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Abstract – Range and mixing distributions of carbon ions deposited onto tetrahedral amorphous
carbon films at kinetic energies between 22 eV and 692 eV are measured utilizing high-resolution
elastic recoil detection. These data are compared to respective calculations based on binary
collision approximation as well as to classical molecular-dynamics simulations. The measured
range profiles reveal asymmetric, bimodal structures which are not reproduced from theories.
The measured mixing distributions approve the measured range distributions, in particular the
observed diﬀerences between theory and experiment, which have to be considered in subplantation
growth models.
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Bombardment of surfaces by hyperthermal but lowenergy (≈1–1000 eV) ions significantly changes the properties of any material within the range of the impinging ions.
The ion impact initiates non-equilibrium processes that
oﬀer the possibility to grow materials with new, unique
structures and properties. The most prominent example,
tetrahedral amorphous carbon (ta–C), is a form of amorphous carbon with a predominant tetrahedral configuration which means diamond-type carbon–carbon bonds
with sp3 hybridisation. An sp3 fraction exceeding 80% was
reported [1,2]. It can only be grown by depositing carbon
ions at ≈50–1000 eV [3–5]. The structure of this material
and the crucial role of the ion energy in tuning the properties of the evolving carbon films between those of graphite
and diamond was subject to a series of experimental
studies [2,6–11]. Subplantation, which is the implantation of the film forming atomic species below the actual
surface, was early recognised as being the basic mechanism
(a) E-mail:
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promoting sp3 bonds and a large carbon density of about
3 g/cm3 [1,3,12]. According to Lifshitz et al. the ion impact
aﬀects processes on three diﬀerent time scales [3,12]:
i) a collisional stage where the impinging ions transfer their energy in mainly two-body collisions to the
target atoms within time scales below 10−13 s, ii) a short
(<10−11 s) thermalization stage where the stopped ion
and the surrounding excited atoms thermalize and cool
down (thermal spike concept), and iii) a long-term relaxation stage (>10−10 s) where still some rearrangement
of the atoms may occur. The problem for theories is
the complexity due to the many-particle problem which
has to be solved over many orders of magnitude in
energy and time scales. Molecular-dynamics (MD) simulations have achieved considerable progress in recent studies [13–15]. In addition, a number of analytical descriptions
have been developed to describe the experimental findings [1,3,12,16–19]. However, the details of ta–C growth,
in particular the importance of the diﬀerent time stages
for the initiation of sp3 bonds are still under debate.
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In this work we report the first measurement of range
distributions of carbon ions implanted into amorphous
carbon at energies which are relevant for ta–C growth.
These data are compared to calculated range distributions based on binary collisions containing only stage i) of
the subplantation and to classical MD calculations which
extend the considered atomic interactions in the solid
up to stage ii). Significant diﬀerences between measurement and calculation emerge for the range distributions.
These diﬀerences are confirmed by mixing distributions
measured from carbon marker layers. The experiment
delivers new experimental data for the interaction of lowenergy ions with solids which allow for a crucial test for
models of the subplantation scheme and may serve as a
base for improved calculations.
Two diﬀerent classes of amorphous carbon films are
grown using mass-selected ion-beam deposition (MSIBD)
at room temperature in UHV (<1 × 10−6 Pa) [20]: for the
first class of films, initially about 12 nm 12 C are deposited
onto sputter-cleaned Si (100) substrates at ion energies
Eion between 22 eV and 692 eV. Eion is determined with
an accuracy of ±8 eV. The amount of deposited C+ ions
is measured by the integrated beam current. Following
12
C deposition about 5 × 1014 at/cm2 13 C are implanted
at the same energies Eion . The small amount of implanted
13
C is chosen in order to minimize mixing eﬀects within
the implantation profiles. The second class of samples is
grown as described above, but with the distinction that
finally another 9 × 1016 at/cm2 12 C (this corresponds to
6 nm at a mass density of 3 g/cm3 ) are deposited with the
same Eion . Using this procedure ta–C films are grown, that
contain either directly on the surface or 6–9 nm beneath
the surface 5 × 1014 at/cm2 13 C. The range distributions
are measured using the films with the topmost 13 C layer,
the mixing eﬀects involved in ta–C growth are investigated
using the films with the 13 C interfacial layer.
The 13 C depth profiles are analyzed by high-resolution
elastic recoil detection (ERD). The experimental arrangement and the data analysis in the framework of Bayesian
probability theory are described in ref. [21]. Beam damage
is negligible utilizing a 40 MeV 197 Au19+ beam and scanning a 50 mm2 target size at a ﬂuence of about 1 × 1012
ions cm−2 . 40 MeV Au ions show a stopping power of
(798 ± 12) × 10−15 eV at−1 cm2 in transmission experiments through thin carbon foils. This value is used for any
solid carbon modification since it has been shown that the
stopping power for heavy ions at this velocity does not
change significantly in diﬀerent carbon modifications [22].
The measured stopping power allows for accurate conversion of the energy scale to a depth scale. It is given in units
of at/cm2 since the density profile close to the surface
is not accurately known (i.e. 1 × 1016 at/cm2 ≡ 1 nm at
2 g/cm3 ). Utilizing an incident angle of 4◦ with respect
to the surface and a scattering angle of 15◦ a depth resolution at the target surface of 3 × 1015 at/cm2 (FWHM)
is measured, which is better than a (002)-monolayer
thickness in graphite. Energy loss distributions after

3 × 1015 at/cm2 are Gaussian shaped since the energy
loss of a 40 MeV 197 Au ion is much larger than the
maximum energy transfer to a free electron in a single
collision [23,24]. In particular, a Lewis eﬀect [25] is not
present for these analysing conditions. Small tails far
below percent level are expected from plural scattering
eﬀects but they are below statistical significance in the
present experiments. Experiments on 13 C/12 C multilayers [21] as well as the demonstration of single monolayer
resolution in graphite [23] verifies the assumption of a
Gaussian shape energy distribution already behind one
monolayer (i.e. 3 × 1015 at/cm2 ).
The measurements are performed at a pressure of
1 × 10−6 Pa inside the scattering chamber of the Q3D
magnetic spectrograph. It is proven by ERD that the
surfaces are contaminated with about 2 × 1014 at/cm2
oxygen during measurement, which does not significantly
disturb depth profiles even in the range of monolayer
resolution. A homogeneous hydrogen content of about 2
at% is detected in the ta–C films. Other elemental content
sums up to less than 1013 at/cm2 .
Figure 1(a)–(h) shows 13 C range profiles for ion energies
between Eion = 22 eV and Eion = 692 eV. Zero depth in the
spectra marks the surface of the carbon films and is determined from an independent measurement on a pure amorphous 13 C sample [21]. Its uncertainty is ±7 × 1014 at/cm2
(corresponding to ±0.7 Å at a supposed surface density of
2 g/cm3 ). The shaded area in fig. 1(a)–(h) visualizes the
uncertainty of the reconstructions (±1 standard deviation
σ). The measured spectra reveal non-symmetric structures, steep rising slopes and ﬂat shoulders towards the
bulk. At Eion  222 eV a peak close to the surface and
a second, broad structure at larger depth are revealed
(fig. 1(a)–(f)). Even a double peak is reconstructed at
Eion = 22 eV and at Eion = 92 eV (fig. 1(a) and (d)).
Within the ± 1σ confidence interval the double-peak structure at 92 eV is significant. The 22 eV profile is consistent
with a smooth shoulder. The presence of a second structure beyond the surface peak is significant at all energies
below 222 eV.
The measured range profiles are compared to range
calculations carried out with the Monte Carlo program
TRIM.SP [26], that is based on a binary collision model
as well as using classical MD studies [15]. TRIM.SP
calculations are performed for amorphous carbon at a
density of 2.26 g/cm3 . In order to adjust the real energy
deposition during ion impact we add the surface binding
energy of 7 eV to each actual ion energy. Kinetic energy
gain of the incoming ion due to image charge attraction
being in the range of 1–2 eV [27] is neglected.
MD calculations are performed in two steps: 1) carbon
substrates of 5–7 nm thickness are simulated by depositing
2500–3500 C atoms at T = 20 ◦ C on a {111} diamond
supercell consisting of 12 atomic layers with 56 C atoms
per layer [15] and 2) 500 independent C impacts onto the
simulated structure are considered at each energy in order
to extract the range distributions. The atomic motions are
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Fig. 1: (a)–(h) Measured and calculated range distributions of 13 C+ ions implanted at energies which are shown in the plot. The
substrates are amorphous 12 C layers grown by mass-selected ion-beam deposition (MSIBD) at the same energies, respectively.
(i) Measured and calculated mean ion ranges, (k) range straggling and (l) fraction of 13 C+ ions incorporated within the topmost
3 × 1015 at/cm2 .

followed for a relaxation time of 15 ps after every carbon
ion impact. We use the analytical hydrocarbon potential
of Brenner with improved C–C interaction cutoﬀs [15],
electronic stopping is not included. The largest C+ ion
energy calculated is Eion = 92 eV due to the high CPU
time consumption.
Compared to the experimental data, TRIM.SP yields
much narrower, more symmetric structures (fig. 1(a)–(h)).
The non-symmetric shape of the measured profiles is
better reconstructed by the MD simulation, although the
calculated structures are narrower than the measured
structures up to Eion = 47 eV (fig. 1(a)–(d)). The bimodal
structures and in particular the double-peak structure at
Eion = 92 eV are by no means reconstructed from both
simulations.
Mean ion range x̄, the range straggling σrange (standard
deviation) and the portion of ions found at film surface
are evaluated for each spectrum f (x) (fig. 1(i)–(l)).
The measured ion ranges increase with energy except
for a plateau around 100 eV, an energy region where
the maximum sp3 content is reported [9]. Besides this
plateau an almost linear energy dependence of x̄ is
observed revealing a nearly constant stopping power
dE/dx ≈ 24 eV/(1015 at/cm2 ). Thus, an approximately
uniform energy deposition along the ion track is obtained,
which was assumed in recent studies [19]. Mean ion
ranges being calculated with TRIM.SP match to the
measured values at Eion  122 eV but are significantly

too small at lower energies. The MD mean ranges reveal
a steeper energy dependence below 100 eV but are in
agreement with experimental data at Eion  72 eV. The
diﬀerences between the MD and TRIM.SP are attributed
due to diﬀerent carbon substrates, diﬀerent interatomic
potentials and thermal spike eﬀects which are included
within the MD but not within TRIM.SP.
The range straggling σrange is depicted in fig. 1(k).
TRIM.SP calculations show values that are significantly
smaller than measured. The MD results are also smaller
than measured but closer to experiment, the discrepancy
between MD and measurement at Eion  47 eV is at the
limit of significance.
Figure 1(l) shows the 13 C fraction found at the surface
up to a thickness of 3 × 1015 at/cm2 . Best agreement with
measurement is obtained at low energies for MD. The
measured data reveal a significant plateau at about 100 eV
which is in no way represented by theories.
The ion impact initiates a mixing of the carbon atoms.
In order to analyze this mixing eﬀect, 13 C depth profiles
for the samples with the 13 C interfacial layer are measured.
The atomic mixing is characterized via the alteration
of the 13 C range profiles induced by subsequent 12 C
bombardment. The measured 13 C mixing distributions
shown in fig. 2 are much wider than the respective range
profiles (fig. 1(b)–(h)).
Respective calculations are performed with the Monte
Carlo program TRIDYN [28], as well as using the classical
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