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Abstract

The effects of 2 MeV He1 ion irradiation on the structure of polymeric hydrogenated amorphous carbon films were studied. It was found
that after the irradiation up to a dose of 1.0× 1016 cm22, the carbon network transforms from a polymer-like to a diamond-like structure, as
evidenced using Raman spectroscopy. Correspondingly, the optical band gap shrinks from 3.0 to 2.0 eV and the refractive index increases
from 1.5 to 1.7. The processes of dehydrogenation and carbon rebonding into hydrogen-free C(sp3) and C(sp2) clusters under the impact of
the incident ions are suggested to account for the carbon structural transformation.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The modification of the properties of amorphous hydro-
genated carbon (a-C:H) and diamond-like a-C:H films using
high energetic ion implantation has been intensively inves-
tigated [1]. With the implantion of high energetic ions, such
as H1, C1, N1, Ar1, Xe1, F1 and Au1 into a-C:H films
beyond a critical dose of about 1014–1015 cm22, the conduc-
tivities of these irradiated films were found to increase
dramatically [1–7]. Above the critical dose, most of the
atoms in the irradiated area have on the average been
dislodged once and hydrogen release from the films
becomes significant. During this structural modification, a
number of dangling bonds are produced through the break-
age of C–C and C–H bonds [8] and the dangling bonds may
provide a variable hopping tunnel for carriers, leading to a
dramatic increase in the conductivity [1,2]. It has been
reported that a significant improvement in the hardness of
hydrogen-free a-C films was achieved using C1 ion implan-
tation [9–11]. The stress-driven forces and energy, as well
as the momentum transferred to the carbon network by the
C1 ion implantation has been suggested to be the basis for
densification associated with the disintegration of the sp2

bonded carbon cluster and enhancement of the sp3-rich
carbon structure [11]. Besides the earlier mentioned

structural variations, changes in the optical properties of
the a-C:H films occur concurrently with high energetic ion
implantation. The optical bandgap of a-C:H films was
observed to reduce with increasing He1, C1, N1 and F1

ion dose [2,7,12,13]. This phenomenon was found to be
related to the ion-implantation induced hydrogen removal
which may directly cause a transformation from C(sp3)–Hn

to C(sp2) clusters [1]. Other complementary findings, using
IR absorption and Raman scattering, for the a-C:H films
irradiated by high energetic H1, He1 and N1 ions do
support the suggestion of the transformation from C(sp3)–
Hn (n � 1,2 and 3) to C(sp2) clusters [4,5,14].

In fact, the effects of high energetic ion implantation on
the properties of a-C:H films depend strongly on the char-
acteristic of the initial a-C:H films. Most of these intensive
investigations mentioned earlier were actually performed on
diamond-like carbon films which show a higher hardness, a
smaller bandgap of about 1.5–1.7 eV and a higher ratio of
C(sp3) to C(sp2). In this article, we present the results on
2 MeV He1 ion irradiation induced change in the optical
properties of soft, wide bandgap and more polymer-like
carbon films.

2. Experimental conditions

The a-C:H film used in this study was prepared using the
ECR–CVD technique. Upon introducing a mixture of
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10 sccm pure methane and 100 sccm hydrogen into the
chamber, the plasma for the film deposition was excited in
the ECR zone by feeding microwave at 2.45 GHz [15]. The
substrate was only heated by the plasma during film growth
and the substrate temperature was found not to exceed 608C.
No intended DC bias voltage was applied to the sample
holder and the plasma induced DC bias voltage on the
holder was about a few volts. Prior to deposition the cham-
ber was pumped down below 5× 1026 Torr using a turbo
molecular pump. The film was prepared under a constant
microwave power of 600 W, pressure of 23 mTorr onk100l-
oriented single crystal silicon.

The 2 MeV He1 ion irradiation and elastic recoil
detection analysis (ERDA) measurements were performed
using a nuclear microscope which was based around a
HVEC AN2500 single ended Van de Graaff accelerator
[16]. The operating pressure was about 1026 Torr. The irra-
diation was performed under two doses of 1.2× 1015 and
1.0 × 1016 cm22 at an incidence angle of 128. To prevent
excessive sample temperature rise during irradiation, the ion
current intensity was controlled at 1028 A/cm2. The
temperature of the irradiated area was estimated to be
below 2008C. For ERDA measurement, the incidence
angle of the 2 MeV He1 ion beam and the emission angle
with respect to the sample surface were both 128.

Raman scattering measurement, excited by an Ar1 laser
(514.5 nm), was carried out using the Ranishaw micro-
Raman spectrometer. The ellipsometer (Uvisel) was
employed to evaluate the optical properties of the films.
The film thickness and its variation were measured using
the Dektak surface profiler. It was found that the thickness
measured using the profiler was consistent with that
deduced using the ellipsometer. The thickness of the as-
deposited film was about 1.3mm.

3. Results and discussion

It is well known that many properties of a-C:H films are
strongly influenced by their hydrogen content. The concen-
tration of hydrogen in our as-deposited film was monitored
using ERDA, as shown by the solid dots in Fig. 1(a). The
ERDA data evaluation was carried out using SIMNRA code
[17], as shown by the solid curve in Fig. 1(a), indicating that
the atomic percentage of hydrogen was around 42 at.%. It
has been proposed that at such a high hydrogen concentra-
tion, a-C:H films should be composed of sp3, sp2 and sp1

hybridized carbon atoms and most of the hydrogen atoms
could bond to sp3 hybridized carbon atoms or stay as hydro-
gen molecules in the voids in the film [18]. The appearance
of the IR absorption bands at 1377, 1454, 2873, 2929 and
2953 cm21 (see Fig. 1(b)) provide evidences for the exis-
tence of the hydrocarbon bonding configurations, because
these bands are attributed to C(sp3)–H3 and C(sp3)–H2

vibration modes. In the high hydrogen content polymer-
like carbon film, up to 80% of sp3 bonded carbon atoms
are expected to be hydrogenated and the number of
C(sp3)–H could be factors of 1.6 and 5.7 larger than the
numbers of C(sp3)–H2 and C(sp3)–H3, respectively [18].

The high energy of incident He1 ions is transferred to the
target carbon and hydrogen atoms through two dominant
mechanisms. One is called electronic energy transfer (or
electronic stopping) which happens when the incident
He1 ions interact with the electrons of the target carbon
and hydrogen atoms. The other is nuclear energy transfer
(or nuclear stopping) which is involved in the interaction
between He1 and the target atoms and becomes significant
when the He1 ions are slowed down at the end of the He1

trajectories [1,19]. According to TRIM simulation, more
than 90% of the ion energy from the MeV He1 ions is
transferred through electronic stopping, while nuclear stop-
ping only takes strong effect at the end of the trajectories.
Roughly assuming that the electronic energy transfer
proceeds homogeneously over the projected mean range
of about 7mm in this type of an a-C:H film, we can estimate
that the electronic energy loss (defined as the energy deposi-
tion per unit length along the ion track) was of the order of
30 eV/Å/ion.

It has been suggested that under the impact of high ener-
getic ions, if two C–H bonds are broken within a short
characteristic distance from each other within a short time
compared to the lifetime of free hydrogen atoms in the
irradiated a-C:H films, the two hydrogen atoms may recom-
bine to form hydrogen molecules and then diffuse out of the
films [20]. It was reported that hydrogen loss is a universal
process and MeV heavy ion (less than 0.25 MeV/amu) or
sub-MeV light ion implantation shows a similar dependence
for hydrogen concentration on implantation dosage [20]. If
the effective hydrogen release cross section for the electro-
nic energy loss of 30 eV/A˚ /ion and the saturated volume
hydrogen concentration are taken as typical values of
0.4 Å2 and 5 at.%, respectively, then using the model
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Fig. 1. ERDA spectrum (a), and FTIR spectrum (b) for the as-deposited a-
C:H film.



proposed by Adel et al.[20] one may estimate that the hydro-
gen content could be reduced to 30 at.% for a dose of 1.2×
1015 cm22 He1 irradiation. However, up to a dose of 1.0×
1016 cm 22 the hydrogen content is expected to be about
12 at.% or in other words more than two-third of the hydro-
gen atoms are likely to be released from the film.The hydro-
gen loss in a high energy condition ($ 0.5 MeV/amu),
under which the ERDA is performed, is still under
investigation. The results will be published in a forthcoming
article.

Hydrogen atoms bonded to the carbon network are

believed to play an important role in saturating the carbon
dangling bonds and softening the carbon network. A signif-
icant loss of hydrogen creates a number of carbon dangling
bonds which in turn could bond together under the impact of
deposited extra energy, resulting in a structural change. The
structural change due to the He1 ion irradiation was moni-
tored using Raman scattering, as shown in Fig. 2. Before the
irradiation, except for a small silicon characteristic peak at
520 cm21, there is an absence of any carbon related Raman
scattering band, see Fig. 2(a). A strong and smooth back-
ground increasing with wavenumber indicates that the
photoluminescence signal excited by the Ar1 laser
(514 nm) dominates the measuring range. Taking the high
hydrogen concentration and soft characteristics into
account, we suggest that the a-C:H film possesses a poly-
mer-like carbon structure [15]. However, after He1 irradia-
tion, the background is decreased dramatically and a Raman
scattering band at 1400–1600 cm21 and its second order
scattering peak at around 3000 cm21 are detected, see Fig.
2(b) and (c). This scattering band can be decomposed into
two Gaussian peaks, i.e. ‘‘D’’ peak at 1442 cm21 and ‘‘G’’
peak at 1572 cm21, as shown in solid curves in Fig. 2(b) and
2(c). The D and G peaks are assigned to the scattering of the
disorder activated optical zone-edge phonons [21] and to the
optical allowed E2g zone center mode of crystalline graphite
[22], respectively. With increasing irradiation dosage from
1.2 × 1015 to 1.0 × 1016 cm22, the intensity ratio of the D
peak to G peakID/IG changed from 1.8 to 2.1. These values
of ID/IG are comparable to those of typical hard DLC films.
However, an increase in theID/IG from 1.8 to 2.1 reflects that
the ratio of sp3 to sp2 coordinated carbon decreases. It
should be pointed out that in most cases an increase in the
sp3/sp2 ratio corresponds to a decrease in theID/IG ratio
together with the downward shift of the D and G peak and
an increase in the full-width at half maximum (FWHM) of
the G peak [23,24]. However, in the present case the posi-
tions and widths of both the peaks do not show any detect-
able variations. For the G peak FWHM of about 113 cm21,
we note that the FWHM is larger than those for normal
hydrogenated DLC, but in the range of those for hard hydro-
gen-free DLC [24]. However, the effect of C–H bonds on
the Raman spectra can be clearly identified in terms of an
absence of the 600 cm21 Raman peak, which, attributed to
the Raman-inactive acoustic and out-of-plane optical vibra-
tional modes of graphite [25,26], could appear in the Raman
spectra for hydrogen-free DLC films [24].

The changes in the absorption coefficient and refractive
index were monitored using an ellipsometer. It can be seen
from Fig. 3(a) that the He1 ion irradiation has dramatically
enhanced the absorption coefficienta . It was increased by
more than one order of magnitude at the photon energy of
4.0 eV after a dose of 1.0× 1016 cm22 He1 ion irradiation.
The optical bandgap deduced from the Tauc plot is found to
reduce from 3.0 (as-deposited) to 2.5 eV for a dose of 1.2×
1015 cm22 and 2.0 eV for 1.0× 1016 cm22. These results are
qualitatively consistent with other observations with hard
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Fig. 2. Raman spectra of the a-C:H film before He1 ion irradiation (a). The
Raman scattering band at 1400–1600 cm21 appears after the irradiation
with doses of 1.2× 10215cm22 (b) and 1.0× 10216 cm22 (c), respectively.

Fig. 3. The He1 ion irradiation induced changes in optical coefficient (a),
and refractive index (b) of the a-C:H film. The doses of the He1 ion
irradiation are indicated.



DLC films [2,7,12,13], as mentioned in Section 1. In addi-
tion, the refractive index was increased, as shown in Fig.
3(b), and the film thickness was correspondingly decreased
by about 20–30%. The film shrinking characteristic is quite
different from the report by Paterson et al. [14] where the
He1 implanted DLC films was found to increase the film
thickness. To our knowledge, the variation in refractive
index has so far not been reported.

As mentioned before, the electronic stopping is a domi-
nant process of energy deposition from the high energetic
incident ions in the target a-C:H film. The interaction of the
He1 ions and a-C:H film results in an ionization volume in
which the target atoms are excited or ionized so as to break
some of the C–H and C–C bonds. The released hydrogen
atoms and some small hydrocarbon units could re-combine
together to form hydrogen molecules or even methene mole-
cules and diffuse out of the irradiated film. Therefore a
number of carbon dangling bonds would be produced.
This could account for the dramatic increase in the absorp-
tion coefficient. The carbon dangling bonds may rebond,
under the influence of the extra deposited energy, to form
a more stable carbon network. The structural change
directly leads to the changes in the Raman spectra and opti-
cal bandgap. We propose that the micromechanisms for the
bond transformation under the impact of high ion energy
could be similar to those happening in thermal annealing
[27]. These microprocesses could include, for example, a
formation of CyC bonds from C–C bonds {Reaction (a):
6C(sp3)–C(sp3)! C(sp2) � C(sp2) 1 4C(sp3)–(sp2)} and a
formation of H2 from sp3-Hn {Reaction (b): 2C(sp3)–H!
C(sp3)–C(sp3) 1 H2}. Reactions (a) and (b) are endothermic
with energies of about 0.11 and 0.49 eV, respectively.
Hydrogen loss from the irradiated film may also realize
through a formation of methane {Reaction (c): 4C(sp3)–
H 1 6C(sp3)–C(sp3) ! CH4 1 C(sp2) � C(sp2) 1
4C(sp3)–C(sp2)} with an endothermic energy of 0.14 eV
which is actually smaller than that to form a hydrogen mole-
cule. With hydrogen release and the creation of hydrogen-
free C(sp3)–C(sp2) bonding clusters, the photoluminescence
efficiency was reduced and the Raman scattering band at
1400–1600 cm21 was activated, as shown in Fig. 2(b).
When the processes proceed, more and more C(sp2)yC(sp2)
bonds are simultaneously produced so that they could rear-
range into the bigger size of C(sp2) atom rings. This is
believed to be the reason for the optical bandgap shrinking
[28]. As the newly reformed carbon structure is denser than
the initial polymer-like structure, the irradiated film has
contracted, leading to an increase in the refractive index
and a decrease in the film thickness. The film contraction
is in some sense consistent with our thermal annealing
results where the a-C:H film thickness was found to
decrease with increasing annealing temperature and anneal-
ing time [29]. However, it is worth pointing out that the
variations in the properties of a-C:H films induced by high
energetic He1 ion irradiation at a small ion flux density
should possess some different characteristics from those

induced by thermal annealing. Once the high energetic
He1 ions penetrate into the film, a cascade of secondary
collisions are excited in the vicinity of the primary collision
event, causing energy deposition on the carbon network
around the ion track in a short time of, 10213 s. Therefore,
the bonding rearrangement could only occur very locally,
and then quench in a very short time if the irradiated ion flux
is so small that the interaction among the incident He1 ions
can be neglected. In contrast, thermal annealing provides a
uniform thermal energy distribution and carbon bonding
rearrangement in the entire bulk of the films. In spite of
these, thermal annealing is also a slow process in which
bonding rearrangement proceeds in quasi-thermal equili-
brium. As the He1 ion irradiation was performed at a
temperature below 2008C and at a low pressure of
1026 Torr, the structural modification which could be
induced by thermal annealing during the irradiation can be
neglected [29]. The different effects of He1 ion irradiation
and thermal annealing on the carbon structure are now under
investigation.

4. Conclusion

2 MeV He1 ion irradiation on a soft, polymer-like a-C:H
films was investigated. Up to an irradiation dose of 1×
1016 cm22, we found that the carbon network transforms
from a polymer-like to a diamond-like structure; the optical
band gap shrinks from 3.0 to 2.0 eV and the refractive index
increases from 1.5 to 1.7. The creation of hydrogen-free
C(sp3) and C(sp2) clusters due to dehydrogenation and
carbon bond rearrangement under the impact of the depos-
ited energy by the incident He1 ions are suggested to
account for the transformation of the carbon network
structure.
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