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Diamond-like carbon (DLC) films were deposited on silicon single crystal substrates
from toluene vapor using rf plasma.  After deposition, the DLC films were irradiated with
a nitrogen ion beam and the effects of this irradiation on surface morphology and compo-
sition were studied.  Nitrogen ion irradiation was performed using a nitrogen ion beam of
0.2 keV for 10 min under a constant ion current density of approximately 70 μA/cm2.  Surface
morphology was observed by atomic force microscopy (AFM).  Changes in composition and
carbon-nitrogen bonding states were analyzed by X-ray photoelectron spectroscopy (XPS).
Carbon structures were examined by Raman spectroscopy.  AFM observations revealed that
the DLC film surface became smooth after nitrogen ion beam irradiation.  XPS studies
showed that nitrogen was absorbed near the surface of the DLC films after nitrogen ion
irradiation, and carbon-nitrogen bonding was confirmed in C1s and N1s photoelectron
spectra.  Carbon structures did not change remarkably after nitrogen ion irradiation.  These
results show that irradiated nitrogen ions are absorbed into the DLC films to form carbon
nitride layers near the surface.

1. Introduction

Since its theoretical prediction by Liu and Cohen,(1) crystalline carbon nitride (β-C3N4)
has attracted considerable attention and many scientists have tried to prepare this material
using various techniques including laser ablation deposition, ion-beam-assisted deposition,
reactive sputtering and hot-filament chemical vapor deposition.(2–5)  In addition to these
deposition methods, nitrogen ion irradiation into carbon materials was proposed as an
effective technique for preparation of carbon nitride (CNx).(6)
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Hoffman et al. irradiated graphite and diamond using 500 eV nitrogen ions in the
temperature range from room temperature to 800 K and studied the effects of irradiation
temperature, post-irradiation annealing and ion dose.(6)  According to these authors, the
nitrogen concentration increased and implanted nitrogen was present in three different
bonding states of nitrogen and carbon.(6–8)  Galán et al. studied X-ray photoelectron
spectroscopy (XPS) of CNx films grown by nitrogen ion implantation on graphite and
hydrogenated amorphous carbon in the ion energy region from 250 to 5000 eV.(9)  They
found that higher nitrogen concentration is obtained by consecutive implanting from higher
to lower energies and that the N1s line shape is due to the presence of four chemical species.
Husein et al. prepared CNx films by implanting amorphous carbon films with nitrogen using
plasma immersion ion implantation and conventional ion beam implantation.(10)  Their
Raman spectra indicated that the structure of implanted CNx films becomes more amorphous
than the as-deposited amorphous carbon films.

More recently, we prepared CNx layers by irradiating amorphous carbon substrates with
a nitrogen ion beam.(11)  In a previous work, the effect of nitrogen ion beam energy on the
formation of CNx layers in bulk amorphous carbon was studied.(11)  It was found that 0.2 keV
ion irradiation is more effective for CNx formation than 1.5 keV ion irradiation.  Since the
previous work was limited to bulk amorphous carbon, studying the irradiation effect for
amorphous carbon films using the nitrogen ion beam and comparing the irradiation effect
to that of bulk amorphous carbon are both of interest.

In this paper, diamond-like carbon (DLC) films are deposited from toluene vapor using
rf plasma, and the DLC films are irradiated with the nitrogen ion beam after deposition.  The
effect of nitrogen ion irradiation on the surface morphology and composition of the DLC
films is examined.

2. Experimental Procedures

2.1 Film deposition
DLC films were prepared on silicon single crystal substrates from toluene vapor using

rf plasma.  The gas was introduced into the reaction chamber and 180 W of 13.56 MHz rf
power was used to produce a discharge.  The working pressure was kept at 10 Pa and the
deposition was carried out for 5 min at room temperature.

2.2 Ion beam irradiation
A nitrogen ion beam was generated with a bucket-type ion gun.  The nitrogen ion beam

energy was fixed at 0.2 keV and the nitrogen ion beam current density was kept constant at
approximately 70 μA/cm2.  After the vacuum chamber attained a base pressure of 1.3×10–4

Pa, nitrogen gas was introduced into the chamber and nitrogen ions were generated by arc
discharge.  The pressure was then maintained at about 4.7×10–3 Pa during ion beam
irradiation.  Irradiation was carried out for 10 min at room temperature.

2.3 Characterization
Surface morphology was observed with an atomic force microscope (AFM) (NanoScope

III, Digital Instruments) with a commercial silicon tip using a tapping mode.  Film
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composition and chemical bonding states between carbon and nitrogen were analyzed by X-
ray photoelectron spectroscopy (XPS) (ESCA 1600, Physical Electronics) with a non-
monochromatic Mg Kα X-ray source.  Depth profiles of carbon and nitrogen in the DLC films
after irradiation were obtained by sputtering the specimens with 2 keV argon ions.  Raman
spectroscopy (NR-1800, Japan Spectroscopic) was performed by backscattering from the
DLC films using an argon-ion laser operating at 514.5 nm.

3. Results and Discussion

3.1 As-deposited films
Figure 1 shows a typical AFM image of the surface of the as-deposited film.  From this

figure, it can be seen that the surface of the film is covered uniformly with small protrusions.
The root-mean-square roughness (RRMS) is calculated from several different AFM scans of
1 μm2.  The value of RRMS is approximately 0.25 nm for the as-deposited films.

In the XPS wide spectrum for the as-deposited film, only the carbon peak is observed and
extraneous peaks are not discerned.  Thus, the deposited film is a contamination-free film.

The Raman spectrum from the as-deposited films, as displayed in Fig. 2, shows typical
features of DLC films: a broad peak around 1550 cm–1 (G-band) and a shouldered peak
around 1350 cm–1 (D-band).(12)  From these results, it is concluded that the as-deposited films
are contamination-free DLC films with smooth surfaces.

3.2 Effect on surface morphology
Figure 3 shows a typical AFM image of the DLC film after irradiation with the 0.2 keV

nitrogen ion beam for 10 min.  In contrast with the as-deposited films, although the surface
is still uniform, the shape of the protrusions is not well defined and the top of the protrusions
looks as though it has been melted.  For the DLC films after irradiation with 0.2 keV nitrogen
ions, the average roughness is evaluated from several different AFM scans of 1 μm2 and the
value of RRMS is approximately 0.16 nm.

Fig. 1.    AFM image of the as-deposited DLC film.
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When the bulk amorphous carbon was irradiated with 0.2 keV nitrogen ions for 10 min,
the protrusions that covered the initial surface seemed to be aggregated, and the value of RRMS

increased from approximately 2.0 to 2.5 nm.(11)  This tendency is different from that of the
nitrogen ion irradiated films.   From the smooth and uniform surface after irradiation, we
consider that the surface of the DLC films was etched uniformly by nitrogen ions.  In
contrast, the bulk amorphous carbon seems to be selectively etched by nitrogen ions, because
the peak-valley structures are formed after irradiation.  The Raman spectrum of the bulk
amorphous carbon shows the D and G bands more sharply than the DLC films.(13)  This
indicates that the structure of the bulk amorphous carbon is closer to graphite than to DLC
film.

Fig. 2.    Typical Raman spectrum of the as-deposited DLC film.

Fig. 3. AFM image of the DLC film after irradiation with a nitrogen ion beam of 0.2 keV for 10 min.
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Gouzman et al.(7) studied the irradiation effects of low-energy nitrogen ions on graphite.
Based on the measurements of C (KVV) Auger line shape before and after irradiation, they
found that a high degree of structural disorder is induced in the near-surface region of
graphite.  They considered that disruption of the graphite structure by ion irradiation leads
to the formation of dangling bonds and point defects.  According to their results, it is
reasonable to surmise that the surface morphology of ion-irradiated graphite is modified
associated with structural disruption and this may be responsible for the difference in the
surface morphology after ion irradiation between the bulk amorphous carbon and DLC films.

3.3 Effect on composition and carbon structure
Carbon, oxygen and nitrogen peaks were clearly observed in the wide XPS spectra from

the DLC films after irradiation with 0.2 keV nitrogen ions for 10 min.  However, after the
surface was sputtered with 2 keV argon ions for 30 s, the oxygen peak disappeared while the
nitrogen peak remained.  From these results, it can be inferred that oxygen is adsorbed onto
the surface and nitrogen is absorbed into the DLC films.

Typical depth profiles of nitrogen and carbon in the DLC films are shown in Fig. 4 for
films after irradiation with 0.2 keV nitrogen ions for 10 min.  Because the surface
morphology of the DLC films changes very slightly after the depth-profile measurements,
it is difficult to estimate the sputtering rate of the DLC films during the depth-profile
measurements.  Instead, the bulk amorphous carbon was sputtered with argon ions under the
same conditions as the depth-profile measurements, and it was found that the sputtered depth
was approximately 20 nm after 9000 s sputtering, which indicates that approximately 4 nm
was sputtered after 2000 s sputtering.  In this figure, it can be seen that the nitrogen
concentration was approximately 15% near the surface.  In addition, the carbon concentra-
tion rapidly increased with the sputtering time with a concomitant decrease in the nitrogen

Fig. 4. Depth profiles of carbon and nitrogen in the DLC films after irradiation with the 0.2 keV
nitrogen ion beam for 10 min.  Atomic concentration was calculated from the XPS spectra and the
sensitivity factor of the apparatus.
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concentration.  The atomic ratio of nitrogen to carbon (N/C) near the surface was calculated
to be 0.18 for the film irradiated with 0.2 keV nitrogen ions for 10 min.  This value is lower
than that for the bulk amorphous carbon irradiated with 0.2 keV nitrogen ions for 10 min,
which is about 0.25.(11)  As discussed in the effect on surface morphology, disruption of the
graphite structure by nitrogen ion irradiation leads to the formation of dangling bonds and
point defects.  These defects are partly compensated by chemical bonding between
implanted nitrogen and displaced carbon atoms.(7)  This phenomenon may be related to the
higher N/C value observed in the bulk amorphous carbon than in the DLC films.

To study the bonding state between carbon and nitrogen, C1s and N1s spectra were
observed in detail.  Figures 5(a) and 5(b) show typical results of C1s and N1s spectra from the
DLC film after irradiation with 0.2 keV ions for 10 min, respectively.  Based on the model
proposed by Marton et al,(3) the C1s spectrum can be separated to four components, C-C at
284.6 eV, sp2C-N at 285.9 eV, sp3C-N at 287.7 eV and C-O at 289.5 eV.  The high-energy
tail in the C1s spectrum is attributed to the bonding of carbon and nitrogen.  Based on the same
model as the C1s spectrum, the N1s spectrum can be separated to three components, N-sp3C
at 398.3 eV, N-sp2C at 400.0 eV, and N-N/N-O at 402.0 eV,(3)  and a combination between
carbon and nitrogen is also confirmed in the N1s spectrum.  This observation is consistent
with the results of peak separation for the C1s spectrum.

Figure 6 shows a typical Raman spectrum from the DLC film after irradiation using the
0.2 keV nitrogen ions for 10 min.  The difference in the spectra before and after ion
irradiation is hardly remarkable.  This suggests that the carbon structure in the DLC films
does not change significantly.  As described in the introduction, Husein et al. prepared CNx

films by ion implantation into carbon thin films deposited by anodic vacuum arc dis-

Fig. 5. Typical spectra of (a) C1s and (b) N1s photoelectrons obtained from XPS studies for the DLC
films after irradiation with a 0.2 keV nitrogen ion beam for 10 min.

(a) (b)
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charge.(10)  They immersed the carbon films in a nitrogen plasma, and nitrogen ions diffused
into the films between the high voltage (1 to 2 kV) pulses via thermal diffusion.  After
immersion, they found the N/C ratio to be between 0.135 and 0.25 in the film.  In addition,
they observed a broad asymmetric peak at approximately 1500 cm–1 in the Raman spectrum
of the ion immersed films, and they concluded that the film structure became more
amorphous after ion immersion.

Comparing our results with those of Husein et al., we notice that the carbon structure of
the films after ion treatment is different, although the N/C ratio is similar.  The reason for
the difference may be due to the film structure itself.  Husein’s Raman spectrum shows two
broad peaks (D and G bands) for the as-deposited film, while the D peak in our spectrum has
a shoulder as shown in Fig. 2.  This suggests that the carbon structure of the as-deposited
films is different.  Furthermore, the kinetic energy of nitrogen ions in the method used by
Husein et al. is higher (1 to 2 keV) than in our method (0.2 keV).  This difference may also
be related to the different behavior due to carbon structure change after nitrogen ion
treatment.

4. Conclusions

Diamond-like carbon (DLC) films were deposited on silicon single-crystal substrates
from toluene vapor using rf plasma.  After deposition, the DLC films were irradiated with
a 0.2 keV nitrogen ion beam for 10 min.  AFM observations reveal that the film surface
becomes smooth after nitrogen ion irradiation.  XPS studies show that irradiated nitrogen
ions were absorbed into the DLC films and combined with carbon to form CNx layers near
the surface.  Additionally, the carbon structure did not change remarkably after 10 min of
ion irradiation.

Fig. 6. Typical Raman spectrum of the DLC film after irradiation with the nitrogen ion beam at 0.2
keV for 10 min.
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