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a b s t r a c t

Amorphous carbon and hydrogenated amorphous carbon layers were implanted at room temperature
with Co ions to investigate the role of hydrogen on the Co distribution. Amorphous carbon (a:C) and
hydrogenated amorphous carbon (a:C–H) films were prepared by mass selective ion beam deposition
with a 5 kV acceleration voltage using C+ and C3H6

+ ions, respectively. The typically 100 nm thin films
were implanted with Co using a 30 kV acceleration voltage to a fluence of 4 � 1016 cm�2. Raman mea-
surements showed that Co implantation in hydrogenated amorphous carbon causes increased sp2 clus-
tering while in amorphous carbon there is significant rehybridisation of carbon from sp3 to sp2

bonding. High resolution Rutherford backscattering measurements indicated that in the absence of
hydrogen in the base matrix, the implantation profile assumes a unimodal distribution as predicted by
simulations. However, in the presence of hydrogen the effects of collision cascade enhanced diffusion
are significant in altering the implantation profile resulting in a bimodal distribution. The difference in
the Co depth distribution between a:C and a:C–H films is explained by the change in thermal conductivity
of the carbon matrix in the presence of hydrogen. The ability to position Co (magnetic atoms) in the sur-
face region of diamond-like carbon films offers great advantages for applications in novel magnetic
devices.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Ion-solid interaction is a matter of significant interest to the
materials industry. The distribution of mono-energetic ions in a
material is generally described by a unimodal profile. However,
significant deviations in the implantation profiles are observed
when factors other than ballistics play a key role. For example, col-
lision cascade enhanced diffusion and nanoparticle formation has
reported to cause a bimodal distribution in thermal insulators such
as silica and silicon dioxide [1–3]. In our recent work we reported a
bimodal distribution of Co implanted into hydrogenated amor-
phous carbon at an implantation energy and current density as
low as 30 keV and 5 mA cm�2 [4,5]. This was in contrast with earlier
reports which either used a high implantation energy or high cur-
rent density [1–3]. The same thermal insulators silica/silicon diox-
ide do not show a bimodal distribution at the implantation
conditions reported in our work [6]. This difference was explained
by the very low thermal conductivity of hydrogenated diamond-
like carbon (DLC) (0.3 W/mK) compared to SiO2 (3 W/mK) [4,5,7].
In this work we compare the distribution profile of cobalt in amor-
phous carbon which is reported to have a thermal conductivity of
1.5–3.5 W/mK with hydrogenated amorphous carbon [7]. This
comparison will help in directly verifying the role of thermal con-
ductivity and hydrogen in the distribution of implanted atoms in
insulating matrices.
2. Methods

Both a:C and a:C–H films were fabricated by mass-selective ion
beam deposition at GNS Science [8–10]. The system uses a Penning
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ion source coupled to an electromagnet for mass separation. Sev-
eral focussing lenses are used throughout the transport column
to focus the ion beam through the magnet and ultimately to the
target stage in the sample chamber. Mass-selective ion beam depo-
sition allows accurate control over the deposition energy and ion
species which determine the mechanical properties, electrical
properties, hydrogen content and sp2/sp3 ratio of the films [11].
The Penning ion source was operated with an anode voltage of
2 kV and a total terminal voltage of 5 kV to extract ion beams from
the carbon rich plasma. An alternative means of producing thin
films with the Penning ion source is by direct deposition which
offers the opportunity to deposit large number of films on various
substrates simultaneously [12]. Carbon monoxide and butane were
used as precursor gases to generate C+ and C3H6

+ ions for a:C and a:
C–H film deposition, respectively. The ions were selected by pass-
ing the extracted ion beams to a 40 cm radius electromagnet which
separates the ions based on mass, charge and energy. The mass res-
olution was further improved by the use of slits in the beam line.
Together with a low base pressure of �5 � 10�7 hPa in the sample
chamber, high purity of the films is guaranteed. The deposition
energy was set to 5 keV for a:C films. For a:C–H films, the 5 keV
molecular ion C3H6

+ dissociates into individual atoms upon impact.
The energy gets distributed among the dissociated species based
on their mass [9]. The deposition energy is �1400 eV and 120 eV
for carbon and hydrogen ions, respectively. These films have a C:
H ratio of 3:1 [10]. DLC films grow by the subplantation method
resulting in the intermixing of deposited ions with substrate atoms
in the first few layers [11]. The extent of this mixing depends on
the ion energy. As the ion energy increases the extent of the inter-
mixing layer, which in this case is between carbon and silicon,
increases [8,10,12,13]. The thin films have to be sufficiently thick
to minimise the contribution of silicon at the surface of the film
[8,10,12,13]. Accordingly, the films are deposited to a thickness
of 100 nm for a:C–H film and 200 nm for a:C films.

Cobalt ion implantation was carried out on the as-deposited
films using the ion implanters at GNS Science in a similar setup
[14]. Neon was used as the precursor gas in the Penning ion source
to generate the plasma and to sputter Co ions from solid conduc-
tive Co sputter targets. The terminal voltage of the system was
set to 30 kV to allow sub-surface penetration in the range of 25–
35 nm within the films. The range was chosen so as to prevent
accumulation of a significant fraction of Co at the surface avoiding
opportunities for oxidation. Deeper penetration range was avoided
to prevent Co atoms from reaching the interface to the silicon sub-
strate. The implantation was carried out with a beam current of
�5 mA cm�2 to prevent any bulk heating effects on the sample.
Both during deposition and implantation, the ion beam was raster
scanned across a 11 mm � 11 mm aperture in both horizontal and
vertical direction to ensure uniform coverage. Cobalt was
implanted to a fluence of 4 � 1016 cm�2 in both a:C and a:C–H
films. The selected fluence is above the threshold for clustering
and nanoparticle formation and below the concentration needed
to achieve steady state or significant sputtering loss [4].

The implantation profiles of Co in a:C and a:C–H films were
measured with high-resolution Rutherford backscattering spec-
trometry (HR-RBS) at the National University of Singapore [4,15].
The setup uses a singletron accelerator to focus a 500 keV He+

beam to a beam spot of 1 mm diameter on the sample target. Par-
ticles scattered at an angle of 65� are passed on through an electro-
magnet to a multichannel plate detector. The electromagnet
separates the backscattered particles based on their energy. The
energy resolution obtained by this technique is as low as 1 keV
[15]. This setup allows accurate measurement of the Co depth pro-
file in the implanted films with 1.1 nm resolution.

The implanted and as-deposited films were further charac-
terised by confocal Raman spectroscopy at Victoria University of
Wellington following the data interpretation as developed by Fer-
rari et al. [14]. The setup uses an Ar ion laser (514.5 nm) as an exci-
tation source. A 100� objective lens was used to focus the laser
beam onto the sample. The laser power was limited to 65 mW to
prevent heating of the sample. The spectrum was collected for
30 s and each measurement was repeated 5 times to obtain a high
signal to noise ratio. The measurements were calibrated with a sil-
icon peak at 521 cm�1. The resolution was found to be less than
1 cm�1.
3. Results and discussion

Raman spectroscopy is a technique widely used to determine
the structural properties of carbon films [16]. In the visible wave-
length range, DLC has two Raman active modes – both from sp2

hybridised carbon. The dominant mode originates usually from
the stretching of sp2 bonded carbon atoms. It is denoted as the G
peaks (graphite peak) and it is centred around 1500–1600 cm�1.
The other mode arises from the breathing mode of 6-folded carbon
rings located near dislocations or defects. This peak, referred to as
the D peak (disorder peak), is centred around 1300–1400 cm�1.

In this work, Raman spectroscopy was used to identify the nat-
ure of implantation induced defects that arise in DLC films during
the presence and absence of hydrogen within the films. The Raman
spectra were fitted with a double Gaussian peak to extract the
details of the D and G peak. The peak position, width and intensity
were used to extract structural information of the implanted and
as-deposited a:C and a:C–H films [16].

Fig. 1 shows the Raman spectra of the implanted and as-
deposited a:C and a:C–H films. Robertson and Ferrari proposed a
three stage model correlating the changes observed in the Raman
spectra in terms of the G peak position and I(D)/I(G) ratio with a
rise in sp3 content from 0 to 100% [16]. The G peak position and I
(D)/I(G) ratio of the implanted and as-deposited a:C and a:C–H
films are listed in Table 1.

The three stage model qualitatively attributes the alterations in
the Raman spectra to sp3 character. The first observation is that the
as-deposited a:C–H film contains a higher sp3 content than the as-
deposited a:C film due to the higher I(D)/I(G) ratio of the as-
deposited a:C film. As per Ferrari and Robertson [16], a change in
I(D)/I(G) ratio followed by a corresponding change in the G peak
position indicates a change in the sp3 content of the films. On
the other hand, a change in I(D)/I(G) ratio alone indicates a change
in just the size and orientation of sp2 carbon clusters [16]. Upon
implantation in both cases we see an increase in the I(D)/I(G) ratio
which may denote an increase in sp2 content and/or cluster size.
There is not a significant variation in the G peak position for a:C–
H films indicating the variation of the I(D)/I(G) ratio originates pre-
dominantly from an increase in cluster sizes of sp2 carbon [14]. On
the other hand, the variation of the I(D)/I(G) ratio of the a:C film
upon implantation is accompanied by a shift in the position of
the G peak. This suggests that the variation is associated with rehy-
bridisation of sp3 carbon to sp2 carbon. This difference in the beha-
viour of a:C and a:C–H films upon implantation can be attributed
to the presence of hydrogen in the a:C–H films which is known
to saturate dangling bonds of carbon preventing them from con-
verting to sp2 hybridisation [11].

Dynamic Transport and Range of Ions in Matter (DTRIM) [17]
code was used to simulate the profile of implanted ions in the
DLC matrix. The input ions were set to 30 keV Co ions. The profile
was computed with an area of 10000 Å2 and 100 layers with an
individual layer width of 1 nm. The input fluence was set to
4 � 1016 cm�2. For a:C films, the natural density of carbon,
2.25 g cm�3 was chosen and for a:C–H films a density of



Fig. 1. Raman spectra of as-deposited and Co implanted a:C films. The spectra from a:C–H films are shown in the inset.

Table 1
The parameters obtained by fitting the Raman spectra from as-deposited and
implanted a:C and a:C–H films.

Sample
number

Film type G peak position (cm�1) I(D)/I(G)
ratio

1 As-dep. a:C–H 1562 0.42
2 Implanted a:C–

H
1563 0.76

3 As-dep. a:C 1546 0.67
4 Implanted a:C 1533 0.93
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1.51 g cm�3 with a C:H stoichiometry of 3:1 was used based on
previous data [10].

Fig. 2 shows the implantation profile of Co in a:C and a:C–H
films. In both cases, simulations show a unimodal profile with a
Fig. 2. DTRIM simulation of the Co depth profile in amorphous carbon and
hydrogenated amorphous carbon films.
near Gaussian distribution of Co atoms. The stopping powers from
a-C films are expected to be higher than a:C–H films due to a
higher density and absence of hydrogen. Consequently, the pro-
jected range of Co ions in a:C and a:C–H films are 24 and 37 nm,
respectively. While Co in a-C:H films are not expected to reach
the surface, in the case of a:C films, a minor fraction of the surface
atoms, �0.5 at.%, is from implanted Co. By fitting the curves to a
Gaussian distribution, the full width half maximum of the distribu-
tion was calculated to be 21 and 26 nm for a:C and a:C–H films,
respectively.

Fig. 3 shows the HR-RBS spectra measured from the Co
implanted a:C and a:C–H films. Each spectrum is fit with a SIMNRA
simulation to extract the concentration and depth profile [18,19].
The raw data is represented in square symbols and the simulation
is represented by a line plot. Fig. 3(a) shows the HR-RBS data and
SIMNRA fit for the Co implanted a:C film. The profile while skewed
is still Gaussian with a maximum near the projected range pre-
dicted by the simulation. The top axis represents the depth scale
in nanometres for the Co profile. The depth scale is calculated using
stopping power values based on the carbon density of 2.25 g cm�3.
A notable feature however is the significant accumulation of Co
(2 at.%) at the surface. In the contrast, the representative Co profile
measured for the Co implanted a:C–H film shows a bimodal distri-
bution. The depth scale of the Co profile is similarly calculated
based on a:C–H density which was determined to be 1.51 g cm�3

based on TEM and RBS measurements previously reported [4].
The ion implantation profile of Co in a:C films agree well with

simulations. Except for a minor diffusion effect observed at the sur-
face, the profile is unimodal with the average penetration depth
matching the projected range calculated by D-TRIM. However, in
the case of implanted a:C–H films, the implantation profile does
not conform to the D-TRIM simulation. This has been reported ear-
lier in our work, where we explain the observed bimodal distribu-
tion as a result of nanoparticle formation, defect generation and
diffusion processes enhanced by collision cascades [4].

The results show that Co implantation can lead to bimodal dis-
tributions when hydrogen is incorporated in the amorphous car-



Fig. 3. Comparison of Co depth profiles measured with HR-RBS (symbols, left and
bottom axes) of Co implanted amorphous carbon and hydrogenated amorphous
carbon (a) Co implanted a:C film and (b) Co implanted a:C–H film. Also shown is a
scaled SIMNRA fit to the data (solid curves, top and left axes).
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bon matrix. It has been reported by Shamsa et al., that the thermal
conductivity of amorphous carbon films reduces significantly, from
about 3.5 W (mK)�1 to as low as 0.3 W (mK)�1, when hydrogen is
incorporated into the carbon matrix [7]. This indicates that at the
implantation conditions mentioned in this work, i.e., implantation
energy and current density, the threshold thermal conductivity
value beyond which a bimodal distribution is observed is between
0.3 and 3.5 W (mK)�1. This is further evidenced by reports on other
thermal insulators [1–3]. At a higher implantation energy, for
example 300 keV, and higher current density, for example 60–
260 mA cm�2, transition metal implantation into silica and high
purity SiO2 showed a bimodal distribution. These materials have
a thermal conductivity in the range of few W (mK)�1. However,
the reports of ion implantation into SiO2 for example, at 20 keV
do not show a bimodal distribution [6,20].
4. Conclusions

Both, amorphous carbon (a:C) and hydrogenated amorphous
carbon (a:C–H) films were prepared by mass selective ion beam
deposition. The films were implanted with Co atoms in the near
surface region. It has been found that the Co implantation profiles
into a:C films agree with the theoretical simulation resulting in
near Gaussian shaped profiles. As soon as hydrogen is incorporated
in the carbon matrix, in this case to 25 at.%, the implantation pro-
file is measured to be bimodal, which is in disagreement with the-
oretical simulations. Note, the theoretical model is based on
ballistic effects that do not consider thermally enhanced diffusion
effects from collision cascades. Incorporating hydrogen in the
amorphous carbon matrix decreases the thermal conductivity by
a factor of 10 and hence thermal enhanced diffusion effects
becomes apparent resulting in a bimodal distribution. Interest-
ingly, even in a:C films the thermal conductivity is still low enough
to show minor diffusion of some Co atoms into the surface. This
work and previous literature indicate that a threshold value of
thermal conductivity exists beyond which transition metal ions
can be positioned in a bimodal fashion by making use of diffusion
effects from collision cascades. This threshold value however
changes with implantation conditions. To the best of our knowl-
edge at implantation conditions as low as 30 keV and 5 mA cm�2,
hydrogenated amorphous carbon is the only material that shows
a bimodal distribution when implanted at low current and at room
temperature without involving any thermal treatments. Addition-
ally, Raman measurements suggest the effects of implantation on
diamond-like carbon varies depending on the presence of hydro-
gen. The data show that Co implantation in a:C films cause signif-
icant increase in sp2 content by rehybridisation of carbon from sp3

to sp2 bonding, while in the case of a:C–H films implantation
results in a change in the sp2 cluster size and orientation without
major rehybridisation effects.

The results indicate that by tailoring the C:H stoichiometry in
the films, it is possible to position Co (magnetic atoms) in the sur-
face of DLC films for applications in magnetic devices.
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