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Filmes finos de carbono amorfo hidrogenado (a-C:H) têm sido depositados na superfície de 
materiais para melhorar propriedades mecânicas, ópticas e químicas. Nesse estudo, foi empregado 
o sistema de deposição química assistida por plasma (PECVD) para sintetizar filmes de a-C:H com 
fases DLC (tipo diamante) e PLC (tipo polimérico). As pressões parciais de acetileno em argônio 
foram variadas e as estruturas dos produtos analisadas pela técnica de espectroscopia de reflexão-
absorção no infravermelho (IRRAS) e Raman. Além disso, a morfologia e as espessuras dos filmes 
foram determinadas por microscopia de força atômica (AFM) e perfilometria, respectivamente.

Hydrogenated amorphous carbon (a-C:H) thin films were synthesized on the surface of 
materials to improve mechanical, optical and chemical properties. In the present study, plasma 
enhanced chemical vapor deposition (PECVD) was performed to produce a-C:H films with PLC 
(polymer like carbon) and DLC (diamond like carbon) phases. The influences of the acetylene 
partial pressure and chamber pressure on the chemical structures of the products were evaluated 
by infrared reflection absorption spectroscopy (IRRAS) and Raman spectroscopy. Moreover, the 
morphology and thickness of the films were investigated by atomic force microscopy (AFM) and 
profilometry, respectively.
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Introduction

A considerable amount of research has been conducted 
on hydrogenated amorphous carbon (a-C:H) thin films1,2 
due to their beneficial effects on the mechanical, optical and 
chemical properties of materials, particularly for food 
packaging purposes because of the enhancement of gas 
barrier properties.1-5

In addition, the a-C:H have been studied as a functional 
barrier to avoid or reduce the migration of possible 
residual contaminants from recycled polymers.6 a-C:H 
films possess sp3-, sp2- and sp1-hybridized carbons,7 
whose proportion significantly affects their physical and 
chemical properties. Films with a high percentage of sp3 
carbon have properties similar to those of diamonds, such 
as superior hardness, chemical inertness and high electrical 
resistance. Alternatively, films with a significant amount 
of sp2-hybridized carbon are soft like polymers and called 
PLC (polymer-like carbon).7,8,9

The a-C:H films can be synthesized by methods such 
as ion beam deposition, magnetron sputtering, pulsed laser 
deposition and plasma enhanced chemical vapor deposition 
(PECVD).10-13 PECVD films are usually prepared with high 
frequency (13.56 MHz) low-temperature plasma from a 
hydrocarbon precursor gas, typically methane, acetylene, 
ethylene or benzene. The ions and radicals generated by 
dissociation/ionization of those gases impinge on the 
substrates leading to film growth.13-16

The physical and chemical properties of a-C:H films 
deposited by PECVD are dependent on the deposition 
parameters, including the pressure and gas composition 
in the plasma chamber. The energy of the ions impinging 
on the substrate surface also significantly affects the 
chemical structure of the films that, depending on the 
processing parameters, can be changed from PLC to DLC 
phase.11,12,16,17

In spite of several studies regarding the a-C:H synthesis 
by PECVD,11,12,17,18 few are the reports on the influence 
of methane/acetylene partial pressure in argon on the  
PLC/DLC composition of deposited material.12,19 In fact, 
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there are still divergences on the influence of the pressure 
in the chamber on the deposition rate.

Thus, in this work, parameters influencing the structure 
of a-C:H films, more specifically, the partial pressures of 
acetylene in argon and the total pressure in the deposition 
chamber were investigated. The thickness and morphology 
of the films were determined by profilometry and atomic 
force microscopy (AFM), respectively, whereas the 
structure was evaluated by infrared reflection absorption 
spectroscopy (IRRAS) and Raman spectroscopy.

Experimental

A Vacutec Plasma PECVD system consisting of a 
vacuum chamber with two 30 cm diameter parallel plate 
electrodes, separated by 4 cm, was employed to deposit the 
a-C:H films. The system was coupled to a throttle, a power 
source, a flow meter and a radio frequency (RF) generator 
(13.56 MHz) as shown in the scheme of Figure 1.

The plasma power and deposition time were respectively 
set to 70 W17,20 and 10 min, while the acetylene (99.8% 
purity) to argon (99.9%) partial pressure and the total 
pressure in the chamber were varied. Three pressures 
(0.5, 1.0 and 1.5 Torr) and six acetylene partial pressures 
(f C2H2) were established by controlling its flow at 25, 40, 
50, 60, 75 and 95 sccm, while the argon gas flow (f Ar) 
was kept constant at 100 sccm. In order to facilitate the 
interpretation and identification throughout the work, the 
different experimental conditions and the samples were 
named as shown in Table 1.

All depositions were performed on silicon substrates, 
which were previously cleaned in an ultrasonic bath 
with isopropyl alcohol for 3 min, rinsed with deionized 
water and dried prior use. The a-C:H films were grown 
on silicon substrates at room temperature, however the 
temperature increased during the deposition process due 
to the plasma bombardment.12 The thickness of the a-C:H 

films were determined with Dek Tak3 Surface Profiler. The 
surface morphology of the a-C:H films was examined by 
AFM (Agilent Technologies 5500) operating in contact 
mode. The images were obtained from the central region of 
the sample by performing scans on a 10 × 10 micrometer 
area. IRRAS measurements were performed in the 2400 
to 3400 cm-1 using a Bomen MB series B102 spectrometer 
setting the p-polarized light incidence angle to 70°. The 
structure of the carbonic matrix was characterized using 
a Jobin Yvon Raman spectrophotometer equipped with a 
T6400 Scientific Cyntian laser operating at a wavelength 
of 488 nm and 8 mW.

Results and Discussion

Growth rates of the films

Figure 2 shows how the deposition rate of a-C:H films 
vary as a function of the acetylene partial pressure and the 
total pressure in the PECVD chamber.

As shown in Figure 2, a fast increase was observed at 
the lower partial pressures of acetylene but a saturation 
behavior was observed at higher partial pressures. This 
result shows that a larger supply of hydrocarbon in the 
plasma contributes to film growth. A similar behavior 

Table 1. Experimental conditions used to deposit the a-C:H films by 
PECVD

Experimental conditions

Sample f C2H2 / sccm f Ar / sccm p / Torr

1 25

100 0.5

2 40

3 50

4 60

5 75

6 95

7 25

100 1.0

8 40

9 50

10 60

11 75

12 95

13 25

100 1.5

14 40

15 50

16 60

17 75

18 95

Figure 1. Schematic representation of the PECVD system used for the 
deposition of a-C:H films.
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was observed by Gaman et al.11 and Cheng et al.18 when 
the partial pressure of methane in argon was increased. 
Nevertheless, that mechanism cannot explain the saturation 
behavior observed at higher acetylene partial pressures.

Also, for a given acetylene partial pressure, the 
deposition rate was enhanced as the chamber pressure 
was increased since the collisions between ions, radicals, 
electrons and molecules are more frequent. Thus, 
the increase of the pressure decreases the mean free 
path and increases the deposition rate as reported in the 
literature.18,19,21

However, there are evidences that the deposition rate 
can decrease as a function of the pressure.12,19,22 In fact, the 
deposition rate is influenced by the balance between the 
deposition of hydrocarbon radicals and the etching by H+ 
bombardment, which is favored at higher pressures, slowing 
down the a-C:H deposition. This mechanism can adequately 
explain the saturation behavior of the deposition rate vs. 
acetylene partial pressure plots that are depicted in Figure 2.

IRRAS analysis

PLC films can present from 40 to 60% of hydrogen atoms 
bond to carbon atoms with sp1 and sp2 hybridization.11,12,16,17,20 
Also, the vibration modes of the CH bonds characteristic of 
these films are found in the 2800-3000 cm-1 range. Thus, 
IRRAS can provide valuable information about type of CH 
bonds present in the films, as shown in Figure 3.

The results shown in Figure 3 revealed bands at 
2975, 2920 and 2885 cm-1, range can be attributed to 
symmetric vibrations of sp2-CH2 groups, asymmetric 
sp3 or sp3-CH2-CH and symmetric sp3 or sp3-CH3-CH2 
vibrations. Overall, these bands are characteristic of 
PLC structures and consistent with those reported in the 
literature.9,11,12,23,24 In fact, better defined C-H bands were 
observed for the samples prepared at higher acetylene 

partial pressure and higher PECVD chamber pressure. As 
observed in other studies,12 the a-C:H film structure can 
change from DLC to PLC as the total pressure is increased 
even at the same partial pressure of methane and argon.

According to the literature,18 the dissociation of C2H2 
by Ar ions and electrons generates mainly ethinyl radical 
(C2H) and hydrogen atoms according to the reaction:

Figure 2. The deposition rate of a-C:H films as a function of the acetylene 
partial pressure and PECVD chamber pressures of 0.5, 1.0 and 1.5 Torr.

Figure 3. IRRAS spectra of samples deposited at (a) 0.5, (b) 1.0 and 
(c) 1.5 Torr. The spectra show the typical vibration modes for CH bonds 
at 2800-3000 cm-1.
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Ar* + C2H2 → Ar + C2H2
+ (1)

C2H2
+ + e- → C2H + H (2)

The probability of effective collision and formation of 
hydrogen atoms is higher at higher pressures, favoring the 
formation of PLC films.

Raman analysis

The Raman spectra of a-C:H films deposited by PECVD 
are depicted in Figures 4.

The  spec t r a  we re  ana lyzed  by  Gaus s i an 
deconvolution, and the bands found at 1480 (G band) and 
1200 cm-1 (D band) are characteristic of DLC films.9

The decrease in the ratio of the D and G band intensities 
(ID/IG ratio) and the shift in their position to lower 
wavelengths are indicatives of less extended graphitic 
domains, which were attributed to an increase in the degree 
of disorder of the sp2 bonds and an increase in the number 
of sp3 bonds in the structure. Thus, the characteristics of 
DLC films become increasingly pronounced.9,25 The ID/IG 
ratio and the positions of the G and D bands of the samples 
are presented in Table 2.

To determine which deposition parameters led to the 
formation of DLC films, those with the lowest ID/IG ratio 
were evaluated. In particular, samples 5 and 9 presented 
an ID/IG ratio of 0.13 (Table 2) and the G and D bands at 
the lowest wavelengths. The results indicated that sample 5 
was the most structurally similar to DLC films. The effect 
of pressure and acetylene partial pressure on the structural 
characteristics of a-C:H films can be attributed to the impact 
energy of the ionic species generated in plasma.9,10,19,24 It 
is established that the energy of incident ions decreases as 
the pressure increases and the mean free path decreases.19

According to literature,9 ions with sufficient energy to 
reach the surface of a-C:H films are inserted following the 
subplantation model. According to this model, the density 
of DLC films increases when the incident carbon ions 
(C+) penetrate the first atomic layer of the film, forming 
a sp3-hybridized carbon. Alternatively, low energy carbon 
ions lay on the surface of the film, forming sp2-hybridized 
carbons.

According to the Raman results (Figure 4), the flux has 
little effect on the formation of DLC films, and sensitive 
variations in the ID/IG values were observed at deposition 
pressures of 0.5 and 1.0 Torr. However, the ID/IG ratio of 
most samples deposited at 1.5 Torr increased, indicating 
that a transition in DLC to PLC films had occurred.

Generally, the increase in pressure as well as acetylene 
partial pressure should result in high rates of dissociation and 
ionization promoting the hydrogenation of a-C:H films and 

increasing PLC characteristics. In contrast, the lower 
energy of the incident ions at 1.5 Torr and the effect of 
subplantation should favor the growth of carbon films with 
higher sp1 and sp2 hybridization.9

However, the Raman studies indicated that this second 
process is more important in our conditions since the 

Figure 4. Raman spectra of a-C:H films deposited by PECVD on silicon 
substrates at (a) 0.5 (1-6), (b) 1.0 (7-12) and (c) 1.5 Torr (13-18).
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formation of a-C:H films with lower ID/IG ratio was 
observed at lower pressures, indicating the formation of 
less hydrogenated materials (DLC). Thus, the subplantation 
process should be predominant even at 0.5 Torr as a 
consequence of the higher impact energy of the species 
present in the plasma.

Morphology of a-C:H films

Figure 5 shows AFM images of DLC (sample 5) and 
PLC a-C:H films deposited on silicon (sample 15).

An irregular morphology, including rounded grains 
with different sizes and nucleation shapes, was present on 
the surface of the PLC films (sample 15, Figure 5b). On 

the other hand, DLC films (sample 5, Figure 5a) presented 
sharper and more structured surface as expected for the 
formation of needle like micro-structures. Thus, the PLC and 
DLC phases showed different surface morphologies due to 
variations in the deposition parameters.

Conclusions

In the present study, a-C:H films were synthesized 
by PECVD varying deposition parameters such as the 
pressure and concentration of acetylene in argon. The 
profilometry results revealed that the film thickness increased 
as a function of acetylene pressure as expected for a higher 
concentration of chemical species in the plasma. At a 
constant partial pressure of acetylene in argon, an increase 
in the operating pressure led to the formation of thicker 
films due to an increase in the number of effective collisions, 
consequence of the shorter mean free path. The IRRAS and 
Raman spectroscopy revealed that PLC structures were 
favored at low acetylene partial pressure and high chamber 
pressure (sample 15), whereas the formation of DLC films 
was favored at high acetylene partial pressure and low 
PECVD chamber pressure (sample 5). Moreover, AFM 
analysis revealed that materials with different morphologies 
could be generated by varying the deposition parameters.
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