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A B S T R A C T

The new method is suggested of formation of highly porous graphite-like thin films by radio frequency magnetron plasma enhanced chemical vapor deposition from
argon-methane gas mixture. The prepared films were characterized before and after thermal annealing by XPS, XES, FTIR, Raman spectroscopy, XRD, XRR, AFM, and
electrical measurements. Deconvolution of XPS spectra has demonstrated a significant growth of sp2/sp3 ratio from 1 for as-deposited films to 12 for the films
annealed at 650 °C for 5min. FTIR spectra have confirmed that thermal annealing results in reduction of H– and OH– functional groups and formation of С]С bonds.
The analysis of Raman spectra has shown that the annealing incorporates additional defects in graphite plane. XRD has shown that films are amorphous. Estimation
of porosity from XRR measurements gave values of about 59% for as-deposited films and 34% for annealed films. AFM has shown that roughness of the films
decreases from 3.3 to 0.6 nm during treatment at 650 °C in inert atmosphere. The size of pores was found to be few tens of nanometers. The electrical measurements
have shown that after annealing the resistivity decreases by up to 5 orders of magnitude. Annealed films have demonstrated perceptible sensitivity to ammonia and
water vapor.

1. Introduction

Carbon-based films, which possess unique properties due to tun-
ability of their chemical bonds, have been widely studied in recent
decades [1–3]. Physical and electrical properties of these materials are
determined by the chemical structure, relative ratio of sp2 to sp3 bonds
as well as by growth morphology. Nanoscale porosity is a morpholo-
gical parameter closely related to electrical properties of the material
and to its sensitivity to chemical environment. Nanoporous carbon (np-
C) film is a very attractive material for different fields of applications
such as catalysis [4], energy storage [5], purification of gases and li-
quids [6,7] and chemical gas sensors [8]. It is well known, that np-C
films with average pore diameter about 1 nm can be fabricated by
different deposition techniques including chemical vapor deposition
[9], magnetron sputtering [10], pulsed layer deposition [11], spray
coating [12] and ultrasonic deposition [13]. For many applications
porous carbon film has to be conductive, for example, in biomedical
electronic devices and chemical sensors based on the electrical re-
sistance response. Combination of porosity and conductivity in such
films is a great advantage but it is a big challenge as well. High

conductivity in carbon is, first of all, associated with high concentration
of sp2 bonds and highly percolated graphitic/graphenic phases.
Recently we have studied the effects of magnetron deposition con-

ditions and consequent thermal treatments on structural, morphological
and electrical properties of amorphous carbon-rich silicon‑carbon alloy
films [14,15]. It was demonstrated that the density of the a-SiC:H films
deposited by magnetron sputtering can be varied by discharge power
and methane incorporation. In the present work we demonstrate an
original method of “magnetron plasma enhanced chemical vapor de-
position” of low density amorphous carbon. It will be shown that poor
conductivity and chemical sensitivity of as-deposited films can be
strongly enhanced by thermal annealing.

2. Experimental details

2.1. Sample preparation

Deposition of low-density amorphous carbon films was performed
using specific deposition regime of typical planar radio frequency
magnetron with silicon target (160 cm diameter). At first deposition
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stage a very thin “adhesion” layer (few nanometers) was deposited on
the substrate using pure argon at pressure 0.8 Pa and discharge power
200W. After “adhesion” layer is formed the deposition process was
modified by reducing of discharge power down to 60–80W, and in-
troducing of methane that resulted in the increase of the pressure up to
1.0 Pa. At such parameters no silicon sputtering occurred on the silicon
target and the deposition process is determined primarily by plasma
enhanced decomposition of methane in the near-substrate region.
Methane is commonly used for plasma enhanced chemical vapor de-
position (PECVD) of amorphous hydrogenated carbon films [16]). It is
quite “technological” and easily accessible gas. The above described
deposition mode is somewhat similar to “low power/pressure” plasma
enhanced chemical vapor deposition (PECVD) process and can be de-
noted as “magnetron PECVD”. The adhesion silicon-rich layer provides
sufficient durability of the interface between a substrate (silicon, silicon
oxide) and very soft carbon film to make possible further contact pro-
cessing and experiments. Si(100) wafers and Si wafers with 200 nm
silicon oxide layer grown by thermal oxidation were used as substrates.
Substrate holder was heated up to 200 °С before plasma ignition for
surface cleaning and improvement of the adhesion, but no intentional
heating was used during the deposition process.
Deposited a-C:H films were modified by thermal annealing for en-

hancement of electrical conductivity. “Graphitization” has been per-
formed by thermal annealing in N2 atmosphere at temperatures up to
650 °С for 5min. Higher annealing temperature was not used due to
combustion of carbon by residual oxygen contaminations in the
chamber. All discussed results are related to four kinds of the carbon
film deposited using different values of discharge power, methane flow
rate and time of deposition (see Table 1).

2.2. Characterization

The chemical composition of as-deposited films was examined by X-
ray photoelectron spectroscopy (XPS). The XPS spectra were recorded
using excitation by an X-ray Mg Kα source (E=1253.6 eV).
Additionally, X-ray emission spectroscopy (XES) was used to record the
CeK XES band giving information on the energy distribution of C 2p
states. The CeK spectra had been recorded with an RSM-500 spectro-
meter-monochromator equipped with a diffraction grating (600 groves/
mm, radius of curvature of about 6m). It is worth mentioning that the
XPS spectra are very sensitive to surface charging due to charge loss
through electron emission [17]. XPS spectra are often corrected using C
1s core-level spectrum as a reference line to account for charging effects
[18,19]. This approach is not applicable for carbon films. Therefore, a
flood gun was used in the present XPS experiments to overcome char-
ging effects as it is suggested to do in such a case. The XES technique is
not sensitive to charging effects [20].
Investigation of molecular bonds in as-deposited and annealed

samples was performed also by Fourier-transform infrared (FTIR)
spectroscopy using Bruker Vertex 70 V spectrometer. The micro-Raman
analysis have been performed by inVia micro-Raman spectrometer
(Renishaw, UK) using a laser with 633-nm wavelength and spot size of
10 μm. The laser power on the sample surface was always kept below
1mW to avoid laser induced damages.
The structure of the carbon films was estimated by X-ray diffraction

(XRD) technique using PANalytical X'Pert Pro MRD XL diffractometer

with CuKα1 radiation (0.15405 nm). No diffraction peaks were ob-
served in diffractograms proving that the films are amorphous. Another
technique, X-ray reflectivity (XRR), was used to determine a density
and thickness of the films.
Surface morphology was studied by atomic force microscopy (AFM)

with NanoScope IIIa Dimension 3000 (USA).
Four point probe method and transmittance line (TSL) technique

[21] were used for the analysis of electrical properties. The gas sensi-
tivity was examined by measurement of resistance between Ni contacts
(distance between the contacts is 288 μm). Measurements were per-
formed with semiconductor parameter analyzer Agilent 4156C (USA).

3. Chemical analysis

3.1. XPS and XES

The survey XPS spectra are presented in Fig. 1(a). A significant
amount of oxygen is detected (Table 2). However, as can be seen from
Fig. 1(c), the maxima of the O 1s core-level spectra in all samples are
located at about 532.5 eV that corresponds rather to oxygen-containing
atmospheric species adsorbed in the carbon films [22]. Furthermore,
the as-deposited sample #2 contains minor nitrogen contamination
(8.4 at.%, Table 2), that disappeared after annealing (see Fig. 1(a)). As
can be seen from data listed in Table 2, the annealing of the both films
causes decreasing the content of oxygen on their surfaces by about 30%.
Fig. 1(b) presents the high resolution XPS C 1s core-level spectra of

the carbon films. As-deposited films reveal the C 1s spectra with their
maxima at about 285.0 eV, which is close to the C 1s binding energy of
diamond [23]. Annealing at 650 °С results in the C 1s spectra shift at
about 284.4 eV that well corresponds to that of the C 1s spectrum in
graphite [24]. Furthermore, the annealed carbon films reveal the en-
hanced intensity of the spectra in the higher energy slope of the peak.
This peculiarity is mostly due to the π shake-up satellite, which is
characteristic for the C 1s spectra of graphite and conjugated organic
compounds [25,26], but is not observed in diamond [27]. The above
XPS data allow suggesting that as-deposited carbon films are char-
acterized by CeC bonds with dominant sp3 hybridization, while an-
nealing lead to transformation of four-fold coordination into three-fold
coordination with dominant sp2 hybridization that is in a good agree-
ment with [28–30].
Deconvolution of C 1s spectra for as-deposited and post annealed

films is presented in Fig. 1(d). Spectra were fitted by three components
originated from sp3- and sp2-coordinated carbon‑carbon bonds with
minor contribution from carbon‑oxygen bonds. Binding energy for sp2

carbon was fixed at 284.4 eV, and that for sp3 — at 285.2 eV. The fitting
procedure clearly demonstrates that concentration of sp2 hybridized
carbon bonds increases after thermal treatment. The annealed sample
has 77% of sp2 and 6.2% of sp3 carbon bonds as compared to 40.9% of
sp2 and 43.4% of sp3 in as-deposited film. The peak, responsible for
CeO bonds (286.6 eV) is weakly affected by annealing.
To prove the suggestion about transformation of the sp3 hybridized

carbon films to sp2 hybridized films after annealing at 650 °С, the C Kα
XES band of the as-deposited and post annealed carbon films have been
analyzed (Fig. 2). For comparison, the C Kα band of graphite is also
plotted in this figure. It is evident that the shapes of the C Kα XES bands
are very similar in both as-deposited carbon films. The fine structure of
C Kα XES bands in these samples is similar to that observed in diamond
and carbon materials possessing CeC bonds with sp3 hybridization
[31].
It is known that the high-energy part of the С Kα band of graphite is

formed by C 2p states involved in the π-bonding states (peculiarity ‘e’,
Fig. 2), while the peculiarities ‘c’ and ‘d’ of the C Kα spectra are due to
contributions of the C 2p states involved in the π+σ-bonding [14,15].
As can be seen from Fig. 2, the C Kα bands of the as-deposited carbon
films reveal almost complete absence of the feature ‘e’ inherent to the
pure π-bonding C 2p states that can be interpreted as an evidence of

Table 1
Sample labels and corresponding deposition conditions.

Sample Working gas, (Ar/CH4), sccm Power, W Deposition time, min

#1 14/6.0 70 10
#2 15/4.1 60 18
#3 14/6.0 85 30
#4 15/4.1 63 40
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dominant sp3 coordination [31,32]. After annealing, the films demon-
strate the C Kα bands possessing well-resolved feature ‘e’ indicating π-
bonding C 2p states that is in a good agreement with XPS data.

3.2. FTIR

Fig. 3 illustrates FTIR spectra of as-deposited and annealed samples.
Spectra of as-deposited samples exhibited dominant adsorption multi-
plete at 2700–3000 cm−1 attributed to stretching vibration modes of
С(sp3)eН bonds [33]. Minor bands at 1110 cm−1 and 1420 cm−1 are
originated presumably from carboxyl COOH and hydroxyl groups at-
tached to carbon atoms CeOH [28,34,35] while a prominent band
around 1700 cm−1 and a broad band in the range of 3000–3500 cm−1

is unambiguously related to carbonyl C]O bonds and hydroxyl groups
in adsorbed water (Fig. 3(a)). Presence of such bonds in our carbon
material is typical for amorphous hydrogenated carbon films (a-C:H)
[36].

Fig. 1. XPS data obtained for the porous carbon films. (a) — Survey spectra of two samples (#1 and #2), (b) — C 1s core-level spectra and (c) — O 1s core-level
spectra for both as-deposited and annealed at 650 °С films. (d) — Deconvolution of C 1s spectra for sample #1 before and after annealing at 650 °С.

Table 2
Composition (at.%) of the film surfaces as determined by the present XPS
measurements.

Carbon film C O N

#1 (as-dep) 68.6 31.4 –
#1 (650 °C) 78.7 21.3 –
#2 (as-dep) 59.5 32.1 8.4
#2 (650 °C) 76.5 23.5 –

Fig. 2. XES spectra of as-deposited and annealed at 650 °С samples #1 and #2,
and C Kα band of graphite.
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Thermal annealing at 650 °С results in reduction of H- and OH-re-
lated adsorption bands. At the same time, the new prominent peak with
maximum at 1600 cm−1 is now detected, that indicates formation of
С]С bonds (Fig. 3(b)) [34]. Another evident result of annealing is
development of multicomponent adsorption band in the range of
1000–1500 cm−1. It can be assigned to disordered epoxy CeOeC
(1220 cm−1) and alkoxy CeOeC groups (1050 cm−1) [31,37]. Ad-
ditionally, it should be noted that after the high-temperature annealing
at 650 °C FTIR spectrum demonstrates a strong adsorption in the range
from 2000 to 5000 cm−1 (Fig. 3(b)) which is associated with adsorption
of free charge carriers [32,38] and is in agreement with the consider-
able increase in electrical conductivity of the carbon film, that will be
reported in Section 5. As a summary, it can be concluded that the main
effect of thermal annealing treatment is dehydrogenation and trans-
formation of hydrogenated sp3 hybridized amorphous carbon into sp2

hybridized carbon structural network. Significant contribution of
oxygen related bonds after annealing is suggested to be due to the effect
of oxidation by residual oxygen in the oven.

3.3. Raman spectroscopy

Obtained Raman spectra for as-deposited and annealed at 350, 550,
and 650 °С samples #3 (see Table 1) are presented in Fig. 4. Spectra of
as-deposited, and annealed at 350 °С samples have a strong photo-
luminescence background with weak Raman scattering features at
1350 cm−1 and 1590 cm−1 that can be assigned to D and G bands of
amorphous carbon (Fig. 4(a)). After annealing at 550 and 650 °С the
photoluminescence background vanished and well defined D- and G-
bands can be seen now at 1350 cm−1 and 1590 cm−1 as well as cor-
responding 2D multiphonon band at 2700–2900 cm−1 (Fig. 4(a)). Such
spectra are quite typical for defective graphitic structures [39,40].
Deconvolutions of the Raman spectra, using approach considered in

papers [41], for samples annealed at 550 and 650 °С are presented in
Fig. 4(b) and (c). The Raman spectra are very similar to ones of few
layer wrinkled graphene (FLwG) [42] and demonstrate appearance of
the bands at 1180 cm−1 (D* line), 1350 cm−1 (D line), 1450 cm−1 (D**
line), 1590 cm−1 (G line) and 1610 cm−1 (D′ line). In paper [41] it was
suggested that the bands D* and D** are the sum and difference of C]C

stretching and CeH wagging modes of transpolyacetylene (alternating
chain of sp2 carbons with a single hydrogen bonded to carbon) in na-
nocrystalline diamond. However, in some papers [43,44] the D* peak
has been attributed to sp3 rich phase of disordered amorphous carbons
and D** peak — to states in finite size graphitic crystals or due to CeH
vibrations in hydrogenated carbons. In our case, the assumption pro-
posed in paper [41] seems to be valid, since we study transformation of
hydrogenated porous carbon into porous graphite and in the tempera-
ture range from 540 to 600 °С CeH bonds are broken, and hydrogen
leaves the carbon material [45]. After annealing at 650 °С residual (sp3)
CeH bonds are observed in our FTIR spectra (Fig. 3(b)). Because ID/IG
and ID/(IG+ ID) for the samples annealed at 550 °С are 0.82 and 0.45,
and for the samples annealed at 650 °С equal to 0.90 and 0.47, corre-
spondingly, it can be concluded that the high-temperature annealing
incorporates additional defects in the graphite plane.

4. Structure investigation and surface morphology

4.1. XRR

The film density, ρm, was determined using critical angle θС, at
which X-ray wave is able to penetrate into the film. Snell's law gives:

= M / N Z r ,m C
2 2

A C el (1)

where rel = e2 / 4πε0mec2 — is effective electron radius, NA — is
Avogadro constant, MC — is carbon molar mass. Thickness of the thin
film on the substrate can be determined using interference pattern of
two reflected beams (from the film surface and film–substrate inter-
face).
Fig. 5 demonstrates the dependence of X-ray refraction intensity vs.

angle of incidence for both as deposited and annealed at 650 °С films.
Critical angles for Si substrate and carbon film before and after thermal
treatment have been detected from corresponding interference pat-
terns.
Using thickness values and Eq. (1) the densities of the carbon films

before annealing were estimated. From data presented in Table 3 we
can conclude that as-deposited carbon films have low density (from
1.30 to 1.33 g/cm3) which is increased a little after high-temperature

Fig. 3. FTIR spectra of carbon films (samples #2 and #4) (a) before and (b) after thermal annealing at 650 °С.
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annealing (up to 1.50 g/cm3). Additionally after the annealing a surface
roughness of the carbon films decreases. It should be noted that the
thickness of the films after the high-temperature annealing is con-
siderably decreased that is associated with the film burning by residual
oxygen in annealing furnace.
Comparing the density of our carbon films with the value for tet-

rahedral amorphous carbon (ta-C: 3.26 g/cm3 [18,46]) and graphite
(2.26 g/cm3 [19]) we can estimate porosity of the film Φ(%) using
simple equation:

= ×(%) [1 ( / )] 100%,m c (2)

where ρc is the density of reference material. Porosity of as-deposited
films was calculated using the density of ta-C as reference, while for

annealed film the density of graphite was used. Results presented in
Table 3, show, that porosity of as-deposited films is about 59% and
reduced down to 34% after annealing but it remains large enough.

4.2. AFM

Surface morphology of the films was investigated by AFM operated
in tapping mode using ultra sharp silicon tip of 8 nm nominal apex
radius. For minimization of the AFM tip effect, (overlapping of a tip
shape and a real surface relief) a deconvolution of the surface maps was
performed using the method of blind tip reconstruction [47]. Topo-
graphy maps and corresponding surface profiles of the carbon films
before and after annealing are illustrated in Fig. 6. Surface morphology
of as-deposited film is characterized by RSM roughness of about 3.3 nm
and exhibits nanoscale granular topography that is quite typical for
growth morphology of amorphous films deposited on “cold surface”
[48]. It is important to point out that the surface of the film contains a
large amount of holes/pores with size of few tens of nanometers (black

Fig. 4. Raman spectra for the sample #3 before and after annealing at 350, 550, and 650 °С (a). Deconvolution of the spectra for 550 (b) and 650 °С (c) annealing
temperatures.

Fig. 5. XRR patterns obtained for the sample #2 before and after thermal an-
nealing at 650 °С for 5min.

Table 3
The parameters of the films, which were evaluated by the fitting of the ex-
perimental XRR curves.

Sample Density
of С
layer, (g/
сm3)

Porosity
of С
layer, (%)

Thickness
of С layer,
(nm)

RMS
Roughness
of SieC
interface,
(nm)

RMS
Roughness
of C-air
interface,
(nm)

#1 1.34 59 343 1.8 4.3
#1 annealed 1.48 35 41.5 0 2
#2 1.30 60 272 1.5 4
#2 annealed 1.5 34 36.5 0 2.1
#3 1.33 59 450 2.5 6.3
#3 annealed 1.5 34 78 0.5 3
#4 1.325 59 450 2.1 6.4
#4 annealed 1.5 34 93.5 0 3
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regions pointed by arrow in inset of Fig. 6(a, b)). It is believed that
highly inhomogeneous surface morphology is related to low density of
the film. The main effect of the annealing is a drastic decrease of the
surface roughness down to about 0.6 nm (Fig. 6(c)). It is reasonable to
suggest that surface smoothening is a combined effect of thermally
activated densification and chemical etching of the surface by residual
oxygen available in the furnace.

5. Electrical properties

Resistivity data for samples #1, #2, #3 and #4, measured by four
point probe method, before and after annealing at 350, 550 and 650 °С
are presented in Fig. 7. Resistivity of the samples annealed at 650 °С
decreases by 5 orders of magnitude as compared to as-deposited sam-
ples, and reaches the value of 5×103–1× 104 Ω/cm. I-V character-
istics for all samples before and after annealing are presented in Fig. 8.
Starting from 550 °С, the dependences become Ohmic. Resistance of
samples #4 and #2 decreases from 5×1012 Ω to 2×107 Ω. It should
be mentioned, that these two samples were prepared with minimum
plasma power, and have lower densities (higher porosity) after de-
position, compared to samples #3 and #1. Thus, after high-temperature
annealing, we have obtained porous conducting films suitable for fab-
rication of gas sensors based on the resistivity response.

6. Sensor properties

The response on chemical ambient was examined by measurement
of electric current between a contacts pair at fixed signal level (1 V).

Results for such analytes as ammonia (NH3), acetone ((CH3)2CO),
ethanol (C2H5OH) and water vapor are presented in Fig. 9. The relative
resistance changes (ΔR/R0) were found to be 2–3.5% for (CH3)2CO,
5–6% for C2H5OH, 5–6.5% for water vapor and 12–19% for NH3.
Ammonia, acetone and ethanol increase the resistance of the carbon
film with maximum sensitivity to ammonia, whereas water vapor re-
sults in the decrease of the carbon film resistance. It can be assumed
that ammonia, acetone and ethanol are strong electron-donating or
withdrawing molecules [49], while water molecule decomposing into
OH– and H+ probably extracts electron from carbon. In the first case the
resistance becomes higher, in the second — lower.
Indeed adsorption of organic vapors on graphite surface occurs

through the dissociation of the organic molecules to H+ or OH– ions to
form many different intermediate states. The final reactions of ethanol
and acetone with adsorbed oxygen species on carbon surface can be
described in the following form, as it was proposed for graphene oxide
layer [50]:

+ + +C H OH(ads) 6O (ads) 2CO 3H O 6e ,2 5 2 2 (3)

+ + +(CH ) CO(ads) 8O (ads) 3CO (g) 3H O(g) 8e .3 2 2 2 (4)

The similar approach can be used to explain ammonia reaction on
surface of graphite which contains adsorbed oxygen [51]:

+ + +2NH (ads) 3O (ads) N (g) 3H O(g) 3e .3 2 2 (5)

The sensing mechanism of ethanol, acetone and ammonia is based
on the fact that the electrons from the chemical reactions mentioned
above transfer to the graphite, which results in hole depletion of p-type
oxidized graphite, thereby, increasing the resistance of the porous
graphite film. It should be noted that at room temperature a saturation
of resistance of the porous graphite film during introduction of the
gases into chamber and desorption of the gases is observed in con-
siderably less time scale than in the case of reduced graphene oxide
(rGO) film fabricated by spray pyrolysis method [52] that can be ex-
plained with adsorption of the gases mainly on the surface of the pores
of the graphite film. In case of rGO film fabricated by spray pyrolysis
method the gases probably penetrate into interlayer area (between
flakes) that considerably slows down time of the reactions with the
material and can lead to the increase of the film resistance by increasing
the distance between flakes.
The former effect is especially noticeable for water vapor. In the

case of rGO film fabricated by spray pyrolysis method the effect of
water vapor on the film consists in incorporation of water molecules
into interlayer space between GO flakes which leads to a considerable
increase of the resistance at adsorption and small recovering effect at
air blowing at room temperature [52]. In the case of the porous

Fig. 6. Deconvolution of AFM images for as-deposited (a) and annealed at
650 °C (b) carbon films (Sample #3). Corresponding cross-section profiles of
surface relief are shown in (c). Pores indicated by arrows in enlarged fragments
of corresponding images.

Fig. 7. Carbon films resistivity vs. annealing temperature.
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Fig. 8. The I-V characteristics for as-deposited and post annealed (at 350, 550, 650 °С) carbon films.

Fig. 9. Time dependences of normalized current (for 1 V applied voltage) for #2 sample, measured under (a) acetone, (b) ammonia, (c) water vapor and (d) ethanol
vapor.
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graphite film we observe a strong decrease of the film resistance at
adsorption with good recovering effect at air blowing and a slight effect
of a gradual increase of resistance during adsorption/desorption pro-
cesses (Fig. 9(c)). From last observations we can conclude that in-
corporation of water molecules into amorphous porous graphitized
carbon film does not lead to exfoliation of the graphitic skeleton due to
its higher density as compared with GO obtained by spray pyrolysis
method. At the same time water molecules dissociate at defects of
carbon skeleton with formation of hydroxyl groups and protons. The
protons take part in proton transport of the charge which decreases
resistance of the material. Indeed in paper [53] a decrease of resistance
at water vapor adsorption in porous materials was explained by de-
composition of water molecules at porous surface to OH– and H+, and
proton transport (at low water vapor concentration) or H3O+ ion
transport (at existence of water monolayer). An additional constant
increase of resistance of the porous carbon film can be associated with
introduction of the water molecules into interlayer region of the gra-
phite film that decreases the electrical contact between the layers. It is
interesting that similar phenomenon was observed in paper [54] for GO
films synthesized by chemical exfoliation for high level of humidity.
Probably the last method of synthesis forms GO film with higher density
in comparison with spray pyrolysis method.
It should be noted that gradual increasing of the film resistance is

observed also for acetone and ammonia adsorption that can be related
to decomposition reaction of the analytes with water formation which
can penetrate into interlayer space of the films.

7. Conclusions

The new method of formation of porous graphite-like thin films by
RF magnetron plasma enhanced chemical vapor deposition from argon-
methane gas mixture followed by annealing at 650 °C, is suggested. The
complex of diagnostic methods, consisting of XPS/XES, FTIR, XDR,
AFM, Raman spectroscopy and electrical measurements were employed
to examine chemical, structural and electrical properties before and
after high-temperature annealing. The structure of as-deposited carbon
films was found to be amorphous with domination of sp3 coordinated
carbon atoms. Growth morphology of the films is highly porous (cal-
culated porosity is of about 59%) with very low electrical conductivity.
Annealing of the film in nitrogen atmosphere at 650 °C results in
“graphitization” of the film, the decrease of porosity of the film (down
to about 35%) and the strong decrease of electrical resistance (up to 5
orders of magnitude as compared to as-deposited material). Resistivity
of such films exhibited good gas sensitivity particularly to ammonia and
water vapor. The gas sensing properties of the carbon film was shown to
be very similar to that of reduced graphene oxide.
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