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Application of radio frequency inductively coupled plasma in
chemical vapor deposition process of diamond-like carbon

films for modification of properties of deposited films
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The authors have deposited the diamond-like carbon (DLC) films by radio frequency inductively coupled plasma enhanced
chemical vapor deposition (RF ICP PECVD) method. The investigated DLC films with different sp3 fraction content were
deposited on polished and textured silicon substrates. The sp3 fraction content of the deposited DLC films was ranging from
35 % to 70 % and was estimated from acquired Raman scattering spectra (excitation wavelength: 325 nm and 514.5 nm). The
measurements of field emission characteristics were carried out in diode configuration. Emission properties of the DLC films
were calculated from Fowler-Nordheim plots. The calculated electric field enhancement factor β was ranging from 56 to 198
for the DLC films deposited on polished substrates and from 115 to 445 for films deposited on textured substrates. The surface
of the DLC films was observed by scanning electron microscope (SEM) after field emission measurements. The acquired SEM
images reveled that the activation of field emission from the DLC films is connected with generation of structural damage to
the DLC films.
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1. Introduction

Over recent decades, synthesis and character-
ization of the diamond-like carbon (DLC) films
have received major attention, due to their unique
properties, such as high resistivity, thermal con-
ductivity, mechanical hardness, chemical inertness,
biocompatibility and field emissivity [1–5]. Men-
tioned properties make the DLC films an interest-
ing material in electronics as passivation coatings,
heat-sink layers and field emitters or in biology
and medicine as protective coatings for implants,
biosensors and biochips applications [1, 2, 6–10].

The properties of the DLC film strongly depend
on the bonding configuration (relationship between
sp3 and sp2 fraction content) of the film. Thanks
to novel deposition techniques, such as radio
frequency inductively coupled plasma enhanced
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chemical vapor deposition (RF ICP PECVD), it is
possible to deposit the DLC films with specific sp3

fraction content [11, 12].

The DLC films were investigated as a poten-
tial material for field emitter applications with low
threshold electric field [5, 13]. In the majority of
works concerning the DLC films, the bonding con-
figuration of the investigated DLC films is not spec-
ified. The field emission from DLC films was in-
vestigated by many researchers, e.g. Umehara et
al. [14] have investigated DLC films deposited by
microwave plasma CVD method and correlated
sp2/sp3 bonding ratio (in relation to G band posi-
tion) with emission properties of the DLC films.

The aim of the research is to investigate the
emission properties of the DLC films with dif-
ferent bonding configurations and to correlate the
emission properties with sp3 fraction content of the
measured DLC film deposited by RF ICP PECVD
methods.
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2. Experimental
The investigated DLC films were deposited by

RF ICP PECVD method on silicon substrates [11,
12]. The films were deposited on polished and tex-
tured 10 mm × 10 mm square silicon substrates lo-
cated on 2” silicon transport plate. The silicon sub-
strates were textured in wet etch process in 1 M
potassium hydroxide (KOH) containing 2 % iso-
propyl alcohol solution [15]. The surface of etched
substrates was investigated by scanning electron
microscope (SEM) observations (Fig. 1) and opti-
cal profilometer measurements.

Fig. 1. SEM image of the surface of textured silicon
substrate.

Three textured substrates with similar morpho-
logical properties were selected. The selection was
based on the results of profilometric measure-
ments, i.e. mean-square height (Sq ∼ 0.59 µm)
and mean-height of roughness profile elements
(Rc ∼ 1.67 µm). The results of profilometric mea-
surements of polished substrates were as follows:
Sq ∼ 6.3 nm and Rc ∼ 15.5 nm.

During the RF ICP PECVD deposition process
methane (CH4) was supplied as a hydrocarbon pre-
cursor gas to the working chamber. The pressure in
the working chamber p was maintained at 6.65 Pa
and the methane flow rate was set at 100 sccm.
The temperature of the table T, on which the sil-
icon substrate was located, was stabilized at 20 °C.
The deposition of the DLC films was carried out
at a constant power value of the RF (PRF) and ICP
(PICP) signals.

The DLC films with different bonding config-
urations (sp3 around 35 %, 50 % and 70 %) were
deposited on polished and textured substrates. The
sp3 fraction content of the DLC films was con-
trolled by the power value of the applied RF sig-
nal [11, 12]. Before the deposition process, the sil-
icon substrates were cleaned by ion bombardment
in argon plasma discharge in order to improve the
adhesion of the DLC film to the substrate. The
thickness of the DLC films was 100 nm.

The bonding configuration of the deposited
DLC was verified by an analysis of Raman scat-
tering spectra. The Raman scattering spectra of the
investigated DLC films were acquired for samples
excited by 514.5 nm laser radiation (Ar2+ laser)
and 325 nm laser radiation (Cd-He laser). In this
work, the sp3 fraction content in the DLC films was
calculated from the relationship between intensities
of the D and G peaks [1, 16] and from the disper-
sion rate of the G peak [17].

The field emission measurements were carried
out in a system constructed by the Division of
Vacuum and Plasma Technologies of Faculty of
Microsystem Electronics and Photonics (Wrocław
University of Science and Technology). The sys-
tem had diode configuration and the anode was
made from copper (6 mm in diameter). During
the measurements the sample was located in a
vacuum chamber (∼2.5 × 10−4 Pa) and the dis-
tance between the sample and the anode was
25 µm. From the acquired current-voltage (I-V)
characteristics, the current-electric field (I-E) and
Fowler-Nordheim plots were calculated. The basic
emission properties, such as enhancement of elec-
tric field factor β and threshold electric field Eth,
were estimated from the acquired plots.

3. Results
According to the previous research, the sp3

fraction content of the DLC films is a function
of applied RF power value [12]. The assumed
sp3 fraction content of the DLC films was veri-
fied by Raman scattering spectroscopy measure-
ments. The acquired spectra were fitted with dou-
ble Gaussian peaks. The measurements confirmed
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Fig. 2. Raman scattering spectra of the DLC film with (a) and (b) 35 % sp3 fraction content (Vis-Raman and
UV-Raman); (c) and (d) 70 % sp3 fraction content (Vis-Raman and UV-Raman).

that the sp3 fraction content in the deposited DLC
films is around 35 %, 50 % and 70 %. The Raman
scattering spectra of the DLC films with sp3 frac-
tion content around 70 % and 35 % are compared
in Fig. 2.

The estimated values of sp3 fraction con-
tents from the relationship between intensities of
the D peak and the G peak are similar to the val-
ues calculated from the dispersion of the G peak.
Therefore, it is possible to assume that the calcu-
lated values are reliable. Examples of experimen-
tal data regarding dispersion rate of the G peaks in
Raman scattering spectra of the investigated DLC
films are presented in the Table 1.

The field emission properties of the DLC films
were measured in the system with diode configura-
tion. The anode was mechanically cleaned and pol-
ished before measurements of each sample. Each

DLC film was measured four times (two times with
increasing and two times with decreasing applied
voltage between the anode and the sample). The I-
E characteristics and Fowler-Nordheim plot of the
DLC film (sp3 ∼ 70 %) deposited on polished sub-
strate are presented in the Fig. 3. The calculated
emission parameters of the investigated DLC films
are presented in the Table 2.

From the acquired results it follows that for
the investigated DLC films, the electric field
enhancement factor increases with the increase of
the sp3 fraction content, while the threshold elec-
tric field value is minimal for the DLC films with
50 % of the sp3 fraction content. The phenomenon
could be explained by different bonding configu-
rations of the DLC films. The experiment showed
that it is possible to enhance emission properties of
a structure by application of a DLC coating.
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Table 1. Position of G bands in the Raman scattering spectra of DLC films with different bonding configurations.

sp3

[%]
Pos(G) @ 325 nm

[cm−1]
Pos(G) @ 514.5 nm

[cm−1]
Disp(G)

[cm−1/nm]

35 1539.2 1507 0.17
50 1553.6 1510 0.23
70 1593.4 1537.4 0.3

Fig. 3. Emission characteristics of the DLC film with 70 % sp3 fraction content: (a) I-E characteristics; (b) Fowler-
Nordheim plot.

From the analysis of the measured I-E charac-
teristics it follows that an activation of field emis-
sion from the investigated DLC films occurs af-
ter the first measurement. The activation mecha-
nism could be connected with the generation of de-
fects and damages created in the DLC films due
to the presence of high electric field. After the ini-
tial activation, the field emission stabilizes until
new defects are generated. The phenomenon is a
result of dielectric breakdown of the film in high
electric field and was conceived and described in
the literature [18]. The theory was confirmed by
the scanning electron microscope investigation of
the surface of the DLC films, carried out after the
I-V measurements. The generated defects/damages
have different form (erosion, delamination, melt-
ing) and their form depends on the sp3 fraction con-
tent of the deposited DLC film. The SEM images of
the generated defects are presented in Fig. 4.

4. Conclusions
The aim of the research was to investi-

gate the relationship between bonding configura-
tion and emission properties of the DLC films.

The diamond-like carbon films with different sp3

fraction content were deposited by RF ICP PECVD
method on polished and textured silicon substrates.

The sp3 fraction content of the deposited DLC
films was verified by Raman scattering spec-
troscopy. The investigated DLC films had 35 %,
50 % and 70 % sp3 fraction content.

The carried out research showed that the bond-
ing configuration has an influence on the emission
properties of the DLC film. The highest values of
electric field enhancement factor were achieved for
the DLC films with the highest sp3 fraction con-
tent, i. e. 198 and 445 for the DLC films deposited
on polished and textured substrates, respectively.
The DLC films with 50 % sp3 fraction content were
characterized by the lowest value of the threshold
electric field. The acquired results are comparable
with the data found in the literature [14]. For spe-
cific application, the bonding configuration of the
applied DLC films should be optimized for achiev-
ing specific emission parameters.

The SEM investigation showed that the acti-
vation of field emission from the DLC films is
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Table 2. Calculated emission parameters of the investigated DLC films.

DLC films deposited on polished substrates DLC films deposited on textured substrates

sp3 (%)
electric field

enhancement factor
(β)

threshold electric
field (Eth – V/µm)

electric field
enhancement factor

(β)

threshold electric
field (Eth – V/µm)

35 56 92.6 115 66.7
50 170 20 336 12.4
70 198 27.5 445 19.6

Fig. 4. SEM images of damages generated by field
emission in the DLC films with (a) 35 %; (b)
50 %; (c) 70 % sp3 fraction content.

connected with defects generation, which results
in damages of the film. Further investigation of the
observed damages (for example by energy disper-
sive X-ray spectroscopy) is required for explana-
tion of differences in their formation.

Due to the nature of the field emission from
the DLC films, it is necessary to investigate the
reliability and long-term stability of the field
emission from the DLC films by reduction of
generated defects.
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