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Abstract

Hydrogenated silicon carbon nitride (SiCN:H) thin film alloys were produced by hot wire (HWCVD), plasma assisted hot wire (PA-
HWCVD) and plasma enhanced chemical vapor (PECVD) deposition techniques using a Ni buffer layer as catalyst for inducing crys-
tallization. The silicon carbon nitride films were grown using C,Hy, SiH, and NH;3 gas mixtures and a deposition temperature of 300 °C.
Prior to the deposition of the SICN:H film a hydrogen etching of 10 min was performed in order to etch the catalyst material and to
facilitate the crystallization. We report the influence of each deposition process on compositional, structural and morphological prop-
erties of the films. Scanning Electron Microscope-SEM and Atomic Force Measurement-AFM images show their morphology; the chem-
ical composition was obtained by Rutherford Backscattering Spectrometry-RBS, Elastic Recoil Detection-ERD and the structure by
Infrared-IR analysis. The thickness of the catalyst material determines the growth process and whether or not islands form. The produc-

tion of micro-structured SiCN:H films is also dependent on the gas pressure, gas mixture and deposition process used.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The exceptional mechanical, tribological and optical
properties of ternary SiCN thin film alloys make them suit-
able for a wide range of applications. Profiting of the wide
band gap controllability between 5 eV, for SiN, and 2.8 eV,
for SiC [1], SiCN films can be used in optoelectronic appli-
cations such UV detection [2,3] or low-voltage white-blue
electroluminescence devices [4]. Due to its low dielectric
constant k, below 5, SiCN films have been successfully
applied in the protection of metal interconnection of ultra
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large-scale integrated circuit (ULSI) [5] as etch stop and
hardmask. Crystalline SiCN films were employed in high
breakdown-voltage heterojunction diodes for high-temper-
ature [6]. Applications of SiICN to MEMS have been also
reported [7] making use of its exceptional mechanical prop-
erties like high hardness in the range of SiC and SiN mate-
rials ~30 GPa [1]. Adding together a good chemical
resistance make this ternary alloy particularly interesting
for tribological applications.

Several processes were used to produce amorphous or
crystalline SiCN thin films alloys. Amorphous SiCN films
are produced frequently by PECVD-like techniques using
substrate temperatures below 600 °C, while crystalline
SiCN films reported have principal deposition process
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based on CVD techniques for substrate temperatures
above 800 °C.

A large variety of alloys Si,C,N. can be obtained
depending on the gas mixture and on carbon and nitrogen
sources. Extra alloying elements such oxygen and hydrogen
are of great importance and a source of complication for
understanding its role on the main mechanical, optical
structural and electrical properties.

In this paper we compare the structure, morphology and
composition of SiCN:H films produced by HWCVD
assisted or not by rf plasma and compared it to the films
obtained by PECVD technique. This leads to the produc-
tion of SiCN:H crystalline films by PA-HWCVD without
incorporation of oxygen.

2. Experimental

The Si,N,C.:H films were produced by hot wire chemi-
cal vapor deposition (HWCVD), plasma assisted HWCVD
(PA-HWCVD) and plasma enhanced chemical vapor depo-
sition (PECVD) using a gas mixture of silane (SiHy), ethyl-
ene (C,Hy) and ammonia (NHj3) without hydrogen
dilution. For the HWCVD process the filament tempera-
ture was kept at 1900 °C while for the PECVD component
an rf power of 130 W was applied. A gas mixture consisting
of SiH4/C,H,/NHj3 was fed into the reactor in the propor-
tion of 10/50/200 sccm, respectively. The system employed
was described in a previous work [8]. The films were depos-
ited on normal glass and crystalline silicon (¢-Si) substrates
and on thin (50 or 100 A) Ni covered layer c-Si high resis-
tivity wafer and glass substrates. The films composition
was analyzed by RBS and by ERD. He-RBS spectra were
obtained with 2 Schottky barrier detectors placed in IBM
geometry at 140° and 180° scattering angles, with resolu-
tions of 15 and 20 keV respectively, using 2.0 MeV He™"
beam. ERD spectra were obtained with a Schottky barrier
detector placed at 24° scattering angle in IBM geometry,
with 20 keV resolution, using a 2.0 MeV He' beam. To
prevent backscattered He' particles from hitting the
ERD detector, a Kapton filter with 8.2 x 10" at/cm? was
placed in front of it. IR absorption spectra were acquired
with FTIR equipment in the wavenumber range of 400-
4000 cm~'. SEM images were taken with a Hittachi-S400
apparatus on films covered with a very thin carbon conduc-
tive layer. Tapping mode AFM experiments were per-
formed in a Multimode AFM microscope coupled to a
Nanoscope IIla Controller. Commercial etched silicon tips
with typical resonance frequency of a.c. 300 Hz, have been
used as AFM probes.

3. Results

The FTIR spectra obtained for HWCVD, PA-HWCVD
and PECVD films are shown in Fig. 1. The main assigned
vibrations are related to: N-H (=~3300cm '), C-H
(~2800 cm™') and C-N (~2100-2150 cm™') stretching
modes; N—H, wagging modes (~1500 cm'); Si-N (stretch-

HWCVD

- Lor ‘_ -~ PA-HWCVD
3 ; - PECVD
S 08}

2

Z

£ 06}

g i «

el L T

| Tz

g 0.2-‘_  =0

Z ; .

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

[

) SiO
n SiC SiN  C-N

.cH.si NH, si-CH
PA-HWCVD /\ {Eﬂx Si * 3

P
\

Normalized intensity (a.u.)

I Ml e i i il |
600 700 800 900 1000 1100 1200 1300 1400

b Wavenumber (cm™)

Fig. 1. (a) FTIR spectra of SiCN films produced by different processes,
HW-CVD PA-HWCVD and PECVD; (b) expansion of the same spectra
in the wavenumber range of 600-1400 cm™!. Dashed lines represent the
deconvoluted peaks.

ing)/Si-O (rocking) modes (~450cm™!); and a strong
absorption band in the wavelength range of 600-
1300 cm ™!, due to SiC, SiN, SiO, Si-CH,, C-N vibration
modes [5,9,10]. An enlargement and deconvolution of the
spectra in this region was performed in order to obtain the
relative intensity, position and area of each peak. That is
shown in Fig. 1(b) and summarized in Table 1.

Although similar deposition parameters were used for
the films production, IR data show that the process rules
the species incorporated into the film and therefore its com-
position. The main difference between the three process
employed is related to the incorporation of C and N. On
HWCVD films C and N is preferentially bonded to silicon
atoms due to the fact that SiC and SiN peaks are the most
intense. Significant N-H, bonds are also present both
revealed by the N-H, bending and stretching bonds. Since
no peak related to C-N stretching modes is observed, we
relate the peaks at 1000-1030 cm™' to the presence of
SiO or Si—CH,~Si bonds. On the other hand, PECVD films
show less C bonded to Si (weak SiC peak), an important
amount of N is bonded to Si but major C and N are
bonded in the hydroxyl groups (Si—-CH ,-Si; N-H,, C-H).
For PA-HWCVD films an intermediate situation, as far
as composition is concerned, is achieved. Still a high
amount of C and N bonded to Si but inferior to that one
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Fig. 2. Depth profile obtained from RBS and ERD spectra for samples
produced by (a) PA-HWCVD; and (b) HWCVD. The inset displays a
magnification of the region were Ni is present.

shown by HWCVD films appears and the Si-H and SiO/
C-N/Si-CH,~Si peaks are enhanced when compared to
both HWCVD and PECVD films.

The FTIR measurements we supplemented by RBS and
ERD analysis shown in Fig. 2.

Fig. 2 shows the depth profile obtained for the elements
detected by RBS and EDR analyses, after data simulation,
of the samples produced by PA-HWCVD (Fig. 2(a)) and
HWCVD (Fig. 2(b)). The average percentage of elements
detected is shown in Table 2.

Under similar deposition conditions used for the films
production we get Si0.24C0.11N0‘35:H0A30 and Si0‘22C0.16-
N0.2300'05:H0V33 for PA-HWCVD and HWCVD ﬁlms,
respectively. So far, HWCVD films have more carbon
incorporation and lower nitrogen content but some poros-
ity is revealed by the presence of oxygen in contrast to the
PA-HWCVD films. On the other hand, results also reveal a
thin Ni layer at the glass interface. That layer corresponds
to the 5 nm Ni layer used as catalyst for inducing crystalli-
zation. The inset of the graphs in Fig. 2(a) and (b) evidence
a 5nm layer corresponding to the thickness of the depos-
ited Ni layer. Therefore we conclude that Ni was not con-
sumed during the deposition process.

Not only is the composition influenced by the deposition
process, but also the film morphology is quite different.
Fig. 3 shows the SEM cross section images of the PECVD
(Fig. 3(a)), PA-HWCVD (Fig. 3(b)), and HWCVD
(Fig. 3(c)) films deposited on Ni 5 nm covered glass and
c-Si substrates. The films of Fig. 3(a) are compact, have
low surface roughness and are amorphous while Fig. 3(b)
exhibit compact films but with high surface roughness
formed by isles with variable dimensions that are indepen-
dent of the substrate used, glass or Si-c, if covered with thin
Ni layer. SEM images of Fig. 3(c) shows films, deposited
on Si+ Ni 5nm substrate, that are compact, structured
and crystalline with a cone-like surface. When deposited
on glass, the films are amorphous with a smooth surface.

The real dimensions of the isles are supported by AFM
data that is exhibited in Fig. 4, for PA-HWCVD films.
There a 3D profile image is shown in Fig. 4(a) and the sec-
tion analysis across the line displayed is shown in Fig. 4(b).

Table 1
Summary data of the peak position, area and respective modes obtained for HWPA, PA-HWCVD and PECVD films whose IR spectra are shown in
Fig. 1(b)
Peak position (em™) Modes Relative area

HWPA PA-HWCVD PECVD
~690-710 Si—H rocking and wagging 8 14 -
~830-832 SiC stretching and wagging 133 53 79
~900-940 SiN stretching 85 69 39
~1000-1030 SiO (stretching)/C-N (wagging)/Si-CH,—Si (bending) 30 88 53
~1130-1160 N-H, (bending) 44 40 95
~1250 Si-CHj; (bending) 22 1.7 0.9
Table 2
Results of the composition obtained by RBS and ERD for PA-HWCVD and HWCVD films
Sample C at% N at.% 0O at.% H at.% Si at.% Thickness x10'° at/cm?
PA-HWCVD 11 35 0 30 24 11600
HWCVD 16 23 5 33 22 29500
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Fig. 3. SEM cross section view images of (a) PECVD film deposited on Ni
(5 nm) covered glass and on Ni (5 nm) covered Si-c substrates; (b) PA-
HWCVD film deposited on Ni (5nm) covered glass and on Ni (5 nm)
covered Si-c substrates; (¢) HWCVD film deposited on Ni (5 nm) covered
Si-c and on glass substrates.

We observe that isles are cone-like shape and their dimen-
sions are variable from few nanometers to several microns.
The big one observed in the image of Fig. 4(b) is about

2.5 um in diameter and around 200 nm in height. Also we
have observed that the surface morphology is dependent
on the Ni thickness as shown in Fig. 5. Fig. 5(a) shows
the SEM top view images of a SiCN film deposited on Ni
(1 nm) covered Si-c substrate. Fig. 5(b) and (c) shows the
image of the same film deposited on Ni (5nm) and Ni
(10 nm) covered glass, respectively, obtained in sample
region absent of isle. Surface morphology is dependent
on Ni thickness, some grains appear to be involved by
the amorphous tissue in Si-c substrate covered with a Ni
1 nm layer, while in glass substrates with Ni 5nm and
10 nm layer we observed agglomerates that are smother
than the former.

4. Discussion

The comparison process (keeping the same deposition
parameters) evidenced that HWCVD lead to a high incor-
poration into the SiCN films, of SiC and SiN bonds. As the
rf plasma is coupled to HWCVD process the C and N
starts to be incorporated in hydroxyl groups. Therefore
for films grown by the PECVD the carbon and nitrogen
are predominantly bonded to hydroxyl groups (Si—-CH .~
Si; N-H, C-H). This difference in the films composition
is attributed to the gas dissociation occurring in each pro-
cess. It is well accepted and demonstrated that in HWCVD
process the species containing hydrogen are highly dissoci-
ated giving rise to ionized species like Si, C, C, or N [8].
Additionally, NH3 has low dissociation energy compared
to C,Hy and high reactivity with carbon enhancing the
incorporation of C,N, species and so it is responsible for
increasing carbon content. This explains why SiC films
(produced without ammonia gas) have a very low growth
rate (~0.6 A/s [8]) compared to the 5-6 A/s obtained for
these SICN:H films. Besides that, CH, species have also
an etching effect on the film growth, and so its contribution
to this growth mechanism cannot be disregarded. Although
with FTIR measurements we cannot conclude about the
presence of a SiICN ternary compound, it reveals that SiC
and SiN bonds are the basis bonds for films deposited by
HWCVD and PA-HWCVD techniques. PECVD films
seem to be formed by different separated phase, since C—
N, N-H and Si-CH,-Si bonds are predominant, suggest-
ing that a ternary alloy is not obtained.

SEM images have revealed that Ni is crucial for induc-
ing crystallization since without that we observe a compact,
smooth and featureless film. When a thin Ni buffer layer is
used a high roughness surface is obtained, independently of
Si-c or glass substrate used. The origin of these isles is
unknown but certainly related to catalyst effect of Ni on
the inducing crystallization which has to be confirmed by
micro X-ray diffraction investigation in further work. For
HWCVD films produced on (Si+ Ni 5 nm) substrate it is
quite evident the presence of a crystalline material being
obtained a laminated like surface in the region of the layer
break. The isle shown, in the SEM image, is also compact
with a diameter of the order of 6 um and height around
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Fig. 4. AFM image of a SiCN PA-HWCYVD film deposited on Ni (5 nm) covered glass: (a) 3D profile obtained in a 5 pm x 5 pum scanned area and data
scale of 150 nm; (b) profile obtained in a scanned area of 12.5 pm x 12.5 pm with the respective section.
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Fig. 5. SEM top view (with a tilt angle of 35°) images of a SICN PA-HWCVD film deposited on: (a) Ni (1 nm) Si-c covered substrate; (b) Ni (5 nm) glass

covered substrate; and (c) Ni (10 nm) glass covered substrate.

2.4 ym. The formation of this isle-like features in SICN
films was also reported by Gang et al. [11], being dependent
on the N/H, ratio used, in films produced by bias-assisted
HFCVD. Also Pandey et al. [12] found this clusters regions
in diamond like carbon obtained by microwave plasma
CVD, attributing that to sp” rich clusters, that have large
surface roughness. In our case further investigations are
needed to find the structure and composition of these
cone-like regions. Nevertheless, Ni is certainly the origin
of that, since the films deposited directly in Si-c or glass
substrate did not exhibit those features.

On the other hand RBS also has indicated that Ni is not
consumed during the deposition. The Ni buffer layer
remains with a thickness around 5 nm for all films ana-
lyzed, which corresponds to the initial thickness. However,
the Ni buffer layer is important for inducing crystallization
and for the films morphology.

5. Conclusions

The study of the influence of the deposition process on
the production of SiCN films, under similar deposition
parameters led to the conclusion that HWCVD films have
higher carbon incorporation with Si—-C and Si-N making
up the main bonds formed. PA-HWCVD films are N rich
with the nitrogen not only bonded to silicon but also to
carbon and hydrogen (C-N and N-H bonds are enhanced
compared to HW-CVD films). PECVD films have C and N
bonded preferentially in the hydroxyl groups and the main
achieved bonds are those related to C-H, C-N and Si—
CH,-Si.

Concerning the morphology HWCVD and PA-
HWCVD films exhibit an island-like surface with dimen-
sions varying from a few nanometers up to about 6 pm in
diameter and 3 pm in height, while PECVD films are
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compact and have a smooth surface. The surface morphol-
ogy features are due to the Ni buffer layer which, depending
on its thickness in the range of 1 and 5 nm, gives rise to clus-
ters whose composition will be investigated in further work.
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