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Hydrogen Bonding of Low-k Materials Deposited by ICPCVD
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Fluorinated amorphous carbon films were deposited by using an inductively coupled plasma
chemical vapor deposition with a mixture of carbon tetrafluoride (CF4 ) and methane (CH4 ) gases.
The chemical bonding structure of the fluorinated amorphous carbon films was confirmed from sp3
carbon spectra by using X-ray photelectron spectroscopy. The intermediate H2 C=CH2 double bond
was broken with increasing fluorine, and the fluorine withdrew the carbon in the C-H bond with
a σ bonding force. The bonding structure of the a-C:F films consisted of sp3 carbon with four σ
bonds which become partially cross-linked or cross-linked, which improved the adhesion and the
hardness. The balanced cross-linked structure of a-C:F films decreased the dielectric constant for
the structural reasons, such as the C-H bond elongation due to the very electronegative fluorine,
and improved the mechanical properties due to the good adhesion and the hardness like diamond.
PACS numbers: 77.22.-d, 77.55.+f, 77.84.-s
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I. INTRODUCTION

For high-speed integrated circuits, new intermetal dielectric materials are required instead of silicon-dioxide
films. These low-k materials are fluorine-doped silicon
dioxide films (SiOF) [1,2], hydrogenated amorphous carbon films (a-C:H) [3,4], fluorinated amorphous carbon
(a-C:F) films [5] and organic-inorganic hybrid silica films
(SiOC) [6,7].
Amorphous carbon is often termed diamond-like carbon (DLC). Carbon holds a special fascination for scientists of many fields because of the great diversity of
structural and electronic properties exhibited by it. aC films have large variations in structure as a function
of the temperature and the preparation conditions due
to the C-H bonds. Amorphous carbon films consists
of two components, that is, diamond (sp3 carbon) and
non-diamond, which depends strongly on the preparation conditions and which influence the physical and the
chemical properties of a-C films [8,9].
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The organic composition of the amorphous carbon
films is determined by the inductive effect because the
electron distribution varies due to neighboring atom of
high electronegativity or due to double bonds in atomic
structures [10,11]. The atoms of high electronegativity generated by electron impact dissociation are known
to remove the non-diamond component, but the atomic
structure of such DLC is not well understood. Disordered
forms of a-C films are particularly attractive because
they have semiconducting properties related to graphite
yet have a hardness more like diamond. The similarity
of its properties to diamond suggests the possibility that
all carbon atoms are tetrahedrally bonded shch that the
electrons of the carbon are in a sp3 configuration [12,13].
In this model, we expect a random network structure
similar to that of amorphous silicon [14]. The sp2 and
sp3 carbons in a-C films are obtained by X-ray photoelectron spectroscopy (XPS). The C 1s electron orbital
spectra obtained by using XPS were decomposed into
graphite (sp2 carbon) and diamond (sp3 carbon) by using
the data obtained from the spectra of crystalline graphite
(c-graphite) and polycrystalline diamond (pc-diamond)
samples [15].
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In this study, the effect of C-H bond on the dielectric
constant in a-C:F films as a low-k material is researched.
The influence of the fluorine content in a-C:F films on
the bonding structure was analyzed by using XPS and
the reason for the variation of bonding structure of the
films was studied.

II. EXPERIMENT
Fluorinated amorphous carbon films were deposited
on p-type(100) silicon substrate by using an inductively
coupled plasma chemical vapor deposition with a mixture of carbon tetrafluoride (CF4 ) and methane (CH4 )
gases for 10 minutes. a-C:F films were deposited using various flow rate ratios, CF4 /(CF4 +CH4 ), but the
total flow rate was kept at 40 sccm. The wafers were
chemically cleaned by using a stanard cleaning procedure before loading them into the reaction chamber. A
high density plasma, about 10−12 cm−3 , was obtained at
low pressure with an rf power of 800 W and a base pressure of ∼10−6 Torr in each experiment. The thicknesses
of the deposited a-C:F films were measured by using an
ellipsometer. The dielectric constant was also measured
based on a MIS (Al/a-C:F/p-Si) structure.
The variation of the chemical properties of a-C:F films
with the CF4 /CH4 flow rate ratio was researced because
the concentration of radicals changes with the gas flow
rate. The effect of annealing on a-C:F films was studied
by performing a post heat treatment in N2 ambient at
various temperatures. The chemical bonding structure
was also characterized by using X-ray photelectron spectroscopy (XPS, ESCALAB250,VG Scientifics, UK). The
pressure of the analysis chamber was maintained at 5.0
× 10−8 Torr during each measurement. Charge compensation was achieved with a flood gun. The X-ray source
was the Al Kα line (1486.6 eV) at 150 W. Survey spectra were obtained in the range of 1 to 600 eV by using
an 1 eV scan-step size with a 50 eV pass energy, but
high-resolution spectra for the individual elements were
collected with a scan-step size of 0.05 eV at 20 eV pass
energy.

III. RESULTS AND DISCUSSION
Figures 1(a), 1(b), and 1(c) show the C 1s electron
orbital spectra of the as-deposited films for various flow
rate ratios. The XPS narrow scan spectra of the C 1s
peaks of as-deposited films were deconvoluted by fitting
the data with a number of Gaussian peaks. The fitted results for the as-deposited films show that the C 1s spectra
consist of a major peak centered at approximately 286
eV, which corresponds to the sp2 carbon peak of crystalline graphite (c-graphite). The main peak of the C
1s spectra shifted from 286.4 eV to 286.8 eV and 287.5

Fig. 1. C 1s electron orbital spectra of as-deposited film
with the flow rate ratio CF4 /(CF4 +CH4 ) equal to (a) 1/4,
(b) 1/2, (c) 3/4.

eV with increasing CF4 flow rate. a-C:F films consist
of alkyl group and electronegative F radicals dissociated
from CF4 [16]. a-C:F films pass through a transition
state, such as a functional group with a C=C double
bond consisting of σ and π bonds, during the deposition.
Then, the bonding structure may or may not change due
to the breaking of the π bond, depending on the flow rate
ratio. Organic chemists are usually interested in organic
compounds with π bonds near atoms of high electronegativity.
The chemical shift of a-C:F films is controlled by inductive and resonance stabilization due to a variation in
the electron distribution through the σ and π bonds. In
the case of inductive stabilization between the fluorine
and carbon atoms, the fluorine draws electrons through
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σ bonding. On the other hand, the resonance stabilization between the carbon proton and hydrogen due to the
π bond of the C=C double bond can be represented by
the following equation:
Hef f = H0 − αH0 ,

(1)

where Hef f is the effective magnetic field intensity and
H0 is the external stable magnetic field intensity for nuclear magnetic resonance. The resonance frequency (ν)
of the proton is
ν=

γ
H0 (1 − α),
2π

(2)

where α is the Abschirmungskonstante shielding constant, and γ is the magnetic moment of the hydrogen nucleus. From this equation, the resonance frequency ν decreases with increasing shielding effect. In the case of aC:F films with a flow rate ratio of CF4 /(CF4 +CH4 )=1/4,
as shown in Fig. 1(a), by fitting the data with a number
of Gaussian peaks we find that the C 1s electron orbital
spectra consist of two peaks which can be assigned to
the C-CF bond and the C-F bond, respectively. The C
1s electron orbital spectra show resonance stabilization,
such as the highest shielding effect, due to the rich alkyl
group and the binding energy associated with the main
peak is lower than in any other case. On the other hand,
the C 1s spectra of a-C:F films with a flow rate ratio
of CF4 /(CF4 +CH4 )=3/4, as shown in Fig. 1(c), have a
broad band from 284 eV to 296.5 eV of four peaks which
can be assigned to the C-CF bond, the C-F bond, the
C-F2 bond and the C-F3 bond, respectively. Figure 1(c)
shows the effect of inductive stabilization on a-C:F films
due to the interaction between fluorine atoms and the CH bonds. The high electronegative fluorine attracts the
carbon at a C-H bond; therefore, the bonding structure
of a-C:F films becomes cross-linked due to the weak C-H
bond because of the breaking of H2 C=CH2 double bonds
with increasing fluorine.
Figure 2 shows the relative content of C-CF bond [CCF bond area/total bond area] from the result of Fig. 1.
A reduction in the C-CF bond means that the C=C double bonds are breaken and combine with fluorine atoms
of high electronegativity. The fluorine atoms attract the
carbon so the length of the C-H bonds elongated. Therefore, increasing the CF4 flow rate causes the cross-linked
structure due to sp3 carbon. The shift of the main peak
in the C 1s spectra of as-deposited films with increasing
flourine content occurs due to the higher binding energy
caused by the carbon being attracted by the fluorine.
Figures 3(a), 3(b), and 3(c) show the C 1s electron
orbital spectra of annealed films with a flow rate ratio
of CF4 /(CF4 +CH4 )=3/4 for various annealing temperatures. The main peaks of the C 1s spectra in films
annealed at 200 ◦ C, 300 ◦ C and 400 ◦ C were at 287.5 eV,
287.2 eV, and 286.9 eV, respectively. The binding energy
of the C 1s peak decreases with increasing annealing temperature, which means the amount of cross-linking (sp3

Fig. 2. Relative content of the C-CF bond of as-deposited
films according to the flow rate ratio CF4 /(CF4 +CH4 ) for
the sample of Fig. 1.

carbon) has decreased and the number of C=C double
bonds has increased because of the decreasing amount
of fluorine due to reunification of FH [5]. A comparison
of the annealed films with the as-deposited film shows
that the C 1s spectra of the annealed films are narrower
than those of as-deposited film. From these results, we
know that the chemical properties of a-C:F films change
from inductive stabilization to the resonance stabilization with increasing annealing temperature.
Figure 4 shows the relative content of the C-F2 bond
[C-F2 bond area/total bond area] related with the crosslinked structure from the result of Fig. 3 as a function
of the annealing temperature. The relative C-F2 content
decreases with increasing annealing temperature. From
this result, we know that the cross-linked bonding structure, such as sp3 carbon breaks with increasing annealing
temperature.
Figure 5 shows the dielectric constant of a-C:F films
as a function of the gas flow rate ratio. The dielectric
constant of as-deposited a-C:F films decreases as a function of the CF4 /(CF4 +CH4 ) flow rate ratio. The lowest
dielectric constant of the a-C:F films was observed in the
films with cross-linked structures at the highest fluorine
flow rate.
Figure 6 shows the dielectric constant of a-C:F films as
a function of the annealing temperature. The dielectric
constant of the annealed films increases with increasing
annealing temperature because the cross-linking is broken. This is the same result as seen in Fig. 4. The
breakage of cross-links such as C-F2 is due a decrease in
the amount of fluorine; therefore, the dielectric constant
of the films increases.

IV. CONCLUSIONS
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Fig. 4. Relative content of the C-F2 bond of various annealed films with the flow rate ratio CF4 /(CF4 +CH4 )=0.75
for the sample of Fig. 3.

Fig. 5. Dielectric constant of a-C:F films as a function of
the flow rate ratio.
Fig. 3. C 1s electron orbital spectra for the film with a flow
rate ratio CF4 /(CF4 +CH4 )=3/4 and annealed at (a) 200 ◦ C,
(b)300 ◦ C, (c) 400 ◦ C.

Fluorinated amorphous carbon films formed various
bonding structures due to fluorine and to alkyl radicals
dissociated, depending on the flow rate ratio and the annealing temperature. The bonding structure of a-C:F
films is described by resonance and inductive stabilizations due to the π bond of the C=C double bond and the
σ bond of sp3 carbon. The cross-linked bonding structure of a-C:F films is due to the elongation of C-H bonds
by nearly fluorine atoms of high electronegativity, and
the dielectric constant of the films decreases with increasing cross linkage due to C-H bond elongation caused by
very electonegative fluorine. The cross-linked structures
improve the mechanical properties of the films, such as
adhesion, and decrease the dielectric constant.

Fig. 6. Dielectric constant of a-C:F films as a function of
the annealing temperature.
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