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Abstract: Nitrogen doping fluorinated amorphous carbon (a-C : F) films were deposited using radio frequency plasma enhanced
chemical vapor deposition (RF-PECVD) and annealed in Ar environment in order to investigate their thermal stability. Surface
morphology and the thickness of the films before and after annealing were characterized by AFM and ellipsometer. Raman spectra and
FTIR were used to analyze the chemical structure of the films. The results show that the surface of the films becomes more
homogeneous either by the addition of N, or after annealing. Deposition rate of the films increases a little at first and then decreases
sharply with the increase of N, source gas flux. It is also found that the fraction of aromatic rings structure increases and the thermal
stability of the films is strengthened with the increase of N flux. Nitrogen doping is a feasible approach to improve the thermal stability

of a-C © F films.
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1 Introduction

The fast development of semiconductor integrate
circuit technology have promoted the progress of new
materials and new technique. With decreasing device
design rules and rising transistor density, more and
more attentions are paid to the applications of low
dielectric constant materials in wultra large-scale
integration(ULSI). Fluorinated amorphous carbon
(a-C ! F) films become the most promising inter-
connections materials due to its excellent electric
character and mechanical properties[1—5].

Whereas, the poor thermal stability of a-C : F
thin film confine the films’ application in industry.
The thermal stability means the variety ratio of
electricity or optics properties of film after calefaction
in atmos- phere with high temperature for some time.
This target shows more importance to electric medium
thin films especially which need received subsequence
techno- logy of high temperature. To improve the
thermal stability of a-C . F film, many methods can
be used, such as changing the kind of source gases[2],
annealing the film[4], ion bombarding the substrates
and increasing the cross-linked structure by nitrogen

doping[6—8].

In this paper, nitrogen doped a-C : F films were
deposited using CF4, CH,4 and N, as source gases. The
effects of nitrogen incorporation on the thermal stabi-
lity of a-C . F film were mainly discussed.

2 Experimental

The films were deposited by radio frequency
plasma enhanced chemical vapor deposition (RF-
PECVD). The experimental equipment was described
in details in Ref.[9].

The films were grown on P type (111) mono-
crystal silicon substrates. The films were deposited
under the following conditions: radio frequency power
200 W, deposition temperature 100 ‘C and deposition
time 1 h. Prior to deposition, the vacuum chamber was
evacuated to 3X 10~ Pa. Then CF,, CH, and N, gases
controlled by quality gas meter and sent to the vacuum
chamber. The total flux was 50 mL. min. Gas flux ratio
to CF4 to CH,4 was fixed at 3 © 1. The ratio of N, flux
to total gas flux (r) was varied from O to 68%. That is,
the N gas flux was varied from 0 to 34 mL/min. By
this method, films of different nitrogen content were
gained.
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In order to investigate thermal stability of the
films, the deposited films were annealed in Ar
environment for 1 h at 300 and 500 °C. They were
taken out of the vacuum chamber after normal cooling

to room temperature. The surface morphology of the

films was observed by NT-MDT type atomic force
microscopy (AFM). The thickness of the films was

measured by ELLI-B type ellipsometer. The
deposition rate and the variety ratio of the films
thickness before and after annealing were obtained.
Raman spectroscopy measurements were carried out
with an Ar* laser of 514.5 nm. The chemical bonding
configurations were evaluated by a NEXUS 470
Fourier-transformed infrared spectrometer (FTIR).

3 Results and discussion

3.1 Deposition rate and variety ratio of films

thickness before and after annealing

The problem of the deposition rate has aroused
much concern. The magnitude of the deposition rate is
related to large-scale production of the films and their
commercial application. Furthermore, it can reflect the
deposition condition of the plasma radicals, thereby
affects the chemical structure of the films. We
calculated the deposition rate of the films according to
the thickness of the films combining with the
deposition time. Fig.1 shows deposition rate of the
films at varied N, source gas flux ratios (r).

20

181

16 ¢

Deposition rate/(nm+min~!)

12 L a n L L o

10 20 30 40 50 60 70
r/%
Fig.1 Deposition rate as function of N, source gas flux ratio(r)

The deposition rate of the film increases a little
at first and then decreases sharply with an increase of
N, source gas flux ratio(r). The reason for the increase
is likely to be attributed to the decrease of F radicals
etching effects. When N, source gas flux increases,
nevertheless the total gas flux holds the line, CF,
contents decrease in source gases and F radicals
reduce in the chamber. For the ions’ etching to the
films reduces, the deposition rate of the films

increases. Subsequently, the reason of deposition rate
decrease is related to the following aspects. Firstly,
increase of N, source gas flux ratio(r) enhances the
density of nitrogenous radicals in the chamber. It will
surely increase the collision probability of nitrogenous
radicals and other radicals, thus more CN radicals are
produced in the plasma radicals and the density of
other radicals decreases. Moreover, CN radicals have
no direct effect on growth of film[10]. Consequently
the increase of N; source gas flux ratio dilutes
concentration of radicals of growing film, which
results in the decrease of deposition rate. Secondly,
with the increase of nitrogen source gas, abundant N,
and N ions exist in the chamber. Due to the
bombardment of nitrogen ions, the weak bonds on the
growing surfaces are broken and the ions combined
unstably with films deviate from the films surface tie
and go to the vacuum chamber. Furthermore,
superfluous H or F ions will deviate from the films,
which causes the deposition rate decrease. At the same
time, it could eliminate some weak bonds and
interstices and accordingly improve the quality of
films.

We can use the variety ratio of the films
thickness before and after annealing Ad/d(Ad is the
margin of the films thickness before and after
annealing; d is the films thickness before annealing) to
show the thermal stability of films. At different
annealing temperatures, the effects of N, source gas
flux ratio on the thickness of the films are reported in
Fig.2, which shows that the higher annealing
temperature is, the more variety ratio of the films
thickness is. In addition, after thermal annealing, films
grown without N, addition shows a distinct change. It
demonstrates that the structure of films grown without
N, addition is loose and the thermal stability is poor.
On the contrary, the variety ratio of the nitrogen
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Fig.2 Thickness variety ratio of films versus r at different
annealing temperatures
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doping a-C: F films thickness decreases after
annealing. The Ad/d value of nitrogenous films
(r=32%) is only 10% after 500 °C annealing. Tt is
obvious that the thermal stability of ¢-C: F film is
improved after nitrogen doping.

3.2 AFM analysis of films before and after
annealing

In order to investigate the surface morphology
the bidimensional (1 1 m X1 1 m) AFM images of the
films grown with r=0% and r=32% before and after
the thermal annealing are shown in Fig.3.

We can know the following characters from the
AFM images. On the one hand, before thermal
annealing, a-C . F films(r=0%) surface undulation is
greater than those of ¢-C . F I N films(r=32%), and
their peaks are 54.4 nm, 22.5 nm, respectively.
Moreover, the films surface roughness minishes with
increasing N, source gas flux. The surface roughness
of different films which deposited with r=0%, r=32%,
r=68% are 7.180 nm, 2.057 nm, 1.685 nm,
respectively. On the other hand, all film samples
surface morphology gets improved after thermal
annealing. Besides, the higher annealing temperature
is, the smaller surface roughness is. For example, the
surface roughness of films with N, concentration
values of 8% is 5.831 nm before annealing, and
changes to 5.831 nm at 300 ‘C annealing, and drops
to 2.882 nm at 500 ‘C annealing. This is because the
increase of deposition temperature leads to an
augment of transference rate of films surface atoms.

The result of transference of surface atoms is the
fluctuant vales and peaks of the surface are leveled off,
thus the surface energy and roughness decrease.

The above conclusions all demonstrate that
nitrogen doping and thermal annealing can make the
films surface become more homogeneous and thus
improve the films surface morphology.

3.3 Raman analysis of films

Raman spectrum is an effective means to
investigate carbon materials structural and bonding
mode. Different materials possess apparent different
Micro-Raman spectra. Typical Raman spectra of the
a-C : F films include the G band (1 575 cm™") and the
D (1 355 cm™ ') band. The G band corresponds with
aromatic rings and Olefin structure, while the D band
associates with disorder degree in graphite and it only
origins from the stretching vibrations mode of
aromatic rings structure. Raman spectra of films
deposited with different N, source gases before and
after 500 °C annealing are shown in Fig.3. In order to
analyze the influence of flux ratio on Raman spectra,
the spectra of Fig.3 are dealed with Gaussian fittings.

We obtained the films peak value of the G and D
bands via Gaussian fittings, and then calculated
integrated intensity ratio Ip/Iz between the D and G
bands. Fig.4 shows Ip/l; value as a function of N,
source gas flux ratio. As N, source gas increases, the
G peaks position shifts gradually to higher wave-
numbers and Ip/lg value increases. These all means
sp2 carbon phase in films increasesf11], namely,

Fig.3 AFM images of films prepared under different conditions: (a) 7=0%, before annealing; (b) r=32%, before annealing; (c)r=0%,

after 300°C annealing; (d) r=32%, after 500 'C annealing
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Fig.4 Raman spectra and Gaussian fittings of films deposited at different values of : (a) r=0; (b) r=8%; (c) r=32%; (d) =68%

spz/sp3 ratio ascends. That is, aromatic rings structure
ratio augment and olefin structure ratio descends.
According to the model of BEEMANI[12], peak
position contains information of bond angel disorder
and bond structure. Bond angel disorder and some
four-coordinated bonds can make the D and G bands
shift to the lower frequencies. Raman spectra shifting
to the higher frequencies means that several bond
angel disorders are eliminated and that the
four-coordinated bonds (sp3) are broken and then
translate to three-coordinated bonds (sp2). The reason
of this translation is that the N atoms’ coordination
number is 3, whereas C atoms’ coordination number is
4, thus the substitution of a C atoms with N atoms
makes the average coordination number decrease. In
addition, thermal annealing also make In/Ig value and
sp2 clusters increase and relative content rings
structure decrease. Due to thermal annealing, the sp3
clusters are changed to sp2 clusters, thus leads to
increase of sp2 sites[13].

It is well known that the polyimide is a
compound polymer with the best thermal stability in
practical applications in industry up to now. There are
nitrogen atoms in polyimide which raise its thermal
stability by forming hard carbon-to-nitrogen bond and
imide ring. So people believe that ring structure can
lead to argument of films thermal stability. ENDO and
TATSUMI[14] and WANG et al[15] once pointed the

relations between a-C . F film and its thermal stability.

There must be more ring structures in the films in

order to make the films thermal stability above 400 °C.

Consequently, the increase of thermal stability
partially attributes to the ring structures ratio increase
after nitrogen doping. It is consistent with the
conclusions of Refs.[11] and [16].

3.4 FTIR analysis of films

In order to investigate the effect of nitrogen
doping on film structure, thus reveal the inherent
reason of increasing thermal stability, the FTIR spectra
of films before and after nitrogen doping are presented
in Fig.5.
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Fig.5 I/l ratio versus r before and after annealing

It can be seen that the FTIR spectra changs after
nitrogen doping on a-C : F film, as follows: 1) after
nitrogen doping, there appeared an absorption peak
which was assigned to the C=N (2 200 cmfl) bond
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in the ¢-C . F ! N films. This indicates that nitrogen
element is not only doped effectively to the a-C : F
films, but also formed chemical bonds with C atoms; 2)
the absorption peaks which are assigned CF,(x=1, 2, 3)
vibrations(950—1 500 cm_l) shift wholly to lower
wavenumbers because of the decreasing of F element
which possesses strong electronegative properties in
the film; 3) the absorption peaks at 750—950 cm”’
become stronger after nitrogen doping. This
demonstrates that there exists high concentration sp’
C[17], namely the quantity of carbon cross-linked
structures increases. The thermal stability of a-C [ F
film lies in the quantity of carbon cross-linked
structures in the film, thus the more cross-linked
structures are, the higher thermal stability is; 4) the
absorption peak at 1 570 cm ' which correspond to
Raman G band is not observed, but the absorption
peak at 1 340 cm™! corresponding to Raman D band
become stronger after nitrogen doping. This
illuminates that aromatic rings structure increases,
thus correspond to the results of Raman spectra.
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Fig.6 FTIR spectra of films deposited at variable N, flux ratio
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From all above, the obtained results demonstrates
that the increase of thermal stability can be related to
nitrogen incorporation which form the C—N chemical
bonds of stable structure[11]. In addition, CF, flux rate
reduces with N, flux rate increase, thus decomposable
F atoms decrease in the chamber and the coupling
effects between F and C atoms weaken. The cross-
linked structure increased due to decrease of nitrogen
content which can form only terminating bonds with
carbon atoms and restrain cross-linked production,
thus the thermal stability of films enhanced.
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