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Xenon irradiation of Ni3;N/Si bilayers: Surface roughening
and interface mixing and reactions
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The irradiation effects in NN/Si bilayers induced by 100-700 keV Xe ions at fluences up xal@
ions/cnf were investigated at 80 K and room temperature. The element depth profiles were measured via
Rutherford backscatteringNi,Si) and resonant nuclear reactidd) analysis, the phase formation at the inter-
face via x-ray diffraction, and the surface roughness by atomic force microscopy. The observed dissociation
and preferential sputtering of hil followed by nitrogen out-diffusion were related to the small binding energy
of this compound. Mixing at the NN/Si interface occurs via a combination of diffusion and reaction con-
trolled transport processes and the interface broadening varies in second order with the ion fluence. At higher
ion fluences, the formation of Nigand SiN, phases at the interface was found.
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I. INTRODUCTION metal substrates and irradiated by heavy noble gas(idns
Kr, and Xe led to rather small mixing rates and the conclu-
Irradiation of materials with ion beams having energies ofsion that ballistic mixing prevails. Neither ion-beam induced
a few hundred keV can improve the optical, chemical, tribo-dissociation of the nitride film nor enhanced nitrogen diffu-
logical and electrical propertiés. The ion-beam technique, Sion across the interface or nitride formation with the metal
in various forms, has been applied to semiconductors, mefilm was observed. This finding was related to the high bind-
als, ceramics, polymers, and glasses in producing stabléd energies of the nitrides studied. The only exception was
b und in NigN/AI bilayers @,,=18) in which larger than
metastable, or even non-equilibrium phases. lon bearfPund in N Yy ave Arger th:
mixing®® in elemental metal/metal and metall baII|§t|c mixing rates were opserved and asshquatedlwnh t_he
semiconductor bilayer and multilayer systems has been if€latively weak binding of this compound. This result moti-

vestigated in a rather comprehensive way, in order to underated us to study heavy ion irradiation effects in the ceramic/

stand the ion-induced atomic transport processes and tﬁeemmonductor system BN/Si (Zave=18.3). The prelimi-

. . . . nary results reported in Ref. 14 exhibit interesting new
form_atlo_n of mtermetalhc_ phase_s_ at the mte_rfén)e The feat{Jres of non-FI)inear interface broadening and chemical re-
rela_tlv_e Importance of various mixing _mechamsms, .Su.Ch 3 ctions. In this paper, we present detailed results on the ion
ballistic mixing, thermal  spike ml?qn_g, and ra@gmon- beam induced modifications of the surface and the interface
enhanced diffusion, has been establishiédlhe transitions region of NN/Si bilayers at different ion energies and irra-

between these various scenarios concerning the ion parafation temperatures. These results clearly demonstrate the
eters(mass, energy, and fluencand thermodynamic prop- (| of thermochemical properties on the transport process

erties and temperature of the samples are still being debateghq the phase formation at the bilayer interface in such a low
Usually, “athermal” mixing via thermal spikes is expected 7z system.

to set in above the critical average element numbgy,
=20 of the target’ In the transition region around,.
=20 the atomic transport process changes from purely bal-
listic transpor where the athermal mixing is due to colli-
sion cascades, to thermal spikes, where chemical forces en- The 70—250 nm thick nickel nitride films were deposited
hance the atomic transport rafeé.For example, using Xe on HF-cleaned %100 substrates via magnetron sputtering,
ion beam, Ni/AIN Z,,.=11.5) bilayers® exhibit ballistic  using a permanent-magnet planar-type RF magnetron from
atomic transport and therefore low mixing rates, while inlontech, Ltd'® The system employed a 500 W RF-generator,
Ni/Al ( Zae=20.5) bilayers?® thermal spikes are induced and during the deposition the power of 150 W was used. The
leading to high mixing rates. The irradiation of Ni/SZ{. base pressure of the vacuum chamber was abouft B& and
=21) bilayer$ finally leads to the formation of nickel sili- the working pressure was 0.5 Pa. The sputtering target was a
cide phases. Recently, it has also been found that the for- high-purity nickel disc(99.999% Nj with a diameter of 76
mation of compounds increases the atomic mobility acrossnm and a thickness of 6 mm. The deposition was performed
the interface. in an atmosphere of pure argon and nitrogen gas flow, ad-
Technically, it appears more important to study the ionjusted by two independent mass-flow controlléreax. flow
beam irradiation effects in ceramic/metal or ceramic/30 standard cubic centimetersThe substrate temperature
semiconductor systems, involving carbides, nitrides, or oxwas kept at 383 K. The deposition rate wa®.4 nm/min.
ides, than in the metal/metal bilayers. Our rather systematiFhe ion irradiations were performed with 100—700 keV'Xe
investigations on nitride/metak(,,.= 10— 20) bilayer$!'in-  ions at fluences of (0.5—4.8)10'¢ ions/cnt using the Go&
volving CrN, CpN, AIN, and TiN nitride films on various tingen heavy ion implanter IONA®:Y" The projected ion

. SAMPLE PREPARATION, IRRADIATION
CONDITIONS, AND ANALYZING METHODS
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FIG. 2. Increased surface roughnessg of samples irradiated
FIG. 1. Ni profile obtained from RBS analysis of an as- at 80 K with 100 and 450 keV Xe ions and analyzed at room
deposited NjN film and a sample irradiated with >810'® temperature both with RBS and AFM.
Xe-ions/cnt at 450 keV and 80 K.
gether with the profile obtained after irradiating this sample
ranges were calculated with theimes program'® During  at 450 keV and a fluence of*810 ions/cn?, as obtained
the irradiation, the samples were either cooled to 80 K olby RBS. The main visible features af#) the reduction of
kept at room temperatu®T). The ion flux was maintained the NiN film thickness due to sputtering?) the increase of
at about 0.7 particlgeA/cm? in order to avoid beam heating. the Ni content in the near-surface region of the remaining
Using a XY beam sweeping system, homogeneous implariNigN film due to the loss of nitrogefpreferential sputter-
tations were achieved over an area ofl® mnf. ing); and (3) a slight broadening of the back-edge signal of
The composition and thickness of the thin films were de-the Ni profile due to the increased surface roughness. Note
termined by Rutherford backscattering spectroméRBS) that all the implanted Xe ions are embedded inNNiayer
using 900 keVa-particles from IONAS'® The backscattered and do not cause any atomic transport through thR8i
a-particles were registered at an angle of 165° relative to thénterface. Similar effects were observed for the case of 100
beam by means of two Si surface detectors with about 14eV irradiation. The loss of nitrogen was independently de-
keV energy resolution. The RBS spectra were analyzed witlermined by RNRA analysis. The sputtering rate at both en-
the RUMP program®® Since in the mixing experiments the Ni ergies was about 6—7 atoms per Xe ion. As to the preferen-
and Xe signals overlap in the RBS spectra, the spectra had tial sputtering, i.e., the dissociation of JMl and loss of
be deconvoluted. The Xe implantation profile was simulatechitrogen, we found that in a 20—25 nm surface layer the
by means offRiM95 and included into the deconvolution via nitrogen content was reduced up to 20% under ion bombard-
an asymmetric Gaussian distribution. Accurate nitrogerments. This corresponds to the increase of the Ni content in
depth profiles were obtained from resonant nuclear reactioRig. 1. The thickness of the N-depleted zone was about con-
analysis (RNRA) using the 1®N(p,ay)%C reaction at the stant, while the sputtered layés seen by the overall thick-
429.6 keV resonance energy, having the resonance width efess of NjN) increased proportionally to the fluence.
I'=124 eV? During the RNRA measurements, the samples The broadening at the back edge of the Ni profile can be
were cooled to 80 K in order to avoid any damage or furthemused for determining the surface roughening due to irradia-
annealing due to the proton beam. The crystalline structuréon. The surface roughness measured by RBS analysis was
of the films was identified by x-ray diffractiofKRD), using  independently determined by AFM for both energies. The
a BRUKER AXS type D8 spectrometer with a copper anoddinear roughness increase obtained by both methods,
at a fixed incidence angle @=5°. The surface topography, Aog(®)=og(P)—0og(0), is plotted in Fig. 2 as a function
especially the mean roughness, was determined by atomisf the ion fluencab. The quantityog(0)=(o3(0))Y? where
force microscopy(AFM) using a Nanoscope Il of DIGITAL  +%(0) denotes the variance of the surface roughness in the
INSTRUMENTS in tapping mode. as-deposited NN film, was obtained either from RBS and
AFM. At both ion energiesAog(®P) was found to grow
linearly with ®. Using the density of NN, 97.13
) . ) -~ atoms/nm, the Xe ions induce an increase of the roughness
In order to investigate the changes in composition aany Aog~2 nm per 1x 10' ions/cn?.
surface roughness due to irradiation, theMifilms were
bombarded with 450 and 100 keV Xdons at 80 K. The
projected range of 450 keV Xe ions ind¥ is about 75 nm
and that of 100 keV ions about 25 nm. The film thickness In order to study the ion-beam induced effects at the
was chosen so that all the ions were stopped in the nitrid®&li;N/Si interface, the 756 nm NiN on Si samples were
film and did not reach the silicon substrate. Figure 1 presentisradiated with 450 and 700 keV Xe ions at room tempera-
the Ni-profile of an as-deposited 210 nm thick sample to-ture or at 80 K. The thickness of the films was chosen in

Ill. IRRADIATION EFFECTS ON Ni 3N LAYERS

IV. IRRADIATION EFFECTS AT THE Ni 3;N/Si INTERFACE
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FIG. 3. RBS spectra of samples irradiated wigh 450 keV Xe
ions at room temperaturé)) 450 keV Xe ions at 80 K, ant) 700 Depth (10" at./cm®)
keV Xe ions at 80 K.

FIG. 4. RNRA nitrogen profiles of samples irradiated with

such a way that almost all ions would reach the silicon sub450 keV Xe ions at room temperatute) 450 keV Xe ions at 80 K,
strate. Since the correct density at the interface after irradig@nd(¢) 700 keV Xe ions at 80 K.
tion is not known, the depth scale is given in units of°10
atoms/cri. Then, the average densify3.56 atoms/nif) of  cates the dissociation of p and preferred loss of nitrogen
NizN/Si was used to convert it to the nm scale. For describin the surface region. Figurg@ shows the RNRA nitrogen
ing the interface broadening varianc&g? (®), deduced Profiles in the as-deposited sample and in fims irradiated
from the RBS analyses, it is essential to know the connectioiith 0.5, 1.5, and X 10'° ions/cnf. For increasing fluence,
between the irradiation parametéf‘bence and energwnd the nitrogen content deC.reases, but not eVenIy thl’OnghOUt the
the surface roughness. We used the expresaiof} (®) Wh_ole layer, as the loss is more prono_un(_;ed near fche surface.
— Aced@)—Acd(®), which corrects the variance of the Th|s resu.lt waslgalready obsgrv_ed in ion |rrad|at|on§ of
element profiles at the interface determined from RBS,N'3N/AI bilayers. = Thus the Ni Y'eld. hear the surfgce In-
Ao @), with respect to the increase of the surface rough_greazes _mo_stlyldue to theb:)u?dﬁfu?on .Of N. The ;_r;terfle\_(;]e
nessAc3(®), for which we used the values obtained at 450 roadening Is also noticeable from the nitrogen profiles. The
keV beam energyFig. 2). From these values afo2,(®),

elementalNi and S) profiles of the as-deposited and irradi-
. . ._ated samples deduced from the RBS spectra are plotted in
we then calculated the experimental interface broademngig 5. Both profiles consistently show the changes of the
2 : . . ) . O
ratesA o (P)/®, which will serve as the basis for compari- fim composition and the broadening of the interface due to

son with theozry. In all cases, the fluence dependence of thge jrradiations. The loss of nitrogen equals the gain of Ni in
paramet;arAcr,m(q))/@ was approximated by a linear func- the surface region. At a fluence 0&2.0'® ions/cnf, the Si
tion, Aoj,(®)/P=k+md, where the coefficients andm  profile has reached the surface, thus drastically changing the

are constants. relative elemental compositions.
A. 450 keV irradiations at room temperature B. 450 keV irradiations at 80 K
The RBS spectra of as-deposited and irradiategNi&i Interface broadening was also studied at 450 keV Xe ion

sampleg450 keV, RT,®=0.5, 1 and X 10'®ions/cnf) are  energy and 80 K. At this temperature, radiation-enhanced
presented in Fig. @). An increase in the interface broaden- diffusion is expected to be suppressed. In Fidp) 3the RBS

ing with increasing ion fluence is clearly seen in the spectraspectra of the samples irradiated with fluences of 1, 2, and
The loss in the film thickness due to sputtering is obvious; &.5x 10'® ions/cnf are presented. The spectra are very simi-
fluence of 1x 10'® ions/cn? removes 10—15 nm of the ni- lar to the ones taken at room temperature, but the Ni yield of
tride film. The accumulation of the Xe content with increas-the spectra does not increase as much with the increasing
ing fluence can also be followed. It grows with every irra-fluence as at RT. This could partly result from the deconvo-
diation step, but does not reach saturation. Again, thdution of the overlapping Xe and Ni peaks. Therefore, it is
increased Ni yield of the RBS signal after irradiation indi- more convenient to look at the nitrogen concentration pro-
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FIG. 5. Elemental profiles of NN/Si films irradiated with 450 FIG. 6. Elemental profiles of NN/Si films before and after
keV Xe ions at room temperature. irradiation with 700 keV Xe ions at 80 K.

files obtained via RNRAsee Fig. 4b)]. Indeed, the loss of some of which are presented in Fig. 7. The thickness of the
nitrogen near the surface is slightly weaker than at roonas-deposited NN film was 80 nm. The XRD analysis of this
temperature, but again increases with the ion fluence. Theample shows that the M film [see Fig. 7a)] has a hex-
lower temperature obviously suppresses the out-diffusion ofgonal crystal structuféwith lattice constants o= 0.462
nitrogen to some extent. Otherwise, the trend of the profilesm andc=0.430 nm. Figure (b) shows the XRD spectrum

is similar at all fluences, the maximum nitrogen content is

found in the interface region. a) o Ni.N of11) As-deposited
C. 700 keV irradiations at 80 K (110) (082) ”
: e A e
Finally, the 80 K irradiations were repeated at 700 keV by . g 100 Fov X6, B0 K

ion energy. The RBS spectra of these irradiations are dis-

played in Fig. 8). When compared to the results obtained at (19 (o02)

450 keV and 80 and 293 K, the broadening of the interface AR — . ,
region is similar. At 700 keV, the Xe signal strongly over- ©) (203) 450 keV Xe, 293K
laps with the Ni signal and thus requires a very careful de- x Ni_Si (329

convolution of the RBS spectra. Under these circumstances, ASIN, (3
the independent determination of the nitrogen content via
RNRA was mandatory to check the film composition. The
elemental profilegsee Fig. 6indeed show that the change in
the nickel content at the surface region is smaller than in the
450 keV irradiations at 293 and 80 K. In Figic the nitro-

gen profiles determined by RNRA are plotted. Compared
with the 450 keV irradiation, there are no differences up to
1x 10 jons/cnt. At 2x 10 jons/cn? the shape of the ni-
trogen content differs from that of the others. First, more
nitrogen has been lost than at 450 keV. Second, the maxi- 26 (degree)
mum of the nitrogen peak has moved towards the surface.

(203) 450 keV Xe, 80 K

Intensity (arb. units)

(303) (321)

700 keV Xe, 80 K

ol

50 55

FIG. 7. XRD spectra of NN/Si bilayers taken(a) for an as-
deposited samplgp) after a Xe bombardment at 100 keV and 80
K; (c) after irradiation at 450 keV and room temperatuy;at 450

In order to identify the formation of new phases inducedkeV and 80 K with(e) at 700 keV and 80 K. In all casef))—(e),
by the Xe ion irradiation, XRD spectra were accumulated;he Xe ion fluence was 10 ions/cn¥.

D. Phase formation
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taken after 100 keV Xe irradiations at 80 K. Even though [
some amount of nitrogen is lost from the surface region, the 60|  a)450 keV Xe, 293 K
reflexes remain in the same positions, as in Fi@),1but .

they are now slightly broadened. This is related to the reduc- 40
tion of the grain size. The decrease in grain size was also
observed by AFM. It should be pointed out that the depth of |
the XRD analysis is much larger than the thickness of the 0
nitride layer, where preferential sputtering occurs. At 450
and 700 keV, the ions penetrate the interface and new peaks
emerge in the spectrufirigs. 4c)-7(e)]. They are belong-

ing to Ni,Si and SiN, phases, which are also expected to be
energetically the most favored ones. The higher the irradia-
tion energy, the sample temperature and the irradiation flu-
ence, the stronger was the growth of these new phases.

O Ni

20 |

b) 450 keV Xe, 80 K

0 [ 1 M 1 2 1 M 1

Ac, ?(10° at./nm’)
S
o

B0  c)700 keV Xe, 80 K
V. DISCUSSION w0l

A. Parametrization of the interface broadening rates 20 _

As we have seen in Sec. IV, the chosen combination of
analyzing techniques provides detailed information on the %'0
atomic transport and phase formation processes ¥NAgi
bilayers irradiated by energetic Xe-ions. Summarizing the
various effects, which occur at the surface of thgNNfilm, FIG. 8. Interface broadening varianc&s-fm of samples irradi-

we have been able to differentiate surface roughening, Spulzeq with(a) 450 keV Xe ions at room temperatut) 450 keV Xe

tering of NN film, and preferential loss of nitrogen from the jons at 80 K, andc) 700 keV Xe ions at 80 K. The solid lines are
near-surface layers. At the JN/Si interface, we find strong the fitted curves.

ion-beam mixing associated with the formation of8ii and
SisN4 phases. All the interface processes have been found
both 80 K and room temperatures, and whenever the Xe io
energy was sufficiently high to penetrate thgMIiSi inter-
face. The formation of both N&i and S{N, phases observed
by XRD was most pronounced at 80 K with 700 keV Xe
ions.

L 1 1 L 1 "
05 10 15 20 25
Fluence (10'® ions/cm®)

atepth unit into the nm scale, and also due to the variation of
aeposition energies. The exact density in the intermixed re-
gion is difficult to predict since the mixed region is a mixture

of several phases. However, Fig. 8 clearly shows that the
quadratic fluence dependence holds where the depth scale is
. . ) independent of the atomic density. It may be noted that under
The deduced Ni and Si elemental profiles were used Wimilar irradiation condition$450 keV Xe ion at 80 Kwe

. . . 2y 2
deterrznlne the interface bzroadenlng ratésyin=A0Res  ohserve a constant broadening rate on fluence in thi/Al
— Aoy, after the increasa o5 of the surface roughness had gysten??

been taken into account. In Fig. 8, the fits resulting in
second-order polynomials are plotted as function of the flu-

ence. The interface broadening rates?,/® were then fit- B. Diffusion versus reaction-controlled mixing
ted by the epr?SSiOQUﬁ_n/q’ [nm“]sz_r m®, whered is In the following, we try to interpret the interface broad-
given in the unit of 16 ions/cnf=10? ions/nnf. Table | ening rates\ o,/® in terms of current models on ion beam

summarizes the measured mixing paramekeasdm found  mixing 3-8 The occurrence of a constant and linear contribu-
at the various irradiation conditions. The mixing parametersjon to the mixing rates may be explained in the following
obtained at 450 keV, 80 K differ somewhat from the onesyay# a constant mixing rate usually points to a diffusion-
obtained at 700 keV, 80 K and 450 keV, 293 K. The two controlled process; the linear dependence, on the other hand,
latter fits are very similar and feature a small valuekof refers to a process governed by a chemical reaction rate. In
~0.3 nnf and a large linear termm~2.5 nn#/10'® cm™%,  some metal/silicon bilayer systems forming silicides under
while the former case exhibits a larger valueket 1.4 nnf  jon irradiation, such as Pd/Si, the fluence ranges, over which
and a smaller linear termy=1.8 nnf/10'°cm™2. In order to  the individual processes dominate, are clearly divitie-
illustrate the constant and linear contributions to the mixingow a critical fluence®d,, the atomic transport process is
for each case, the interface broadening rates;/® pre-  reaction-controlledlinear mixing rat¢, and above that flu-
sented in nrvunits are plotted versus the irradiation fluenceence it becomes diffusion-controllédonstant mixing rate

® in Fig. 9. In spite of the difference mentioned before, itOn the other hand, the interface broadening rates of ion-
should be noted that the overall fluence dependence afradiated Ni/Si and Cr/Si bilayers were found to be either
Ao /J® is very similar in all three cases. It is important to constant or linearly dependent oh, respectively. In all
mention that these experimentally obtained quantiiies,k  these cases silicides are formed. The reaction(steed R
andm) contain uncertainties that arise due to the use of theletermines the value of the critical fluen®g : in the Ni/Si
average atomic density of M and Si for converting the system the small upper limit ab,<1.5x 10'* Au ions/cn?

155411-5
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leads to a very high reaction rat®$1 nm/9, while in the
Pd/Si system the critical fluence ob.=1.5x10" Au

PHYSICAL REVIEW B63 155411

TABLE I. Experimental and theoretical interface broadening rate$,/® of Xe-ion irradiated NjN/Si
bilayers, obtained at the ion energies and substrate temperatures indicated. The coeffiaimhta are
defined viaA o2,/®=k+m®. For the theoretical numbeks,, and Keomps S€€ teXt.

Experimental rate Compound
Xe ion coefficients Ballistic formation
energy T k (nmt, model model Phase
(keV) (K) m (nm*/10'® cm™?2) Kpan (N Keomp (NN1TY) formation
450 80 1.4-0.2, 1.8:0.2 0.20 1.6 NiSi, SkNy4
700 80 0.380.10, 2.7-0.4 0.22 1.8 NiSi, SN,
450 293 0.250.03, 2.3:0.3 0.20 1.6 NiSi, SkN,

displacement density, the atomic transport process, which is
the predominant process in bilayers wifh, <20, can be

ions/cnt leads toR=0.87 nm/s. In the case of the Cr/Si described by considering ballistic properfie$ the materials

system, the very high critical fluence df,=1x10' Cr
ions/cnt implies a very small reaction rate dR=1.2

that neglect the effect of chemical forces. In many nitride/
metal bilayer system$the ballistic approach was found to

X 10 2 nm/s. These numbers indicate that, depending on thgive a good description of the mixing. According to Sig-

reaction rateR and the implanted fluenc®, the interface

broadening rate changes from a purely linear to a constant
rate. Evidently, in the present case o§NiSi bilayers under
Xe bombardment, these two processes occur simultaneously,

probably due to the formation of two phases with different ) , , ) )
reaction rates. Such a behavior, especially in a bilayer systeiffnerel’'o=0.608 is a dimensionless constata kinematic

with Z< 20, is not yet clearly understood. Moreover, the dis-factor involving the masses of the colliding atonfs; the

sociation of NiN under ion irradiation, the(possibly

Kpaii= A o/ @ = grof

mund and Gras-Marti, the mixing rétes then given by

1 FpR3

NE,’ (1)

deposited energy density per ion and unit len@hthe dis-

radiation-enhanceddiffusion of N, Ni, and Si across the Placement energy; andl the average atomic densityEvi-

interface, and the chemical reactions going on to recombin@ently, this expression does not depend on the ion fluence,
and thus cannot explain the observed linear part of the mix-

these species is a very complex process.

(o]
T

Ao, o (nm)
~

C. Ballistic mixing

8

T T
c) 700 keV Xe

a) 45(IJ keV )I(e b) 45l0 keV ;(e
T=293K T=80K T=80K
O Ni O Ni O Ni
® Si e S e Si 16
4
M
- - - 14
} :
L s L - 12
1 1 1 1 1 1 0
o 1 2 0o 1 2 o0 1 2 3

Fluence (10'® ions/cm®)

ing rate) The separation distance of a Frenkel pRy, was
approximatetito 1 nm and the corresponding displacement
energyE, to 20 eV/at. One of the crucial parameters in the
Several modefs® have been developed to explain the dif- ion-beam mixing models is the energy dendity per ion
fusion and reaction-controlled atomic transport processedeposited at the interface. Figure 10 preségsvalues as a
(and phase formatigrof binary systems under ion irradia- function of the depth within the NN/Si film for 450 and 700
tion. As an energetic ion beam travels through the material, ikeV Xe ions, calculated with the progranrimes.'® During
loses energy by electronic and nuclear stopping and creatése 450 keV irradiationFp changes its value from about 2
collisions cascades, whenever the target atoms receive suffieV/nm to 4 keV/nm, as the film thickness decreases due to
cient energy to overcome the displacement energy. At a lowhe sputtering effect. For 700 keV ions the deposited energy
has almost a constant value of 3.4 keV/nm, but starts to
decrease at fluences above B0' ions/cnf, when the ni-

F, (keV/nm)

FIG. 9. Interface broadening ratéss2,/® of NizN/Si bilayer

samples as a function of the Xe-ion fluere at (a) 450 keV and
room temperaturglh) 450 keV and 80 K, andc) 700 keV and 80

K.

450 keV
N -

m
700 keV

\

Ni,N Si
\ T oeme
i ! T E - - g -..a
50 100 150 200
Depth (nm)

FIG. 10. The deposited energy dendity for 450 and 700 keV
Xe ions penetrating a BIN/Si bilayer is plotted as a function of the

depth. The calculations were performed with the programos.
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tride layer thickness is reduced to about 40 nm, as a consergies in the intermixed region. The approximation is neces-
guence of sputtering. The calculated ballistic mixing rate forsary as the exact values of these two quantities are difficult to
450 keV ions given in Table | refers to a mean value of theascertain.

deposited energy of 3.0 keV/nm. When comparing the con- As to the linear term o o2, /® addressing the reaction-
stant parts of the experimental interface broadening ratesontrolled process, the coefficiemcomp“ can be written as
with this estimate of the ballistic model, we notice fair agree-

ment for the 700 keV, 80 K and 450 keV, 293 K irradiations Meomgd reaction controllep= [ f compy RID]?, 3

to within a factor of 2. Clearly, the large constant term found

after the 450 keV, 80 K Xe irradiation is largely underesti- where f ., denotes the compound formation factor intro-

mated by the ballistic model. duced in Eq(2) and® = 1x 10" ions/cnfs the ion flux used
in the present work. Unfortunately, we cannot estimate the
D. Compound formation enhanced mixing linear part of the broadening rate, as the reaction ratase

As pointed out, the XRD measurements revealed the for[1ot known. However, if we assume this approach to be valid,

2 . .
mation of NpSi and SiN4 phases to take place at the inter- tEen frlom tthQSIOE'.aShGiU'm/q) (s;%e F'? 9we. can est|mart]e
face and, interestingly enough, the nickel silicide was forme e vajue ofR, which may provide information to reach a
at a smaller fluence before the;8j, phase appeared. When e'tt'er understandlng the underlying physical p|gture of the
either the irradiation temperature or the ion energy was inMixing, reaction, and growth processes. The estimated aver-

- 25 o
creased, the §N, phase appeared and the interface broad?9€ valueR~0.18< 10° " nm/s, is similarly small as the one

. . . _2
ening rate turned out to be more reaction controlled. Re_reported in the Cr/St Cr-ion system (1.810"* nm/s. As

cently, Desimoni and Traversbave developed a formalism Mentioned before, only the linear dependencAof,/® via

to account for the enhancement of the interface broadening reacgon-contrplled process has been established in this

rate due to the chemical reactidk- C—A,C, in an jon-  Systemi. Hence, in the present /Si+ Xe case, the situa-

beam irradiated A/C binary systerd{,.>20). Unlike in the tion is different insofar as both reaction-controlled and
g .

purely ballistic model, this approathpredicts a constant, as Qiffu_sion-c_ontrolled processes are active at all fluences. Un-
well as a linear, contribution of the mixing rates. The calcu-/K€ In @ binary system, the simultaneous occurrence of both

lation of the latter is possible if the reaction r&tés known. ~ Processes is probably due to the early decomposition of the

We have extended this model to the present ternary systeif€akly bonded NiN layers. Hence, one may argue that the
where more than one phase is formed under ion irradiatiorfré€ €lements react almost fre¢gnd probably at different

The enhancement factor due to compound formation wafeaction rates resulting in the growth of an interface layer
estimated by taking into account the reactich,B, having & non-homogeneous distribution of8iiand SiN,
+C—A4CetCiB, occurring in anA,B,/C bilayer in phases. The present experimental results indicate that the
which all the three specieg), B, and C are mobile. The chemlcal naturdi.e., rg—zactlwty of the elements determines
modified linear term of the ballistic mixing ratétgomp, is the interface broad_enlng and growth rate..However, all t_hese
obtained by multiplying the ballistic rate,,, from Eq. (1)  Processes and their dependence on the ion and material pa-

with the compound formation enhancement fadtgy, .- rameters are not clearly understood yet. Evidently, the pro-
P cesses in ternary systems are even more complex than those

in binary systems and therefore more experimental informa-

Keomn= Kpai* f comp» 2 _ - . o i :
comp Tball” T comp @ tion; e.g., mixing studies of nitride/metal bilayers having a
where weakly and strongly bonded nitride, is required.
f X [a/(a+b)]Na g, Nc VI. SUMMARY
= +
o [d/(d+e)]NAdCe [e/(d+e)]NAdCe The detailed mixing studies of thin p/Si bilayers pre-
[b/(a+b)IN sented in this work employed a favorable combination of ion
" AaE‘bJr Nc beam analytical methods, scanning tunneling microscopy,
[g/(g+ f)]chBg [f/(g+f)]ch3g ' and x-ray diffraction. The importance of the various irradia-
tion effects near the surface, such as surface sputtering and
whereNy,yy is the atomic density of the compounqY, . roughening, nitride dissociation and nitrogen depletion, and

The formation of NjSi and SiN, phases at the interface transport and phase formation at the interface has been
suggests that the most likely chemical reaction to take placstressed. Although the system appears to be ideally suited for
is 4 NizN+9 Si—6 Ni,Si+ SisN4. Assuming Ni and N to be  a straightforward RBS analysis, depth profiling of nitrogen
the predominantfyy mobile species, the calculated coeffi- (via RNRA), as well as phase and surface analyses, turned
cientske,mpare given in Table I. As compared to experiment,out to be essential for interpreting the RBS spectra and
the value ofk.,mp has the right order of magnitude in the achieving realistic interface mixing rates. The thermochemi-
case of the 450 keV, 80 K irradiation, but overestimates theal properties of théternary system play an important role
experiments in the two other cases, which are closer to than understanding the irradiation-induced processes. The
purely ballistic approach. It should be noted that the aboveheory of ballistic mixing, which so far has been rather suc-
calculated quantities are valid within the range of the ap-cessful in most nitride/metal bilayer mixing experiments,
proximated values of the atomic density and deposition enwas extended to accommodate diffusion and reaction-
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controlled processes and to estimate the constant and lineamorphous phase is produced. In the latter case, long-range
terms in the interface broadening rates. The present approxatomic migration or overcoming of the barrier to nucleation
mation, which was originally developed for elemental sys-are necessary. However, for reactive systems where the dif-
tems where the mixing is governed by thermal spikes, wasusive flux of the reacting species is controlled by the reac-
shown to work at least to some extent for a light three-tion rate R, such barriers are either negligible or absent so
element system. In contrast to most metal/semiconductdhat the system can undergo structural relaxation and pro-
systems where the reaction and diffusion-controlled fluenceuce stable equilibrium compounds. The role of ion irradia-
ranges are clearly separated, in this particular ceramidion is to supply the required flux of reacting species that
semiconductor system they do overlap, possibly as a result gfarticipate in the compound formation at the reacting inter-
the small binding energy of NN and the formation of NSi  face.
and SiN, phases at the interface. However, the rough esti-
mates given may only serve as a first step to the understand-
ing of the transport processes.

It should also be mentioned that the ion-induced growth at The authors are indebted to Detlef Purschke for expertly
relatively low temperatures for highly reactive systefins.,  running the IONAS accelerator and to Wolfgang Bolse for
silicides, aluminades, and germanigeshould be viewed useful comments on the models used. This work was sup-
differently from those systems where a solid solution orported by Deutsche Forschungsgemeinschatt.
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