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The a-C:F films were deposited on a p-type Si(100) substrate using an inductively coupled plasma chemical vapor deposition
(ICPCVD) system with a mixture of CF4 and CH4 gases. A CF4 plasma treatment with various treatment times was carried
out in situ for an as-deposited a-C:F film. The CF4 plasma treatment changed the bonding configuration of the a-C:F film from
the fluorine-rich functional groups of C-F

x bonds to the carbon-rich functional groups of -CF-C-CFx bonds when the plasma
treatment time was up to 30 s. However when the plasma treatment time was increased, the bonding structure induced a
rearrangement of the chemical bonds forming carbon-rich functional groups in which C-F, C-F2 and C-F3 bonds decreased
and the peak intensity of the C-C bond increased. The lowest dielectric constant of the a-C:F film was about 2.3 for 30 s plasma
treatment time and the electronic susceptibility and the surface charge per electric field were found to be 1.09×10−11 C/V·m
and 0.99×10−18 C·m/V, respectively.
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Introduction

Use of the present silicon dioxide (SiO2) films as
inter-metal dielectric (IMD) layers will result in high
parasitic capacitance and crosstalk interference in high
density devices [1]. To decrease the resistance of inter-
connecting metal and capacitance of the IMD layers,
many researchers are studying the copper/low-k based
interconnect technology. There are a number of require-
ments for the new low dielectric constant (low-k)
materials [2-4], such as low dielectric constant, high
thermal stability, good electrical insulation, high mech-
anical strength and good adhesion to neighboring layers.
Among the low dielectric materials, fluorinated amorph-
ous carbon (a-C:F) and parylene polymer films are
very promising candidates for an IMD layer, because
these materials have low-k, good mechanical properties
and cross-linked polytetrafluoroethylene (PTFE)-like
structures [4-6]. In general, a-C:F films were deposited
from fluorocarbon source gases, such as CF4, C2F6 or
C3F8 by PECVD, which consist of the functional groups
of C-CFx bonds. The films have an amorphous C-C
cross-linked structure and have the related C-Fx bonds
like those of PTFE, which are different from the homo-
geneous (CF2)x bond structure with a low hydrogen
concentration. The bonding structure and the dielectric

constant of the a-C:F film are unstable during high
thermal processes, which the desorption of unbonded
fluorine and the partial removal of hydrogen bonded
carbon are the main effects due to thermal annealing in
the a-C:F film. This mechanism is promoted by a cross-
linked film structure of fluorine bonded to carbon,
primarily consisting of CF groups [7]. Therefore, the
decrease of the fluorine concentration in the a-C:F film
increased the dielectric constant, and the a-C:F film
becomes hydrophobic which causes low adhesion to
interconnecting electrode materials [8, 9]. Thus a post-
plasma treatment may be applied in order to activate
the a-C:F film surface and the formation of a-C:F film
with the homogeneous (CF2)x bond structure and enhance
adhesion [6, 7, 10]. The composition and the bonding
structure of the a-C:F film can be controlled by the
plasma treatment with various gases. By low pressure
plasma treatment, the reactive species and photons
interact with the polymer surface. This interaction depends
on the plasma condition and the nature of the polymer,
and can result in a crosslinked structure [11].

In this study, a-C:F films were deposited on a p-type
Si(100) substrate using an ICPCVD system with a
mixture of CF4 and CH4 gases. CF4 plasma treatments
with various treatment times was carried out in situ on
the as-deposited a-C:F film. We investigated the change
of characteristics in a-C:F films with CF4 plasma
treatment. The electrical properties of the films were
investigated and the refractive index and the dielectric
constant were evaluated.
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Experiment

The a-C:F thin films were deposited on a silicon
substrate using a mixture of CF4 and CH4 gases in a
radio-frequency ICPCVD system when the rf power
was 800 W. CF4 gas was introduced into the reaction
chamber as the source gas for fluorine and CH4 gas
was used as a carbon source gas, and the flow rate ratio
R(%)=[CF4/(CH4+CF4)]×100 was 75% and the total
flow rate was kept at 60 sccm. The samples were
annealed at 400 oC for 30 minutes in a vacuum. The
CF4 and CH4 gases were introduced into the reaction
chamber, and the discharge pressure was controlled
with a Baratron gauge and kept at about ~200 mTorr.
To investigate the surface treatment effect of a-C:F
films by the CF4 plasma, we carried out in-situ CF4

plasma treatments with various plasma treatment times
(from 10 to 50 s) after deposition. During the plasma
treatment, 40 sccm of CF4 gas was introduced into the
reaction chamber, in which the discharge pressure was
kept at about 170 mTorr. Fourier transform infrared
(FTIR) spectroscopy, performed in the absorbance mode
with a spectrometer (Bruker IFS-66/S), was used to
determine the bonding configurations for the related C-
F and C-C bonds in the films. The chemical bonding
structure was characterized by using X-ray photoelec-
tron spectroscopy (XPS, VG ESCALAB 210). The
thickness and the refractive index of the a-C:F films
were measured using an ellipsometer (Gaertner L116C).
Electrical properties, such as the dielectric constant (at
1 MHz) and the breakdown voltage were also investi-
gated using MIS (Al/a-C:F/p-Si) structures, in which
evaporated aluminum was used as the top electrode,
and were immediately measured in a vacuum to eliminate
the influence of moisture. 

Results and Discussion 

Figure 1 shows the FTIR spectra of the a-C:F films
with various plasma treatment times, when the as-
deposited sample was formed with a flow rate ratio
R(%) of 75% and were annealed at 400 oC for 30
minutes in a vacuum. The spectra are generally broad
and overlapped due to the complex stoichiometry and
the amorphous nature of the films. The intense peak at
about 1200 cm−1 is attributed to the stretching mode
related to C-Fx bonds. The spectra in the range of 900
to 1500 cm−1 were from overlapped C-F, C-F2 and C-F3

bonds. The five fitted peaks in the C-Fx bond were
assigned to the C-F3 stretching mode at 990 cm−1, the
C-F stretching mode at 1070 cm−1 and 1330 cm−1, the
C-F2 symmetric and asymmetric stretching mode at
1150 cm−1 and 1240 cm−1, respectively. The bonding
structure remains the same in all samples (see the
dotted lines in Fig. 1). The peak position of the C-F2

symmetric and asymmetric stretching mode shifted to
higher wavenumbers (blue shift) and the peak position

of C-F and C-F3 remained unchanged with plasma
treatment time. The broad peaks in the range from 1600
to 1800 cm−1 are associated with C=C, F2C=C and
F2C=CF unsaturated double bonds. The C=C (olefinic)
stretching mode is normally observed at 1600 cm−1 in
organic compounds when C atoms are back bonded to
H atoms, but the peak is typically shifted to higher
frequencies when the H atoms are replaced by F atoms
[12]. The bonding structure of the plasma treated
samples was similar to untreated samples. The peak
intensity of the C-F2 symmetric stretching and the C-F3

stretching mode at 1150 and 980 cm−1 increased slight-

Fig. 1. FTIR spectra of the a-C:F films as a function of CF4 plasma
treatment time, when the as-deposited sample is formed with
R(%)=[CF4/(CH4+CF4)]×100 flow rate ratio of 75%.

Fig. 2. C 1s electron orbital XPS narrow spectra of the a-C:F films
with various CF4 plasma treatment times of as-deposited, 30 and
50 s.
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ly with plasma treatment time. The peak position of C-
F2 symmetric stretching mode shifted to higher wave-
numbers (blue shift) as the plasma treatment time
increased, while the peak position of the C-F2 sym-
metric stretching mode with a plasma treatment of 50 s
was shifted by 6 cm−1 compared to that of the as-
deposited sample. 

The XPS narrow scans of the C1s peaks were decon-
voluted by fitting the data with a number of Gaussian
peaks. The deconvoluted XPS C1s spectra of the as-
deposited sample and samples with CF4 plasma treat-
ment times of 30 and 50 s are shown in Fig. 2. It is
observed that four different chemical components of
carbon produce peaks such as C-C, C-F, C-F2 and C-F3

peaks. The binding energy of the C-C bond at 285.0 eV
was unchanged as a function of plasma treatment time,

but the binding energy of the C-F2 and C-F3 bonds
shifted to a high binding energy (blue shift) up to 30 s
CF4 plasma treatment time and the the C-F2 and C-F3

bonds shifted about 0.8 and 1.1 eV to a lower binding
energy, respectively. From the above results, we can
infer that a greater incorporation of fluorine with carbon
is associated with a higher binding energy, due to the
high electronegativity of fluorine [13]. 

Figure 3 shows the relative content area of each
bonding mode quantitatively from the deconvolution of
the C 1s narrow scan XPS spectra. The ratio of the
(CF2+CF3)/CFx bonding mode increased by about 73.2
% by plasma treatment for 10 s and then it shows a
slight increase of about 85.1% to 30 s. The ratio of
CF2/CFx increased 59.3% by a 30 s treatment and then
it decreased by about 32.7% after 50 s. The ratio of the
CF/CFx and (C-C)/CFx bonding modes decreased by
about 25.4% and 41.2% up to 30 s and then it
increased about 19.3% and 62.6% after 50 s treatment
time. These results mean that the fluorine-rich functional
groups such as CF2 and CF3 increased up to 30 s as a
function of CF4 plasma treatment time, but the CF2

mode of the a-C:F film decreases after 30 s treatment
time. From these results, when the plasma treatment
time is up to 30 s, the a-C:F film consists of fluorine
rich -C-Fx functional groups such as -CF2, CF2-CF- and
-CF2-CF2- bonds. But when the plasma treatment time
is increased, C-F, C-F2 and C-F3 bonds decreased and
the C-C bond peak increased. These results indicate
that the number of C-F2 bonds increase gradually more
than that of C-F and C-F3 bonds as the plasma treat-
ment time increases. This means that the bonding struc-
ture of the a-C:F film is changed to a homogeneous (C-
F2)x due to the surface fluorination by the plasma
treatment and is likely to form a cross linked structure

Fig. 4. Cross-sectional FESEM micrographs of the a-C:F films with various CF4 plasma treatment times.

Fig. 3. The relative contents areas of (CF2+CF3)/CFx (x=1, 2 and
3), CF2/CF

x
 and (C-C)/CF

x
 for a-C:F films as a function of CF4

plasma treatment times for the results fitted from Fig. 2.
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[9, 14]. Therefore, we can infer that the cross linked
structure in the film was enhanced and the bonding
structure changed from C-F bonds to fluorine-rich C-Fx

bonds attached to skeleton chains, and the film surface
became hydrophobic by the C-Fx bonds from the result
of Wei et al. [15].

Figure 4 are a cross-sectional FESEM micrographs
of a-C:F films with various CF4 plasma treatment times.
The thickness of the as-deposited sample is about 153.7
nm, and the thickness of the CF4 plasma treatment at
10, 20, 30, 40 and 50 s are observed to be about 144.4,
135.0, 110.6, 103.1 and 96.6 nm, respectively. The
thickness of the a-C:F films with the CF4 plasma
treatment time decreased. From Fig. 1, 3 and 4 results,
we can infer that the a-C:F film is etched due to CF4

radicals and the bonding structure of the a-C:F film
induced a rearrangement of the chemical bonds form-
ing carbon-rich functional groups when the CF4 plasma
treatment time is greater than 30 s. 

Figure 5 shows the atomic concentration of carbon
and fluorine atoms in a-C:F film as a function of

plasma treatment time. The F concentration increased
abruptly from 42% to 67% for a treatment time of 20 s
and then it decreased slightly. The C concentration
decreased from 57% to 35% for a 20 s treatment time
and then it increased slightly. This result matches that
of the results in Fig. 3 and 4. In our experiment, the
thickness of the a-C:F film decreased above 30 s
treatment time. 

Figure 6 shows the refractive indices and the di-
electric constants of the a-C:F films with various plasma
treatment times for the sample formed with a flow rate
ratio R (%) of 75%. The dielectric constant of the as-
deposited film is 3.2. However, when a plasma treat-
ment is carried out, the dielectric constant of the film
decreases to 2.3 for a plasma treatment of 40 s and then
it increases slightly to 2.6 for a treatment time of 50 s.
The refractive index (n) of the as-deposited sample
decreased from 2.4 to 2.2 as the plasma treatment time
increased to 40 s and then it increased to 2.3 for a 50 s
treatment time. From these results, we know that the
dielectric constant of the a-C:F films decreases with
increasing C-F2 bonds. It is, thus, concluded that the
bonding configuration between carbon and fluorine
atoms, as opposed to the total fluorine concentration, is
the important factor which determines the value of the
dielectric constant. The susceptibility from the contri-
bution of electrons of the a-C:F films is calculated
using the relation, εe=n2, from the refractive index of
Fig. 6. In the as-deposited film, the electronic suscepti-
bility is calculated to be 1.27×10−11 C/V·m. The elec-
tronic susceptibility of the film treated by a CF4 plasma
for 40 s decreases to 1.09×10−11 C/V·m. However,
when the a-C:F film is treated for 50 s, the electronic
susceptibility increased to 1.11×10−11 C/V·m. In the as-
deposited film, the surface charge per electric field is
calculated as 1.39×10−18 C·m/V. The Q/E of the film
treated by a CF4 plasma for 40 s decreases to about
0.99×10−18 C·m/V. But when the a-C:F film is treated
for 50 s, the Q/E increased to 1.1×10−18 CÞm/V. From
these results, we know that a-C:F films treated by a
CF4 plasma have a dielectric constant lower than that of
the as-deposited film because the susceptibility is
related to the dielectric constant by χe=εe−1. The results
mean that the bonding configuration of the plasma-
treated film is rearranged on the surface layer due to
the fluorine-rich functional groups of CFx bonds.

Conclusions

The bonding structure and the electrical properties of
a-C:F films with CF4 plasma treatments as well as its
influence on the dielectric constant were studied. These
results indicate that a-C:F films with CF4 plasma treat-
ments changed the bonding configuration such as C-F2,
C-F3, CF3-CF2, C=CF2 and CF=CF2 until the plasma
treatment time is 30 s in which the cross-linked struc-
ture of a-C:F film are broken due to the highly ordered

Fig. 6. The refractive index and dielectric constant of a-C:F films
as a function of CF4 plasma treatment times.

Fig. 5. The atomic concentration (%) of carbon and fluorine,
which was calculated by XPS survey scan spectra.
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fluorine bond group. When the plasma treatment time
is 50 s, the bonding structure of a-C:F films had the
carbon-rich functional groups of C-C bond such as -C-
CF-, CF-C-CF3, -CF-C-CF and -CF-C-CF2 bonds. The
lowest dielectric constant was about 2.3 for a 30 s
plasma treatment time. The surface modification of a-
C:F film with the CF4 plasma treatment plays an
important role in decreasing the dielectric constant and
the surface charge of the film. 
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