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Abstract

C/Ni bilayers of various layer thicknesses (20-40 nm) were ion bombarded using Ga” and Ni*
projectiles with energies in the range of 20-30 keV. lon bombardment resulted in the growth
of aNi3C rich layer with the following features: a. / sharp carbon / Ni3C rich layer interface b.
/ the amount of Ni3zC produced by the irradiation proportional to the square root of the fluence
and depended on the type of projectile c. / good correlation between the distribution of
vacancies produced by the ion bombardment and the distribution of the NisC. The formation
of the metastable Ni3C compound was explained by avacancy assisted process. The sharp
interface is the consequence of arelaxation process removing the intermixed Ni from the
carbon layer. The square root of fluence dependence of the thickness of the Ni3C rich layer

can be explained by ausual diffusion equation considering moving boundaries.



1. INTRODUCTION

There is a constant need for materials with desired physical and chemical behavior. This need
can be, asleast partially, fulfilled by non-equilibrium phases, which might exhibit unique,
tailored features. Similarly, nano structures also display exceptional physical and chemical
features. There are various methods which can be applied to produce non-equilibrium
structures; one of them ision bombardment, which can also be used for producing such
structures in nano regions.

lon irradiation of solid prompts a series of processes, like collisional events, large temperature
increase in small volumes, radiation enhanced diffusion, chemically driven transport, etc,
resulting in serious changes of the irradiated solid. One of the processes occurring during ion
irradiation of asolid ision beam mixing (IBM), which might cause the broadening of the
originally abrupt interface between two pure materials by prompting the transport of the
atoms from one pure region to the other [1-3]. IBM has been applied for producing tailored
materials from the eighties [4]. Roughly speaking, the IBM process can be divided into two
parts as a./ the mixing taking place due to collisional cascade, thermal spike etc initiated
directly by the projectile b./ the relaxation of the highly non-equilibrium damaged region. The
relaxation in many cases is terminated by afast cooling period, consequently the damaged
region generally does not reach equilibrium condition, rather it remains in a metastabl e state.
A huge variety of metastable states can be observed ranging from miscible amorphous state
[5] to the immiscible amorphous states [6, 7]. The observed kinetics vary greatly too, the mass
transport in limiting cases might be symmetric or asymmetric [8, 9]. Applying focused ion
beam (FIB) nano patterning of ion beam affected materia is possible. Thususingion
bombardment, we can produce nano regions of non equilibrium material of the desired

properties.



Recently we have reported preliminary results of medium energy IBM experiments on a C/Ni
system, which resulted in NisC rich layer exhibiting sharp interfaces [10]. NisCisa
metastable compound with various applications; it can be used a. / to improve the mechanical
behaviors of thin films[11, 12], b. / as template of hexagonal Ni for sensor application on the
surface of nanotubes[13], c. / in nano architectures[14].

In this paper, we will give amore detailed description of the ion bombardment induced
mixing of the C/Ni interface applying different projectiles and ion energies. It will be shown
that until reaching a critical fluence, the carbon/mixed layer (containing NisC) interface
remains sharp (despite the large carbon transport occurring through the interface). The amount
of produced Ni3;C depends on the square root of the fluence and the type of projectile besides
the ion energy. We will also show that the alterations produced by the ion bombardment can
only be explained by considering the relaxation processes taking place after primary mixing is

terminated.

2. EXPERIMENTAL

C/Ni multilayered specimens have been prepared by sequential sputter deposition of pure
carbon and nickel on silicon (111) substrate. The nominal structures of the specimens were:
specimen A; 3x(C 28 nm /Ni 40 nm)/Si substrate, specimen B; 3x(C 21 nm /Ni 37 nm)/Si
substrate.

The actual structures of the specimens before and after irradiation were determined by cross
sectional transmission electron microscopy (XTEM). The samplesfor XTEM studies were
prepared by applying the usual procedure [15]; first mechanical polishing was applied, which
was followed by Ar*-ion milling. XTEM images were taken by a Philips CM20 200 kV

analytical microscope.



The samples were irradiated by applying various energies and fluences of Ga” and Ni™ ions.
A 200x200 pm? area of the specimens were irradiated by Ga' in a LEO 1540XB (FEG SEM —
FIB) cross beam system, using the Canion FIB optics. The areato beirradiated had been
located using scanning electron microscopy (SEM) secondary el ectron image (SEI), and then
checked on asingle pass FIB SEI image. The angle of incidence of the irradiation was 5°
(with respect the surface normal). The energies of the Ga' projectiles were 20 and 30 keV,
and theion current density varied in the range of 3-20 nA/mm?. The applied fluences, 0, 25,
50, 100, 200, 400 and 800 Ga'/nm?, were determined by the time of the single pass
irradiation.

10x10 mm sample was irradiated by Ni* in Rossendorf [16]. The angle of incidence of the
irradiation was 0°, and energies of 20 and 30 keV were applied.

Auger electron spectroscopy (AES) depth profiling was carried out in our dedicated systems
by a STAIB DESA 100 pre-retarded CMA in direct current mode. The primary electron
current was 30 nA with a diameter of about 60 um.1 keV Ar* ions were used for AES depth
profiling with angle of incidence of 74° (with respect to the surface normal). Theion current
was kept constant during sputtering. The sample was rotated (4 rev/ min) during ion
bombardment. These parameters were chosen to minimize the ion bombardment induced
surface and interface morphology development.

2.1 Deriving elemental concentrations from the Auger peak intensities

The shapes of the C Auger peaksin graphite and carbide strongly differ, thus the two phases
can easily be separated. Thisway we could distinguish five constituents in the samples, those
of C, Ni, Si, Gaand Ni3C. We used the usual relative sensitivity factor method for calculation
of the concentrations [17]. To determine the relative sensitivity factors for our spectrometer
and measurement conditions for the species above we followed various ways. There were

aways regions in the samples, which contained only pure C, Ni and Si. Using the Auger



intensities measured in these regions we could determine directly the relative sensitivity
factors of these elements. In the cases of Ni3C and Ga, there were no pure regions, thus other
solutions were applied. There were regions in the samples where only NisC and Ni were
found. In these regions the decrease of the Ni signal (the shape of which is not affected by the
chemical interaction) with respect to the pure Ni signal can be attributed to the presence of C,;
thisalows us to determine the amount of carbide present and thus the determination of the
relative sensitivity factor of the NisC as well. The relative sensitivity factor of Gawas
determined by fitting the measured numbers of Ga atoms to the implanted one in a sample
where we could assume that all Ga projectiles remained in the sample. The samerelative
sensitivity factors were applied for all measured spectra.

In this system the volume density strongly varies (the volume densities of Ni and graphite are
91 and 113 atoms/nm®, respectively). Thus, the AES depth profileswill not be given in the
usual concentration vs. depth representation; rather the representation of volume densities
(atoms/nm®) vs. depth (nm) will be used. Having this representation, one can integrate the
depth profile to result in the total numbers of atoms/ unit area, which allows the comparison
of the calculated number of atoms with those determined by XTEM.

2.2 Calculation of the depth scale

The procedure to be applied here has been published recently [18] and will only be shortly

summarized as follows. In AES depth profiling, the number of atoms, N, , of element i

removed from an area A during time At of ion bombardment is Ny, = A* X, *Y, * At* J,

where X; is the atomic concentration of element i, Yristhe total sputtering yield of sputtered

material, and Jisthe ion current density. It isassumed that the intermixed region is an ideal

solution and thus the average atomic density of the mixtureis 1/ p, = (X, / p,) , wherep; is

the atomic density of pure element i. Thetotal sputtering yield of the mixture was assumed to



be Y, =3 (X,Y;), where the Y; is the partial sputtering yield of element i. Though it is well

known that this equation is generally not valid [19], we used it since Transport Range of lons
in Matter (SRIM) [20] simulation predicted an error of lessthen 20 %. The number of atoms
in the unaltered layers, assuming nominal densities, is known from the XTEM studies, which
provides the thickness of layers. The calculated (from AES depth profile) and measured (by
XTEM) number of atoms can be equaled for agiven layer providing the ion current density.
Using this value, we have the depth scale. The samples have four layers, which have not been
affected by the implantation. We always cal culated the number of atomsin the unaltered layer
aswell. Using the above procedure the deviation of the calculated and measured (by XTEM)
numbers of atomsin the four unaltered layers were less than 6%, proving the validity of the

method.

3. Results

3.1 XTEM results

XTEM imaging was used to characterize the initial and final (irradiated) structures of the
samples. Figure 1 shows the XTEM image of the as received sample B. The image shows that
the Ni and C layers are polycrystalline and amorphous, respectively. The interfaces are flat.
The intrinsic rms roughness of the interfaces was estimated, based on the XTEM images, to
be lessthan 1 nm. Similar results were obtained in case of the as recelved sample A aswell.

In figure 2 the XTEM image of sample B irradiated by 200 Ni* (20 keV)/nm?is shown. Only
the top C and following Ni layers were affected by theirradiation. In thefirst C layer a broad
distribution of heavier atoms (darker contrast would be identified as Ni, see later) appeared. In
thefirst Ni layer we could identify a new layer with lower contrast. The detailed chemical

analysis of the sample was carried out by applying AES depth profiling. The rms roughness of



the C / new layer interface seemed to be somewhat higher than that of the intrinsic C/Ni
interface, but it is still lessthan 1 nm.

3.2 AES depth profiling results

Figure 3 (a) shows the whole as measured AES depth profile recorded on sample B irradiated
by 200 Ni* (20 keV)/nm?. Carbon being in carbide and graphite are shown separately; NisC
and C stand for the Auger signal emitted by Ni;C and graphite, respectively. Figure 3 a shows
that only thefirst C (counted from the free surface) and the following Ni layers are affected
by the irradiation; thusin the following we will show only this part of the depth profiles.
Figure 3 b shows, in good agreement with the XTEM image, that the Ni irradiation caused the
formation of a./ abroad Ni enriched region in the C layer (part of the Ni isin NisC form); b./
Ni3C rich zone in the originally pure Ni layer, where we cannot detect graphite (our detection
level is about 4 %). The interface between the C layer and the NisC rich zone s abrupt. If Ga
irradiation is applied, as shown in figure 4, the NisC carbide formation in the Ni layer is
similar to the previous one.

We have carried out many experiments varying the projectiles (Ga” and Ni™), their energies
and the samples. In the following, as examples, some typical results will be summarized.

First in figure 5 (a) and (b) we show the NisC density distributions for sample B applying Ni*
and Ga" irradiations, respectively. The applied fluences (numbers of ions/nm?) / ion energies
(keV) are shown in the figures. The depth scales are shifted to have the C/NisC transitions at
the depth where the original (non-irradiated ) C/Ni interfaceis. Figures 6 (a) and (b) show the
Ni (all Ni being in carbide and metallic form) and C density distributions, for various fluences
applying Ga" irradiations. In figure 7, we show the Ni (all Ni in carbide and metallic form)
density distributions after Ni™ irradiation with various fluences; the fluences (units number of
Ni*/nm?) applied are given in the figure. Last, in figure 8, we show the total amount of NizC

/nm? formed applying Ni*/20keV, Ga'/20 keV and Ga'/30 keV irradiations of sample B asa



function of the square root of the applied fluence. Similar results were obtained if sample A

was irradiated.

4. DISCUSSION

In the discussion we will address two questions a./ how can asharp C/NisC rich layer
interface form, b./ how can we describe the growth of the Ni3C rich layer. In both cases we
will deal with aone dimensional problem.

4.1 Formation of the sharp interface between the carbon and the NizC rich layer.

Figure 6 aand b shows that there is a sharp interface between the C and Ni (containing NisC).
This means that a considerably amount of carbon is transport to the Ni layer, while the Ni
transport to the carbon layer is negligible, that is, the material transport during the ion
bombardment process is strongly asymmetric.

Asymmetric nature of material transport in the course of IBM has been demonstrated long
time ago. Norlund et al. [8] studied the IBM of Co/Cu and Ni/Cu layers by means of
molecular-dynamics simulation. They found that the production of vacancies and interface
roughening is asymmetrical; more Cu is introduced into the Co or Ni layers than vice versa,
and more vacancies are produced in the Cu layer than that in Co and Ni layers. The
asymmetric mixing was explained by the lower melting point of Cu. Chang et al. predict that
the elements of lower cohesive energy are more mobile causing the asymmetric mixing [9].
These explanations, however, are not applicable for our case, where C with much higher
melting point and cohesive energy than those of Ni, seems to be the more mobile species.
Stepanova devel oped a phenomenol ogical model to describe the asymmetric mixing
considering the kinematical factors as well as the changed sputtering yield due to compound
formation [21, 22]. However, the asymmetry found in our caseis so high, that it isunlikely

that one could find parameters using of which the given cal culation would describe our case.



Ballistic model based simulations generally predict that a sharp interface (two pure materias
in contact) broadens due to the ion bombardment resulting in an error function concentration
distribution. The parameter of the error function increases with fluence. Thisis exactly the
picture suggested by the SRIM [20] simulation (based on ballistic model) if we apply it for
our case. It predictsthat C entersto the Ni layer and Ni appearsin the C layer aswell. The
broadening of the interface is more or less symmetrical. The SRIM simulation cannot account
for the accumulation of the defects during the ion bombardment. The more refined TRIDYN
(TRIDYN_FZR, FZR-317 [23]) simulation (also based on ballistic model) gives amore
detailed description. According to the TRIDY N simulation, Ni penetrates to the carbon layer
and its penetration distance and concentration increase with fluence. Thus, the results of both
simulations disagree with the experimental finding, which shows a strongly asymmetric
material transport.

To understand our results we should first emphasize that AES depth profiling as well asthe
XTEM show the condition of the material after the final stable or metastable state is reached,;
thus, we study the condition after ion mixing and possible relaxation. To explain the
asymmetrical material transport found in our case let us first consider the measured
penetration of the projectiles.

The distributions of the implanted Ga measured on sample B using various fluences at 20 keV
irradiation energy are summarized in figure 9. The actually measured Ga densities are
multiplied to help the easier comparison of the curves (see later). The shape of the Ga
distribution is characterized by a maximum at the interface. In the figure, we also show (by a
line) the shape of the Ga distribution according to SRIM simulation (applying the same
bombardment conditions on the same sample structure). The simulated Ga penetration also
shows the maximum at the interface. The maximum based on the simulation can be explained

by the lower projected range of Ga” in the Ni layer (7.2 nm) than that in the C layer (17.7nm).



Because of the difference of the projected ranges, Ga accumulation at the interfaceis
expected.

The measurement of the implanted Ni distribution is not so straightforward since we cannot
distinguish between the implanted Ni and those originally in the Ni layer. Thus, we are
restricted to the measurement of the Ni distribution in the C layer. The atomic numbers of Ni
(28) ard Ga (31) are only dlightly different, thus Ni penetration and the mixing it causes
should be similar to that of Ga. Thisisreally the caseif we consider the ballistic model. In
figure 7, we show the Ni distribution (by aline) according to the SRIM simulation. The shape
issimilar to that of Gadistribution shown in figure 9. The maximum at the interfaceis
explained similarly as before; the projected ranges of Ni*/20 keV are 18.8 and 7.7, in C and
Ni, respectively. Thus, we expect that the distribution of the implanted Ni would be similar to
that of Ga. However, according to figure 7 the Ni distribution is strongly different from that
of Ga. It shows, at any fluence, a maximum within the C layer. Leaving the maximum toward
the interface the Ni concentration strongly decreases. Close to the C/Ni3sC rich layer interface
the Ni concentration is low; at lower Ni* fluences it even vanishes. Such behavior is
completely absent in the Ga distribution. This type of distribution can neither be explained by
the primary penetration of the Ni, nor with ion mixing, which supposes the transport of Ni to
the C layer. We can explain this distribution, however, assuming that after the primary
processes (primary ion penetration and ion mixing), during the relaxation process,
desegregation occurs; al Ni transported into C either as primary ions or mixed atomsin
some vicinity of the C/Ni interface, return either to the Ni layer or the Ni enriched region of
the C layer.

Exactly the same desegregation process should occur in the case of Gairradiation. Based on
the SRIM simulation it is clear that the IBM drives the Ni atomsto the C layer into a2-3 nm

thick layer. If the mixed Ni atoms remain there then if the next cascade hits that region
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(containing mixed Ni) it drives the Ni atoms even deeper. The TRIDY N simulation predicts
such a process, which isresulted in Ni penetration into the C layer. The missing Ni
penetration (figures 2,4,6) can only be explained by the Ni desegregation, which should occur
before the next cascade.

Similar explanation was applied for the IBM of Ag/Fe system. In that system the high energy
ion irradiation resulted in much less interface broadening than that expected based on the
ballistic model; to explain this result, it was supposed that the ballistic mixing is followed by

ademixing process [24,25].

4.2 The growth of NisC layer

Figures 5 aand b show that the density of the Ni3C does not depend on the fluence (except the
lowest fluences) applying either Ni* or Ga’ projectiles. The (constant) density of NisC
depends on the projectile, however. The thickness of the NisC rich layer, with constant NisC
density, increases with increasing fluence. This processis similar to any heterogeneous
compound formation on a surface e.g. silicon oxidation [26] or when melting or solidification
occurs. In al these cases, the diffusion driven materia transport results in a moving boundary
[27]. The corresponding differential equation (Stefan problem [27]) is Fick’s second equation
(in one dimension):

2
%: DE (1)
ot G

where the boundary conditions at the two interfaces are

a_C: H(C —1) a_C: kd_S
0x x=0 0x dat 'x=s

c isthe concentration of the reactant, s(t) isthe coordinate of the moving boundary H and k

are parameters describing the input and reaction of the reactant at the interfaces (the initial
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surface isfixed at x=0). According to the equations there is no compound formation in the
reacted zone (0<x<s(t)), which is saturated, thus the current of reactant entering at x=0, is
completely consumed at x=s(t). The solution of this equation provides s(t), that is, the growth
of the reacted zone as afunction of time. In steady state condition (9°c/dx ?=0) the solution
of equation (1) gives s(t)~t and s(t)~\t dependencies for low and high t, respectively. In
materials science, the most famous application of this equation is most likely the Deal-Grove
equation describing the oxidation of silicon [26].

Desimoni et a. [28] applied the same equation for the description of compound formation
during ion bombardment. In their approach, adsorption was replaced by the bombardment
induced current. They considered asymmetric and symmetric mixing as well. On the other
hand, they did not consider the actual concentration distribution, rather only the amount of
reacted material has been cal cul ated.

Considering our present experiment, for the first glance, this equation seemsto work properly.
A closer ook reveals some problems, however. Equation (1) assumes strong compound
formation (phase change) at the s(t) interface, and no compound formation in (0<x<s(t))
region, which is saturated. However, in our case a./ the NisC is a metastable compound with
positive heat of formation, b./ in the O<x<s(t)region thereis Ni + Ni3C, that is, the reacted
region is not saturated by NisC, c./ the compound- (undamaged) matrix interface is not sharp.
In the following, we show that despite of these, seemingly contradictory facts, our system
meets with the requirements above and the layer growth is similar to any heterogeneous
reaction.

4.2.1 Formation of NisC.

The heat of formation of NisC isin the range of +0.02-+0.05 eV determined by experiment
[29], and theory [30]; thusit is a metastable compound which cannot be formed in

equilibrium conditions. lon beam mixing is far from being an equilibrium process and thusiit
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can overcome the problem above. Really, IBM is frequently applied to produce various non-
equilibrium phases like amorphous alloys with negative or positive heat of mixing [1-9]. To
explain these phenomenait is frequently argued that the fast quenching is responsible for the
process. There are, however, explanations that are more refined. It was observed that
multilayer systems of immiscible elements could be converted by IBM to amorphous non-
equilibrium aloys[6,7]. In these cases the total energy of the system decreases despite of the
positive heat of formation of the alloy, since the mixing removes the high energy interfaces.
We can also find similar explanation for our case. We assume that the metastable Ni3C forms
according to the following chain of reactions:

Ni = Ni(int) + Ni(vac) (dueto Ga" or/and Ni* bombardment) 2.a

3Ni + Ni(vac) + C (int) = NisC 2.b

adding the two equation gives

4Ni + C = Ni3C + Ni(int) 2.c

where int and vac stand for interstitial and vacancy, respectively. The experimentally reported
formation energy of the self vacancy of Ni isintherange of 1.3- 1.85 eV [31]. Theformation
energy of NisC is+0.02-0.05 eV [29,30]. We have not found datafor the energy of the C
interstitial in Ni, but it should be positive. The energy of Ni(int) is supplied by the ion beam.
Thus, the energy balance is negative, since a high energy vacancy is annihilated in the
reaction, and thus the formation of the NisC compound is energetically favorable.

4.2.2 Layer growth

According to eg. 2 b, compound formation is only possible in regions where vacancies are
available. The Ga" and Ni™ projectiles evidently produce vacancies. The amount of vacancies
is calculated by the ballistic models. The actual vacancy concentration is somewhat uncertain,
however, since the ballistic models do not consider the relaxation processes. Experimentally

we cannot measure the vacancy distribution. The projectile distribution can be measured,
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however, and it is accepted that the vacancy distribution correlates with it; thus based on the
projectile distribution we can estimate the vacancy distribution. The Ga distributions were
measured, and are shown in figure 9. The measured densities are multiplied by factors given
in the figure to make the comparison easier.

The depth distributions of Ga produced by various fluences in the range of 100 - 400 Ga'/nm?
(afactor of 4 change in fluence) are rather similar. In case of fluence 600 Ga'/nm?a new
feature also appears, while at low fluence (50 Ga'/nm?) the signal is too much noisy for
comparison.

The similarities of the Ga distributions can be explained by considering that at these
bombardment conditions the carbon sputtering yield is low, consequently the thickness of the
carbon layer only slightly decreases, which decrease is balanced by the presence of the
implanted Ga atoms. Therefore, the penetration of the Ga does not change strongly as a
function of fluence, thus the shape of the Ga distribution also does not change as a function of
fluenceif we are in the given fluence range. That is, the only change with increasing fluence
isthe density increase of the Ga, maintaining the same shape. At higher fluence ranges, where
the removal of the carbon cannot be neglected, the Ga distribution begins to change.

From the point of view of vacancy production we suppose that a threshold concentration of
vacancies necessary for compound formation. Since the vacancy concentration correlates with
the Ga concentration, the Ga concentration should exceed also athreshold concentration for
the compound production. It also follows that the thickness of the compound should increase
with increasing fluence, since the necessary threshold density of Ga moves deeper with
increasing fluence; consequently there should be a correlation between the Ga penetration and
carbide formation. Thisisreally the case. In figure 10 we show the Ga and NizC density
distributions as a function of depth for fluences ranging from 50 Ga'/nm? to 600 Ga'/nm?. To

show the relative position of the Gaand Ni3C distributions, the distributions are shifted to
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have the same depth for the NisC/pure Ni transitions. It is clear that relative position of the
two distributions is unchanged while the fluence increases by more than a factor of 10. This
correlation supports the assumption that compound formation occurs if the vacancy
concentration exceeds athreshold value.

The same vacancy-mediated Ni3C formation processis responsible for the projectile
dependent NizC density; figures5 aand b show that applying the same bombarding energy

Ni irradiation results in higher concentration of the NisC than that produced by Ga irradiation.
Though the two projectiles are rather similar, SRIM calculation predicts more vacanciesin the
Ni for Ni* irradiation than that for Ga" irradiation. This also supports the assumption that the
number of created vacancies determines the compound formation.

We can also account for the problem of saturation. Obvioudly if there are no more vacancies
available the reaction stops. Thus, the saturation in the O<x<s(t)region is connected to the lack
of vacancies and not to the availability of Ni atoms; the coexistence of the NisC and Ni does
not mean that the region is not saturated.

The fluence dependence of the Ni3C can aso be explained. Figure 8 shows the total amount of
Ni3sC produced as afunction of square root of fluence. It is clear that there is a square root of
fluence, V&, dependence if the fluenceis higher than 100 Ga'/nm? and 80 Ni*/nm?,
respectively, agreeing with the prediction of equation (1). At low values deviation occurs
from this dependence, which might be explained by experimental inaccuracies (the AES depth
profiling aso makes carbides) or according to equation (1), which predicts at lower fluences,
alinear fluence dependence instead of the square root one. The coefficients of the two
dependencies are different, thus the fluence dependence of compound formation shown in
figure 8 might be also explained by equation (1).

The usual solutions of the Stephan problem predict sharp transitions on both interfaces. These

can be accepted if we deal with melting or compound production of high energy of formation.
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Even in these cases the discontinuous concentration distribution poses mathematical
problems. It has been shown, however, that supposing a homogeneous reaction, a broad
interface on the growing side [32] is possible, asin our case.

Summarizing; the observed compound formation was found to be a vacancy assisted solid
state reaction, and the kinetics of the growth of the compound layer is described by equation
(2). This processis expected to occur for other material pairs as well, where the above
conditions apply. E.g. we have observed that the irradiation of Si/Cr layer pair by 30 keV Ga’
ions also resulted in a broad intermixed layer with sharp interface [ 33].

In this experiment applying broad or/and overlapping ion beams, we have produced an
imbedded layer containing a non-equilibrium compound, which allowed an easy structure and
chemical characterization. Obviously, using the same arrangement but applying finely
focused ion beam and irradiating not overlapping regions, one can produce nano particles of
desired size (limited by the beam size). The lateral arrangement of the imbedded nano

particles can follow any tailored pattern because of the versatile control of the FIB.

5. Conclusions

The interface of C/Ni bilayer was bombarded using Ga™ and Ni™ projectiles of energiesin the
range of 20-30 keV. The ion bombardment resulted in a asymmetric materia transport, C had
been transported to Ni, but not vice versa. Because of the asymmetric material transport, the
carbon/Ni3C rich layer interface was found to be sharp. The carbon transported to the Ni layer
formed metastable Ni3zC compound. The concentration of the NizC compound depended on
the type of projectile. With increasing fluence only the thickness of the NisC rich layer
increased but not the concentration of the NizC. The total amount of Ni3C produced by the
irradiation was found to be proportional to the square root of the fluence at lager fluence

values.
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The sharp carbon/Ni3C rich layer interface could be explained by relaxation processes; the Ni

transported into the C layer by the cascade mixing, returnsto the Ni layer by means of

desegregation. Metastable NizC formation was explained by a vacancy mediated process,

while the fluence dependence of the layer growth can be described by diffusion equation

considering a moving boundary.
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Figure captions

1.

2.

XTEM image of the as received sample B.

XTEM image of irradiated sample B. Irradiation: Ni*, 20 keV, 200 ions/nm?.

a. The whole as measured AES depth profile (Auger signal vs. sputtering time) of
sample B irradiated by Ni* (20 keV, 200 ions/nm?). b. The beginning part of the
profile shown in figure 3 a.

The as measured AES depth profile of sample B irradiated by Ga’ (20 keV, 200
ions/nm?).

NisC density profile measured on sample B. a. projectile Ni* (20 keV). b projectile
Ga'. The parameters in the figure are the fluences (unit, numbers of ions'/nm?) and
energies applied.

The Ni (a) and C (b) density profilesin case of Ga" (20 keV) irradiation. The
parameters in the figure are the fluences (unit, numbers of Ga" ions/nm?) applied.
The Ni density profilesfor Ni* (20 keV) irradiation. The parameters in the figure are
the fluences (unit, numbers of Ni* ions/nm?) applied. The line shows the shape of the
Ni distribution according to SRIM simulation.

The total amount of NisC / nm? produced by various projectiles and energies as a
function of the square root of fluence (unit, numbers of ions/nm?).

The Gadensity profilein sample B at 20 keV Ga’ bombardment. The measured
density values are multiplied by the factors shown in the figures to make the
comparison easier. The parameters in the figure are the fluences (unit, numbers of Ga’
ions/nm?) applied. The line shows the shape of the Ga distribution given by SRIM

simulation.

10. The Ga (line) and carbide (symbol) density profiles. Parametersin the figure are the

fluences (unit, numbers of Ga* ions/nm?) applied. Sample B, Ga' 20 keV. The
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distributions are shifted to have the same depth for the NisC/pure Ni transitions.
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Figures

‘.

i

Figure 1. XTEM image of the as received
sample B.

Figure 2. XTEM image of irradiated sample

B. Irradiation: Ni*, 20 keV, 200 ions/nm?.

22




(a)

Auger intensity p-p (a. u.)

5000

b o) +—
o ) )
) ] )
o o o

0 20 40 60 80 100

sputtering time (min.)

< b 0O O

Ni
Si

Ni3C

Figure 3. a The whole as measured AES depth profile (Auger signal vs. sputtering time) of
sample B irradiated by Ni* (20 keV, 200 ions/nm?).
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Figure 3b. The beginning part of the profile shown in figure 3 a.
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Figure 42. The as measured AES depth profile of sample B irradiated by Ga" (20 keV, 200
ionsg/nm®).

(a)

25
=
% 20 o 25
= e 50
= 2 A 100
'z 200
2 10 O 400
& o 600
ZA

0

depth (nm)

Figure 5. aNisC density profile measured on sample B; projectile Ni* (20 keV). The
parametersin the figure are the fluence (unit, numbers of ions/nm?)/ ion energy (keV).
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Figure 5. b. Ni3C density profile measured on sample B; projectile Ga'. The parametersin the
figure are the fluence (unit, numbers of ions/nm?)/ ion energy (keV).
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Figure 6. The Ni (a) and C (b) density profilesin case of Ga" (20 keV) irradiation. The
parameters in the figure are the fluences (unit, numbers of Ga* ions/nm?) applied.
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Figure 7. The Ni density profiles for Ni* (20 keV) irradiation. The parameters in the figure are
the fluences (unit, numbers of Ni* ions/nm?) applied. The line shows the shape of the Ni

distribution according to SRIM simulation.
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Figure 9. The Gadensity profilein sample B at 20 keV Ga" bombardment. The measured
density values are multiplied by the factors shown in the figures to make the comparison
easier. The parameters in the figure are the fluences (unit, numbers of Ga* ions/nm?) applied.
The line shows the shape of the Ga distribution given by SRIM simulation.
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Figure 10. The Ga (line) and carbide (symbol) density profiles. Parameters in the figure are
the fluences (unit, numbers of Ga' ions/nm?) applied. Sample B, Ga* 20 keV. The
distributions are shifted to have the same depth for the NizC/pure Ni transitions.
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