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The effect of H2 addition on SiCN ®lm growth was studied in an electron cyclotron resonance plasma chemical

vapor deposition reactor. No carbon incorporation was observed in the ®lm by feeding CH4/SiH4/N2 even at

CH4 : SiH4 ratios as high as 150 : 1. With H2 addition and at a CH4 : SiH4 ratio of 100 : 1 and above, the carbon

contents within the ®lms increased signi®cantly. Possible explanations for this behavior involve gas phase and

surface reactions of hydrogen including formation of active carbon species in the gas phase by hydrogen

abstraction reactions and preferential etching of surface-bonded carbons.

1 Introduction

The synthesis of ternary Si±C±N systems has been of growing
interest in recent years. Several methods have been developed
to produce Si±C±N ®lms and powders.1±11 Amorphous SiCN
®lms have been deposited by pulsed laser ablation and electron
cyclotron resonance (ECR) plasma CVD.1,2 Amorphous SiCN
nano-powders produced by laser and RF discharges have also
been reported.3,4 Riedel et al.5 adopted polyorganosilylcarbo-
diimides as precursor materials and have successfully synthe-
sized nanocrystalline Si2CN4. We have demonstrated that large
(#mm) silicon carbon nitride crystals with a wide range of
composition are deposited by microwave CVD.6±9 Optical
investigation of these crystals further indicates the potential of
the ternary SiCN compound for blue and UV optoelectronic
applications.9 Badzian et al.10 also reported that crystalline
silicon carbonitride grown by microwave plasma CVD may
have some physical properties that can compete with those of c-
BN.

In previous work11 we reported that continuous polycrystal-
line silicon carbon nitride ®lms have been successfully
deposited by ECR plasma chemical vapor deposition. The
ECR plasma CVD process signi®cantly enhanced the nuclea-
tion density up to 1011 cm22 which is 4 orders of magnitudes
higher than those deposited by microwave plasma CVD
(MWCVD) alone.9 Typical (Si; C) to N composition ratios
of the ®lms thus deposited were around 0.75 : 1, which is
identical to the theoretical value for Si3N4.

Hydrogen atoms are known to be crucial in facilitating
deposition of metastable diamond phase by maintaining the sp3

structure of carbon atoms on the substrate surface, abstracting
hydrogen atoms from surface bonded C±H, preferentially
etching the graphitic phase of carbon, and initiating free-
radical reactions in the gas phase.12 However, the effect of
hydrogen atoms in the growth of crystalline carbon nitride,
which is also predicted to be a metastable covalent material,
has not been addressed. For the growth of crystalline b-C3N4,
the sp3 structure of the carbon atoms and the sp3 C±N bonding
con®gurations must also be maintained. The fact that crystal-
line carbon nitride ®lms can be deposited under hydrogen-free
environments (such as in most sputtering processes) or
hydrogen environments (such as various CVD using either
CH4/NH3/H2

13 or CH4/N2
14 gas) makes the role of hydrogen in

the growth process quite obscure. It is not certain whether
hydrogen atoms are needed in stabilizing the sp3 structure of C
atoms during growth of CN. To study the roles of hydrogen in
the growth of SiCN ®lms, we examine the effect of H2 addition
on the compositions and structures of ®lms deposited at
various CH4 to SiH4 ratios in the feed. Optical emission
spectroscopy (OES) was employed to monitor in situ the
¯uorescing species in the gas phase. Rutherford backscattering
spectroscopy (RBS), X-ray photoelectron spectroscopy (XPS),
and Transmission Electron Microscopy (TEM) with X-ray
Energy Dispersive Spectrometry (XEDS) were employed to
characterize the composition, the bonding, and the structure of
the ®lms.

2 Experimental

A schematic of the ECR plasma system employed in this study
is shown in Fig. 1. The ECR plasma CVD system consists of a
20 cm diameter ECR chamber and a 40 cm diameter process

Fig. 1 A schematic diagram of the electron cyclotron resonance plasma
chemical vapor deposition reactor.
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chamber equipped with a substrate stage in which a BN heater
is used for independent control of the substrate temperature. A
thermocouple placed underneath the substrate holder was used
to monitor the temperature of the holder. A 1.5 kW Astex
AX2115 microwave source and an AX4400 electromagnet were
employed to generate the ECR plasma as nitrogen or hydrogen
was introduced into the ECR chamber of the reactor from the
top shower ring, right below the quartz window. To avoid
coating on the quartz window, CH4 and SiH4 were fed into the
process chamber far away from the ECR absorption zone
through the lower shower ring just above the substrate holder.
The base pressure of the reactor was 161026 Torr evacuated
by a turbo molecular pump. Pre-cleaning of silicon substrates
was performed by H2 ECR plasma before deposition. In order
to study the roles of hydrogen, ®lm growth characteristics were
compared for various CH4 : SiH4 ratios with and without H2

addition at a constant substrate temperature of 1023 K, reactor
pressure of 3.2 mTorr, and microwave power of 700 W.

Quantitative composition analyses of the ®lms were
performed by RBS. High energy 4He ion beams of 3.5 MeV
with a ®xed scattering angle of 165³ were employed to increase
the sensitivity of N and C elements.15,16 The non-RBS cross
sections of 4He ion from C and N15,16 were linked to the
RUMP2 program (ver. 3.512, 1993) for RBS data analysis.
Standard SiC and Si3N4 ®lms were used to calibrate the RBS
measurement. A Perkin-Elmer Phi 1600 electron spectroscopy
for chemical analysis (ESCA) system was used to study the
chemical bonding state of the ®lms. Mg-Ka radiation of
1253.6 eV was used as the X-ray source with a linewidth of
0.7 eV. The analysis area for XPS measurement was 800 mm
diameter and the pass energy for the chemical state analysis was
11.75 eV. The structures of the ®lms were studied by using a
JEOL 2010 transmission electron microscope. Optical emis-
sion, in the range of 350±800 nm, from the ECR plasma was
monitored through a quartz viewport and an optical ®ber. The
OES system consisted of an ARC SpectraPro-500 grating
monochromator with 1200 grooves mm21 and a Hamamatsu
R955 photomultiplier detector.

3 Results and discussion

3.1 Composition, bonding and structure of deposited ®lms

Quantitative analyses of RBS data for the compositions of a
series of ®lms deposited with or without H2 addition are listed
in Table 1. As shown only silicon nitride ®lm was formed
without H2 addition during growth. Considering that the C : Si
ratio in the gaseous precursor ranged from 62.5 to 150 : 1, it is
somewhat surprising that there was no carbon detected in the
®lm. In the case of H2 addition, carbon still did not appear in
the RBS spectrum of ®lm deposited at a CH4 : SiH4 ratio of
83.3 : 1 and below. At higher ratios, however, the carbon
content increased signi®cantly. The RBS spectra of the ®lms
deposited with or without H2 addition at CH4 : SiH4 ratios of
62.5 and 100 : 1 are shown in Fig. 2. The results indicated that,

at suf®cient methane concentrations, H2 addition promoted
carbon incorporation in the SiCN ®lms in the ECR plasma
CVD process.

Typical high resolution XPS scans of Si(2p), C(1s), and N(1s)
peaks of the SiCN ®lm are shown in Fig. 3. It reveals that the
peaks were composed of more than one Gaussian peak. The
C(1s) photoelectron peak is composed of three components
centered at 284.0, 285.3, and 287.4 eV, whereas the N(1s) peak
also consists of two components centered at 398.0 and
398.8 eV. According to the tentative assignment by Marton
et al.,17 these peaks correspond to C±C, C(1s)LN, C(1s)±N; and
N(1s)±Si and N(1s)±C, respectively. The Si(2p) photoelectron
peak was resolved into two peaks centered at 102.2 and
104.0 eV, which were assigned to Si(2p)±N and Si(2p)±O
bonding, respectively. The C±C peak at 284.0 eV and Si±O
peak at 104.0 eV disappeared after sputtering with Arz ions,

Table 1 The composition of the ®lms deposited at various CH4 to SiH4

ratios (R) with or without H2 addition

Sample

Reactant ¯ow rate/cm3 s21

Film composition
no. H2 N2/CH4/SiH4 R N/C/Si

ECR50 0 5/1.25/0.02 62.5 63/0/37
ECR55 5/1.25/0.015 83.3 62/0/38
ECR54 5/1.5/0.015 100 63/0/37
ECR66 5/2.25/0.015 150 59/0/41
ECR48 2.5 2.5/1.25/0.02 62.5 61/0/39
ECR64 2.5/1.25/0.015 83.3 59/0/41
ECR62 2.5/1.5/0.015 100 61/18/21
ECR67 2.5/2.25/0.015 150 59/20/21

Fig. 2 RBS spectra of the ®lms deposited with and without H2

additions at CH4 : SiH4 ratios of 62.5 and 100 : 1.

Fig. 3 XPS spectra of C(1s), N(1s) and Si(2p) of the SiCN ®lm
deposited with H2 addition.
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indicating that C±C and Si±O bondings were due to surface
contamination. There is no detectable C(1s)±Si bonding signal
at 282.8 eV, which is also con®rmed by the absence of a Si(2p)±
C signal around 100.3 eV, indicating that Si±C bonds in the
®lm are negligible.

Transmission Electron Microscopy was employed to inves-
tigate the microstructure of the SiCN ®lm. The TEM image and
selected area diffraction (SAD) pattern of the SiCN ®lm are
shown in Fig. 4. Fig. 4(a) shows that the SiCN ®lm is composed
of nanocrystals embedded in the amorphous phase. The carbon
content in amorphous as well as nanocrystalline phases was
found to be almost the same by XEDS. The d spacings of the
nanocrystals observed from the SAD pattern, internally
calibrated by the SAD pattern of Si(100) substrate, are listed
in the Table 2. The d spacings of the SiCN ®lm were within 6%
of those for a-Si3N4. Preliminary estimates of the magnitudes
of lattice parameters a and c (as conventionally de®ned for
hexagonal structure) are 0.79 and 0.60 nm, respectively. Si±C
bonds in the ®lm are negligible as indicated by XPS analyses,
implying that C substitutes only for the Si sites in the a-Si3N4

structure so that C and Si are always ``bridged'' by nitrogen in
the SiCN ®lm. Hence, the SiCN crystal can be seen as being
built from zigzag chains of Si±C±N atoms. Badzian et al.
proposed that carbon substitution might cause linear disorder
of these chains10 and lead to the disappearance or discrepancy
in the intensity of certain re¯ections. In our case the carbon
content is around 20 at.% (i.e., C : Si ratio is about 1 : 1),
whereas the SiCN ®lm reported by Badzian et al. contains only
a few to 6 at.% of C.10 More substantial discrepancies between
our SiCN ®lm and a-Si3N4, shown in Table 2, could result from
the higher linear disorder of atoms by a larger fraction of the
carbon substitution in our case than those reported by Badzian

et al.10 However, it is somewhat surprising that the lattice
parameters a and c of the SiCN ®lm are still similar to those of
a-Si3N4 even with 20 at.% of C substitution for Si. On the other
hand, we can not rule out the possibility of a crystal structure
exhibiting long range order distinct from the a-Si3N4 structure
and yet still maintaining several d spacings in close proximity
with those of a-Si3N4.

3.2 Gas phase considerations

The dif®culty of carbon incorporation into the ®lms without H2

addition could be attributed to the fact that the H3C±H bond
(438.5 kJ mol21) is much stronger than the H3Si±H bond
(384 kJ mol21).18 Therefore, SiH4 can be dissociated into active
radicals more easily than can CH4, leading to concentrations of
active carbon species which are much less than those of active
silicon species. The expressions for the rate constants of the
related dissociation reactions are listed in Table 3,19 in which
two dissociation channels, r1 and r2, for SiH4 are listed. As
reported,20 r2 dominates the SiH4 dissociation in a dilute gas
environment like our ECR reactor. Assuming that the gas
temperature near the substrate surface is close to the substrate
temperature, 1000 K, the rate constant of the SiH4 dissociation
reaction r2 is 10 orders of magnitudes higher than that of CH4

r3. This explains why carbon is not detected in the ®lm for a
CH4 : SiH4 ratio as high as 100 : 1, as shown in Fig. 2(b).
Methyl radicals cannot be produced through the reaction
CH4zNACH3zNH, since the abstraction reaction is
endothermic.

Fig. 4 (a) The SAD pattern of the SiCN ®lm. (b) The HRTEM image
of the SiCN ®lm.

Table 2 Comparison of the d spacings determined experimentally from
transmission electron diffraction of Fig. 4(b) with those of a-Si3N4

Measured a-Si3N4

d/AÊ Intensity d/AÊ hkl Intensity

6.87 m 6.69 100 8
4.32 101 50

3.93 m 3.88 110 30
3.42 s 3.37 200 30

2.893 201 85
2.823 002 6

2.76 s 2.599 102 75
2.65 m 2.547 210 100

2.320 211 60
2.283 112 8

2.27 w 2.244 300 6
2.158 202 30

2.097 m 2.083 301 55
2.036 w 1.937 220 2

1.884 212 8
1.864 310 8
1.806 103 12

1.796 m 1.771 311 25
1.751 302 2
1.637 203 8

1.634 m 1.596 222 35
1.552 312 2

1.56 w 1.542 320 6
1.507 213 8
1.486 321 70
1.437 303 55

1.469 s 1.418 411 60
1.406 004 20
1.376 104 12

1.354 w 1.351 322 75
1.343 500 2
1.321 114,313 30
1.306 501 16
1.299 412 50
1.293 330 30
1.269 420 8

1.271 m 1.238 421 30
1.234 m 1.229 214 30

1.213 502 8
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When H2 is introduced into the system the H atoms
produced will enhance the hydrogen abstraction reactions
listed as r4 and r5 in Table 3, which are effective for the
production of active carbon and silicon species at high
hydrogen concentration. At a typical temperature of 1000 K,
the rate constant of CH3 formation in r5 is only one order of
magnitude lower than that of SiH3 in r4, which is drastically
enhanced from the 10 orders of magnitudes difference in r2 and
r3. Therefore, introducing additional hydrogen into the system
provides a more ef®cient reaction path for the formation of
active carbon species. To con®rm the above argument, we
apply in situ optical emission spectroscopy to monitor the gas
phase species in the ECR plasma.

Typical OES spectra monitored in situ from the N2/CH4/
SiH4 ECR plasma with and without H2 addition are shown in
Fig. 5, along with the spectra of N2, and N2/H2 plasma for
comparison. An expanded view of the spectra between 400 and
450 nm is shown in Fig. 6. As shown in Fig. 5, the N2 1st and
2nd positive emission bands as well as N2

z 1st negative
emission lines are observed in all spectra.21±23 N2/H2 plasma
(spectrum II) shows Ha and Hb at 656.2 and 486.1 nm,
respectively, indicating that hydrogen radicals are indeed
formed in the N2 plasma with H2 addition. When both
nitrogen and methane were introduced in the plasma strong
emission for CN radicals at 388.3 nm was observed. This line
can be ascribed to the B2S±X2S transition of CN. Stronger Ha

and Hb emission lines are also observed in spectrum IV than in
spectrum III due to addition of H2. Meanwhile, H2 addition
produces stronger Hc emission at 434.0 nm, that overlaps with
one of the N2 2nd emission lines at 434.3 nm, in spectra III and
IV of Fig. 6. Furthermore, the emission lines of CN (from B2S±
X2S) at 421.6, 418.1 and 415.2 nm as well as CH (from A2D±
X2P) at 431.4 nm are observed in spectra III and IV of Fig. 6.
Methyl radical, acetylene, methane, and silane do not ¯uoresce
ef®ciently and have not been detected using the OES
technique.21±23 Likewise, the emission lines of SiH2 and CH2

radicals are completely obscured by the strong emission lines of
N2 plasma.

Comparing spectra III and IV in Fig. 6, substantial increases
in the emission of the CH line at 431.4 nm and the CN lines at
388.3, 421.6, 418.1 and 415.2 nm were observed when
additional hydrogen was introduced. The signal intensity is
related to the population of the CH/CN excited states, which
may be directly proportional to the gas phase concentration of
the CH/CN radicals ignoring non-radiative relaxation such as
quenching in the gas phase. The increase of CH/CN emission
lines, qualitatively interpreted as an increase of the CH/CN
radical concentration, can be attributed to the abstraction
reaction r5 in Table 3. The addition of H enhances the
production of methyl radicals, and therefore further enhances
the CH and CN radical concentrations. While the CH radical
detected in the OES spectra is reactive and can be directly
related to ®lm growth, CN, however, is a triple-bond radical
and is unlikely to participate in ®lm growth. Nevertheless, the
increase in either one of them is indirect evidence for the
increase of active carbon species in the system, which may
correlate with an increase of the carbon content in the ®lm.
Therefore, from ®lm stoichiometry as well as OES evidence, we
conclude that hydrogen addition to the system enhances
carbon incorporation in the ®lm through the abstraction
reactions shown in Table 3.

Furthermore, as shown in Table 1, not only the H2 addition
is necessary for carbon incorporation, the concentration of
methane in the gas phase also affects the resultant composition
of the ®lm. As known in diamond growth by CVD, high
H : CxHy ratios do not favor carbon deposition due to
preferential etching of surface-bonded carbons by hydrogen
atoms.12 Moreover, surface-bonded carbons could also be
sputtered chemically by N2

z ions to form CN radicals or C2N2

molecules.24 Therefore, a certain methane concentration is
required for the carbon deposition rate to overcome the carbon
etching rate by H atoms and N2

z ions. This explains why there
is no carbon incorporation in the ®lm for CH4 : SiH4 ratio
below 100 : 1.

Table 3 The rate constant expressions of some gas phase reactions (see ref. 18)

Reaction k k at 1000 K

r1 SiH4ASiH3zH 3.9161015exp(244966/T) s21 1.1661024 s21

r2 SiH4ASiH2zH2 3.2861016exp(231832/T) s21 4.916102 s21

r3 CH4ACH3zH 3.7261015exp(252246/T) s21 7.5961028 s21

r4 SiH4zHASiH3zH2 1.3961013exp(21400/T) cm3 mol21 s21 3.4361012 cm3 mol21 s21

r5 CH4zHACH3zH2 2.256104T3exp(24406/T) cm3 mol21 s21 2.7561011 cm3 mol21 s21

Fig. 5 Typical OES spectra of (I) N2, (II) N2/H2, (III) N2/SiH4/CH4

and (IV) N2/H2/SiH4/CH4 ECR plasmas in the range of 350±800 nm.

Fig. 6 Expanded view of the OES spectra of (I) N2, (II) N2/H2, (III)
N2/SiH4/CH4 and (IV) N2/H2/SiH4/CH4 ECR plasmas in the range of
400±450 nm.
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4 Conclusion

Hydrogen plays a key role in the growth of SiCN ®lm by the
ECR plasma CVD method. Without additional hydrogen, no
carbon incorporation can be found in the deposited ®lms.
Adding H2 to the system effectively enhances active carbon
species in the gas phase, which is predicted by consideration of
likely gas phase reactions and also con®rmed by in situ OES
spectra. These observations suggest a route to improvement in
carbon composition control as well as high quality SiCN ®lm
growth in the future.
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