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Abstract—Crystalline-silicon-nanocluster-embedded silicon ni-
tride films were deposited at low temperature using a laser-assisted
CVD (LACVD) system with various reactant gas flow rates and
assisting laser power densities. The photoluminescence (PL) per-
formances of the resultant films were studied, showing a systematic
spectra blue shift, and the enhancement of PL intensity with the
increase of the reactant NH3 /SiH4 gas flow rate ratio and the assist-
ing laser power density used in the film deposition. The spectra blue
shift can be ascribed to the decrease of the size of the nanoclusters
in the films. It is also deduced that both the reduction of the amount
of nonradiative centers in the nanoclusters and the increase of the
number density of the nanoclusters in the film are responsible for
the enhancement of the PL intensity. The film growth process is
also briefly discussed.

Index Terms—Laser-assisted CVD (LACVD) system, photolumi-
nescence (PL), quantum confinement effect, Si nanoclusters, silicon
nitride matrix.

I. INTRODUCTION

THE DISCOVERY of bright visible emission from porous
silicon [1] greatly stimulates the investigation on silicon

nanostructure systems due to their potential applications for
silicon-based LEDs and optoelectronic ICs (OEIC). In recent
years, various silicon nanostructure systems such as porous
silicon [2] and silicon nanostructure embedded in silicon ox-
ide matrix [3], [4] and in silicon nitride matrix [5], [6] have
been studied. Among the aforementioned systems, silicon-
nanocluster-embedded silicon nitride film attracts more atten-
tion, recently. It is mainly due to the fact that the silicon ni-
tride, in comparison with silicon oxide, has narrower bandgap,
which would benefit the injection of the carriers into silicon
nanoclusters embedded in the film as active layer of LEDs. Var-
ious methods for depositing silicon-nanocluster-embedded films
have been studied. However, in all the cases, a high-temperature
process is used for forming silicon nanoclusters, which evidently
would degrade the performances of some other devices that have
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been integrated on the same chip. In the previous paper [7], we
have reported that silicon-nanocluster-embedded silicon nitride
films can be deposited at low temperature using a laser-assisted
CVD (LACVD) method. This low-temperature method avoids
the disadvantage of the high-temperature processes in the usual
methods, and hence, is compatible with the current electronic
and optoelectronic integration technology.

The origins of the light emission of the resultant films is one of
key problems for photonic materials, but due to the complexity
of the film structure, controversial models have been proposed,
such as crystalline or amorphous silicon nanoclusters [3]–[6],
defect centers in silicon nitride matrix [8], interface states be-
tween silicon nanocluster and silicon nitride matrix [9] etc. In
our previous report [7], the photoluminescence (PL) of the sili-
con nitride films deposited by LACVD system, at various NH3
flow rates, was analyzed and attributed to silicon nanoclusters
embedded in the silicon nitride matrix. In this paper, an ex-
tensive investigation is presented, where our attention will be
focused on the influence of the film deposition conditions, in-
cluding reactant gas flow rates, not only NH3 , but also SiH4 ,
and the assisting laser power density, on the structure and the PL
properties of the resultant films. Based on the PL performances
of the films, in combination with the film structure and bonding
configuration, the dynamics of the film deposition process was
briefly discussed.

II. EXPERIMENTAL PROCEDURE

The LACVD system used in this paper was constructed by
guiding an external CO2 laser beam into the chamber of a con-
ventional plasma-enhanced CVD (PECVD) system. The sub-
strate was illuminated with the CO2 laser beam at an incident an-
gle of 88◦ in order to prevent heating the substrate. The detailed
LACVD system configuration has been reported elsewhere [7].
In the film deposition process, the temperature of the substrate
holder was approximate to 85 ◦C. In this paper, the argon-diluted
SiH4 (4%) and pure NH3 were used as the reactant gases to de-
posit thin films. During the deposition process, the total working
pressure and RF power were maintained at 500 mtorr and 100 W,
respectively. The films were deposited on (1 0 0)-oriented p-type
silicon substrates with a resistivity of about 20 Ω·cm. To inves-
tigate the influence of the deposition conditions, three series of
samples were deposited. The first series was deposited at condi-
tions of a fixed flow rate of SiH4 of 250 sccm and a laser power
density of 2.02 W/cm2 , but with the flow rate of NH3 varied
from 20 to 50 sccm. The second series was deposited at the
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conditions of the same laser power density and the fixed flow
rate of NH3 of 50 sccm, but with the flow rate of SiH4 varied
from 200 to 300 sccm. For the third series, the power density
of the assisting laser beam varied from 1.21 to 2.82 W/cm2 ,
while the flow rate of SiH4 and NH3 were fixed at 250 and
50 sccm, respectively. To avoid the complication in the compar-
ison of film properties, such as the PL, Fourier transformation
IR (FTIR), and time-resolved PL (TRPL), the thicknesses of
the deposited films were mostly kept at about 300 nm. Some
films of thickness about 1 μm were also deposited on sapphire
substrates, which were used for Raman scattering measurement
to avoid the interference of the scattering signal from silicon
substrate. The PL spectra of the deposited films were measured
at room temperature using a He–Cd laser with a wavelength
of 325 nm as an excitation source. The Raman spectra were
measured under the excitation of the second harmonic (532 nm)
of a continuous wave Nd:YAG laser. The transmission electron
microscopy (TEM) measurements were performed to show the
structures of the resulting silicon-nanocluster-embedded films.
The bonding configurations of the deposited films were realized
from the FTIR spectroscopy measurement. The time-resolved
PL spectra of the samples, excited by the triple harmonic of a
femtosecond-pulsed Ti : sapphire laser system, were measured
with a time-correlated single-photon counting system.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

The PL spectra of the silicon nitride films deposited under
various conditions are shown in Fig. 1. All the PL spectra exhibit
a single structureless band, which shifts systematically with the
film deposition conditions. As shown in Fig. 1(a), for the first-
series silicon nitride films, the PL band moves to higher energy
side and the intensity increases for films deposited at a higher
flow rate of NH3 . The PL behaviors, as well as the TEM results
of the films, have been examined in the previous paper [7],
and the observed PL behavior was attributed to the effects of
the variation in size and density of the nanoclusters. It seems
contrary to the first series that the PL spectra of the second-
series samples, as shown in Fig. 1(b), move to lower energy side
and the PL intensity decreases for films deposited at a higher
flow rate of SiH4 . However, it is noted that in both cases, the
PL behavior follows the same regulation that the emission band
shifts to higher energy side (blue shift) and the intensity of the
PL enhances for films deposited at a higher NH3 /SiH4 flow rate
ratio. The systematic changing of the PL spectra also exists for
films deposited at various laser power densities, as shown in
Fig. 1(c), where the PL band moves to higher energy side and
the intensity of the PL enhances for samples deposited with
higher laser power density. In view of the conclusion obtained
in [7], the systematic blue shift and intensity enhancement of the
PL emission of the second and third series of samples imply that
there is a similar variation of the size and density of the silicon
nanoclusters embedded in these films. Raman spectroscopy is
an efficient method to determine the presence and the size of
silicon nanoclusters embedded in films [10], [11]. Fig. 2 shows
the Raman spectra of the silicon nitride films deposited under
various conditions. All of the Raman lines locate near 520 cm−1 ,

Fig. 1. PL spectra of samples deposited at various (a) NH3 flow rates,
(b) SiH4 flow rates, and (c) laser power densities.

which correspond to crystalline silicon nanoclusters in the film.
It can be seen that the Raman signal becomes broad, moves to
lower frequency, and is less asymmetric, indicating the reduction
of the size of Si nanoclusters [10], [11] for films deposited with
higher NH3 /SiH4 flow rate ratio and laser power density. This
observation confirms the conclusion derived previously from
the PL regulation [as shown in Fig. 1(a)–(c)] and supports the
interpretation that is based on the quantum confinement effect.

The TEM measurements confirmed the observation of the PL
and Raman spectra. Fig. 3 displays the representative TEM im-
ages of the films to show the variation of the size and density of
the nanoclusters in the films deposited with various deposition
conditions. Fig. 3(a) shows the TEM image of the film deposited
at a laser power density of 2.02 W/cm2 , and flow rate of SiH4
and NH3 being 250 and 50 sccm, respectively. Whereas Fig. 3(b)
corresponds to the film with a SiH4 flow rate of 200 sccm, keep-
ing other parameter same as that of Fig. 3(a). Finally, Fig. 3(c)
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Fig. 2. Raman spectra of samples deposited at various (a) NH3 flow rates,
(b) SiH4 flow rates, and (c) laser power densities.

indicates the TEM image of the films deposited at a laser power
density of 2.82 W/cm2 with other parameter same as that of
Fig. 3(a). The statistically averaged size and number density of
the crystalline silicon nanoclusters in the film can be deduced
from the corresponding TEM image, and the results deduced
for three series of films are depicted in Fig. 4 (a)–(c), respec-
tively. It can be seen that the average cluster size decreases and
the number density of the clusters increases when the film is
deposited with higher NH3 /SiH4 flow rate ratio and laser power
density. Now, we can say that the blue shift of the PL emis-
sion observed for all the three series samples is closely related
to the decrease in the average size of the clusters in the film
when the NH3 /SiH4 flow rate ratio and laser power density used
in the film deposition increases, which supports the conclusion
that the PL emission of the LACVD-deposited silicon nitride
films is originated from the silicon nanoclusters embedded in
the films. And the intensity enhancement of the PL is partially
related to the increase in the amount of nanoclusters in the film.

The exact mechanism responsible for the variation in size and
density of the formed nanoclusters is still not clear. However,

Fig. 3. TEM images of silicon nanocluster embedded films deposited at
(a) flow rate of SiH4 and NH3 being 250 and 50 sccm, respectively, and the
laser power density of 2.02 W/cm2 , (b) flow rate of SiH4 and NH3 being 200
and 50 sccm, respectively, and the laser power density of 2.02 W/cm2 , and
(c) flow rate of SiH4 and NH3 being 250 and 50 sccm, respectively, and the
laser power density of 2.82 W/cm2 .

the IR absorption spectra of the films deposited under various
conditions can provide some hints to the chemical reaction dy-
namics in the film deposition. The FTIR spectra of the three
series of silicon nitride films are shown in Fig. 5 (a)–(c), respec-
tively. The FTIR spectra consist of the bands at 825–850 cm−1

(Si–N stretching mode), 1155–1180 cm−1 (N–H rocking mode),
2010–2325 cm−1 (Si–H stretching mode), and 3250–3410 cm−1

(N–H stretching mode) [5], [6]. It is noted that the intensity of
the Si–H stretching mode decreases for films deposited at a
higher NH3 /SiH4 flow rate ratio. It implies that the existence of
relatively more NH3 molecules favors the dissociation of Si–H
bonds in the deposition process, and hence, reduces the amount
of Si–H bonds residing in the formed film, which is consistent
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Fig. 4. Diameter and number density of Si nanoclusters in films deposited with
various (a) NH3 flow rates, (b) SiH4 flow rates, and (c) laser power densities.

with the results reported in the literatures [5], [12]. Moreover,
the intensity of the absorption band of the Si–H stretching mode
also decreases with the increase of the laser power density used
in the deposition, as shown in Fig. 5(c). This can be thought of
as the result of the promoted decomposition of the Si–H bonds
of the SiH4 gas molecules by CO2 laser illumination [13], [14].
Furthermore, the enhancement of the Si–H bonds decomposi-
tion, due to higher NH3 /SiH4 flow rate ratio and laser power
density, implies that the decomposed silicon radical will have
more chance to bond with each other, which favors the nucle-
ation of silicon clusters, and hence, increases the cluster number
during the growth process. The increase of the number density
of the silicon nanoclusters in the film has been thought of as an
important reason for stronger PL of the film deposited at a higher
NH3 /SiH4 flow rate ratio and laser power density. It is also be-
lieved that the increase of the number of the nucleation sites
tends to reduce the dimension of the grown silicon nanoclusters
due to the limited amount of decomposed silicon radicals that
are available for cluster growth in the film deposition process.

Fig. 5. FTIR spectra of samples deposited at various (a) NH3 flow rates,
(b) SiH4 flow rates, and (c) laser power densities.

The temporal evolution of the PL peak intensity for films
deposited at various NH3 flow rates, SiH4 flow rates, and laser
power densities are shown in Fig. 6(a)–(c), respectively. It is
clear that the carrier lifetime τ , estimated by the fluorescence
lifetime, increases with the increase of the NH3 /SiH4 flow rate
ratio and laser power density. In general, the carrier lifetime τ
can be expressed as follows [15]:

1
τ

=
1
τr

+
1

τnr

where τ r and τnr is the radiative lifetime and nonradiative life-
time, respectively. It is known that as the size of the silicon
nanoclusters decreases, the radiative recombination rate 1/τr of
the nanocluster increases correspondingly [16], which would
reduce the PL lifetime τ . However, the measured temporal evo-
lution of the PL showed a slower decaying, implying a smaller
deactivation rate, for films deposited at a higher NH3 /SiH4 flow
rate ratio and/or higher laser power density. This fact indicates
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Fig. 6. Temporal evolution of the PL intensity for films deposited at various
(a) NH3 flow rates, (b) SiH4 flow rates, and (c) laser power densities.

that for the film deposited at a higher NH3 /SiH4 flow rate ratio
and/or higher laser power density, the nonradiative recombina-
tion rate must be smaller, which suggests that a less amount
of nonradiative centers exists in silicon nanoclusters. In other
words, deposition of the films under the conditions of a higher
NH3 /SiH4 flow rate ratio and laser power density can improve
the crystalline structure of the silicon nanoclusters. The afore-
mentioned discussion indicates that the enhancement of the in-
tensity of the PL relates not only to the increase of the number
density of the silicon nanoclusters, but also to the improvement
of the crystallite quality of the silicon nanoclusters.

IV. CONCLUSION

The PL performances of the silicon nanoclusters embedded
in silicon nitride films deposited by LACVD method at various
deposition conditions were systematically studied. It is found
that the emission band shifts to higher energy side, and the PL
intensity increases with the increase of the reactant NH3 /SiH4
gas flow rate ratio and the assisting laser power density within
the range used in the film deposition. The observed spectra
shift of all the three series of samples can be ascribed to the
decrease of the size of the nanoclusters in the films, which sup-
ports the conclusion deducted previously that the PL emission of

the LACVD-deposited films originates from silicon nanoclus-
ters [7]. It is also deduced that the reduction of the amount
of nonradiative centers in the nanoclusters, as well as the in-
crease of the number density of the nanoclusters in the film are
responsible for the enhancement of the PL intensity. The film
growth process is briefly discussed, showing that Si–H bond
decomposition is promoted by NH3 molecules and laser assis-
tance, which controls the growth dynamics. It appears that the
LACVD method is of potential interest for depositing silicon-
nanocluster-embedded silicon nitride films for optoelectronic
applications, especially because the size of silicon nanoclus-
ters, and hence, the emission color can be controlled by varying
reactant gas flow rate and the laser power density used in the
deposition process.
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