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Hydrogen EH'ect on Atomic Configuration of keV-Ion-Irradiated Carbon
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The structure of ion-irradiated hydrogenated amorphous carbon and hydrogenated graphitic carbon
films has been investigated by measuring the trigonal carbon fraction by optical measurements and the
hydrogen concentration by elastic recoil of 2.0-MeV He+ ions. After irradiation both graphitic and

amorphous carbon samples showed a unique relationship between the trigonal bonded carbon and the

hydrogen fraction, regardless of the original film structure.

PACS numbers: 61.42.+h, 79.20.Rf, 81.40.Tv

Amorphous carbon films have attracted increasing in-

terest for both scientific and technological reasons [1-5].
From a technological point of view they have unique
physical and chemical properties (hardness, optical trans-

parency, chemical inertness) and can be adopted as pro-
tective antireflective films and as coatings [1,2]. More-
over the ability of carbon to have threefold or fourfold
coordination deserves a lot of interest from the theoretical
point of view, and although there have been many investi-

gations, the characteristic properties of these materials
are largely unknown and the subject of controversy [6-9].

It is known that carbon atoms show two diAerent bond-

ing configurations, namely, sp and sp . In the first one,
each of the four valence electrons is assigned to tetra-
hedrally directed sp hybrid orbitals which make a strong
0. bond with one adjacent atom. In the sp configuration,
three of the four electrons are assigned to trigonal sp hy-

brid orbitals which again form o. bonds, while the fourth
electron is directed normally to the a bonding plane and

generates weak delocalized z bonds. The theoretical
characterization is very hard because it is difficult to con-
struct a suitable interatomic potential for these bonds;
however, Galli et al. performed calculations based on a

first-principles dynamic method and showed that the
more stable configuration of amorphous carbon consists
of 85% sp sites and 15% sp sites, where the former are
graphitic in nature and the latter are distorted diamond
structures [6].

The presence of hydrogen in these structures produces
a wide variety of materials with difrerent properties. Hy-
drogen concentrations in the range (10-35)% give rise to
hard (1000-2000 kg/mm ) hydrogenated amorphous car-
bon with mixed sp and sp bonding, small energy gaps
(0.5-1.5 eV) and high mass densities (1.6-2.2 g/cm ).
Hydrogen contents in the range (35-50)% produce soft
material with low density (1—1.6 g/cm ), high energy
gaps (1.5-2.5 eV), and a large density of sp bonds.

Hydrogenated amorphous carbon can be prepared by
various techniques such as plasma deposition, sputtering
of graphite in a hydrogen-containing atmosphere [10,11],
and ion irradiation of hydrocarbon polymers [12]. A

strong bond rearrangement is observed in hydrogenated
amorphous carbon layers after ion irradiation. The ener-

gy transferred from the incident ions to target atoms
and/or to the electronic environment produces a cluster-

ing of carbon atoms with the formation of large hexago-
nal rings as evidenced by the reduction of the energy gap
(2.0-0.5 eV).

In this paper we report, for the first time, experimental
evidence that the atomic structure of hydrogenated car-
bon reaches a stable configuration after keV-ion irradia-
tion which depends only on hydrogen content without any
memory of initial sample structure (graphite or amor-

phous).
Hydrogenated amorphous carbon (HAC) layers have

been prepared by ion irradiation of polystyrene films with

200-keV C+ ions swept over a surface area of 1X 1 in.

and a beam current of 100 nA for a time of 500 s. These
layers were quite transparent with an optical gap of 2.0
eV and a hydrogen atomic concentration of 45%. The po-

lystyrene films were deposited on quartz or silicon sub-

strates by spinning a solution of CHC13 with a thickness
of 300 nm. Some HAC samples were subsequently an-

nealed at 900'C for 200 s under nitrogen Aux to reduce
the hydrogen concentration to 10%. After thermal an-

nealing these samples were quite dark with a very low en-

ergy gap (below O. l eV) and we will refer to them as hy-

drogenated graphitic carbon (HGC).
Both HAC and HGC sets of samples were then irradi-

ated at room temperature with several ion beams: 250-
keV Kr+, 300-keV Ar+, 100-keV He+, and 300-keV
H+ ions in the fluence range 5X10' -1.0X10' ions/cm-.

The ion range was always larger than the sample thick-
nesses, in order to get uniform irradiated layers.

Trigonal carbon concentrations and the optical energy

gaps of these films were measured by optical UV-visible
spectrometry, performing transmittance and reflectance
measurements with a Lambda 2 Perkin Elmer double-

beam spectrometer in the wavelength range 200-1100
n ITl.

Hydrogen concentrations were measured by the elastic
recoil technique [13], using a primary beam of 2.0-MeV
helium ions. This technique allows one to obtain hydro-

gen profiles with a depth resolution of 40 nm and hydro-

gen concentration down to 1%, moreover it is sensitive to
the total amount of hydrogen, bonded as well as unbond-

ed.
As already mentioned, the structure of amorphous car-

bon is mainly characterized by sp and sp carbon frac-
tions which can be determined by optical investigations.
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UV-visible transmittance spectra are reported in Fig.
1(a) for HAC before and after irradiation with 300-keV
Ar+ beams at two diA'erent fluences: 2 x 10 ' and
5x10' ions/cm . In the unirradiated HAC sample, the
transmittance spectrum exhibits a typical semiconductor
behavior with a high-absorption region in the wavelength

range 200-450 nm and a high-transmission region (80%)
for wavelengths greater than 700 nm. The absorption

edge is located at about 600 nm with a broadening of 200
nm. For ion-irradiated HAC samples a strong reduction
in the transmission yield is observed over the entire mea-

sured wavelength range, together with a shift of absorp-
tion edge toward greater wavelengths. The energy gap,
measured with Tauc's procedure [14], depends on ion

fluence, going from 2.0 eV for pristine HAC to 0.5 eV for
the 5&& 10's-ions/cm -irradiated sample.

Transmittance spectra of HGC are reported in Fig.
1(b) before and after 300-keV Ar+ irradiation at two

different ion fluences: 5&&10' and 2&&10' /cm . In unir-

radiated HGC samples, the transmission yield is very low

(few percent) over the entire wavelength range, while

after ion irradiation a strong increase in the high-trans-
mission region is observed up to a factor of 3 for the 2
x 10' -ions/cm fluence. Moreover the clearing up of the

sample agrees with the increase of the energy gap, which

goes from less than 0.1 eV for pristine HGC to 0.4 eV for
high-fluence-irradiated HGC samples.

The reflectivity spectra show a slow unstructured de-

crease (from 20% to 10%) with increasing energy due to
the smooth variation of the real part of the refractive in-

dex. Combining transmittance and reflectance measure-
ments in the investigated wavelength range we have eval-
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FIG. l. (a) Transmission yield vs wavelength for a pristine
HAC sample and for samples irradiated with 300-keV Ar+ at
different fluences. (b) Transmission yield vs wavelength for a
pristine HGC sample and for samples irradiated with 300-keV
Ar+ at different fluences.

uated the atomic fraction of trigonal bonded carbon.
The fit of transmission and reflection spectra allows us

to obtain the optical constants n and k and then the imag-

inary part of dielectric constant e2 =2nk, by using a suit-
able Kramers-Kronig consistent dispersion relation as de-
scribed elsewhere [15]. Moreover it is well known that
the number of eflective electrons per atom involved in the
interband transitions below the energy E is given by [16]

N, tr
= (0.766/0. 23) (M/p) e2(E') E'dE'

where M is the mean atomic mass, E is a suitable energy
cutoff, and the factor 1/0. 23 arises from the screening
of the z electron system [17]. In the relation (I) M
=xcAc+xHAH, ~here xc and xH are the carbon and

hydrogen fractions and Ac and AH their atomic numbers,
respectively. Since rr z* transitions are exhausted at 7

eV, we have used E =7 eV and related the obtained in-

tegrated N, g value with that of pure graphite, which is

N,*p =0.83 in the same energy range.
The trigonal carbon fraction in hydrogenated carbon is

given by

Cgp 2 N, rr/N, g

It must be emphasized that for ion-irradiated carbon
the mass density (p) and the mean atomic weight (M)
change with ion fluence and the change of M is correlated
with hydrogen emission from the target. Hydrogen con-
centration decreases with fluence, following a simple
exponential law [12] as exp[ —ap), and mass density
increases with an exponential relation [18], like [1
—exp( —op)]. For both processes the cr factors are simi-
lar within a few percent: For HGC irradiated with 300-
keV Ar+cr is equal to Sx10 ' cm, while the saturation
values at high ion fluences are xH =0.18 and p =1.7
g/cm , respectively.

The trigonal carbon fraction (C, 2) in HAC films was
strongly dependent on ion fluence through the change of
M, p, and e2 and these were taken into account to calcu-
late C, 2. The obtained values are reported in Fig. 2(a)
versus ion fluence together with hydrogen concentration.
C p 2 increases from its initial value of 0.3 fol lowing an ex-
ponential trend with a saturation value of 0.6 and a cross
section of 3.8 x 10 ' cm .

Figure 2(b) reports the trigonal carbon fraction for
HGC versus ion fluence for 300-keV Ar+ irradiation; it
decreases exponentially from 0.85 to 0.68 with o =10
cm . In this case the hydrogen concentration is about
10% and does not change with ion fluence.

Irradiations performed with the argon-ion beams on
two sets of samples (HAC and HGC) give different satu-
ration values for the trigonal carbon fraction. Then, the
final carbon configuration is not only controlled by ion-
beam parameters but is related to the initial hydrogen
concentration.

In order to test the general correlation between xH and
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FIG. 3. Saturation values of trigonal carbon and of hydrogen
fraction for different ion-irradiated HAC and HGC samples.
On the right ordinate scale the corresponding values of cluster
size are reported.

FIG. 2. (a) Trigonal carbon fraction and hydrogen atomic
fraction vs ion fluence for 300-keV-Ar+-irradiated HAC sam-
ples. (b) Trigonal carbon fraction vs ion fluence for 300-keV-
Ar -irradiated HGC samples.

TABLE I. Cross section, energy loss, and saturation values
of trigonal carbon percentage, hydrogen percentage, and optical
energy gap for different ion-irradiated HAC samples.

Ion and

energy

250-keV Kr
300-keV Ar
100-keV He
300-keV H

o
(10' cm )

5.5
4.5
0.8
0.35

(eV/A)

95
80
18
37

C, 2

(i')

65
60
42

8

16
18
30
35

Eg
(eV)

0.5
0.6
1.0
1. 1

C, 2, HAC samples have been irradiated with diITerent

ion beams: 250-keV Kr+, 100-keV He+, and 300-keV
H+. The trend of C,p2 fraction and of hydrogen concen-
tration versus ion fluence is similar to that reported in

Fig. 2(a); however, the cross section and the saturation
values depend on the ion mass.

In Table I are reported such values together with the
total energy loss (S) for each ion; a linear relation holds

between cross section and total energy loss. Similar re-

sults were obtained for molecular hydrogen release from
diamondlike carbon films irradiated by ion beams, where
the ion energy release goes to electronic excitations [19].

In our experimental condition for light ions (H+ and
He+) the main mechanism of deposited energy is the in-

elastic interaction with electrons, while for heavy ions, a
large fraction of incoming energy goes to elastic interac-
tion with target atoms; however, if we include the efIects
of secondary recoiled atoms, the fraction of deposited en-

ergy through electronic excitation reaches 65% for Kr+
and 80% for Ar+, respectively.

The saturation values for C,p2 and xH in both HAC
and HGC irradiated samples are reported in Fig. 3,
where asterisks refer to the unirradiated samples. All ex-

perimental data for keV-ion-irradiated carbon lie on a

single curve regardless of the initial sample structure.
As already mentioned, different theoretical models

were proposed to describe the structure of carbon sys-
tems. Angus and Jansen [9] proposed a random covalent
network model and found the following relation between

hydrogen concentration and the ratio of tetrahedral to tri-
gonal carbon fraction:

C&p 3/C&p 2
= (6x H

—
1 )/(8 —

1 3x H )

valid for a fully constrained network.
Although there is good agreement for the trigonal car-

bon fraction in low- and high-hydrogenated films, our ex-
perimental points show a large discrepancy in the inter-
mediate hydrogen concentration range (xH=0. 5-0.1).
Moreover, Galli er al. [6] showed that the structure of a
computer-generated pure amorphous carbon network at
300 K is found to be predominantly graphitic (85%
threefold- and 15% fourfold-coordinated carbon atoms).

For ion-irradiated hydrogen-carbon systems a more
suitable model seems to be that of Robertson and
O'Reilly [7] in which hydrogenated amorphous carbon is

considered to consist of sp clusters, typically planar, in-

terconnected by randomly oriented tetrahedrally sp
'

bonds. Unfortunately following this approach it is not

possible to obtain one explicit relation between trigonal
carbon fraction and hydrogen concentration as for the

fully constrained network. However, in this model, the

energy gap can be used to give more information on the
carbon arrangement inside the film. In fact, since the sp
structure is believed to be ordered in benzoid rings, these
authors found a relation between the number of benzoid
rings inside each cluster (M) and the energy gap:
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Es =6/M '/ . Then HAC, with say Es =1.5 eV, contains

clusters of up to M=16 rings which corresponds to a

maximum cluster size of 10 A. The optical spectra re-

ported in Figs. 1(a) and 1(b) allow us to obtain the value

of the optical gap by following the Tauc procedure and

the obtained experimental saturation data for HAC irra-

diated samples are given in Table I. The cluster size ex-

timated from Eg for HAC and HGC samples can be con-

sidered as an upper limit for the extension of benzoid

rings (see right side of Fig. 3). The broadening in the

electronic density of states, corresponding to tr and tr*

states as detected by photoelectron spectroscopy [20] and

optical data [21], suggests a wide cluster size distribution

inside our irradiated samples. Although it is very diIIIcult

to give a realistic estimation of the cluster size distribu-

tion, the trend of the optical gap is still a useful tool to
state the cluster size behavior during irradiation.

The final picure that we draw from Fig. 3 is now quite

impressive: If we start with hydrogenated graphitic car-

bon films (Es below 0. 1 eV), keV-ion irradiation pro-

duces a strong declustering of atomic configuration of
carbon atoms (final Es=0.5), while for hydrogenated

amorphous carbon ion irradiation produces a strong clus-

tering. The equilibrium values of C, 2 fraction depends

on hydrogen concentration, which is related to the depos-

ited energy of the incoming ions and to the initial struc-

ture of the film.
In summary, ion irradiation of hydrogenated carbon

films modifies their physical properties (densities, hydro-

gen contents, energy gaps, etc.) and the transformation

rates are linearly dependent on ion deposited energy.

Moreover, a quite realistic picture of atomic carbon

configuration is a cluster structure where the final trigo-

nal carbon fraction and cluster size depend on hydrogen

concentration.
A general curve (C,&2 vs xH) for carbon-hydrogen sys-

tems was found in such a way that ion irradiation pro-

duces declustering if the initial size is larger than the

equilibrium value or clustering if it is smaller.
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