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Xenon irradiation of Ni 3NÕSi bilayers: Surface roughening
and interface mixing and reactions

Leena Rissanen, Sankar Dhar, and Klaus-Peter Lieb*
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The irradiation effects in Ni3N/Si bilayers induced by 100–700 keV Xe ions at fluences up to 431016

ions/cm2 were investigated at 80 K and room temperature. The element depth profiles were measured via
Rutherford backscattering~Ni,Si! and resonant nuclear reaction~N! 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 Ni3N followed by nitrogen out-diffusion were related to the small binding energy
of this compound. Mixing at the Ni3N/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 NiSi2 and Si3N4 phases at the interface was found.

DOI: 10.1103/PhysRevB.63.155411 PACS number~s!: 68.55.Ln, 61.80.2x, 73.40.2c, 61.85.1p
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I. INTRODUCTION

Irradiation of materials with ion beams having energies
a few hundred keV can improve the optical, chemical, trib
logical and electrical properties.1,2 The ion-beam technique
in various forms, has been applied to semiconductors, m
als, ceramics, polymers, and glasses in producing sta
metastable, or even non-equilibrium phases. Ion be
mixing3–10 in elemental metal/metal and meta
semiconductor bilayer and multilayer systems has been
vestigated in a rather comprehensive way, in order to un
stand the ion-induced atomic transport processes and
formation of intermetallic phases at the interface~s!. The
relative importance of various mixing mechanisms, such
ballistic mixing, thermal spike mixing, and radiation
enhanced diffusion, has been established.3–8 The transitions
between these various scenarios concerning the ion pa
eters~mass, energy, and fluence! and thermodynamic prop
erties and temperature of the samples are still being deba
Usually, ‘‘athermal’’ mixing via thermal spikes is expecte
to set in above the critical average element numberZave
520 of the target.3,7 In the transition region aroundZave
520 the atomic transport process changes from purely
listic transport,8 where the athermal mixing is due to coll
sion cascades, to thermal spikes, where chemical forces
hance the atomic transport rates.3–7 For example, using Xe
ion beam, Ni/AlN (Zave511.5) bilayers11 exhibit ballistic
atomic transport and therefore low mixing rates, while
Ni/Al ( Zave520.5) bilayers,12 thermal spikes are induce
leading to high mixing rates. The irradiation of Ni/Si (Zave
521) bilayers4 finally leads to the formation of nickel sili
cide phases. Recently,4,5 it has also been found that the fo
mation of compounds increases the atomic mobility acr
the interface.

Technically, it appears more important to study the i
beam irradiation effects in ceramic/metal or ceram
semiconductor systems, involving carbides, nitrides, or
ides, than in the metal/metal bilayers. Our rather system
investigations on nitride/metal (Zave510– 20) bilayers3,11 in-
volving CrN, Cr2N, AlN, and TiN nitride films on various
0163-1829/2001/63~15!/155411~8!/$20.00 63 1554
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metal substrates and irradiated by heavy noble gas ions~Ar,
Kr, and Xe! led to rather small mixing rates and the concl
sion that ballistic mixing prevails. Neither ion-beam induc
dissociation of the nitride film nor enhanced nitrogen diff
sion across the interface or nitride formation with the me
film was observed. This finding was related to the high bin
ing energies of the nitrides studied. The only exception w
found in Ni3N/Al13 bilayers (Zave518) in which larger than
ballistic mixing rates were observed and associated with
relatively weak binding of this compound. This result mo
vated us to study heavy ion irradiation effects in the ceram
semiconductor system Ni3N/Si (Zave518.3). The prelimi-
nary results reported in Ref. 14 exhibit interesting ne
features of non-linear interface broadening and chemical
actions. In this paper, we present detailed results on the
beam induced modifications of the surface and the interf
region of Ni3N/Si bilayers at different ion energies and irr
diation temperatures. These results clearly demonstrate
role of thermochemical properties on the transport proc
and the phase formation at the bilayer interface in such a
Z system.

II. SAMPLE PREPARATION, IRRADIATION
CONDITIONS, AND ANALYZING METHODS

The 70–250 nm thick nickel nitride films were deposit
on HF-cleaned Si^100& substrates via magnetron sputterin
using a permanent-magnet planar-type RF magnetron f
Iontech, Ltd.15 The system employed a 500 W RF-generat
and during the deposition the power of 150 W was used. T
base pressure of the vacuum chamber was about 1024 Pa and
the working pressure was 0.5 Pa. The sputtering target w
high-purity nickel disc~99.999% Ni! with a diameter of 76
mm and a thickness of 6 mm. The deposition was perform
in an atmosphere of pure argon and nitrogen gas flow,
justed by two independent mass-flow controllers~max. flow
30 standard cubic centimeters!. The substrate temperatur
was kept at 383 K. The deposition rate was;0.4 nm/min.
The ion irradiations were performed with 100–700 keV Xe1

ions at fluences of (0.5– 4.0)31016 ions/cm2 using the Go¨t-
tingen heavy ion implanter IONAS.16,17 The projected ion
©2001 The American Physical Society11-1



o

.
la

e

th
1
i
i
d

te
a
e
tio

h
le
he
tu

d
,
m

n

s
rid
n

to

ple

ing

of
ote

00
e-

en-
en-

the
ard-
t in
on-
-

be
ia-
was
he
ds,

the
d

ess

the

ra-
in

s- m
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ranges were calculated with theTRIM95 program.18 During
the irradiation, the samples were either cooled to 80 K
kept at room temperature~RT!. The ion flux was maintained
at about 0.7 particlemA/cm2 in order to avoid beam heating
Using a XY beam sweeping system, homogeneous imp
tations were achieved over an area of 10310 mm2.

The composition and thickness of the thin films were d
termined by Rutherford backscattering spectrometry~RBS!
using 900 keVa-particles from IONAS.16 The backscattered
a-particles were registered at an angle of 165° relative to
beam by means of two Si surface detectors with about
keV energy resolution. The RBS spectra were analyzed w
theRUMP program.19 Since in the mixing experiments the N
and Xe signals overlap in the RBS spectra, the spectra ha
be deconvoluted. The Xe implantation profile was simula
by means ofTRIM95 and included into the deconvolution vi
an asymmetric Gaussian distribution. Accurate nitrog
depth profiles were obtained from resonant nuclear reac
analysis ~RNRA! using the 15N(p,ag)12C reaction at the
429.6 keV resonance energy, having the resonance widt
G5124 eV.20 During the RNRA measurements, the samp
were cooled to 80 K in order to avoid any damage or furt
annealing due to the proton beam. The crystalline struc
of the films was identified by x-ray diffraction~XRD!, using
a BRUKER AXS type D8 spectrometer with a copper ano
at a fixed incidence angle ofu55°. The surface topography
especially the mean roughness, was determined by ato
force microscopy~AFM! using a Nanoscope II of DIGITAL
INSTRUMENTS in tapping mode.

III. IRRADIATION EFFECTS ON Ni 3N LAYERS

In order to investigate the changes in composition a
surface roughness due to irradiation, the Ni3N films were
bombarded with 450 and 100 keV Xe1 ions at 80 K. The
projected range of 450 keV Xe ions in Ni3N is about 75 nm
and that of 100 keV ions about 25 nm. The film thickne
was chosen so that all the ions were stopped in the nit
film and did not reach the silicon substrate. Figure 1 prese
the Ni-profile of an as-deposited 210 nm thick sample

FIG. 1. Ni profile obtained from RBS analysis of an a
deposited Ni3N film and a sample irradiated with 331016

Xe-ions/cm2 at 450 keV and 80 K.
15541
r

n-

-

e
4

th

to
d

n
n

of
s
r
re

e

ic

d

s
e
ts
-

gether with the profile obtained after irradiating this sam
at 450 keV and a fluence of 331016 ions/cm2, as obtained
by RBS. The main visible features are~1! the reduction of
the Ni3N film thickness due to sputtering;~2! the increase of
the Ni content in the near-surface region of the remain
Ni3N film due to the loss of nitrogen~preferential sputter-
ing!; and ~3! a slight broadening of the back-edge signal
the Ni profile due to the increased surface roughness. N
that all the implanted Xe ions are embedded in Ni3N layer
and do not cause any atomic transport through the Ni3N/Si
interface. Similar effects were observed for the case of 1
keV irradiation. The loss of nitrogen was independently d
termined by RNRA analysis. The sputtering rate at both
ergies was about 6–7 atoms per Xe ion. As to the prefer
tial sputtering, i.e., the dissociation of Ni3N and loss of
nitrogen, we found that in a 20–25 nm surface layer
nitrogen content was reduced up to 20% under ion bomb
ments. This corresponds to the increase of the Ni conten
Fig. 1. The thickness of the N-depleted zone was about c
stant, while the sputtered layer~as seen by the overall thick
ness of Ni3N) increased proportionally to the fluence.

The broadening at the back edge of the Ni profile can
used for determining the surface roughening due to irrad
tion. The surface roughness measured by RBS analysis
independently determined by AFM for both energies. T
linear roughness increase obtained by both metho
DsS(F)5sS(F)2sS(0), is plotted in Fig. 2 as a function
of the ion fluenceF. The quantitysS(0)5(sS

2(0))1/2, where
sS

2~0! denotes the variance of the surface roughness in
as-deposited Ni3N film, was obtained either from RBS an
AFM. At both ion energies,DsS(F) was found to grow
linearly with F. Using the density of Ni3N, 97.13
atoms/nm3, the Xe ions induce an increase of the roughn
by DsS'2 nm per 131016 ions/cm2.

IV. IRRADIATION EFFECTS AT THE Ni 3NÕSi INTERFACE

In order to study the ion-beam induced effects at
Ni3N/Si interface, the 7566 nm Ni3N on Si samples were
irradiated with 450 and 700 keV Xe ions at room tempe
ture or at 80 K. The thickness of the films was chosen

FIG. 2. Increased surface roughnessDsS of samples irradiated
at 80 K with 100 and 450 keV Xe ions and analyzed at roo
temperature both with RBS and AFM.
1-2
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XENON IRRADIATION OF Ni3N/Si BILAYERS: . . . PHYSICAL REVIEW B 63 155411
such a way that almost all ions would reach the silicon s
strate. Since the correct density at the interface after irra
tion is not known, the depth scale is given in units of 1015

atoms/cm2. Then, the average density~73.56 atoms/nm3) of
Ni3N/Si was used to convert it to the nm scale. For desc
ing the interface broadening variance,Ds Int

2 (F), deduced
from the RBS analyses, it is essential to know the connec
between the irradiation parameters~fluence and energy! and
the surface roughness. We used the expressionDs Int

2 (F)
5DsRBS

2 (F) –DsS
2(F), which corrects the variance of th

element profiles at the interface determined from RB
DsRBS

2 (F), with respect to the increase of the surface rou
ness,DsS

2(F), for which we used the values obtained at 4
keV beam energy~Fig. 2!. From these values ofDs Int

2 (F),
we then calculated the experimental interface broaden
ratesDs Int

2 (F)/F, which will serve as the basis for compar
son with theory. In all cases, the fluence dependence of
parameterDs Int

2 (F)/F was approximated by a linear func
tion, Ds Int

2 (F)/F5k1mF, where the coefficientsk andm
are constants.

A. 450 keV irradiations at room temperature

The RBS spectra of as-deposited and irradiated Ni3N/Si
samples~450 keV, RT,F50.5, 1 and 231016 ions/cm2) are
presented in Fig. 3~a!. An increase in the interface broade
ing with increasing ion fluence is clearly seen in the spec
The loss in the film thickness due to sputtering is obvious
fluence of 131016 ions/cm2 removes 10–15 nm of the ni
tride film. The accumulation of the Xe content with increa
ing fluence can also be followed. It grows with every irr
diation step, but does not reach saturation. Again,
increased Ni yield of the RBS signal after irradiation ind

FIG. 3. RBS spectra of samples irradiated with~a! 450 keV Xe
ions at room temperature,~b! 450 keV Xe ions at 80 K, and~c! 700
keV Xe ions at 80 K.
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cates the dissociation of Ni3N and preferred loss of nitroge
in the surface region. Figure 4~a! shows the RNRA nitrogen
profiles in the as-deposited sample and in films irradia
with 0.5, 1.5, and 231016 ions/cm2. For increasing fluence
the nitrogen content decreases, but not evenly throughou
whole layer, as the loss is more pronounced near the surf
This result was already observed in ion irradiations
Ni3N/Al bilayers.13 Thus the Ni yield near the surface in
creases mostly due to the out-diffusion of N. The interfa
broadening is also noticeable from the nitrogen profiles. T
elemental~Ni and Si! profiles of the as-deposited and irrad
ated samples deduced from the RBS spectra are plotte
Fig. 5. Both profiles consistently show the changes of
film composition and the broadening of the interface due
the irradiations. The loss of nitrogen equals the gain of N
the surface region. At a fluence of 231016 ions/cm2, the Si
profile has reached the surface, thus drastically changing
relative elemental compositions.

B. 450 keV irradiations at 80 K

Interface broadening was also studied at 450 keV Xe
energy and 80 K. At this temperature, radiation-enhan
diffusion is expected to be suppressed. In Fig. 3~b!, the RBS
spectra of the samples irradiated with fluences of 1, 2,
2.531016 ions/cm2 are presented. The spectra are very sim
lar to the ones taken at room temperature, but the Ni yield
the spectra does not increase as much with the increa
fluence as at RT. This could partly result from the decon
lution of the overlapping Xe and Ni peaks. Therefore, it
more convenient to look at the nitrogen concentration p

FIG. 4. RNRA nitrogen profiles of samples irradiated with~a!
450 keV Xe ions at room temperature,~b! 450 keV Xe ions at 80 K,
and ~c! 700 keV Xe ions at 80 K.
1-3
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LEENA RISSANEN, SANKAR DHAR, AND KLAUS-PETER LIEB PHYSICAL REVIEW B63 155411
files obtained via RNRA@see Fig. 4~b!#. Indeed, the loss o
nitrogen near the surface is slightly weaker than at ro
temperature, but again increases with the ion fluence.
lower temperature obviously suppresses the out-diffusion
nitrogen to some extent. Otherwise, the trend of the profi
is similar at all fluences, the maximum nitrogen content
found in the interface region.

C. 700 keV irradiations at 80 K

Finally, the 80 K irradiations were repeated at 700 k
ion energy. The RBS spectra of these irradiations are
played in Fig. 3~c!. When compared to the results obtained
450 keV and 80 and 293 K, the broadening of the interfa
region is similar. At 700 keV, the Xe signal strongly ove
laps with the Ni signal and thus requires a very careful
convolution of the RBS spectra. Under these circumstan
the independent determination of the nitrogen content
RNRA was mandatory to check the film composition. T
elemental profiles~see Fig. 6! indeed show that the change
the nickel content at the surface region is smaller than in
450 keV irradiations at 293 and 80 K. In Fig. 4~c! the nitro-
gen profiles determined by RNRA are plotted. Compa
with the 450 keV irradiation, there are no differences up
131016 ions/cm2. At 231016 ions/cm2 the shape of the ni-
trogen content differs from that of the others. First, mo
nitrogen has been lost than at 450 keV. Second, the m
mum of the nitrogen peak has moved towards the surfac

D. Phase formation

In order to identify the formation of new phases induc
by the Xe ion irradiation, XRD spectra were accumulat

FIG. 5. Elemental profiles of Ni3N/Si films irradiated with 450
keV Xe ions at room temperature.
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some of which are presented in Fig. 7. The thickness of
as-deposited Ni3N film was 80 nm. The XRD analysis of thi
sample shows that the Ni3N film @see Fig. 7~a!# has a hex-
agonal crystal structure21 with lattice constants ofa50.462
nm andc50.430 nm. Figure 7~b! shows the XRD spectrum

FIG. 6. Elemental profiles of Ni3N/Si films before and after
irradiation with 700 keV Xe ions at 80 K.

FIG. 7. XRD spectra of Ni3N/Si bilayers taken~a! for an as-
deposited sample;~b! after a Xe bombardment at 100 keV and 8
K; ~c! after irradiation at 450 keV and room temperature;~d! at 450
keV and 80 K with~e! at 700 keV and 80 K. In all cases,~b!–~e!,
the Xe ion fluence was 131016 ions/cm2.
1-4
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XENON IRRADIATION OF Ni3N/Si BILAYERS: . . . PHYSICAL REVIEW B 63 155411
taken after 100 keV Xe irradiations at 80 K. Even thou
some amount of nitrogen is lost from the surface region,
reflexes remain in the same positions, as in Fig. 1~a!, but
they are now slightly broadened. This is related to the red
tion of the grain size. The decrease in grain size was a
observed by AFM. It should be pointed out that the depth
the XRD analysis is much larger than the thickness of
nitride layer, where preferential sputtering occurs. At 4
and 700 keV, the ions penetrate the interface and new p
emerge in the spectrum@Figs. 7~c!–7~e!#. They are belong-
ing to Ni2Si and Si3N4 phases, which are also expected to
energetically the most favored ones. The higher the irra
tion energy, the sample temperature and the irradiation
ence, the stronger was the growth of these new phases.

V. DISCUSSION

A. Parametrization of the interface broadening rates

As we have seen in Sec. IV, the chosen combination
analyzing techniques provides detailed information on
atomic transport and phase formation processes in Ni3N/Si
bilayers irradiated by energetic Xe-ions. Summarizing
various effects, which occur at the surface of the Ni3N film,
we have been able to differentiate surface roughening, s
tering of Ni3N film, and preferential loss of nitrogen from th
near-surface layers. At the Ni3N/Si interface, we find strong
ion-beam mixing associated with the formation of Ni2Si and
Si3N4 phases. All the interface processes have been foun
both 80 K and room temperatures, and whenever the Xe
energy was sufficiently high to penetrate the Ni3N/Si inter-
face. The formation of both Ni2Si and Si3N4 phases observe
by XRD was most pronounced at 80 K with 700 keV X
ions.

The deduced Ni and Si elemental profiles were used
determine the interface broadening rates,Ds Int

2 5DsRBS
2

2DsS
2 , after the increaseDsS

2 of the surface roughness ha
been taken into account. In Fig. 8, the fits resulting
second-order polynomials are plotted as function of the
ence. The interface broadening ratesDs Int

2 /F were then fit-
ted by the expressionDs Int

2 /F @nm4#5k1mF, whereF is
given in the unit of 1016 ions/cm25102 ions/nm2. Table I
summarizes the measured mixing parametersk andm found
at the various irradiation conditions. The mixing paramet
obtained at 450 keV, 80 K differ somewhat from the on
obtained at 700 keV, 80 K and 450 keV, 293 K. The tw
latter fits are very similar and feature a small value ofk
'0.3 nm4 and a large linear term,m'2.5 nm4/1016 cm22,
while the former case exhibits a larger value ofk'1.4 nm4

and a smaller linear term,m51.8 nm4/1016 cm22. In order to
illustrate the constant and linear contributions to the mix
for each case, the interface broadening ratesDs Int

2 /F pre-
sented in nm4 units are plotted versus the irradiation fluen
F in Fig. 9. In spite of the difference mentioned before,
should be noted that the overall fluence dependence
Ds Int

2 /F is very similar in all three cases. It is important
mention that these experimentally obtained quantities~i.e., k
andm) contain uncertainties that arise due to the use of
average atomic density of Ni3N and Si for converting the
15541
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depth unit into the nm scale, and also due to the variation
deposition energies. The exact density in the intermixed
gion is difficult to predict since the mixed region is a mixtu
of several phases. However, Fig. 8 clearly shows that
quadratic fluence dependence holds where the depth sca
independent of the atomic density. It may be noted that un
similar irradiation conditions~450 keV Xe ion at 80 K! we
observe a constant broadening rate on fluence in the Ni3N/Al
system.22

B. Diffusion versus reaction-controlled mixing

In the following, we try to interpret the interface broad
ening ratesDs Int

2 /F in terms of current models on ion bea
mixing.3–8 The occurrence of a constant and linear contrib
tion to the mixing rates may be explained in the followin
way:4 a constant mixing rate usually points to a diffusio
controlled process; the linear dependence, on the other h
refers to a process governed by a chemical reaction rate
some metal/silicon bilayer systems forming silicides und
ion irradiation, such as Pd/Si, the fluence ranges, over wh
the individual processes dominate, are clearly divided.4 Be-
low a critical fluenceFc , the atomic transport process
reaction-controlled~linear mixing rate!, and above that flu-
ence it becomes diffusion-controlled~constant mixing rate!.
On the other hand, the interface broadening rates of i
irradiated Ni/Si and Cr/Si bilayers were found to be eith
constant or linearly dependent onF, respectively. In all
these cases silicides are formed. The reaction rate~speed! R
determines the value of the critical fluenceFc : in the Ni/Si
system the small upper limit ofFc!1.531014 Au ions/cm2

FIG. 8. Interface broadening variancesDs Int
2 of samples irradi-

ated with~a! 450 keV Xe ions at room temperature,~b! 450 keV Xe
ions at 80 K, and~c! 700 keV Xe ions at 80 K. The solid lines ar
the fitted curves.
1-5
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TABLE I. Experimental and theoretical interface broadening ratesDs int
2 /F of Xe-ion irradiated Ni3N/Si

bilayers, obtained at the ion energies and substrate temperatures indicated. The coefficientsk and m are
defined viaDs int

2 /F5k1mF. For the theoretical numberskball andkcomp, see text.

Experimental rate Compound
Xe ion coefficients Ballistic formation
energy T k (nm4), model model Phase
~keV! ~K! m (nm4/1016 cm22) kball (nm4) kcomp (nm4) formation

450 80 1.460.2, 1.860.2 0.20 1.6 Ni2Si, Si3N4

700 80 0.3860.10, 2.760.4 0.22 1.8 Ni2Si, Si3N4

450 293 0.2560.03, 2.360.3 0.20 1.6 Ni2Si, Si3N4
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leads to a very high reaction rate (R@1 nm/s!, while in the
Pd/Si system the critical fluence ofFc51.531015 Au
ions/cm2 leads toR50.87 nm/s. In the case of the Cr/S
system, the very high critical fluence ofFc5131019 Cr
ions/cm2 implies a very small reaction rate ofR51.2
31022 nm/s. These numbers indicate that, depending on
reaction rateR and the implanted fluenceF, the interface
broadening rate changes from a purely linear to a cons
rate. Evidently, in the present case of Ni3N/Si bilayers under
Xe bombardment, these two processes occur simultaneo
probably due to the formation of two phases with differe
reaction rates. Such a behavior, especially in a bilayer sys
with Z,20, is not yet clearly understood. Moreover, the d
sociation of Ni3N under ion irradiation, the~possibly
radiation-enhanced! diffusion of N, Ni, and Si across the
interface, and the chemical reactions going on to recomb
these species is a very complex process.

C. Ballistic mixing

Several models3–8 have been developed to explain the d
fusion and reaction-controlled atomic transport proces
~and phase formation! of binary systems under ion irradia
tion. As an energetic ion beam travels through the materia
loses energy by electronic and nuclear stopping and cre
collisions cascades, whenever the target atoms receive s
cient energy to overcome the displacement energy. At a

FIG. 9. Interface broadening ratesDs int
2 /F of Ni3N/Si bilayer

samples as a function of the Xe-ion fluenceF, at ~a! 450 keV and
room temperature,~b! 450 keV and 80 K, and~c! 700 keV and 80
K.
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displacement density, the atomic transport process, whic
the predominant process in bilayers withZave<20, can be
described by considering ballistic properties8 of the materials
that neglect the effect of chemical forces. In many nitrid
metal bilayer systems,3 the ballistic approach was found t
give a good description of the mixing. According to Si
mund and Gras-Marti, the mixing rate8 is then given by

kball5Ds int
2 /F5

1

6
G0j

FDRd
2

NEd
, ~1!

whereG050.608 is a dimensionless constant;j a kinematic
factor involving the masses of the colliding atoms;FD the
deposited energy density per ion and unit length;Ed the dis-
placement energy; andN the average atomic density.~Evi-
dently, this expression does not depend on the ion flue
and thus cannot explain the observed linear part of the m
ing rate.! The separation distance of a Frenkel pair,Rd , was
approximated3 to 1 nm and the corresponding displaceme
energyEd to 20 eV/at. One of the crucial parameters in t
ion-beam mixing models is the energy densityFD per ion
deposited at the interface. Figure 10 presentsFD values as a
function of the depth within the Ni3N/Si film for 450 and 700
keV Xe ions, calculated with the programTRIM95.18 During
the 450 keV irradiation,FD changes its value from about
keV/nm to 4 keV/nm, as the film thickness decreases du
the sputtering effect. For 700 keV ions the deposited ene
has almost a constant value of 3.4 keV/nm, but starts
decrease at fluences above 331016 ions/cm2, when the ni-

FIG. 10. The deposited energy densityFD for 450 and 700 keV
Xe ions penetrating a Ni3N/Si bilayer is plotted as a function of th
depth. The calculations were performed with the programTRIM95.
1-6
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XENON IRRADIATION OF Ni3N/Si BILAYERS: . . . PHYSICAL REVIEW B 63 155411
tride layer thickness is reduced to about 40 nm, as a co
quence of sputtering. The calculated ballistic mixing rate
450 keV ions given in Table I refers to a mean value of
deposited energy of 3.0 keV/nm. When comparing the c
stant parts of the experimental interface broadening r
with this estimate of the ballistic model, we notice fair agre
ment for the 700 keV, 80 K and 450 keV, 293 K irradiatio
to within a factor of 2. Clearly, the large constant term fou
after the 450 keV, 80 K Xe irradiation is largely underes
mated by the ballistic model.

D. Compound formation enhanced mixing

As pointed out, the XRD measurements revealed the
mation of Ni2Si and Si3N4 phases to take place at the inte
face and, interestingly enough, the nickel silicide was form
at a smaller fluence before the Si3N4 phase appeared. Whe
either the irradiation temperature or the ion energy was
creased, the Si3N4 phase appeared and the interface bro
ening rate turned out to be more reaction controlled. R
cently, Desimoni and Traverse4 have developed a formalism
to account for the enhancement of the interface broade
rate due to the chemical reactionA1C→AaCc in an ion-
beam irradiated A/C binary system (Zave.20). Unlike in the
purely ballistic model, this approach4,5 predicts a constant, a
well as a linear, contribution of the mixing rates. The calc
lation of the latter is possible if the reaction rateR is known.
We have extended this model to the present ternary sys
where more than one phase is formed under ion irradiat
The enhancement factor due to compound formation
estimated by taking into account the reactionAaBb
1C\AdCe1CfBg occurring in an AaBb /C bilayer in
which all the three species,A, B, and C are mobile. The
modified linear term of the ballistic mixing rate,kcomp, is
obtained by multiplying the ballistic ratekball from Eq. ~1!
with the compound formation enhancement factorf comp:

kcomp5kball• f comp, ~2!

where

f comp52F @a/~a1b!#NAaBb

@d/~d1e!#NAdCe

1
NC

@e/~d1e!#NAdCe

1
@b/~a1b!#NAaBb

@g/~g1 f !#NCfBg

1
NC

@ f /~g1 f !#NCfBg

G ,

whereNXxYy is the atomic density of the compoundXxYy .
The formation of Ni2Si and Si3N4 phases at the interfac
suggests that the most likely chemical reaction to take p
is 4 Ni3N19 Si→6 Ni2Si1Si3N4. Assuming Ni and N to be
the predominantly4 mobile species, the calculated coef
cientskcompare given in Table I. As compared to experime
the value ofkcomp has the right order of magnitude in th
case of the 450 keV, 80 K irradiation, but overestimates
experiments in the two other cases, which are closer to
purely ballistic approach. It should be noted that the ab
calculated quantities are valid within the range of the
proximated values of the atomic density and deposition
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ergies in the intermixed region. The approximation is nec
sary as the exact values of these two quantities are difficu
ascertain.

As to the linear term ofDs Int
2 /F addressing the reaction

controlled process, the coefficientmcomp
4 can be written as

mcomp~reaction controlled!5@ f comp•R/Ḟ#2, ~3!

where f comp denotes the compound formation factor intr
duced in Eq.~2! andḞ5131013 ions/cm2s the ion flux used
in the present work. Unfortunately, we cannot estimate
linear part of the broadening rate, as the reaction ratesR are
not known. However, if we assume this approach to be va
then from the slopes ofDs Int

2 /F ~see Fig. 9! we can estimate
the value ofR, which may provide information to reach
better understanding the underlying physical picture of
mixing, reaction, and growth processes. The estimated a
age value,R'0.1831022 nm/s, is similarly small as the on
reported in the Cr/Si1Cr-ion system (1.231022 nm/s!. As
mentioned before, only the linear dependence ofDs Int

2 /F via
a reaction-controlled process has been established in
system.4 Hence, in the present Ni3N/Si1Xe case, the situa-
tion is different insofar as both reaction-controlled a
diffusion-controlled processes are active at all fluences.
like in a binary system, the simultaneous occurrence of b
processes is probably due to the early decomposition of
weakly bonded Ni3N layers. Hence, one may argue that t
three elements react almost freely~and probably at different
reaction rates!, resulting in the growth of an interface laye
having a non-homogeneous distribution of Ni2Si and Si3N4
phases. The present experimental results indicate that
chemical nature~i.e., reactivity! of the elements determine
the interface broadening and growth rate. However, all th
processes and their dependence on the ion and materia
rameters are not clearly understood yet. Evidently, the p
cesses in ternary systems are even more complex than t
in binary systems and therefore more experimental inform
tion; e.g., mixing studies of nitride/metal bilayers having
weakly and strongly bonded nitride, is required.

VI. SUMMARY

The detailed mixing studies of thin Ni3N/Si bilayers pre-
sented in this work employed a favorable combination of
beam analytical methods, scanning tunneling microsco
and x-ray diffraction. The importance of the various irrad
tion effects near the surface, such as surface sputtering
roughening, nitride dissociation and nitrogen depletion, a
transport and phase formation at the interface has b
stressed. Although the system appears to be ideally suite
a straightforward RBS analysis, depth profiling of nitrog
~via RNRA!, as well as phase and surface analyses, tur
out to be essential for interpreting the RBS spectra a
achieving realistic interface mixing rates. The thermoche
cal properties of the~ternary! system play an important role
in understanding the irradiation-induced processes.
theory of ballistic mixing, which so far has been rather su
cessful in most nitride/metal bilayer mixing experimen
was extended to accommodate diffusion and reacti
1-7
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controlled processes and to estimate the constant and l
terms in the interface broadening rates. The present app
mation, which was originally developed for elemental sy
tems where the mixing is governed by thermal spikes, w
shown to work at least to some extent for a light thre
element system. In contrast to most metal/semicondu
systems where the reaction and diffusion-controlled flue
ranges are clearly separated, in this particular ceram
semiconductor system they do overlap, possibly as a resu
the small binding energy of Ni3N and the formation of Ni2Si
and Si3N4 phases at the interface. However, the rough e
mates given may only serve as a first step to the underst
ing of the transport processes.

It should also be mentioned that the ion-induced growth
relatively low temperatures for highly reactive systems~i.e.,
silicides, aluminades, and germanides!, should be viewed
differently from those systems where a solid solution
n
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amorphous phase is produced. In the latter case, long-ra
atomic migration or overcoming of the barrier to nucleati
are necessary. However, for reactive systems where the
fusive flux of the reacting species is controlled by the re
tion rateR, such barriers are either negligible or absent
that the system can undergo structural relaxation and
duce stable equilibrium compounds. The role of ion irrad
tion is to supply the required flux of reacting species th
participate in the compound formation at the reacting int
face.
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