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Abstract 

The effect of high energy (85 MeV) nickel ions on diamond-like carbon thin films, deposited by microwave discharge of acetylene 
and methane gases mixed with hydrogen, has been investigated. IR, Raman and spectroscopic ellipsometry studies of irradiated 
and as-deposited films show large changes in their microstructural features. The effects of irradiation on films prepared from 
acetylene-hydrogen and methane-hydrogen gas mixtures are very different. Such a behaviour is proposed to be due to the 
microstructural variations in the as-deposited films. 
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1. Introduction 

Diamond-like carbon (DLC) thin films have been the 

subject of considerable attention because of their unique 
combination of properties, namely extreme hardness, 
optical transparency, high electrical resistivity and chemi- 
cal inertness [l-4]. It is possible to vary these properties 
over a wide range by the judicious control of film growth 
parameters, such as the deposition temperature, nature of 
the source gas (methane, acetylene, benzene, etc.) and 
hydrocarbon vs. hydrogen gas ratio. The unique combi- 
nation of properties obtained for these films has been 
related to their microstructure, which involves various 
concentrations of hydrogen attached to carbon atoms at 
various sp’, spz and sp’ sites. Although considerable 
research has been undertaken to understand the mi- 
crostructure of DLC films prepared by various tech- 
niques, the study of the structure and properties of DLC 
films under different post-deposition conditions has been 
limited [5-91. Since these films find application in devices 
used under severe environmental conditions, such as high 
temperature, exposure to ion bombardment in space and 
fusion environments, etc., a study of the effect of these 
post-deposition treatments is extremely important. 
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Recently, Dischler et al. [6] have shown that DLC 
films annealed in vacuum at 600 “C are transformed 
into graphite. An increase in the size and/or number of 
threefold co-ordinated crystallites with an increase in 
the annealing temperature was reported by Dillon et al. 
[7] in annealed DLC samples. The effect of pulsed laser 
irradiation on DLC films was reported by Prawer et al. 
[8]. They found that, by the judicious choice of laser 
parameters, it was possible to produce conducting path- 
ways or well-defined channels in the DLC layer, thus 
transforming the DLC films but retaining some of the 
diamond-like properties of the original coating. Wang 
et al. [S] have reported a decrease or even complete 
removal of bond angle disorder and an increase in the 
size and/or number of sp2 C-C bond dominated crys- 
tallites as a result of irradiation with carbon ions (0.114 
MeV) and hydrogen ions (0.112 MeV). Wang et al. [9] 
have shown that the irradiation of DLC films by 1.5 
MeV protons causes the breaking of C-C and C-H 
bonds, together with the release of hydrogen from these 
films and a corresponding decrease in resistivity. How- 
ever, the hydrogen loss is not accompanied by the 
growth of graphite crystallites. The contribution of 
elastic nuclear collisions is expected to be very small at 
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energies in the megaelectronvolt range. Calculations 
carried out using “transport of ions in matter” (TRIM) 
analysis show that the electronic energy losses in the 
case of 0.112 MeV carbon ions and 1.5 MeV hydrogen 
ions are 46 eV A- I and 4 eV A-’ respectively. At 
higher bombarding energies, the effect of even larger 
electronic excitations can be seen effectively. 

In this work, we report the effect of irradiation with 
85 MeV nickel ions on the microstructure of DLC 
films. At this energy, the electronic energy loss is calcu- 
lated to be 936 eV A-‘. We report that the microstruc- 
tural changes associated with ion irradiation are a result 
of bond breaking and defect production, which are 
totally different in methane source films than in 
acetylene source films. 

2. Experimental details 

The results reported herein were obtained for DLC 
films ( 1.2 urn thick) deposited on polished Si( 100) 
wafers (300 urn thick) prepared by a microwave glow 
discharge method. The microwave system consisted of a 
downstream source (made of 5.0 x 10m2 m diameter 
quartz tube) inserted into a standard WR340 rectangu- 
lar waveguide. The quartz tube was evacuated by a 
rotary pump to a pressure of approximately 10-l Pa. A 
mixture of methane- hydrogen or acetylene-hydrogen 
gases was introduced into the system and a working 
pressure of (2.7-4.0) x lo3 Pa was maintained. A mi- 
crowave power of about 400 W was applied to produce 
a discharge in the microwave cavity. The polished 
Si( lOO)-oriented substrates were mounted on a graphite 
substrate holder in the middle of the cavity. The flow of 
gases was maintained using mass flow controllers. The 
films prepared from the methane-hydrogen gas mixture 
(ratio, 1 : 5) are denoted as M-films and those prepared 
from the acetylene-hydrogen gas mixture (ratio, 1 : 10) 
are denoted as A-films. The films prepared in this way 
were examined using X-ray diffraction and were found 
to be amorphous. The Knoop hardness of both types of 
film was about 2.5 x lo9 kg m-2. 

The DLC films were irradiated with 85 MeV nickel 
ions (dose, approximately IO” ions m ‘) produced by 
a 15 UD NSC Pelletron accelerator in a scattering 
chamber evacuated to a pressure of approximately 10e4 
Pa. A beam current of about 1 pnA (particle nanoam- 
pere, which is defined as the number of particles in a 
current of 1 nA per second) and a beam size of approx- 
imately 2.0 x IO-’ m x 3.0 x lO-3 m were used. The 
irradiation was carried out by directing the beam at 90” 
with respect to the substrate surface. The penetration 
depth of 85 MeV nickel ions is calculated to be about 
10 urn, which is very large compared with the film 
thickness. No measurable change in the film thickness 
was observed on irradiation. The films were character- 

ized before and after irradiation using laser Raman 
(514.5 nm), Fourier transform IR (FTIR) and spectro- 
scopic ellipsometry techniques. 

3. Results and discussion 

Fig. 1 shows the Raman spectra of M- and A-films 
before and after irradiation. The as-deposited M-films 
(Fig. I( a)) show one broad band around 1565 cm - ‘. 
This band is a characteristic feature of amorphous 
hydrogenated carbon and is believed to originate from 
the presence of aromatic rings. The broadening of this 
band is caused by the large variation in the size of these 
aromatic rings [IO]. On irradiation (dose, approxi- 
mately 10” ions m - 2), the Raman spectrum (Fig. 1 (b)) 
shows a significant change in shape. The intensity of the 
1565 cm - ’ band increases and a broad band appears at 
around 1335 cm-‘, although this band is very weak. 
The appearance of this band is associated with the 
evolution of very fine micrographite regions or disor- 
der-induced changes in the films. The Raman penetra- 
tion depth for the 514.5 nm laser radiation in DLC 
films is calculated to be of the order of 2 urn [ 111. Thus 
the Raman data are obtained from almost the entire 
thin film volume. 
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Fig. 1. Raman spectra of DLC films deposited using a methane-hy- 

drogen mixture (M-films) ((a) as-deposited; (b) after irradiation) and 
an acetylene-hydrogen mixture (A-films) ((c) as-deposited; (d) after 

irradiation). 
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Fig. l(c) shows the Raman spectrum of the as-de- 

posited A-films. It consists of two broad bands around 

1335 cm-’ (D-band) and 1590 cm-’ (G-band). The 
G-band is assigned to scattering by graphite optic zone 
centre phonons (EZg mode) and the D-band arises from 
scattering by disorder-activated optic zone edge 
phonons [7,12]. A large variation in the position of 
these bands has been reported in the literature, and has 
been associated with structural changes, disorder, poly- 
meric ring and micrographite formation and with 
changes in the hydrogen concentration in the films [ 131. 
On irradiation, the intensity of both D- and G-bands 

decreases and new structures at 1250 cm- ’ and 1360 
cm-’ are observed. The positions of the D- and G- 

bands have been found to shift to lower wavenumbers 
on irradiation. 

Fig. 2 shows the FTIR spectra of M-films and A- 
films before and after irradiation. The peaks observed 
in the spectra have been numbered and are assigned in 
Table 1. Fig. 2(a) corresponds to as-deposited M-films. 
The peaks at 2920 cm-i and 2956 cm-’ are the most 

predominant and are assigned to -CH, sp3 asymmetric 
and -CH2 sp* olefinic bonds. The only other peak 
showing sp’ bonding occurs at 2862 cm-‘. All other 
peaks correspond to vibrational frequencies associated 
with various sp’ modes [ 14,151. The spectrum under 
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Fig. 2. FTIR spectra of DLC films deposited using a methane-hydro- 

gen mixture (M-films) ((a) as-deposited; (b) after irradiation) and an 

acetylene-hydrogen mixture (A-films) ((c) as-deposited; (d) after 

irradiation). The numbers refer to Table 1. 

goes a considerable change in shape on irradiation (Fig. 

2(b)). On irradiation, a general increase in the absorp- 

tion corresponding to all the sp* vibrational modes is 

observed. The absorption peak at 2862 cm- ’ (-CH, 

sp’ symmetric) also increases and a new peak at 2881 

cm - ’ (-CH, sp’ symmetric) appears. The dominant 

2956 cm- ’ peak corresponding to the -CH, sp2 olefinic 

mode increases in strength compared with the -CH, 
sp3 asymmetric peak. Thus the effect of irradiation is to 

increase the relative number of sp’ sites compared with 

sp3 sites in the M-films. Figs. 2(c) and 2(d) show the 

FTIR spectra of A-films before and after irradiation. 

The spectrum in Fig. 2(c) consists of several peaks 

corresponding to sp2 and sp’ vibrational modes and 

undergoes a considerable change on irradiation (Fig. 

2(d)). In general, all the absorption peaks due to sp’ 
modes decrease on irradiation. The peak at 2860 cm-’ 

due to sp3 bonding increases and the peak correspond- 

ing to the -CH, sp’ symmetric mode disappears. The 

peak at 2927 cm- ’ corresponding to the -CH2 sp3 

asymmetric mode is observed very clearly. The overall 

changes in intensity of these peaks suggest a relative 

decrease in sp2 sites compared with sp’ sites in A-films 

on irradiation. 

Fig. 3 shows the spectral variation of the real part of 
the refractive index IZ of M-films and A-films obtained 

by spectroscopic ellipsometry in the energy range 1.5- 

5.0 eV. The values of n for M-films decrease, whereas 

the values of n for A-films increase, over the entire 

energy range on irradiation. The spectral variation of n 

in the M-films and A-films after irradiation is thus very 

different. 

DLC thin films can be considered [ 161 to comprise a 

diamond-like component and a graphite component. 

The contrasting effect of ion irradiation on the M- and 

A-type DLC films is possibly due to the difference in 

the relative amounts of these components present in the 

as-deposited M-films and A-films and the different ways 

in which high energy ions affect these components. In 

M-films, the decrease in the value of n on exposure to 

high energy ions can be explained by an increase in the 

graphite component via hydrogen release from the 

polymeric component. The value of n for graphite 
decreases from 3.1 at 0.75 eV to about 2.5 at 4.0 eV 

[ 171. In A-films, the increase in the value of IZ on 

irradiation can be explained in terms of the increased 

disorder and increase in the diamond-like component. 

As-deposited M-films have a higher value of IZ (2.1 at 

2.5 eV) than as-deposited A-films (n = 1.6 at 2.5 eV), 
indicating that there is a higher concentration of voids/ 

graphite component in M-films [ 161. This observation is 
consistent with the Raman and IR spectra shown in 
Figs. 1 and 2. 

In another experiment involving elastic recoil detec- 

tion analysis (ERDA), we found large changes in the 
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Table 1 
Observed IR spectra of DLC films a 

Peak M-films 

(unirradiated) 

M-films 

(irradiated) 

A-films 

(unirradiated) 

A-films 

(irradiated) 

Vibrational 

modes 

Peak 

position 

from 

literature 

Reference 

1 3087 3094 t 3090 3087 1 CH2 asymmetric olefinic 3080 [I41 

2 3072 3066 1 3066 3061 1 CH sp’ aromatic 3050-3060 1151 
3 3039 3042 t 3032 3037 J CH, sp* olefinic 3020- 3025 1151 

4 3011 3011 t 3004 3004 1 CH sp* olefinic 3000 [I51 

5 2985 CH, symmetric olefinic 2975 1141 

6 2956 2956 1 - 2955 CH, sp* olefinic 2950-2945 it51 

7 2934 - Unidentified 1141 

8 2920 2930 t 2927 CH, sp3 asymmetric 292552920 IL51 

9 2907 2914 2909 1 CH stretch 2890 [141 

10 2881 2881 - CHs sp3 symmetric 2870-2875 1151 

11 2862 2862 t 2867 2860 7 CH2 sp3 symmetric 285552850 [I51 

a Arrows indicate increase (r) or decrease (1) in absorption on irradiation. 

hydrogen concentration of both types of film as a result 
of ion irradiation [ 181. The important observation to be 
noted in the present investigation is the different effects 
observed in M-films and A-films on irradiation with 85 
MeV nickel ions. We do not expect a large increase in 
the temperature of the films during irradiation. The 
estimated temperature rise during ion irradiation was 
50 “C. This is not sufficiently significant to cause an- 
nealing effects. Dischler et al. [6] have reported that 
DLC films annealed at 400 “C retain a high proportion 
of diamond-like sp3 bonds, which rapidly decrease with 
increasing annealing temperature until, at 600 “C, all 
the bonds are transformed into graphite-like sp2 species. 
An increase in the number of sp2 bonds as a result of 
thermal annealing has also been reported by Nadler et 
al. [ 191. This is accompanied by hydrogen loss and a 
decrease in the transparency of these films on annealing 
to 700 “C or more. Graphitization of films, as a result 
of pulsed laser treatment or high energy ion irradiation, 
has been reported to a varied extent in DLC films [20]. 

Adel et al. [21] observed hydrogen loss on irradiation 
of DLC films with 0.050 MeV carbon ions due to the 
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Fig. 3. The real part of the refractive index n as a function of the 

energy for DLC films deposited using a methane-hydrogen mixture 

(M-films) ((a) as-deposited; (b) after irradiation) and an acetylene- 
hydrogen mixture (A-films) ((c) as-deposited; (d) after irradiation). 

breaking of C-C and C-H bonds, but Raman and 
electron spin resonance (ESR) measurements did not 
suggest the growth of graphite crystallites on irradia- 
tion. Ion-impact-induced defect creation and an in- 
crease in the dangling bond density have been reported 
in these films. Prawer et al. [8] have reported large 
changes in the conductivity in DLC films irradiated 
with 0.050-0.270 MeV ions. The formation of graphite 
microcrystals was not observed on irradiation and the 
conductivity changes were associated with an increase 
in the number of dangling bonds. Similar results have 
been reported by Wang et al. [9] on DLC films irradi- 
ated with 1.5 MeV protons. The effect of very high 
energy ion irradiation on DLC films has not been 
reported. The effect of the irradiation of a diamond 
crystal surface with 63 MeV copper and 26.7 MeV neon 
ions has been reported by Erchak et al. [22]. It has been 
observed that the tetrahedral coordination is lost and 
quasi-one- dimensional long-range ordering appears. 

The effect of ion irradiation on DLC films can be 
related to the film microstructure which varies signifi- 
cantly as a function of the deposition parameters and 
the nature of the hydrocarbon source used in the depo- 
sition process. Thus, for example, films prepared by 
McKenzie et al. [ 141 by d.c. magnetron glow discharge 
decomposition of acetylene showed a mixture of two 
phases: threefold coordinated carbon in aromatic layers 
and a hydrogen- rich phase with saturated groups such 
as -CH, and -CH2. A large part of the film was 
suggested to be made up of polycyclic aromatic rings in 
random orientations, and links between aromatic layers 
were formed by fourfold coordinated carbon atoms. 
Resistance to true graphite formation was also sug- 
gested due to the formation of a tangled network by the 
threefold coordinated layers which resists ordering even 
at temperatures as high as 2700 “C. Tamor and Wu [23] 
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have suggested the presence of pendant benzene rings in man spectra. Thanks are due to the Council of Scien- 
DLC films, formed by the decomposition of benzene- tific and Industrial Research (CSIR) and the Depart- 
hydrogen gas mixtures, accompanied by voids contain- ment of Science and Technology, New Delhi for 
ing a large concentration of hydrogen. financial support. 

The effects of irradiation observed in our films can be 
associated with the microstructural differences in these 
films caused by the different source materials, e.g. 
methane (M-films) and acetylene (A-films), and also the 
deposition conditions. The Raman spectrum of the 
M-films indicates the growth of graphite microcrys- 
talline regions on irradiation. This is also corroborated 
by the -ellipsometry studies, where a decrease in n on 
irradiation is obtained. Different results are observed in 
the A-films on irradiation. The decrease in the intensity 
of the graphite band in the Raman spectrum of the 
A-films and the increase in n are indicative of a reduc- 
tion in the number of graphite microcrystalline regions 
[ 171. However, it is not clear why such a large difference 
in the results for these films should be observed as a 
result of irradiation with ions of similar energy and 
dose. It is clear that high energy ion irradiation may 
lead to graphitization or diamond formation in these 
films depending on their structure, but the mechanism 
is not well understood. 
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