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The formation of silicon particles in rf glow discharges has attracted attention due to their effect as
a contaminant during film deposition or etching. However, silicon and silicon alloy powders
produced by plasma-enhanced chemical vapor deposition~PECVD! are promising new materials for
sintering ceramics, for making nanoscale filters, or for supporting catalytic surfaces. Common
characteristics of these powders are their high purity and the easy control of their stoichiometry
through the composition of the precursor gas mixture. Plasma parameters also influence their
structure. Nanometric powders of silicon–carbon alloys exhibiting microstructural properties such
as large hydrogen content and high surface/volume ratio have been produced in a PECVD reactor
using mixtures of silane and methane at low pressure~,1 Torr! and low frequency square-wave
modulated rf power~13.56 MHz!. The a-Si12xCx :H powders were obtained from different
precursor gas mixtures, from R50.05 to R59, where R5@SiH4#/~@SiH4#1@CH4#!. The structure of
thea-Si12xCx :H powder was analyzed by several techniques. The particles appeared agglomerated,
with a wide size distribution between 5 and 100 nm. The silane/methane gas mixture determined the
vibrational features of these powders in the infrared. Silicon–hydrogen groups were present for
every gas composition, whereas carbon–hydrogen and silicon–carbon bonds appeared in
methane-rich mixtures~R,0.6!. The thermal desorption of hydrogen revealed two main evolutions
at about 375 and 660 °C that were ascribed to hydrogen bonded to silicon and carbon, respectively.
The estimated hydrogen atom concentration in the sample was about 50%. ©1996 American
Vacuum Society.
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I. INTRODUCTION

The formation of particles in plasma-enhanced chemi
vapor deposition~PECVD! processes is the origin of con
tamination during thin-film deposition or etching. Many re
cent reports deal with the generation dynamics of these
ticles and the possibility of their removal.1,2 Nevertheless,
due to their nanometric size and their controllable mic
structure the production of powder merits further study a
might be an interesting source of raw material for sinteri
ceramics, nanoscale filters, or support for catalytic surfac
The production of silicon particles in PECVD processes h
already been studied and related to the plasma paramet3

Moreover, their structure has been analyzed.4 The special
characteristics of silicon powders produced by PECVD w
the nanometer size, and hence the high surface/volume r
and the high hydrogen content.3,4 In addition, these silicon
particles presented interesting and unusual photolumines
properties.5 The influence of thermal and laser annealing
both the hydrogen bonding and the luminescent proper
has also been described.3,4,6

By PECVD, it is also possible to produce alloys using
mixture of precursor gases and to control their microstr
ture through the plasma parameters~pressure, gas flow
power density, and power modulation!. A review of other
preparation methods and properties of ultrafine powders
high melting point compounds can be found in Ref. 7.

a!Author to whom correspondence should be addressed; electronic m
ebertran@electra.fae.ub.es
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PECVD processes, the square-wave modulation~SQWM! of
the rf power applied to the discharge is commonly used
allow the negative species electrostatically confined in t
plasma to leave it. The effect of SQWM of the plasma on th
film microstructure has been extensively reported.8–12

In this article we present a preliminary study of the pro
duction of a-Si12xCx :H particles in glow discharges of si-
lane and methane gas mixtures. First, elemental analy
~EA! has provided the carbon and hydrogen concentration
the a-Si12xCx :H powders produced at different silane
methane mixtures. The particle size and agglomeration w
determined by transmission electron microscope~TEM!.
High-resolution images allowed us to determine the amo
phous structure of these particles. By Fourier transform i
frared ~FTIR! spectroscopy, Raman spectroscopy, and th
mal desorption spectrometry of hydrogen~TDSH!, the
vibrational properties and hydrogen bonding were studie
and the spontaneous oxidation of the powder was reveale

II. EXPERIMENT

Thea-Si12xCx :H powders were produced from differen
silane-methane gas mixtures in a capacitive coupled plas
reactor13 by the PECVD technique. The PECVD proces
used an rf power supply which could be modulated by
square-wave signal at different frequencies and periods
duty cycle.

The reactor was kept at room temperature and the plas
was modulated at low frequency with 50% duty cycle. Th
flow rates of SiH4 and CH4 into the reaction chamber were

ail:
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changed by means of mass flow controllers, whereas the t
pressure was kept constant by a pressure controller. The t
gas flow rate was in the range 20–40 standard cubic ce
meters per minute~sccm!, and the relative fraction of silane
R5@SiH4#/~@SiH4#1@CH4# was varied from R50.05 to
R50.9. The plasma process was monitored by a capacit
voltage probe to determine the rf potential,Vrf . The dissi-
pated power in the discharge~48 W in all cases, which cor-
responds to a power density of 120 mW/cm2! was deter-
mined via the substractive method.14

The optical transmittance of the particles, diluted in eth
nol to obtain a deagglomerated homogeneous sample,
measured by a multichannel analyzer working in th
ultraviolet-visible~UV-VIS! range~300–800 nm!. The elec-
tron microscopy images were obtained with a Philips CM3
microscope operating at 300 kV. Raman backscattering m
surements were performed with the 514 nm line of an
laser and a triple monochromator followed by an array
detectors. The infrared transmission spectra in the range
tween 400 and 4000 cm21 were obtained in a Nicolet 5ZDX
Fourier transform spectrophotometer. The thermal desorpt
spectrometry of hydrogen was performed in a vacuum cha
ber connected to a quadrupolar mass spectrometer.
sample was heated to 800 °C by an oven controlled by
computer that generated a temperature ramp of 20 °C/mi

III. RESULTS AND DISCUSSION

a-Si12xCx :H powders have been produced at room tem
perature and a fixed value of rf power dissipated in t
plasma of 48 W. Two series of samples were prepared at
pressures, using different SiH4 to CH4 gas ratios. The condi-
tions corresponding to the first series were: 80 Pa of to
pressure and 100 mHz of SQWM frequency. The gas rat
tested R were 0.1, 0.25, 0.55, and 0.9~where R is defined as
@SiH4#/@SiH4#1@CH4#!. The second series of samples wa
produced at 40 Pa of total pressure and using gas ratios R
0.05, 0.2, 0.3, 0.4, and 0.6. The rf power modulation fr
quency was 200 mHz.

The dependence of the carbon atom concentration for
second series, determined by EA, on the gas mixture in
plasma is presented in Fig. 1. The hydrogen concentrat
was about 50% and it did not depend on the precursor
mixture.

Figure 2~a! shows the peak to peak rf voltage during
period of plasma on for the discharges of the second ser
First, when the plasma is lit, there is a narrow voltage pe
that takes a few ms. After reaching the maximum of th
peak, the rf voltage decreased smoothly to a stable va
The relative height of this peak scales with the silane co
centration, as shown in Fig. 2~b!. In SQWM discharges these
transient features during plasma on periods have been
scribed for both the electron density9 and the optical emis-
sion of the plasma.15 It is generally accepted that some elec
tron losses are the origin of this transient phenomen
Although some authors proposed that these electron los
may be due to dissociative attachment involving negati
radicals,9 in a dusty plasma the highest losses may be due
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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FIG. 1. Dependence of the carbon concentrationx on the precursor gas
mixture R. R5@SiH4#/~@SiH4#1@CH4#! for the second series of powders.

FIG. 2. ~a! Radio-frequency peak-to-peak voltage during a plasma-on pe
~b! Dependence of the voltage peak on the silane concentration.
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the particles that act as traps of negative charges. This
plains why the height of this peak scales with the concen
tion of silane~we observed that, at low silane concentration
the formation of powders is reduced dramatically!.

Figure 3~a! shows a representative TEM image of th
samples obtained. All the TEM micrographs of samples p
duced in different discharges showed similar features,
spherical particles with diameters below 100 nm with a wi
size distribution. Most of them showed diameters arou
5–10 nm. The particles always appeared stuck to each o
forming agglomerates, some of them with worm shapes. T
electron diffraction patterns and the high-resolution@see Fig.
3~b!# images indicated that these particles are amorphou

Figure 4 shows the transmittance spectra correspondin
the first series ofa-Si12xCx :H powders. All the spectra
showed a soft absorption front with a gradual shift to high
energies as Si content decreased. The energy gapEg can be
estimated from the absorption coefficienta spectra and using
the Tauc expression,16

e2
1/2E5B~E2Eg!,

FIG. 3. Representative TEM micrographs ofa-Si12xCx :H particles.~a! The
diameter of the particles was less than 100 nm~5–15 nm for most of them!.
~b! High-resolution TEM that does not show any ordered domain.

FIG. 4. Optical transmittance of the first series ofa-Si12xCx :H.
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wheree2 is the imaginary part of the dielectric function,E is
the photon energy, andB a constant. The estimatedEg values
range between 2 eV for the highest silicon content~R50.9!
and 2.5 eV for R50.25. TheEg of the sample grown at
R50.1 has been estimated to be higher than 3 eV. This res
agrees with the observed variation of colors ofa-Si12xCx :H
powder samples withx, which gradually changes from deep
yellow to transparent as silicon content decreases. It sho
be noted that theEg of the powder samples was higher tha
the Eg of thin films with the same carbon concentration.17

The origin of the energy gap widening might be related
quantum confinement in the smallest particles.

The experiments of hydrogen desorption under therm
annealing revealed significant differences between the hyd
gen evolution in pure silicon particles and ina-Si12xCx :H
particles. The inset of Fig. 5 shows that the main evolution
the TDSH spectrum for pure silicon powders started
around 200 °C and reached its maximum near 375 °C. Ne
ertheless, the evolution of hydrogen from the samp
a-Si12xCx :H ~R50.6! started at approximately the sam
temperature, and the maximum desorbed hydrogen appea
at 660 °C. As seen in the Fig. 5, a relatively weak evolutio
around 375 °C was also present. The relative contribution
this peak directly depended in the silicon concentration
the sample. This dependence, as well as the predominanc
hydrogen–carbon bonds over silicon–hydrogen bonds, is
lated to the fact that the C–H bond has a higher heat
formation than the Si–H bond.18

Figure 6 shows the infrared~IR! spectra corresponding to
the first series ofa-Si12xCx :H powders which evidenced the
usual features of hydrogenated silicon–carbon alloys th
films.18 Silicon–hydrogen related peaks appeared in a
samples. The bond-wagging mode appeared at 650 cm21 in
the silicon-rich samples. The presence of SiH2 radicals and

FIG. 5. TDSH spectra for samples with different carbon concentration. T
low-temperature evolution depends on the carbon concentration in the p
der samples. The inset shows the complete TDSH of pure silicon and
a-Si12xCx :H produced in a discharge with R50.6.
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polymeric groups,~SiH2!n was shown in the absorption dou
blet, due to bending modes, between 800 and 900 cm21. As
Fig. 7 reveals, both the wagging and bending bands decre
with the carbon concentration. This tendency is due to t
fact that hydrogen is preferentially bonded to carbon rath
than to silicon atoms, in good agreement with the TDS
results. The stretching band of silicon-hydrogen modes
peared at 2100 cm21 regardless of the carbon concentratio
in the samples. In previous reports4 concerning pure silicon
particles, it was already established by IR measurements
there was a predominance of SiH2 and/or polymeric groups
~SiH2!n , both of them at 2100 cm21, over the monohydride
species that appears at around 2040 cm21. Nevertheless, in

FIG. 6. IR transmission spectra of the first series ofa-Si12xCx :H powder
samples.

FIG. 7. IR absorption spectra of the first series ofa-Si12xCx :H powder
samples in the range between 450 and 1450 cm21.
J. Vac. Sci. Technol. A, Vol. 14, No. 2, Mar/Apr 1996
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the a-Si12xCx :H powders described here, the samples wi
low silicon content do not exhibit dihydride related absorp
tions ~bending modes at 800–900 cm21 are not observed!
whereas the absorption near 2100 cm21 is still present.
Therefore, the peak at 2100 cm21 should be understood as a
consequence of~i! the predominance of dihydride arrange
ments at low carbon contents, and~ii ! as carbon concentra-
tion increases the total amount of hydrogen bonded to silic
diminishes~Fig. 5!, the monohydride Si–H remaining~Fig.
6!; furthermore, the stretching band of Si–H appears at 21
cm21 as a consequence of the energy shift of the Si–H bo
to higher wave numbers caused by the presence of car
atoms bonded to the vibrating group.18–20

The stretching modes of carbon–hydrogen bonds~be-
tween 2875 and 2955 cm21!18 do not appear for low carbon
concentrations~R.0.25!. For R lower than 0.55, both CH2
and CH3 radicals contributed to the 2875 cm21 peak,
whereas the 2930 cm21 peak is caused by the CH2 radical
and that of 2955 cm21 is caused by the CH3 one.18 For
R,0.55, carbon–hydrogen bonds are also present in the
sorption doublet at 1400 cm21.

In the range between 700 and 1100 cm21 there are several
absorption peaks that overlap the silicon–hydrogen wagg
and bending modes. There is a peak at about 780 cm21 that
Wiederet al.18 assigned to SiCH3 wagging modes, whereas
other authors ascribed it to the Si–C bond.21 The band at
around 1000 cm21 may be caused by the wagging vibration
of CHn bonds in Si–CHn groups or/and by oxygen–silicon
bonds. An absorption band at 1250 cm21, attributed to a
C–C ~sp3! bond, is gradually evidenced as the carbon co
centration increases. In addition, the surface oxidation a
contributed to the band close to 1000 cm21.

Figures 8~a! and 8~b! show the Raman spectrum of
a-Si12xCx :H samples obtained in a discharge with gas mi
tures of R50.4 and R50.6, respectively. The signal was very
weak because of the amorphous character of the sample

FIG. 8. Raman spectra fora-Si12xCx :H powder samples of the second
series, produced in~a! a gas mixture of R50.4; ~b! the same for R50.6; ~c!
after thermal annealing of sample with R50.6 ~800 °C for 5 min!.
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low density, and the very low scattering cross section a
low absorption coefficient in the amorphous state of Si
bonds and (sp3! C–C bonds.22 The spectrum of Fig. 8~b!
clearly evidences the typical features of hydrogenated am
phous silicon thin films,23 i.e., a broad TO-like band close t
480 cm21, and the shoulder on the low-energy tail of T
band assigned to LA- and LO-like bands. Besides the int
sic Si–Si vibrations, a band near 1350 cm21 can be assigned
to diamondlike (sp3! C–C bonds, whereas the narrow pea
at around 850–920 cm21 and 1250–1280 cm21 are origi-
nated by optical activity induced by the 488 mm laser
line. No graphitelike carbon was found, although it has
high scattering cross section and a high absorption co
cient. The spectrum changed radically after the TDSH
periment, as shown in Fig. 8~c!. In addition to polycrystalline
silicon features~peak at 520 cm21!,23 a new broad peak cen
tered at about 900 cm21 indicated the formation of hexago
nal SiC.24

IV. CONCLUSION

Powders of silicon–carbon alloys,a-Si12xCx :H, were
produced in a PECVD reactor using various mixtures of
lane and methane at low pressure~40–80 Pa! and low fre-
quency square-wave modulated rf power~13.56 MHz!.

For all the samples obtained, the hydrogen atom conc
tration is near 50%. It has been shown that, during the
milliseconds of the discharge, there is an electron loss
cause of the formation of anions and particle charging. T
dependence of the electron density transient behavior o
lane concentration in the discharge indicated that silicon s
cies play a crucial role on the powder formation and grow
The particles obtained are less than 100 nm in diameter
are highly agglomerated. The correspondence between
optical gap energy and powder composition has been
mated. Ina-Si12xCx :H powders, the calculated energy ga
is larger than that of thin films with the same compositio
probably due to the quantum confinement in the smal
particles. The hydrogen atoms are preferentially bonded
carbon atoms rather than to silicon ones. These pow
present two thermal hydrogen evolutions: that observed
JVST A - Vacuum, Surfaces, and Films
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low temperature was associated with silicon–hydroge
groups, and that of high temperature with carbon–hydroge
groups.
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