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In the course of thin film growth by co-deposition of low energy mass selected carbon and metal(Au or Fe)
ions, an effect of self-organization was found. Although carbon and metal ions were deposited quasi-
simultaneously, a multilayer film structure of alternately metal-rich and metal-deficient layers was grown. The
period of these layers is of the order of a few nanometerss,6-20 nmd, and the metal-rich layers consist
of metallic nanocrystals. The multilayer formation process is discussed in comparison with earlier studies on
C-Cu and C-Ag films with respect to the structural properties of small clusters of the different metals, the
influence of sputtering yields, and the deposition parameters. For a variety of compound thin film materials we
expect a multilayer structure to develop during simultaneous sputter deposition or ion beam deposition of the
components. The suppositions for this scenario are:(a) the deposited elements are immiscible or there are
immiscible phases of a compound material,(b) the sputtering yields of the film components imposed by the
impinging species are in an appropriate range, and(c) one compound segregates at the surface.
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I. INTRODUCTION

Nanostructured materials, especially those that can be
synthesized into any kind of ordered structure in a controlled
manner, are currently of great interest. These materials are
expected to constitute the principal component of most fu-
ture electronic devices. In order to develop production tech-
niques of industrial interest, a thorough understanding of the
mechanisms governing the growth of different nanostruc-
tures is essential. Of course, the number of different methods
of synthesis in thin film processing is very large, and the
mechanisms differ greatly. The deposition of hyperthermal
species, i.e., species with energies of.1 eV, is an athermal
process and leads to a subsurface growth of thin films. It can
be used to synthesize materials such as tetrahedrally bonded
amorphous carbon,1 cubic boron nitride thin films,2 or even
nucleate diamond.3 Hyperthermal deposition techniques
comprise methods such as ion beam assisted deposition4 or
deposition of low energy ions.5 Among all hyperthermal spe-
cies deposition techniques, the mass selective ion beam
deposition is especially suitable for exploring growth mecha-
nisms as the deposition parameters can be chosen indepen-
dently and only the selected species(e.g., singly charged
ions) contribute to the film growth.

Self-organization effects have been reported on scales of
almost any order of magnitude.6 They are of considerable
value for the generation of low-dimensional semiconductor
structures, as lithography and etching-based fabrication are
complicated processes. A number of examples is given by
Moriarty:7 Semiconductor nanoclusters with narrow size dis-
tributions grow self-assembled on semiconductor substrates
due to a lattice mismatch of the cluster and substrate mate-
rials. Also, lateral positioning of clusters can be controlled by
using a suitably prepared substrate. A formation of a
multilayer film structure with layer periods in the order of
nanometers is known, for instance, from layer-by-layer

self-assembly8 or Liesegang patterns.9 The layer-by-layer
self-assembly process relies on the self-assembled adsorption
from alternately polyanionic or polycathionic aqueous solu-
tions onto a substrate. Liesegang patterns, which can be cre-
ated by implanting specific impurities into a material, are
experimentally closer to our work. The impurity concentra-
tion profile is approximately a Gaussian distribution centered
at the mean ion range given by the implantation energy. Un-
der thermal treatment, the concentration gradients lead to
diffusion. Successional crystallization of a certain phase at a
specific concentration then results in a multilayer film struc-
ture. The thermodynamic effect behind many cases of self-
organization is the spinodal decomposition.10 In the case of
supercooling, an alloy is unstable against concentration fluc-
tuations when the second derivative of the molar free energy
with respect to the concentration of one component is nega-
tive. This results in a negative interdiffusion coefficient.

Recently, Wu and Ting found a self-organized formation
of alternately metal-rich and metal-deficient multilayers of
carbon-metal films gown by sputtering deposition.11 The en-
ergies of the species deposited by sputtering techniques are
explicitly smaller than for hyperthermal ion deposition. Wu
and Ting explain the multilayer formation taking surface ef-
fects and deposition rates as well as the catalytic behavior of
metals into account.

In this paper, we report on an effect of self-organization in
the course of co-deposition of carbon and metal ions into
multilayer thin films. Such a film morphology is found for
composites of carbon and gold as well as carbon and iron.
The samples discussed in this study were not thermally
treated or subjected to heating during the deposition process.
Furthermore, they do not resemble a supercooled liquid at
any stage of the deposition process. The formation mecha-
nisms will be discussed, taking into account the results from
previous studies on films grown by co-deposition of carbon
and either copper or silver ions.12,13While the carbon-copper
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films consisted of nm-sized copper clusters embedded in an
amorphous carbon matrix, the silver fully segregated at the
surface of the films and was either sputtered away in the
deposition process or accumulated to form clusters at the
surface. In order to explain the morphologies of the different
composites, the properties of small clusters of each metal
will be considered. The formation of a multilayer structure
will be explained in a model considering basic ion-solid in-
teraction processes, such as sputtering and ion beam induced
atomic rearrangements within the film.

II. EXPERIMENT

Carbon-metal composite thin films were grown by mass
selective ion beam deposition(MSIBD). This unique method
allows a very clean film growth with well definable deposi-
tion parameters; only the selected ions with the given kinetic
energy contribute to the film growth.14 We used12C+ and
197Au+ or 56Fe+ ions, respectively, for the co-deposition of
thin films onto silicon substrates. Au is noncarbide forming
and immiscible with carbon.15 The carbide forming metal Fe
was chosen for comparison. All samples were grown at room
temperature and pressures ofø10−6 mbar. In order to grow
the C-Au films,197Au+ and 12C+ ions were produced in a
Penning sputter ion source with an extraction voltage of
22 kV. While a Penning sputter ion source allows one to
produce an Au ion beam current large enough for film depo-
sition, it also has the disadvantage of a rather broad ion en-
ergy distribution(,40 eV under the present source param-
eters). A hot filament hollow cathode ion source with a much
better energy resolution was used to produce56Fe+ ions, and
the extraction voltage was 30 kV. Isotopically pure ion
beams of12C+ and an isotope of the particular metal were
alternately selected by a sector magnet and focused into the
deposition chamber by an ion optical setup. The beam was
scanned over the substrate by a beam sweep in order to en-
sure a laterally uniform film growth. Before impinging on
the substrate, the ions were decelerated to the desired kinetic
energy. The deposited ion charge derived from the time-
integrated measurement of the ion current on the substrate
was used to rapidly switch the separation magnet between
the different ion species in order to grow composite films
with a predefined composition. A fluence of at most
1015 ions/cm2 per switching cycle was divided into the de-
sired carbon-metal fluence ratior fluence= fC/ fM, wherefC and
fM are the carbon and metal fluence fractions, respectively.
By repeating these cycles about 1000 times, films of typi-
cally about 50 nm thickness were grown. The implantation
profiles at these values overlap almost perfectly and deposi-
tion in this manner resembles the simultaneous deposition of
both ion species. In this way, homogeneous film growth has
been achieved for various binary compounds, such as cubic
boron nitride, boron carbide, or carbon nitride.16–18 A uni-
form distribution of nm-size Cu crystals embedded in an
amorphous carbon matrix was also grown in the same
manner.12,13A more detailed description of the experimental
setup and theoretical treatment of the deposition process can
be found elsewhere.17,19 For each of the carbon-metal com-
posite thin film systems, a set of samples was deposited with

different carbon-metal fluence ratiosr fluence. The deposition
parameters are listed in Table I.

The carbon ion energy was chosen to be about 100 eV,
where the maximumsp3 bonding content is to be expected.20

The metal ion energy should be selected at a lower value
(i.e., 40 eV for the C-Fe films) in order to avoid severe
sputtering. For the C-Au films, however, the ion energies
could not be chosen independently for both ion species, and
smaller energies are difficult to achieve due to the properties
of the experimental setup. Under the given conditions, ions
are implanted about 1–3 nm below the substrate surface.
This is a process far from thermodynamic equilibrium and
often described as subplantation or deposition of hyperther-
mal species.21,22

The films were analyzed by Rutherford backscattering
spectroscopy(RBS) in order to determine the integral film
composition and obtain a depth profile of the metal atom
concentration. RBS was performed at the Göttingen heavy
ion implanter IONAS,23 using 900 keV He2+ ions. For this
ion energy, the electronic stopping power reaches its maxi-
mum and therefore provides a high depth resolution of
&10 nm. The He2+ ion beam was aimed at each sample per-
pendicular to the sample surface, and the detector was placed
at an angle of 168.5° with respect to the incident ion beam
direction. The RBS data were analyzed using theRUMP and
NDF software packages.24,25 High resolution transmission
electron microscopy(HRTEM) and energy dispersive x-ray
spectroscopy(EDX) were conducted on a Philips CM
200–UT equipped with a field emission electron source. The
scanning mode of the microscope allows the measurement of
EDX line scans along a defined path. This makes it very
convenient for a qualitative depth-resolved analysis of the
metal concentration of the thin film structures. One C-Au
sample with a sufficient amount of Au was analyzed by x-ray
diffraction on a Bruker AXS D8 x-ray diffractometer
equipped with a Cu anode. The x-ray wavelength applied
was 0.154 nm.

Sputtering is one of the major factors influencing the film
growth by ion beam deposition. We usedSRIM26 calculations
to estimate the sputtering yields of Au by Au and C ions(see
Table II). Comparison of these sputtering yields with the
RBS composition analyses gives insight into the growth
mechanisms, as sputtering is a surface effect. Table II also
includes SRIM sputtering yields of Cu and Ag. These are
necessary for comparison.

III. RESULTS

In the following we present the results of transmission
electron microscopy(TEM), EDX and RBS analyses on the
C-Au and C-Fe films.

TABLE I. Overview of the deposition parameters. All samples
were deposited at room temperature ontop-Si (100) substrates.

r fluence

C+ ion
energy[eV]

Metal+ ion
energy[eV]

Total film
thicknesses(nm)

C-Au 4–19 100–150 100–150 40–60

C-Fe 1–19 100 40 25–30
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A. Carbon-gold films

Figure 1 depicts an overview transmission electron micro-
graph of the entire cross section of a C-Au sample deposited
with a carbon-gold fluence ratio ofr fluence=4. A multilayer
structure is clearly distinguishable in the overview micro-
graph with layer distances between 3 and 15 nm. The first
dark layer following the interface to the Si substrate is a
mixture of C, Au, and Si atoms formed at the beginning of
the deposition process when the first incoming ions were
subplanted into the topmost nanometers of the Si substrate.
The successive layers are alternately Au-deficient and Au-
rich. The layer structure was verified by EDX line scans
across the film(not shown). The sectors indicated in the
overview micrograph were analyzed in high resolution mode
(see insets of Fig. 1). These micrographs reveal a nanocrys-
talline structure in the Au-rich layers and an amorphous
structure in the Au-deficient regions. Fourier transformations
of the micrographs of the crystalline particles match the
{111} lattice plane spacing of Au of 0.24 nm. An x-ray dif-
fractogram of this sample shows several Au signals. Using
the Scherrer formula,27 an approximate average cluster diam-
eter of 5 nm from the linewidth of the Au(111) signal can be
derived. Figure 2 shows the RBS spectrum of the sample
shown in the TEM micrograph of Fig. 1. The Au signal ex-
hibits a double peak structure, which indicates an inhomoge-
neous Au concentration depth profile. Using the information
gained from TEM for aRUMP analysis of the appendant RBS
spectrum, one obtains the simulated plot depicted in Fig. 2.
The inset of Fig. 2 accounts for the assumed layer composi-
tion for the RUMP simulation. The first two gold-rich layers
give rise to the higher energy peak of the spectrum, the lower

energy peak is dominated by the third gold-rich layer and the
mixture layer leads to a slight shoulder to the lower energy
side of the signal. However, as the layer periods partly fall
below the depth resolution of the RBS setup, the results
should not be over interpreted. The integral film composition
determined from the RBS spectra of all samples reveals that
there is a significant shortage of Au compared to the depos-
ited Au ion fluence. About 50% of the deposited Au atoms
are sputtered off the film.

B. Carbon-iron films

Although the C-Fe system is very different from the
C-Au system, these films show similar layer structures. Fig-
ure 3 shows a TEM micrograph of a sample deposited with a
carbon-iron fluence ratior fluence=4. The dark layer at the
substrate interface is a Si-C-Femixture phase similar to the
Si-C-metal mixture phases described above for the C-Au
films. EDX confirms that the subsequent brighter layers seen
in Fig. 3 are deficient in iron compared to the iron-rich
darker layers. From TEM and the EDX line scan we can
derive the period of the iron-rich layers to about 6–7 nm.
The Fe areal densities of the films measured by RBS re-
semble the deposited iron ion fluences(see Fig. 4). As obvi-
ously no sputtering of Fe atoms off the film surface occurs,
we deduce that the surface consists of only C atoms during
the entire deposition process. Therefore, the interface indi-
cated in Fig. 3. between the sample surface and the glue used

TABLE II. SRIM calculated self-sputtering yieldssMM (M=Cu, Ag, Au) and sputtering yieldssCM of
metal atoms by incident carbon ions of the respective energies.

Ion impinging
on Cu

sCuCu

sCCu

Ion impinging
on Ag

sAgAg

sCAg

Ion impinging
on Au

sAuAu

sCAu

40 eV Cu+ 0.10 60 eV Ag+ 0.18 100±30 eV Au+ 0.37

80 eV C+ 0.22 80 eV C+ 0.04 100±30 eV C+ 0.03

FIG. 1. TEM micrographs of a self-organized C-Au multilayer
film deposited with a carbon-gold fluence ratio ofr fluence=4. The
layer structure is clearly visible. The augmentations show crystal-
line particles in the darker layers and an amorphous structure of the
brighter layers.

FIG. 2. RBS spectrum of a sample deposited with a carbon-gold
fluence ratio ofr fluence=4. The Au signal exhibits a double peak
structure that indicates a multilayer morphology of the film. The
inset shows the layer sequence that was assumed for the simulation
of the spectrum. The layer thicknesses, starting from the surface, are
3.5, 2.5, 5, 7, 6.5, and 15 nm. The mixture layer has a thickness of
2.5 nm.
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for preparation can only be estimated: the glue cannot be
distinguished from the amorphous carbon in the micrograph
and the carbon signal in the EDX line scan shows no notable
change, as the glue also contains a significant amount of
carbon.

Not all of the RBS spectra measured for the C-Fe films
show a double peak structure of the metal signal as is the
case for the C-Au films. A double peak Fe signal is only
observed in the RBS spectrum of the film of the lowest Fe
concentration of 5%. For higher Fe contents, the distances
between the layers are too narrow to be resolved by RBS.

IV. DISCUSSION

First, we exclude that the formation of the multilayers is
an experimental artifact. The results of the TEM and RBS

depth profile analyses are in good agreement. Therefore, we
can eliminate the possibility of TEM sample preparation ar-
tifacts. Furthermore, the number of layers in the multilayer
films (e.g., the sample depicted in the micrograph in Fig. 2)
is about three orders of magnitude smaller than the number
of switching cycles during deposition, and the deposited flu-
ence for each cycle is far too small to account for the layer
thicknesses. The multilayer structure is therefore not a result
of a rapid sequential deposition process but a form of self-
organization.

In order to understand the structure formation during ion
beam deposition, we have to take into account an atomic
transport mechanism inside the film, which can either be
thermally activated or ion induced. All the samples were
grown at room temperature. The ion current densities were
low (,15 mA/cm2) and did not cause any global heating of
the sample. Previous studies by Krögeret al.28 showed no
diffusion of Cu and Ag and several other elements upon ther-
mal treatment up to 1000 °C within diamond-like amor-
phous carbon environments. Thus, we exclude thermally ac-
tivated diffusion of atoms within the films and Ostwald
ripening, a basic process leading to cluster formation. In-
stead, we consider ion induced transport processes as de-
scribed in the following: according to various models de-
scribing the film growth with ion beam deposition
techniques, an incoming ion severely changes the atomic
structure of the close environment of its path(subplantation
models by Lifshitz and Robertson,21,22,29,30stress models by
Davis and McKenzie,31–33 cylindrical thermal spike model
by Hofsäss.19) For the ion energies chosen in the experiment,
these models suggest significant atomic rearrangements
along the length of the ion pathrIs,1–3 nmd during a time
scale of about 10−12 s, before the impact energy is dissipated.
The cylindrical thermal spike model predicts typically 10–20
rearranged atoms per ion impact. The processes involved are
far from thermodynamic equilibrium and the material does
not resemble a supercooled liquid at any stage of the depo-
sition process. A description on the basis of spinodal decom-
position is therefore not applicable. Furthermore, spinodal
decomposition would not be able to account for the forma-
tion of a multilayer structure in the C-Au and C-Fe case on
the one hand and a homogeneous cluster formation, as it was
found for C-Cu films13 on the other hand.

Let us consider a random walk diffusion of metal atoms,
where each diffusion step is triggered by a single ion impact.
A given metal atom in the collision cascade volume is rear-
ranged approximately once for each ion impact process,19

and we assume that it travels a distance of one typical atom
spacinga (<0.15 nm for amorphous carbon). Once the film
thickness has increased by the mean ion rangerI, we esti-
mate that successive ion impacts have resulted inN
<102–103 rearrangement steps of a particular atom. If we
assume a uniform three-dimensional random walk diff-
usion,34 the average traveled distancex̄=Î3Na2 results in
2–5 nm. This is sufficient to account for the cluster forma-
tion within an amorphous carbon matrix as well as the trans-
port of atoms to the film surface if the diffusion direction is
preferentially oriented.

FIG. 3. (Top) HRTEM micrograph of the C-Fe film containing
20% Fe. The darker stripes contain a larger number of crystalline
iron carbide clusters, whereas the brighter areas consist of amor-
phous carbon.(Bottom) EDX line scan of the same film. The iron
signal varies periodically over the whole depth of the film, clearly
exhibiting 4 maxima with distances of 6–7 nm. The maxima of the
Fe signal correspond to the darker layers in the micrograph.

FIG. 4. The iron areal atomic density of the films is given in
dependence of the deposited iron ion fluence. All iron atoms are
fully incorporated into the films. Apparently, iron is not subject to
sputtering.
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A. Three cases of structure formation

We will now describe the multilayer formation for the
immiscible case of C and Au and the case of the carbide
forming metal Fe in comparison with the formation of a
uniform cluster distribution found for C-Cu films and a com-
plete surface segregation of Ag in the case of co-deposition
of C and Ag ions. We will consider ion-solid interaction pro-
cesses along with the properties of small clusters of the re-
spective metal:

(i) The case of uniform cluster distribution: carbon-copper
films depostited using MSIBD consist of nm-sized copper
clusters distributed uniformly within an amorphous carbon
matrix.13 The mean cluster diameter is tunable between about
3.5 and 9 nm by selecting different ion fluence ratios
r fluence=19. . .1.

As described above, we assume that a copper atom within
the film moves one typical atom spacing into a random di-
rection with each ion impact in its immediate neighborhood.
When it meets another Cu atom, a dimer will be formed.
This dimer(or a cluster of a small number of atoms that is
formed in a subsequent process) is assumed to be stable un-
der further ion impacts. Since copper is immiscible with car-
bon, the formation of precipitates is energetically favorable.

This scenario is supported by studies on the stability of
small copper clusters: in an experiment by Chey, Huang, and
Weaver,35 Cu clusters were attempted to be moved across
Sis111d-s737d surfaces using the tip of a scanning tunneling
microscope(STM). The Cu clusters could not be moved and
broke, when the applied force was too strong. A theoretical
examination shows that small Cu clusters have geometrical
structures with icosahedral packing36 and are rather rigid. We
can therefore assume Cu clusters to be stable against ion
impact at the regarded energies. The clusters can grow as
newly deposited Cu atoms encounter them in their ion im-
pact triggered random walk. A rather homogeneous cluster
distribution within the amorphous carbon matrix arises. The
mean cluster size is related to the average metal concentra-
tion and the mean traveled pathx̄ of Cu atoms. The cluster
diameters are expected to be a few nm, which is confirmed
by TEM of C-Cu films.

Under steady-state conditions, the sputtering yield for
metal atoms per incoming metal ion is given by

SM = r fluencesCM + sMM , s1d

wheresCM andsMM are the sputtering yields of metal atoms
due to impinging carbon ions and the respective metal ions if
a metal surface is assumed. The sputtering loss of metal at-
oms, however, also depends on the respective average sur-
face concentrationcsurf, which should be proportional to the
metal ion fractionfM in the case of isotropic ion triggered
diffusion. From the RBS analysis of the C-Cu samples,13 we
find an average sputtering loss ofSM =0.21±0.05. A depen-
dence on the metal ion fractionfM cannot be claimed from
the RBS results, as the errors are too large. However, the
experimental values are in accordance with the calculated
valuescsurfSM

SRIM, as shown in Table III.
(ii ) The case of metal surface segregation: in preliminary

studies we found that the co-deposition of C+ and Ag+ ions,
similar to the way described above, resulted in a complete
segregation of the Ag atoms at the surface, where they either
formed clusters or were nearly completely sputtered off the
film.12 We therefore assume that small Ag clusters that may
have formed in the ion impact triggered diffusion process do
not resist successive ion impacts and the Ag atoms are dis-
persed. This assumption is in agreement with the abovemen-
tioned experiment by Chey, Huang, and Weaver.35 The at-
tempt to move Ag clusters across the Sis111d-s737d
surfaces with the STM tip was successful and resulted in a
track of Ag atoms along the path the cluster was moved(an
effect described asnanopainting). Furthermore, a theoretical
analysis shows that Ag clusters can be well described by an
ellipsoidal jellium model that neglects the geometrical
structure37 and can be regarded as liquid droplets in contrast
to the rigid Cu clusters.

The Ag atoms are eventually transported towards the sur-
face. The driving forces behind the surface segregation are
most likely the density gradient and the compressive stress
that is characteristic for ion beam deposited films. We as-
sume that this scenario also applies to the case of the
C-Au films, as small Au clusters can also be described by a
liquid drop model.38

The Ag or Au atoms that reach the sample surface in the
course of ion impact induced diffusion are then subjected to
severe sputtering.31–35 This is in agreement with the results
from the RBS analysis, which in this case have to be com-

TABLE III. Total sputtering yield induced by both carbon and metal ions. The valuesSM
SRIM=r fluencesCM+sMM were calculated using the

sputtering yields given in Table II. TheSM
RBSvalues were determined from RBS measurements. In the C-Cu case, these have to be compared

with the values ofcsurfSM
SRIM, as the sample surface contains only a fractioncsurf= fM = fC/ r fluenceof Cu atoms.

r fluence

Cu Ag Au

SM
SRIM SM

RBS csurfSM
SRIM SM

SRIM SM
RBS SM

SRIM SM
RBS

19 0.94 0.90±0.04 0.94 0.50±0.3

9 2.08 0.38±0.10 0.21 0.54 0.95±0.04 0.64

4 0.98 0.26±0.11 0.20 0.34 0.69±0.04 0.49 0.50±0.3

2.33 0.61 0.12±0.14 0.18 0.27 0.44±0.04

1.5 0.43 0.20±0.13 0.17

1 0.32 0.10±0.14 0.16
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pared directly to the values calculated from Eq.(1), because
almost all metal atoms segregate at the film surface and are
therefore subjected to sputtering. For both, C-Ag and C
-Au films, RBS analysis reveals larger sputtering losses of
metal atoms than for the C-Cu films. The measured sputter-
ing losses vary between 0.44±0.04 and 0.9±0.04 for Ag and
are about 0.5±0.03 for Au.

Considering a given metal that segregates at the surface,
there are two possible cases: either the sputtering yieldSM
given by Eq.(1) is greater than 1. Then, all metal atoms are
sputtered off the film. Or the sputtering yield depending on
the ion fluence ratio and the ion energies isSM ,1. This
results in an accumulation of metal atoms at the surface, as
the supply of metal atoms by the incident ion beam exceeds
the sputtering losses. While the clusters grow on the film
surface, incoming C+ ions contribute to the growth of a car-
bon layer underneath. Eventually, spaces in between clusters
are filled with carbon and the cluster layer is buried under-
neath a newly forming carbon layer. As long as the incoming
metal ions reach the buried clusters when being subplanted
into the film or during their rearrangement steps, they further
contribute to the cluster growth of the buried layer. If not,
they will again segregate at the newly forming carbon film
surface. There, they form a new layer of metal clusters as
incoming C+ ions contribute to the growth of a metal-
deficient layer separating the cluster layers. This applies in
general to both the C-Au and C-Ag cases. The sputtering
yield SM is notably smaller than 1 for the C-Au samples that
showed a multilayer structure. For the C-Ag samples, the
sputtering yieldSM is close to 1 and it requires a very high
fluence to form a surface cluster layer. Thus, we find only the
beginning of a multilayer structure formation, i.e., Ag clus-
ters on top of an amorphous carbon film.

(iii ) The case of carbon surface segregation: this case ap-
plies to the C-Fe films. Iron carbides are rich in Fe(we
assume the most frequent Fe3C),39 whereas the samples re-
ported on in this article bear an average Fe content of 5%–
20% at. Fe. Therefore, iron carbide clusters embedded in an
amorphous carbon matrix will form. The deposited Fe ions
accumulate in a buried iron carbide cluster layer until the
Fe3C stoichiometry is reached. The excess C atoms are trans-
ported out of the Fe3C layers, most likely towards the sur-
face, due to ion induced rearrangements. As a result, a pure
carbon surface layer emerges. No Fe atoms are lost due to
sputtering, because they are not transported to the surface in
the deposition process. With increasing thickness of the
amorphous carbon surface layer, the deposited Fe ions can-
not reach the buried iron carbide cluster layer anymore, and
a new iron carbide layer grows, separated from the previous
one by a thin carbon-rich layer. As a result, a multilayer film
structure evolves.

B. Estimation of the multilayer period

Now, we will estimate the period of the layer structures
for the case of metal surface segregation, i.e., the C-Ag and
C-Au films, based on sputter yield data and ion fluences.
The films were deposited with a carbon-metal fluence ratio
r fluence. We apply the metal’s bulk atomic densitynM and the

bulk density of graphitenC. The total sputtering yieldSM of
the metal per incoming metal ion is extracted from RBS
measurements and can, for comparison, be calculated from
the SRIM data by Eq.(1). The sputtering yield of carbon by
metal ions is zero for all conditions under investigation and
the sputtering yield of carbon by carbon ionssCC<0.1. The
covering of the carbon layer with a layer of metal clusters
may be incomplete, which is described by the covering fac-
tor c. The thicknessdM of the layer of metal clusters is taken
from experimental data(TEM micrographs). The areal den-
sity NM in this metal cluster layer isNM =nMdMc. Using this,
we calculate the necessary total metal fluenceFM that has to
be deposited in order to grow one metal cluster layer and
account for sputtering losses and the fraction of dispersed
metal atoms that remain within the matrix, wherefsurf gives
the fraction of deposited metal atoms segregating at the sur-
face

FM =
NM

s1 − SMdfsurf
=

nMdMc

s1 − SMdfsurf
. s2d

The corresponding total fluence of carbon atoms is larger
thanFM by a factor of the carbon-metal fluence ratior fluence

FC = r fluenceFM . s3d

The deposition of this amount in addition to the fraction
s1− fsurfd of dispersed metal atoms and lacking the amount of
sputtered C atoms leads to a thicknessdC of the carbon layer
of

dC =
FCs1 − sCCd

nC
+

FMs1 − fsurfd
nm

. s4d

Applying Eqs.(2) and (3) to Eq. (4), the periodt=dM +dC
results in

t = dMF1 +
nMc

s1 − SMdfsurf
3 S 1

nC
r f,fluences1 − sCCd

+
1

nM
s1 − fsurfdDG . s5d

This expression can be simplified if we assume a full segre-
gation of the metal atoms at the surface, a complete coverage
for the metal cluster layer, and negligible carbon sputtering(
fsurf=1, c=1, sCC=0)

t < dMF1 +
nM

s1 − SMd
r fluence

1

nC
G . s6d

Instead of a rectangular metal cluster layer with thicknessdM
we should rather assume a layer with Gaussian concentration
profile of the same areal density with a full width at half
maximum (FWHM) value taken from the TEM and EDX
analysis. Therefore, we have to replacedM =1.063FWHM in
Eqs.(5) and (6).

For the C-Au sample of Figs. 2 and 3, wherer fluence=4,
nM =59/nm3, and nC=110/nm3, we derive SM =0.5 and
FWHM=5–9 nmfrom RBS and EDX analyses, and obtain a
period of the layer structure using oft<28 nm, using Eq.
(6). From the TEM micrographs and EDX analysis we find
the experimental valuetexp<14 nm. It is, however, most
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likely that the covering factorc,1. Although the TEM mi-
crographs suggest complete layers of metal clusters, we pre-
sumably see clusters that are not in the interstice of two
clusters but are rather behind this blank. A comparison of the
Au areal density determined by RBSs<431016d with the
necessary amount to create a multilayer structure with cluster
layers of Au bulk densitys1.631017d results in a value of
c<0.25 to 0.3 and a layer periodt, which is in good agree-
ment with the experiment.

The period of the C-Fe multilayer structures can be esti-
mated in analogy to the C-Au case, taking a few alterations
into account. As the iron ions do not segregate at the film
surface but accumulate in layers within the film, a parameter
f layer, which gives the fraction of iron atoms accumulating in
an iron carbide cluster layer, has to be introduced. The frac-
tion 1−f layer of iron atoms is dispersed throughout the
carbon-rich layers. Furthermore, we have to consider that the
clusters of the metal-rich layers contain a significant amount
of carbon which is not available for the separating carbon
layers. If nFe3C=103/nm3 is the atomic density of Fe3C, the
iron fluence for one cluster layer covered with a fractionc
with clusters is

FFe=
0.75 ·nFe3C ·dM ·c

flayer
. s7d

Of course, this again corresponds to a deposited carbon ion
fluence of FC=r fluenceFFe. The thicknessdC of the carbon
layer is reduced by the amount of carbon necessary to meet
the Fe3C stoichiometry and the sputtering of carbon atoms. It
is, however, increased by the dispersed iron atoms, that do
not add to the iron carbide cluster layers

dC = FFeS r fluences1 − sCCd − 0.25

nc
+

1 − f layer

nFe
D , s8d

wherenC=110/nm3 and nFe=85/nm3 are the atomic densi-
ties of graphite and iron, respectively. Applying Eq.(7) to
Eq. (8), a periodt=dM +dC of

t = dMF1 +
0.75 ·nFe3C ·dM ·c

flayer

3S r fluences1 − sCCd − 0.25

nc
+

1 − f layer

nFe
DG s9d

results. Assuming a covering with metal clusters in each
cluster layer ofc=0.7 and that the fraction of iron atoms
contributing to the cluster layers isf layer=0.7, we get t
=7 nm for the sample of Fig. 4, wheredM <2 nm, r fluence
=4. This is again in good agreement with the results derived
from TEM and EDX.

C. Predictions

From Eq.(5) it follows that the period of the layer struc-
ture strongly depends on the total sputtering yield of surface
metal atomsSM =sMM +r fluencesCM. SM itself depends on the
ion energies and the carbon-metal fluence ratior fluence. A
careful selection of these parameters allows the growth of

multilayer structures with variable layer periods. If, however,
SM .1, all metal atoms are sputtered off the film and no
layer structure can arise. The film contains only small
amounts of dispersed metal atoms or small metal clusters,
depending onfsurf. In order to grow metal clusters within a
diamond-like amorphous carbon matrix, the carbon ion en-
ergy has to be kept at about 100 eV in order to achieve a
high sp3 bonding content. The energy of the metal ions
should be raised so that the mean ion range well exceeds the
carbon ion range of about 1 nm, and in additionSM .1. The
first condition increases the probability for metal atoms to
remain within the amorphous carbon matrix and form clus-
ters; the second one ensures that all surface metal atoms are
completely sputtered off. The maximum metal ion energy is,
however, limited to several hundred eV, because otherwise
the sputtering yield of carbon by metal ions becomes signifi-
cant. For the ion beam deposition of 1 keV Ag ions into
tetrahedral amorphous carbon Krögeret al. observed that
about 10% of the deposited Ag was incorporated in the
film.32

For the case of carbon surface segregation, we derive
from Eq. (9) that only a variation of the ion fluence ratio
r fluencecan influence the layer period.

V. CONCLUSION

We report an effect of self-organization in ion beam de-
posited C-Au and C-Fe films. The self-organized formation
of metal-rich and metal-deficient multilayers during ion
beam co-deposition of carbon and metal ions is attributed to
an interplay between(a) the ion impact triggered atomic
transport,(b) the segregation of metal atoms at the surface,
(c) the preferential sputtering of surface metal atoms, and(d)
the stability of small metal or metal carbide clusters under
ion impact. Two extreme cases can be considered: first, when
small metal clusters are stable under ion beam bombardment,
their atoms do not participate in the ion impact triggered
diffusion. Further incoming metal ions may add to the clus-
ter. This way, the co-deposition of C and Cu ions results in a
uniform cluster distribution and the cluster size is determined
by the ion impact triggered diffusion of newly incoming
metal ions towards an existing cluster and the carbon-metal
fluence ratio. Second, if small metal clusters are unstable
against ion irradiation, the metal atoms preferentially segre-
gate at the surface. If the total sputtering yield due to imping-
ing carbon and metal ionsSM .1, all surface metal atoms are
sputtered off the film. If, however,SM ,1, metal atoms ac-
cumulate at the surface and larger clusters will be formed.
Carbon ions that are deposited into the film, along with the
metal ions, contribute to the growth of a carbon layer under-
neath the metal cluster layer, eventually fill spaces in be-
tween clusters, and bury the metal cluster layer. This leads to
the formation of a multilayer structure as it was observed for
the C-Au films. A complete decomposition into a carbon
layer with a metal layer at its surface arises if the period
under the given experimental conditions exceeds the film
thickness. This is the case for the C-Ag films presented in
this report. The layer period can be calculated using equation
Eq. (6). This calculation substantiates the assumptions made
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for the multilayer formation processes. However, the thick-
ness of the metal layer was taken from TEM micrographs. It
is, of course, desirable to be able to estimate this value from
a certain knowledge of the materials properties, such as bind-
ing energies within small clusters, and the deposition param-
eters influencing the surface segregation the(ion enhanced)
surface diffusion, and sputtering. The development of a com-
plete model on the basis of a mean field nucleation theory as
described by Brune40 that would account for all parameters
is, however, not easily established and would go beyond the
scope of this study. A possible approach would be to extend
a Monte Carlo program such asTRIDYN41,42 in such a way
that it covers the various processes involved in the formation
of multilayers.

We expect the formation of a multilayer structure during
co-deposition of two or more constituents to also occur for
other composites and also for other techniques involving hy-
perthermal species. In particular, the formation of a
multilayer structure is likely in the case of a low sputter yield
SM, as is the case for ion or plasma assisted sputter deposi-
tion.
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