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Abstract: We fabricate a-Si/a-SiN, superlattices and a one-dimensional amorphous silicon nitride photonic crystal

microcavity by plasma enhancement chemical vapor deposition (PECVD). To improve the light-emitting efficien-

cy of the nc-Si/a-SiN, superlattices, which are made from a-Si/a-SiN, superlattices by laser annealing, an nc-Si

quantum dot array is inserted into the photonic crystal microcavity. Raman spectroscopy and transmission electron

microscopy analysis show that nc-Si with a size of 4nm,which is close to the designed thickness of the a-Si sublay-

ers,is formed in the a-Si sublayers. Owing to microcavity effects,the PL peak of the nc-Si/a-SiN, superlattices em-

bedded in the microcavity is strongly narrowed,and the intensity of the PL is enhanced by two orders of magni-

tude with respect to the emission of A/2-thick nc-Si/a-SiN, superlattices. Light emission at a cavity-resonant fre-

quency from the nc-Si/a-SiN, superlattices is enhanced while other frequencies are forbidden. This leads to the

narrowing of the PL spectrum and enhancement of the intensity.
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1 Introduction

Integrating optical functionality into silicon
microelectronic chips is one of the most challeng-
ing problems of material research. For a long
time, silicon has been considered unsuitable for
optoelectronic applications because its indirect
bandgap makes it an inefficient emitter of light.
In the recent decades, research has been devoted
to different approaches for overcoming the physi-
cal inability of silicon to act as an efficient emit-
ter at room temperature. The intense visible light
emission from porous silicon'") motivated the syn-
thesis of low-dimensional Si systems and the in-
vestigation of their light-emitting properties. Por-
ous silicon formed by electrochemical etching can
emit light that covers the whole visible light
range,from the near infrared to the ultraviolet, by
adjusting the porosity. Due to chemical and me-
chanical unstability and difficulty in precisely
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controlling the sizes of nanocrystals,other low-di-
mensional Si systems have been used to improve
light-emitting efficiency. Pavesi et al.' fabrica-
ted silicon nanocrystals that were embedded in a
SiO, matrix through negative ion implantation in-
to ultra-pure quartz substrates or into a thermally
grown SiO, layer on Si substrates and a high-tem-
perature thermal annealing process. Intense pho-
toluminescence (PL) with a peak at about 800nm
was observed,and an optical gain at 100cm™' was
also obtained with the variable strip length meth-
od, with the results that are comparable to those
found in [[[-V semiconductor quantum dots. How-
ever,broad size distribution like that of nanocrys-
tals in porous silicon is still a key issue that hin-
ders the further improvement of light-emitting ef-
ficiency. Si/wide bandgap insulator,especially,Si/
SiO, superlattices, have received much attention.
Lockwood et al.™ studied light emission from
Si0,/Si superlattices and observed the quantum
confinement effect from PL.
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For low-dimensional silicon systems, the PL is
size-dependent. A quantum confinement model
was proposed to interpret the mechanism respon-
sible for the PL spectrum of nanocrystal Si. In
Ref.[2], the authors gave a three-level model in
which the Si/SiO, interface states play an impor-
tant role in the radiative recombination of carriers
and optical gain. Based on the self-consistent
tight-binding method"" , Wolkin et al."™ calculat-
ed electronic states in Si nanocrystals as a function
of cluster and surface passivation,and they identi-
fied two competing recombination mechanisms:
the quantum confinement of excitons and recom-
bination through interface states. Other mecha-
nisms"®" have also been proposed. To date, the
mechanism of low-dimensional silicon-based sys-
tems is still debatable, but to improve the light-e-
mitting efficiency of Si,a defect-free, atomically
flat,compositionally abrupt Si/SiO, interface,reg-
ular shape of nano-particles,and uniform size are
absolutely essential.

It has recently been discovered that nc-Si can

28] However, there are still

exhibit optical gain
some problems that currently strongly limit the
application of nc-Si for the manufacturing of op-
toelectronic devices, namely, the absence of spec-
tral and directionality, low efficiency of light e-
mission, and exact control of the light-emitting
peak. In this work, we report the photolumines-
cence of nc-Si/a-SiN, superlattices formed by la-
ser annealing of a-Si thin films, which are grown
by plasma enhancement chemical vapor deposi-
tion (PECVD). In order to improve the light
emission from nc-Si/SiN, superlattices, this light-
emitting medium as a defect was inserted into a
one-dimensional photonic crystal, which forms a
one-dimensional photonic crystal microcavity.
Photon states in free space are redistributed be-
cause of modulation of this kind of composite
structure, and as a result, radiative transition in
nc-Si/a-SiN, superlattices are be modulated. A JY
T64000 with the 488 linc of an Ar”™ laser is used
for Raman and PL spectra measurements. Cross-
section TEM analysis is also presented.

2 Experiment

The stacking layers for the present one-
dimensional photonic crystal microcavity struc-

tures were grown on Corning 7059 glass substrates
at 250C by PECVD. The decomposition of silane
and silane/ammonia was performed at 37.33Pa
with an RF power of 30W. In the deposition
chamber,two different silanc/ammonia flux ratios
are periodically alternated for the deposition of
distributed Bragg reflectors (DBRs) of 6 quarter-
wave stacks of a-SiN, /a-SiN, with sublayer thick-
nesses 66nm/97nm and refractive indices 2.8/
1.86. Then 11. 5-period a-Si/a-SiN, superlattices
with both sides capped by a 20nm a-SiN, layer,
which constitutes the A/2 (A = 725) cavity, were
deposited on the bottom DBRs. The thickness of
the sublayers is 4nm for a-Si and 6nm for a-SiN, .
After finishing the deposition of the superlattices,
growth was interrupted for the crystallization
process for the a-Si/a-SiN, superlattices by a KrF
pulse excimer laser with a pulse duration of 30ns.
Finally.the top DBRs,like the bottom ones, were
deposited on nc-Si/a-SiN, superlattices after laser
annealing.

The crystallization of the annealed samples
was verified by Raman spectroscopy with the
backscattering geometry using an Ar® laser. The
annealed samples were examined by cross-section
transmission electron microscopy (TEM) ;the PL
was measured at room temperature using 488nm
Ar” laser as the excition source.

3 Results and discussion

Figure 1 shows the Raman spectra of the as-
deposited sample and the sample annealed with
the laser. The Raman spectrum of the as-deposited
sample has only one broad band located around
475cm™ ' ,due to scattering by TO photons of the
a-Si sublayers. However, after annealing with the
laser,a sharp peak at 517cm™" ascribed to the TO
model of the nc-Si with a shoulder corresponding
to a-Si, emerges in the spectrum, which indicates
that nc-Si has formed in the sample. According to
the Raman spectrum, the size of the nc-Si in the
sample can be estimated to be 4nm,which is close
to the designed thickness (4nm) of the a-Si sub-
layer.

Figure 2 is a cross-section TEM micrograph
of the annealed sample. We can see that nc-Si is
formed within initial sublayers, which is con-
firmed by the Raman spectrum. The interfaces be-
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Fig.1 Raman spectra of as-deposited a-Si/a-SiN, su-
perlattice samples before and after laser annealing

tween a-Si and a-SiN, are still flat and abrupt af-
ter laser annealing, and in addition, the a-SiN,
sublayers do not change significantly.

Fig.2 Cross-section TEM micrograph of a-Si/a-SiN,
superlattices annealed with KrF pulse excimer laser

In order to clarify the microcavity effects on
the luminescence of the nc-Si/a-SiN. superlat-
tices,the PL of the nc-Si/a-SiN, superlattices are
measured under the same conditions as the one
from the microcavity. Figure 3 presents the photo-
luminescence spectra of the nc-Si/a-SiN, superlat-
tices and the nc-Si/a-SiN. superlattices embedded
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Fig.3 PL spectrum of the A/2-thick nc-Si/a-SiN, su-
perlattices (with obvious noise) and 1/50 X PL spec-
trum of the A/2 nc-Si/a-SiN, superlattice microcavity

in the one-dimensional photonic crystal microcav-
ity. The PL spectrum with obvious noise is from
the nc-Si/a-SiN. superlattices, and it has a broad
light-emitting band. There are two peaks that we
can easily distinguish: the intensive one is located
at about 700nm,and the weak one is at 550nm. We
roughly estimate the linewith of the peak at
700nm to be more than 150nm. The small signal-
to-noise ratio shows that the PL intensity is very
weak. For the PL from the nc-Si/a-SiN, superlat-
tices embedded in the microcavity,we can observe
a very sharp and narrow peak at 725nm. This is
the cavity resonant peak, with linewidth AA =
5nm. At the two sides,there are two peaks located
at the sides of the bandgap of photonic crystal.
Because of the high photon state density at the
two sides, the luminescence is enhanced, but big-
ger absorption at shorter wavelengths makes the
intensity of the peak at longer wavelengths stron-
ger than that at shorter wavelengths. At the two
sides of the cavity resonant peak,the spectrum is
relatively flat and is located in the bandgap of the
photonic crystal. This shows that the selection of
mode is achieved in our samples. Comparing the
two PL spectra in Fig.3,we can see that the wide
emission band is strongly narrowed to 5nm, the se-
lected light emission is resonantly enhanced by
two orders of magnitude with respect to the emis-
sion of A/2 thick nc-Si/a-SiN, superlattices. and
other light emission is effectively prohibited. All
these phenomena can be interpreted with photon-
ic crystal energy band theory and microcavity
effects. In the photon bandgap., the photon state
density is very low. When the intrinsic photonic
crystal is doped by a defect,a defect state is intro-
duced into the bandgap and is localized in the de-
fect. This defect state (cavity resonant state) has
a very high density. According to Fermi’s Golden
rule, the radiative transition at this cavity reso-
nant frequency is enhanced, and other non-reso-
nant transitions
bandgap are prohibited. This is known as the mi-

with frequency within the

crocavity effect. Therefore light emission at the
cavity-resonance frequency from the nc-Si/a-SiN,
superlattices is enhanced, and other frequencies
are forbidden. The radiative transition channel at
the resonant frequency is the only one,leading to
the narrowing of the PL spectrum and enhance-
ment of the intensity.
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