ion bombardment are plotted as a function of dose
and are shown in Fig. 2. The linear variationX# with the
dose for both cases suggests that the mixing is like a diffu-
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Fig. 3. It is clearly seen from Fig. 3 that the mixing rate is
'Tinearly proportional toFy. Similar behavior has been re-
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sion controlled process. Similar behavior has also been re- FIG. 3. The variation of the mixing rate measured in Cu/Ge
ported for the phase formation in this system by thermabilayer system for different deposited eneffgy at the interface.
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rence of nonoverlapping subcascades is indeed expected in
1000 .
the present experiments. Recently, B&d®s suggested that
the transition from local to global spike mixing occurs above

Gioz Cu ee__':'::’o':;" the critical energy densitlg', which depends on the atomic

- B i " Kr 7Cm2 number of both the irradiating ion and target atoms. The
E r i Hixed calculatiort® shows that the value d&g' for this system is

- ' about 2.60 keV/nm. As the deposited energies in the present
N; 100 experiment for incident Kr and Ar ions are less than the
s C {t critical value as compared in Table |, it is expected that the
S, L (Ter20K mixing should occur under local spikes. The linégy scal-

;g - ing has been found for many metal/metal and metal/silicon

L

]
]
! systems for which the ratio of heat of mixindH,,,) and
X cohesive energy (AH.,) varies in the range of
0<AH,,x/AH,+<0.2 (Figs. 2 and 3 of Ref. @ For these
10 ! ! ! ! systems, Borgesen, Lilienfeld, and Johrms@md Bolsé®
20 ‘0 0 . 10? :’.‘.’) 100 120 separately have suggested on the basis of their series of ex-
perimental results that the linear dependence of the mixing
FIG. 4. The variation of the mixing rate for a Cu/Ge bilayer rat_e with Fp can b_e correlated with the formatI(_)n of local
) . spikes. Our experimental results also show a linear depen-
system as a function of reciprocal of substrate temperature for

5 2 8ence of mixing rate withF (Fig. 3) and the value of this
dose of 410 Krfon ratio AH ;. /AH ., for Cu/Ge system is 0.01.
ported for many mediurZ- metal/metal systenf&l® The The role of thermal spike in phase formation has been

slope of this linear dependence gives a mixing efficiencyinderlined by several authors. For example, Hamdi and
(X?/®Fp) of 13.1 nn¥/keV. This mixing parameter is a use- Nlc_olet2 hav_e_ (_:oncluded thro_ugh their ex_p_erlmental obser-
ful measure of the ion mixing rate, since it normalizes thevations for silicide growth by ion-beam mixing that a ther-
mixed thickness to deposited energy, thereby providing 4nal spike mixing is the likely mgchamsm, because r_ad_latlpn
convenient means to compare results on different Systenﬁphanced diffusion cannot readily account for the similarity
performed under different irradiation conditions. between the thermally activated and ion-induced phase for-
The temperature dependence of the mixing tatemally mation sequence. Similar conclusion haye beer_1 made by
referred to as th€ curve for Kr irradiation is depicted in  Collins, Edwards, and Dearnafyfrom their experimental
Fig. 4. This figure clearly shows that the mixing is nearIyYa|Ue of activation energy for the Co/Si system by consider-
temperature independent up to 328 K, with a steep increadgd the temperature of spike. o
at higher temperatures. The critical temperature, which We first consider the model presented in this paper to
marks the beginning of the temperature-dependent mixing, i§&lculate the mixing rates. In order to determine the com-
about 320 K. It is to be noted that for this system, the for-Pound formation factor in Eq(8), it is essential to know
mation of the equilibrium phase after thermal treatment hag/hether only one of them or both species are mobile during
been observed above 373k We have also performed the formation and growth of the Q@e phase. In order to
ion-beam mixing experiments using Ar ions and the mixinginvestigate this, we have studied the movement of atomic
does not exhibit a sharp temperature dependence as in tS@eCies across the interface during mixing by marker experi-
case of Kr. The values of the mixing rates in the case of Afnents. From t_he analysis of RBS spectra obtained from these
are lower for similar doses, but the critical temperature doegnarker experiments, we have found that both Cu and Ge
not change appreciably. The activation energy for theMove across the interface to form the copper germanide
temperature-dependent part calculated from Fig. 4 for Kr irPhase _W'tgh Cu as the dominant moving species. Thermal
radiation is around 1 eV, which is close to the one reportecf‘””ea“né experiments performed with the marker layer at

for thermal diffusior?” the interface also show that for temperatures below 573-K
the copper atom is the dominant moving species, and above
V. DISCUSSIONS this temperature both species are mobile. In ion beam mix-

ing, the atomic movement occurs during the cooling stage of
Before proceeding to quantitative comparison of the mix-the thermal spike. Since the local temperature of the spike is
ing rate predicted by different models, we show that occurnormally very high® both Cu and Ge move to form the com-

TABLE I. The values of the average atomic numizgy,., atomic densityC, heat of formationAHg,,
(Ref. 2, cohesive energhH,, (Refs. 5, 24, displacement energliy (Ref. 31, deposited energy density
Fp (Ref. 25, and critical energyrg' for the global spikgRef. 10 of the Cu/Ge and Ni/Si systems.

Bilayer Cin —AHgr  —AHgn  Eg Irradiating Fo Fai

system Zave at./A (kJ/g at) (eVl/at) (eV) ion (keVInm) (keV/nm)

Cu/Ge 30.5 0.075 4 3.67 17 Ar 0.4 2.6
Kr 1.6

Ni/Si 21 0.078 16 4.5 20 Au 4.8 55
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TABLE Il. Comparison between experiment@{2/d>|e"p) and calculated mixing rates. The theoretical
mixed rates(XZ/(I)\ﬁ,ocm) calculated from our mod€lEg. (8)] agree well with the experimentally obtained
mixing rates. Note the significant departures of the rates calculated from modified baHisti®)] model
(X2/D[63M and global spikgX%/®[SH™ model[Eq. (11b) of Ref. 1].

X2 com
X2 com XZ com a
X2 exp S 3 gllo
- loc bal (nm")
Bilayer Phase Moving Fb P (nm) (nnf Eq. (11b
system formed species (keV/nm) (nm?) Eq. (8) Eq. (9) of Ref. 1
Cu/Ge CuGe both 0.4 5.4 5.36 0.49 0.25
Cu/Ge CyGe both 1.6 20.6 21.46 1.96 4.0
Ni/Si Ni,Si Ni 4.8 11.8 8.92 2.04 9.27
pound during ion-beam mixing. Ref. 1 are also shown in the Table Il although it prediefs

The value of mixing rate for the Cu/Ge system calculateddependence with the mixing rate. Clearly, our model pro-
[Eg. (8)] from our model is 21.46 and 5.36 frfor Kr- and  vides the best agreement with the experimental results. The
Ar-ion bombardment, respectively. The parameters used famixing efficiencies calculated from these two models are
these calculation are given in Table I. These calculated valalso compared with the experimental one in Table III.
ues together with experimental values in the nearly pesimoni and Traverdehave done mixing experiments
temperature-independent region are compared in Table Ihn Ni/Sj system to produce the nickel silicidNi,Si) phase
The mixing efficiency calculated from our model is 13.4 554 explained the experimentally obtained mixing rate by the

nnr/keV, which is close to the experimental one and is COMyygdified global spike model for compound formatiSince
pared in Table Il

Now we shall compare the experimental mixing rate Withthe Ni/Si system consists of mediufi,e elements, it is ex-
the calculated one fr%m the bal?istic modélsincegit also pected that the model proposed here is appropriate to explain

X : o - . the mixing rates in this case as well. In this system, Ni is the
predicts the linear variation of mixing rate wiky, . Accord- only moving speciésduring the nickel silicide phaséi,Si)
ing to Desimoni and Traversethe ballistic mixing rate y gsp 9 P 2

21,|com . formation hence only the first term in the compound forma-
x/P can be written as ) . . .
bai tion factor[Eq. (8)] is to be considered. The calculated mix-

x2| com Ca Cs 0.4F p M2\ 2 ing rate from our model and experimental mixing rate for the
®|_, ~|aita+b) T bi(a+b) C%E, (99  low temperature reported in Ref. 1 are in close agreement as

shown in Table Il, whereas the ballistic one is about four
g times less than that of the experimental one. The experimen-
tal and calculated mixing efficiencies are compared in Table
[l
It is to be noted that we have used the same average value
and Kr-ion irradiation, respectively. These values are aIS(S)f the proportionality (?onstarKS.—(.).QS A’ev [Eq. (8)] in
our model for calculating the mixing rates for all the three

given in Table Il for comparison. It is clearly seen from . )
Table Il that mixing rates calculated from our model are Verycases. In gener_al, these_ resu_lts_ suggest that this model might
redict the high mixing rates for other compound

close to the experimental mixing rates whereas mixing rate8€ aPle 1o p

from the ballistic model are one order of magnitude less thaf'€dlUMZaye Systems, where local spike modetSare inad-

the experimental values, which suggests that the local Spikgquate. There are many systems in this category for which

mechanism is dominant over the collisional one. For Comphase form.ation ha; been reported_ i.n the literature. Unfortu-
pleteness, the calculated mixing rates from the @b of nately,_ the information regarding mixing rates for compound
formation for these systems are not available. The knowl-
TABLE IIl. Comparison between experiment&k?/dFp|®?) edge of mixing rate will be helpful for further validation of
and calculated mixing efficiencies. The theoretical mixing effi- the proposed model. . .
ciency(X2/ ®F p|E2™ calculated from our model agree well with the  Finally, it is important to discuss the nature of the final
experimentally obtained mixing efficiency. The mixing efficiencies Mixed region on the basis of ti@ curve presented in Fig. 4.
for modified ballistic[Eq. (9)] model (X¥/®Fp|9M and global  In general, there exists two critical temperatufgsand T,
spike (X?/DFp|ShM model(Ref. 1) are also shown for comparison. With T.<T, such that metastable phases are expected be-
tweenT, andT.qand equilibrium phases are expected above

whereE, is displacement energy, is the reduced mass, an
A=10 A is the minimum separation distance for the forma-
tion of stable Frenkel paitUsing E4=20 eV (Ref. 31, this
expression gives mixing rates of 0.49 and 1.96"fion Ar-

X2 |exp X2 |com X2 |com X2 |com Teq- de Reuset al'? have correlated these temperatures with
DE DE- the energies required for creating a hole due to the smaller
Bilayer (q;nstk V) (Dn']:SD loc (DFSD bal q>r:5D glo and the ?arger glement in the cogmpound The smaller hole
n e A i X A ) A
system (nikeV)  (nrkeV)  (nrikeV) formation energy is related witl., while the larger one is
CulGe 13.1 13.4 1.23 1.56 related with T,. Also, Chenget al' have correlatedr,
Ni/Si 2.46 1.86 0.42 1.93 with cohesive energy while Rossi and Nastasiave corre-

lated it with the melting temperature. In several systems, the
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difference betweed; and T, is not so pronounced and in relaxation producing a stable equilibrium compodnthe
those cases there is only one transition temperatifer the  role of ion irradiation is to provide the required flux of re-
present case of the Cu/Ge systérig. 4) the value ofT. is  acting species for incorporation into the compound at the
320 K. Theoretically, the models of de Reus, Rossi and Naseacting interface. Hence models such as the one presented
tasi, and Chengt al. give T values of 253, 347, and 373 K, here and of Desimoni and Traverse would be of general ap-
respectively. According to the formulation of de Reusplicability for systems with a high reaction-rate coefficient
et al,*? the value 0fT¢qis 330 K. This comparison of calcu- and low solid solubility.
lated T, and T values with the experimental results is rea-
sonably well. However, we have observed the formation of
the equilibrium CyGe phase in our experiments performed
at room temperature and above. It may be noted that even at We summarize as follows.
very low temperatures, structurally simple phases have been (1) A model has been proposed for medidy ele-
observed after ion irradiatiof 2 Also, several silicides form ments, where compound formation occurs during ion-beam
aroundT., which could be due to the higher reactivity of mixing under nonoverlapping subcascades. In this model the
these materials as compared with the metal-metal systemmixing rate is enhanced by the compound formation factor in
For example, for the Co-Si system, the experiméitahd  highly reactive systems, and it inherits the linear dependence
theoretical® values ofT, andT,,are both equal to 300 K. In  of deposited energy density of nonoverlapping subcascades.
this case, the formation of equilibrium phase,8bis re- (2) For the Cu/Ge system, we have shown that the growth
ported to occur at room temperature under Xe ionof the mixed layer is like a diffusion controlled process and
bombardment?® In fact, there are many more systems wherethe mixing rate exhibits a linear dependence with deposited
an equilibrium phase is formed aroufid. In the case of the energy densityF . The room-temperature mixing rates are
Ni/Ge (Ref. 33 system,T,=338 K andT.,=455 K, but the  found to be 5.4 and 20.6 rhior Ar- and Kr-ion bombard-
equilibrium phase NiGe forms at room temperature. Simi- ment, respectively. The mixing efficiency is independent of
larly for the Pd/Ge systetfi for which T,=371 K and the deposited energy density and is found to be 13.1
Teq=383 K, the equilibrium Pgse phase forms at 300 K. nm/keV. The critical temperature is around 320 K and
Several such examples are reported in Refs. 32, 35, etc. Alstbove this strong temperature dependence has been ob-
note that the experimentally determindd values show a served.
dependence on the mass of the irradiated’idhin several (3) An excellent agreement has been obtained between the
cases. experimental results and calculated values from our proposed
The growth of mixed layers at relatively low temperaturesmodel for Cu/Ge as well as in Ni/Si systems.
for highly reactive systems, such as silicides and germanides,
must be viewed differently from those systems where a solid
solution or amorphous phase is produced under ion irradia-
tion prior to the formation of equilibrium compounds. In the  The authors are grateful to Professor R. M. Singru and
later case, long-range atomic migration or the overcoming oProfessor V. A. Singh for constant encouragement and also
the barrier to nucleation is necessamjowever, in reacting to T. Som, P. K. Giri, B. Bhattacharya, K. Ramakrishnan,
systems where the diffusive flux of the reacting species ignd the technical staff of the Van de Graaff laboratory of IIT,
controlled by the reaction ratk, such barriers are either Kanpur for help during different experimental measure-
absent or negligible so that the system undergoes structuraients.

VI. CONCLUSIONS
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