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Abstract: single crystalline a-Si;Ns nanobelts synthesized via catalyst-assisted pyrolysis of polymeric precursor were

investigated using absorption, photoluminescence (PL) and photoluminescent excitation (PLE). The optical absorption

spectrum showed that the nanobelts exhibited indirect absorption behavior with optical band gap of ~5.0eV. Three broad peaks

centered at 1.8¢V, 2.3eV and 3.0eV were observed from PL spectrum of the nanobelts at room temperature. The PLE spectra

suggest the existence of multi-fold energy levels within the gap.
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1 Introduction

Silicon nitride is a material widely used for
microelectronic and optoelectronic application, such as

(2] radiative elements in thin film

charge storage layers
light-emitting devices!. Similar to III-N semiconductors
(e.g. GaN and AIN), crystalline silicon nitrides possess
wide-band-gap semiconducting behavior and could be an
excellent host material for its excellent thermo-
mechanical properties, chemical inertness and high
dopant concentration*l. Recently, one-dimensional nan-
ostucture of crystal silicon nitride such as nanobelt and
wire developed quickly and opens potential applications
of the materials in electronic/optic nanodevices!~'Z.
Therefore, understanding of electronic/optic properties
of silicon nitride is of a great interest. Previous studies
on the optical properties of silicon nitride are primarily
focused on its amorphous form™*'%!, While the optical
properties of crystalline silicon nitrides were reported in
a few previous studies“"m], to the best of our knowledge,
ne detailed study on the subject has been reported,
particularly on nanostructured silicon nitride.

In this paper, we report a detailed study on the

optical properties of single crystal a-Si;N, nanobelts,
2 Experimental
Crystalline e-Silicon nitride (a-SisN4) nanobelts

used in this study was synthesized by catalyst-assisted
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pyrolysis of a polysilazane polymeric precursor, as
described previously[m‘ The a-SiCN powders were
reacted with catalyst (FeCl, in this study) to form
Si-C-Fe liquid alloy droplets. The nanobelts were then
precipitated and grew from the liquid droplets at 1250°C
under a flow of N,.

Fig.1 is TEM images of the obtained nanobelts,
which are 20nm~40nm in thickness, 400nm~1000nm in
width. SEM shows it has a few hundreds of micrometers
to several millimeters in length. X-ray diffraction and
high-resolution electron transmission microscopy studies
revealed that the nanobelts are single crystalline and
a-Si;N, phase®!l. optical properties of a-SisN,; nanobelt
are investigated by absorption spectra on UV-3100
double channel spectrometer, photoluminescence (PL)
on UV-lamb micro-zone Raman spectrometer measured
under the excitation of HeCd laser 325 nm line
(E=3.81eV), and photoluminescent excitation (PLE)

Fig.1 TEM images of the 2-Si3N4 nanobelts
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on F-4500.
3 Analysis and Discussion

To investigate nanobelts optical band, the optical
absorption of the nanobelts was measured by mounting
them on a quartz substrate. Fig.2a shows the relationship
between absorbance a versus photon energy ho. The
spectrum shows that the nanobelts possess an absorption
edge around 5.0¢V, above which the absorption
coefficient increases rapidly with photon energy. In
addition, a weak absorption peak centered at 4.2eV can
also be seen. Si;N; is semiconductor with indirect
band-gap, thus absorption coefficient is following®®:
@(15) = b (h0+ Eyppen— Eyy -
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Fig.2 Transmission optical absorption spectra of the

a-5i3N, nanobelts

A linear relationship was observed between square
root of absorbance and photon energy, and band gap is
estimated to be 4.9eV by extrapolation. This value is
closely consistent with theoretical resultm], where the
extrapelated optical band gap of a-SizNy was calculated
to be 5.0eV~5.2eV. Current result suggests that the
nanobelts possibly contain lower amount of $i-Si defects

in band gap, thus the intrinsic absorption can be revealed.

The weak absorption peak at 4.2eV suggests the exis-
tence of such defects.
Intensive light-emission of the nanobelts was

observed. Fig.3 is a typical PL specirum of the nanobelts.

The specttum shows a broad emission band with the
maximum at ~2.3eV. The broad band can be further split
into three broad peaks by Gauss line-type peak fitting,
centered at 1.8, 2.3 and 3.0eV, respectively. The similar
PL behavior was observed for amorphous silicon
nitride!">'*-1623_ In these previous studies!'*'®, the PL
spectra of amorphous silicon nitride were explained by a
model based on the Si-Si bonds separated by 4.6 eV.
According to this model, the main broad PL peak at 2.3
eV~2.5eV was ascribed to the radiative recombination
between electrons and holes in the Si-Si defect states
and the metastable silicon.dangling bond (K° center).

The transition at ~3.0eV occurs between electron/hole
traps (with the trap depth between 1.3eV~1.5¢V from
the Si-Si defect states 4.6 eV for stoichiometry Si;N,,
respectively”™). The similarity between the PL spectra
for the amorphous silicon nitride and the nanobelts
suggests that it is likely that the same defects were
involved in optical processes.
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Fig.3 Photoluminescence of the Si;N4 nanobelts under
excitation of 325nm at room temperature. Dots line
shows the Gauss-fit peaks, centered at 1.8eV, 2.3eV
and 3.0eV, respectively

In order to further understand the light- emission
processes, the luminescence of the nanobelts was
measured as a function of excitation energy at selective
detection energies. Fig. 4a and 4b show the PLE spectra
with detection at 3.3 eV {e;} and 1.8 eV (e;), respectively.
It can be seen that for both detections the maximum
luminescence intensity occurs at the similar excitation
energy; the onset energy is ~ 5.0 eV, which is consistent
with the measured intrinsic optical gap (fig.2). This
result - suggests that the major contribution for the
photoluminescence of the nanobelts is the transition
between intrinsic band edges. Previous study?!! revealed
that the photoluminescence of amorphous silicon nitride
was dominated by the transition between Si-Si defect
states. It is likely that the amount of Si-Si defects in the
crystalline nanobelts is much less than that in amorphous
Si;N4. Both PLE spectra appears to have a contribution
from a peak at ~4.2eV, which is consistent with the weak
peak observed in the absorption spectrum (fig.2). This
result further suggests the existence of the transition at
4.2¢V. The PLE spectrum for e, also contains a peak at
~4.6eV, which is not observed in the PLE spectrum for
¢;. The 4.6eV transition could arise from Si-Si
defect!"*'®],

Robertson'®! has defined defects in silicon nitride
to be of four types: Si—5Si and N—N bonds, and Si and
N dangling bonds. The Si—Si bond forms a bonding
c-orbital and antibonding o*-orbital that separated by
4.6eV for stoichiometry silicon nitride!"*'®). The silicon
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dangling bond forms a defects state about the mid gap
between g-0***!. According to Robertson™!, besides
the nitrogen dangling bond (N>, N center), another type
of nitrogen defect state can also give rise to levels within
the Si-8i gap: namely N,*. The N, can be formed by
reaction between positively charged silicon dangle bond
and a bulk nitrogen (Si;” + N3* = Ny* + 8i,"). Previous
studies!'®*®! suggested that the N;* and N,° defects form
energy levels with the trap depth of 1.3eV~1.5eV from
the 8i-Si band edges, respectively.
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Fig.4 The photoluminescence excitation spectra of the a-SisN4
nanobelts with detection at: (a} 3.3¢V and (b) 1.8eV

Based on previous works, PL and PLE spectra can
be rationalized that the PLE peak at 2.6eV for e; is
possibly due to the double photons-absorption excitation
from intrinsic valence edge to K° center and then to the
intrinsic conduction edge. Since the probability for such
double excitation is low, the contribution from 2.5eV
peak is much lower than others.

In a-SizN; nanobelt with thickness of 20nm, the

band-edge absorption spectra demonstrate optical
absorption behavior of a-8i3;N,; nanobelt follow the
indirect gap absorption, The photoluminescence and
photoluminescence excitation spectra illustrate that there
are multifold kinds of impurities in a-Si;N4 nanobelt and
their impurity energy level distribute in gap.
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