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Abstract. We have investigated the photoluminescence (PL) properties of amorphous silicon nanoparticles
(a-Si NPs) embedded in silicon nitride film (Si-in-SiN,) grown by helicon wave plasma-enhanced chemical
vapor deposition (HWP-CVD) technique. The PL spectrum of the film exhibits a broad band constituted
of two Gaussian components. From photoluminescence excitation (PLE) measurements, it is elucidated
that the two PL bands are associated with the a-Si NPs and the silicon nitride matrix surrounding a-Si
NPs, respectively. The existence of Stokes shift between PL and absorption edge indicates that radiative
recombination of carriers occurs in the states at the surface of the Si NPs, whereas their generation takes
place in the a-Si NPs cores and the silicon nitride matrix, respectively. The visible PL of the film originates
from the radiative recombination of excitons trapped in the surface states. At decreasing excitation energy
(Fez), the PL peak energy was found to be redshifted, accompanied by a narrowing of the bandwidth.
These results are explained by surface exciton recombination model taking into account there existing a
size distribution of a-Si NPs in the silicon nitride matrix.

PACS. 78.67.-n Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures

— 71.20.Nr Semiconductor compounds — 78.55.-m Photoluminescence, properties and materials

1 Introduction

Bulk silicon, as the main semiconductor material in mi-
croelectronic integrated circuitry, is generally considered
to be unsuitable for optoelectronic applications because of
its indirect band-gap nature. The discovery of intense vis-
ible luminescence in porous silicon at room temperature
has greatly stimulated the interest in investigation of the
light emission properties of different kinds of silicon-based
nanostructures [1-6], motivated by the urgent need of ef-
ficient light-emitting materials for optoelectronic and dis-
play applications. Particularly, the low-dimensional com-
posite nanostructures, which consist of silicon nanopar-
ticles (Si NPs) embedded in wide-gap silicon compounds
such as silicon oxide and silicon nitride, have drawn much
attention due to their property of providing robust, well-
passivated Si NPs compound films which are compatible
with the standard silicon processing technologies. Silicon
nitride has a band gap (5.3 €V) that is smaller than that
of silicon oxide (9.2 eV), profitable to carrier injection in
its optoelectronic application. In addition, there is a short
lifetime of about nanosecond for the light emission from
Si NPs in silicon nitride film (Si-in-SiN,,) [7], which opens
up the possibility of fabricating silicon-based fast optoelec-
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tronic devices such as gigahertz optical interconnections.
Therefore, the synthesis and optical properties of Si-in-
SiN, composite structure have been extensively studied
in recent years.

By now, efficient photoluminescence (PL) across the
whole visible light range and beyond has been realized
in Si-in-SiN, films by adjusting the size of Si NPs [7-9].
The origin of such luminescence is often ascribed to the
quantum confinement effect of Si NPs in the amorphous
matrix [9]. However, there is increasing evidence that the
surface passivation and chemical surroundings of Si NPs
play a crucial role, not only in reducing nonradiative pro-
cesses and thus enhancing PL efficiency, but also in taking
part in the luminescent processes, which make the PL be-
havior of compound system more complicated. Therefore,
the underlying light emission mechanism of the composite
structure is not yet completely understood.

In this work, we have investigated the light emission
features of Si-in-SiN, compound film in order to clarify
the luminescence mechanism of the composite structure.
Spectral analyses suggest that the radiative recombination
of carriers occurs in the states at the surface of the Si NPs,
whereas their generation takes place in the Si NPs cores
and the silicon nitride matrix, respectively. The influences
of surface states on the light emission properties of the Si
NPs composite structure are discussed.
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2 Experimental

The Si-in-SiN,, films were prepared by HWP-CVD tech-
nique with SiHy, Hy and Ar-diluted 6.25% Ny as the re-
actant gas sources. The equipment adopted has been de-
scribed in detail elsewhere [10]. The films were deposited
on n-type Si (100) wafers and quartz about 2 h. The SiHy,
N, and Hy flow rates were kept at 0.5, 0.5 and 40 sccm,
respectively. The total pressure was maintained at 0.5 Pa
and the deposition temperature was fixed at 300 °C. The
microstructure of a-Si NPs embedded in silicon nitride
matrix has been confirmed by transmission electron mi-
croscopy (TEM) measurement. The nitrogen content and
local bonding configurations of the films have been identi-
fied by X-ray photoelectron spectroscopy (XPS) and Ra-
man spectroscopy analysis [11]. The PL spectrum was ex-
cited using the 325 nm (3.82 V) line of a He-Cd laser. The
PL spectra at different excitation energies (Fe,) and PL
excitation (PLE) spectra were excited by the monochro-
matic light from a 150 W Xe lamp through a monochro-
mator and detected by another monochromator equipped
with a photomultiplier. The optical absorption of the
film was deduced from ultraviolet-visible transmittance-
reflectance measurements. All spectra were corrected for
the system response.

3 Results and discussion

Figure 1 shows the PL spectrum of the sample deposited
on silicon substrate taken under excitation with the 325
nm (3.82 eV) line of a He-Cd laser at room temperature.
The PL intensity is strong enough that can be seen in
green by naked eyes. The PL spectrum exhibits a broad
band around 2.50 eV which can be well fitted by two
Gaussian components. The main band with larger peak
intensity is around 2.45 eV with a broad full width at half
maximum (FWHM) of 0.56 eV, while the other one with
smaller peak intensity peaks at 2.90 eV with a narrower
FWHM of 0.43 eV. The integrated area ratio of two Gaus-
sian components is 4.3 to 1. Such a result may imply that
the presence of two different processes responsible for PL
of the compound film.

To identify the origins of above two components, the
PLE spectra monitored at every band peak have been
measured. The corresponding PLE spectrum monitored
at 2.90 eV is shown in Figure 2. It can be seen that the
PLE spectrum shows two excitation bands at around 3.75
and 4.50 eV, respectively. The 4.50 eV PLE peak has rel-
atively larger intensity and broader width. When we take
the 276 nm (4.50 eV) line of a Xe lamp as the excitation
source, a broad PL band at around 2.85 €V is clearly ob-
served, corresponding to the Gaussian component peaked
at 2.90 eV, as shown in the inset of Figure 2. These obser-
vations strongly suggest that the excitation band around
4.50 eV is responsible for the PL band around 2.90 eV,
while the smaller band at around 3.75 eV may be associ-
ated with the PL band around 2.50 eV. For silicon nitride
and silicon oxynitride films, previous investigations have
indicated that the emission band around 2.6-2.9 eV comes
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Fig. 1. PL spectrum of the sample taken under excitation with

the 325 nm line of a He-Cd laser. Lines denote the fitted results
by two Gaussian components.
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Fig. 2. PLE spectrum of the sample monitored at 2.90 eV.
The inset shows the PL spectrum under excitation with the
276 nm line of a Xe lamp.

from the Si-N bonds [12]. The reported PLE peak mon-
itored at 2.40 eV for the PL of hydrogenated silicon ni-
tride film is lager than 4.50 eV [13], similar to the value of
second peak obtained in Figure 2. Therefore, we can con-
clude that the dominant excitation band around 4.50 eV
in Figure 2 is due to the interband excitation of the silicon
nitride matrix. Considering the existence of large Stokes
shift between the PL and excitation band, it is reasonable
to assume that the generation of carriers mainly takes
place in the extended state, while the radiative recombi-
nation occurs after the carriers are trapped into the band
tail state.

Figure 3 shows the PLE spectrum of the sample moni-
tored at 2.50 eV. This spectrum exhibits two well-resolved
excitation bands peaked at 3.50 and 4.30 eV, respectively.
The excitation band around 3.50 eV can be attributed



W. Yu et al.: Excitonic photoluminescence characteristics of amorphous silicon nanoparticles 55

Wavelength (nm)

450 400 350 300 250
S
S
>
C
IS
E
L
| J
o
3.0 35 40 45 5.0

Photon Energy (eV)

Fig. 3. PLE spectrum of the sample monitored at 2.50 eV.

to the continuum states of a-Si NPs, while that around
4.30 eV is due to the silicon nitride matrix surrounding
a-Si NPs. It is noteworthy that the PL band of a-Si NPs
with respect to the PLE excitation band also has a large
Stokes shift about 1 eV. This observation implies that the
PL suffers carriers diffusion and energy relaxation pro-
cesses before radiative recombination. That is to say, the
photogenerated carriers may be generated mostly in the
quantized levels of the a-Si NPs and then transferred to
the surface localized states in which the carries recombine
through an excitonic process.

Many experimental and theoretical works have shown
that the interface states induced by structural or compo-
sitional disorders play a rather crucial role in determining
the PL behavior of Si NPs composite structures [14,15].
These surface localized defects and disorder compose the
shallow states which contribute to part of exponential tail
and sub band of the optical absorption. It is believed that
such surface states, for example the single covalent Si-
Si bonds, can serve as the traps and recombination cen-
ters [16]. Figure 4 shows the optical absorption spectrum
of the sample. For comparison, the PL spectrum obtained
under 325 nm He-Cd laser excitation is also shown. It
can be seen that the main peak of the PL spectrum has
a significant redshift compared with the exponential tail
absorption edge which associates with the transitions be-
tween the extended states and band-tail states. Such a
behavior indicates that the radiative combination of the
photogenerated carries take place between shallow trap
states of electrons and holes rather than the quantized
states.

In the Si-in-SiN, compound film, it is believed that
the luminescence originates from the radiative recombi-
nation of excitons trapped in the surface states. The iso-
lated spherical Si NPs are embedded in the silicon nitride
matrix. Each Si particle is wrapped by the hydrogen-rich
amorphous silicon nitride grain-boundary layer. The car-
riers generate mostly in the Si NPs, and then diffuse to
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Fig. 4. PL and absorption spectra of the sample.
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Fig. 5. PL spectra of the sample at different E.,. The inset
shows the dependence of the Stokes shift on Fe..

the surrounding grain-boundary. Meanwhile, part of carri-
ers generated in the silicon nitride matrix also can diffuse
to the grain-boundary layers. Because the isolated Si NPs
have a much larger capture radius than that of the dan-
gling bond defects [17], the isolated Si NPs embedded in
silicon nitride matrix favor the trap of photogenerated car-
riers. The isolated Si NPs tend to act as the radiative re-
combination centers of photogenerated carriers, and hence
suppress the nonradiative recombination in the silicon ni-
tride matrix.

In order to understand the PL mechanism clearly, the
PL spectra taken under different E., were measured as
shown in Figure 5. As can be seen, both the PL peak
energy and their FWHM show a decrease trend with de-
creasing the E.,, and no obvious PL can be observed when
the E., lower than 2.50 eV. It is also observed that the
Stokes shift between PL and excitation dramatically de-
creases with the F,,, as shown in the inset of Figure 5.
These behaviors can be interpreted based on the surface
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excitonic radiative recombination model combining with
an assumption of there being a size distribution of a-Si
NPs. The a-Si NPs in the investigated film usually have
a size distribution as a consequence of the fluctuation of
experimental conditions, from which the PL would show a
broad PL band as shown in Figure 1. Since the band gap of
a-Si nanoparticle increases with the decrease in their size
due to quantum confinement effect, the carriers in smaller
a-Si NPs cannot be excited when the excitation energy is
lower than their band gap. As a result, the PL peak en-
ergy would behave in a continuous redshift with decreasing
the E.,, and their FWHM monotonic diminishes as well.
When the E., is lower than 2.50 eV, the vanishment of
the PL should be the result of no large enough a-Si NPs
being excited. The Stokes shift between PL and excita-
tion is the result of carries thermalizing at surface states
which are related to interface bonding configurations and
strains of the a-Si NPs. For smaller a-Si NPs, previous in-
vestigations have shown that together with the band gap
widening due to quantum confinement effect, the reduc-
tion in their radius would make the bonding configurations
at their surface more disordered and strained, which can
cause an significant enlargement of the Stokes shift.

4 Conclusions

In conclusion, we have investigated the PL characteristics
of the Si-in-SiN, compound film. The PL and PLE results
show that both the a-Si NPs and the silicon nitride matrix
are active in the generation process of carriers. In con-
junction with the PL characteristics and the absorption
properties, we can conclude that the luminescence of the
a-Si NPs composite structure originates from the radia-
tive recombination of the excitons trapped in the surface
states. The surface passivation and chemical surroundings
of Si NPs have a significant influence on the PL of the a-Si
NPs composite structure.
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