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Abstract The investigations of silicon-rich silicon nitride
film grown by plasma-enhanced chemical vapor deposition
and then annealed by excimer laser have been carried out
systematically. The surface roughness and the crystallization
of the films have significantly been improved after the ex-
cimer laser annealing. The samples demonstrate visible pho-
toluminescence emission under optical excitation at room
temperature. It is found that the emission peak energy as
well as emission intensity changes with laser annealing con-
ditions, and the relevant mechanism is discussed in detail.
Our investigation exhibits the size controllability of silicon
nanocrystals embedded in the silicon nitride film, which im-
plies promising applications in optoelectronic devices such
as light-emitting diodes and solar cells.

1 Introduction

A lot of efforts have been devoted toward the silicon-based
optoelectronic devices because of the low-cost manufactur-
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ing and potential integration with matured silicon-based in-
tegrated circuits. Due to the indirect nature of its band gap,
silicon demonstrates a very poor optical radiative efficiency.
However, the light emission efficiency of silicon could be
much enhanced when the size of silicon nanocrystals (nc-Si)
is smaller than the free exciton Bohr radius of bulk silicon
(~4.6 nm), which is well known as quantum confinement
effect (QCE) [1-4]. In order to achieve the nc-Si, the silicon-
rich silicon oxide (SRO) film has been generally introduced
as the surrounding matrix [5]. In recent years, a great deal
of research has been conducted and notable achievements
have been witnessed by light-emitting devices (LED), so-
lar cells, and thin-film transistors [6—11]. However, several
problems remain to be resolved in this material system, such
as the high operating voltage for carrier injection, and the
localized levels due to the presence of silicon-oxygen dou-
ble bonds [12]. Therefore, seeking appropriate matrix mate-
rial for nc-Si is crucial for high efficiency room temperature
photonic devices.

Silicon nitride, with a band gap of 5.3 eV, is considered
as a better matrix material for nc-Si compared to silicon ox-
ide [7]. The tunneling barrier of silicon nitride (1.5-2.0 eV)
is lower than that of silicon oxide (3.1-3.8 eV), which
enables easier carrier injection for electroluminescent de-
vices [13]. Furthermore, replacing the oxide matrix by ni-
tride also excludes the presence of silicon-oxygen double
bonds, which helps to advance controllable tuning of the
emission wavelength of nc-Si [14]. By introducing silicon
nitride as matrix material, clear QCE and high emission
efficiency have readily been achieved, and this also helps
to clarify the light emission mechanisms underlying the
nec-Si [15-17].

The technique to achieve different size of nc-Si is essen-
tial for some special applications such as full-color LED for
display, and down conversion of high energetic photon for
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solar cells. Generally speaking, several kinds of approach
can be adopted to obtain different sizes of nc-Si in matrix
materials, such as varying the ratio of the reactant gases and
the temperature during the growth [18, 19]. In contrast, post
thermal annealing is recognized as a simple and effective
method to modify the property of the as-grown film. How-
ever, post annealing at temperatures as high as 1100°C is
necessary for the formation and crystallization of nc-Si [20].
Such a high temperature is prohibitively high when integrat-
ing the device with other electronic components. Compara-
tively, excimer laser annealing (ELA) shows its unique ad-
vantages, including the easy control of the exposing area,
and the low penetration depth under the ultraviolet wave-
length [21, 22]. However, up till now, there is no systematic
study on the ELA of silicon-rich silicon nitride (SRN) to
provide a clear understanding on the annealing and emission
mechanisms.

In this paper, silicon nitride is used as matrix material to
embed nc-Si. We have systematically studied the influence
of the ELA on the structure and optical properties of the
SRN film. The evolutions of photoluminescence (PL) peak
energy and emission intensity with different annealing con-
ditions have been investigated and discussed in detail. Our
result demonstrates the size controllability of nc-Si in SRN
through simple ELA process, which provides useful infor-
mation for future device application.

2 Experimental details

The SRN thin films used here were grown on a p-type sil-
icon (100) wafer by plasma-enhanced chemical vapor de-
position (PECVD), where nitrogen-diluted 10% SiH4 and
NH3 with the purity of 99.9999% were used as the reactant
gas sources. The flow rates of SiH4 and NH3 gas were fixed
at 53 and 8 sccm, respectively. The plasma power, cham-
ber pressure, and substrate temperature were maintained at
25 W, 2 Pa and 300°C during the growth, respectively. No
in site annealing process was performed to form the nc-Si in
SRN matrix after the growth. The thickness of the films was
controlled ~100 nm.

The surface roughness of the SRN films before and
after ELA was examined by means of atomic force mi-
croscopy (AFM). The local bonding configurations in the
films were characterized by infrared absorption measure-
ment on a Nicolet 380 Fourier transform infrared spec-
troscopy (FTIR) in the wave-number range from 400 to
4000 cm~!. Raman analysis was performed on a Renishaw
Raman spectrometer. The PL signal was dispersed by a
750 mm monochromator combined with suitable filters, and
detected by a photomultiplier using the standard lock-in am-
plifier technique [23]. The response of detector and the ef-
ficiency of grating have been taken into account for reliable
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PL intensity comparison [24, 25]. For both Raman and PL
measurement, a He—Cd 325 nm laser was used as the exci-
tation source.

3 Results and discussions

The as-grown SRN thin films were annealed by irradiating
with 248 nm KrF excimer laser (from Lambda Physik), hav-
ing a pulse width of 30 ns and a repetition rate of 10 Hz.
Laser pulse densities ranging from 30 to 60 mJ/cm® were
used. As schematically shown in Fig. 1(a), the film was
placed in a quartz chamber which is transparent for the laser
wavelength. During the annealing process, pure N, gas was
introduced into the chamber and maintained at a constant
flow rate to prevent oxidation. Subsequent surface analy-
ses were performed by AFM, and typical three-dimensional
(3D) profile images of the film before and after ELA are
shown in Fig. 1(b) and 1(c). It can be seen that the as-grown
film shows grains on the surface, while uniformity in size
and smoothness of the surface are observed in the samples
after ALE (30 mJ/cm? for 3 min). It is found that the surface
roughness is improved from 1.22 to 0.95 nm. As mentioned
before, the SRN films were grown at low temperature. The
ELA process helps to achieve better crystallization of the
film and thus better quality film can be obtained.

Figure 2(a) presents the transition FTIR spectrum of the
as-grown SRN film, together with a pure silicon substrate
for comparison. Apart from the Si-Si and Si—O bonds from
the substrate, new peaks around 850 cm~! for Si-N stretch-
ing and 3360-3460 cm™~! stretching modes for N-H bonds
can be clearly observed [26], which confirms the success-
ful growth of SRN film. As shown in Fig. 2(b), FTIR spec-
tra of the SRN film under density of 45 mJ/cm? for dif-
ferent annealing time were recorded. Characteristic peaks
~1200 cm~! bending mode for N-H bonds, and 2100-
2150 cm™! stretching vibration mode for Si-H bonds are

SRN Sample

Quartz
Chamber

Excimer Laser

Wavelength=248 nm
a

Fig. 1 (a) Schematic diagram of the ELA system. (b) and (c) is the
AFM image of the SRN film before and after ELA
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Fig. 2 (a) FTIR spectrum of the silicon substrate and SRN film.
(b) FTIR spectrum of the SRN film after different annealing time
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Fig.3 Raman spectrum of the SRN film after different annealing time.
Inset shows the intensity of the peak ~518 cm™!

easier to resolve in the absorption FTIR spectrum [26]. In
fact, by changing the ELA time, not much difference be-
tween the FTIR data has been found. However, we need to
mention that after annealing, hydrogen remains unchanged
in the film. The resulting hydrogen produced from NHj3 is
believed to not only improve the crystallization of nc-Si
through hydrogen-induced crystallization, but also passivate
the surface of nc-Si effectively [19, 27].

For the growth of the film, the ratio of the reactant sources
(SiH4 and NH3) was controlled at 53:8, and thus the pres-
ence of nc-Si in the film after ELA can be expected. In or-
der to confirm this, Raman measurement was carried out
and the data were plotted in Fig. 3. As shown in the fig-
ure, the Raman spectrum exhibits a sharp and intense peak
at 521 cm~! due to silicon TO phonon mode from the sub-
strate. At the low wave-number region, a shoulder can be
found ~518 cm ™!, the intensity of which changes with ELA
time, and the corresponding relationship is drawn in the in-
set of Fig. 3. It is interesting to note that the Raman inten-
sity increases with increasing ELA time from 1 to 4 min
and then decreases for longer ELA time. The reason for
this will be discussed later. Though the peak ~518 cm™! is
weak and only has a small shift compared with the peak at
521 cm™!, it suggests the existence of nc-Si in the film after
ELA. Based on the Richter (RWL) model [28], the analyti-
cal form was introduced to calculate the size of the nc-Si:

Aw=—p(a/D)" ey

where Aw indicates the Raman frequency shift, a is the sil-
icon lattice parameter (a = 0.543 nm), and D is the clus-
ter diameter, whereas the parameters 8 and y for the model
are 52.3 cm~! and 1.586, respectively. Based on the above
equation, the size of the nc-Si is estimated to be ~3.36 nm.

The observation strongly indicates the obvious improve-
ment of crystallization of the film after ELA process, thus
it should be very interesting to investigate the optical prop-
erty of the samples. The normalized room temperature PL
spectra (in linear scale) obtained from the samples under dif-
ferent ELA time are presented in Fig. 4. All the curves are
shifted vertically for better clarity. For nc-Si embedded in
matrix material, two different types of luminescent mecha-
nism can be observed, namely, radiative recombination from
defects in the film, and the emission of nc-Si due to QCE.
Generally speaking, the PL peak position from the defect is
believed to be less sensitive compared with QCE. As can
be seen from Fig. 4, under different ELA time, the peak lo-
cated at ~2.75 eV remains unchanged. It is revealed that this
peak is related to the radiative recombination from silicon
dangling bond (= Si%) to a twofold coordinated silicon cen-
ters (N-Si-O) [29, 30]. It is reasonable that small amount
of oxygen will incorporate into the film to form the defect
level, which has been confirmed by the FTIR measurement
as shown in Fig. 2.

In contrast to this peak, another peak demonstrates a
gradually red-shift with increasing ELA time. As predicted
by the QCE, the band gap of the material will decrease when
the size of a quantum structure increases. A red-shift in opti-
cal luminescence is the result of this effect. So the emission
should be related to the carrier recombination from nc-Si
in the SRN film. Assuming an infinite potential barrier, the
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energy gap of 3D confined of nc-Si in SRN film can be de-
duced from effective mass theory and expressed as [19]

E = Epux 4+ C/D? 2)

where Epyx = 1.13 eV is the bulk crystal silicon band gap,
C = 13.9 eV/nm? is the confinement parameter, and D is
the size of nc-Si. From the experimental data, the size of
the nc-Si is estimated to be ~2.76 nm for the as-grown SRN
film and ~3.42 nm after ELA for 6 min. The values obtained
verify the result from Raman measurement shown in Fig. 3.
The reason why no shift of the Raman peak was observed
may be the thin SRN film and the strong influence from the
silicon substrate.

Figure 5 shows the comparison of the optical properties
of the SRN films under various ELA laser densities and an-
nealing times. As can be seen from Fig. 5(a), all the samples
exhibit gradual red-shift of photon energy with increasing of
ELA time. A closer look at the spectra reveals that smaller
peak shift for laser density of 30 mJ/cm?. It is understand-
able that for low laser density, the generated energy may
not sufficient for creating bigger size of nc-Si compared to
high laser densities. However, for laser density of 45 and
60 mJ/cm?, no significant difference was observed, which
indicates the excess of the threshold for crystallization. As
shown in Fig. 5(b), all the samples demonstrate emission in-
tensity increases with increasing ELA time from 1 to 4 min
and then decreases at longer ELA time. This trend is in good
consistence with the data shown in the inset of Fig. 3. It is
known that successive laser annealing will continually in-
troduce more defects (the incubation centers), which leads
to a stronger absorbance. The increase in energy absorption
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Fig. 5 The photon energy (a) and emission intensity (b) of the SRN
film under different laser density as a function of annealing time

causes a decrease in threshold fluence, and laser ablation
will start after certain annealing time [31]. From Fig. 5(b),
it is also interesting to note that for a high laser density of
60 mJ/cm?, the PL intensity always smaller than the samples
annealing under laser density of 45 mJ/cm?. Thus, it can be
concluded that for ELA, the best annealing result can only
be achieved at a certain time before laser ablation starts, and
an appropriate laser density is also very important for ELA.

4 Conclusions

In summary, we have investigated the effect of ELA on the
SRN film fabricated by PECVD at low temperature. It is
demonstrated that the subsequent ELA induces obvious im-
provement of surface roughness and enables the formation
of nc-Si in the film. The evolutions of Raman spectrum,
PL photon energy, and emission intensity with the anneal-
ing condition have been investigated and discussed in detail.
The results indicate that for ELA, proper laser density and
annealing time should be carefully chosen to obtain desir-
able results. Our investigations exhibit the size controllabil-
ity of nc-Si embedded in SRN film, which provides useful
information for device application.
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