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Abstract

Photoluminescence (PL) properties of SiN, (0.51 < x < 1.3) films are studied. A visible luminescence near the UV region is observed and
the PL intensity and peak positions are found to be governed by the excess silicon composition. A large scale potential fluctuation due to the
spatial variation of chemical composition in SiN, is proposed to explain these observations. In addition, non-radiative recombination centers
(N3Si-, N,SiSi-, NSi,Si:, or Si3Si-), which have prominent effect on the luminescence intensity, are also studied using electron spin resonance
(ESR) measurement. The ESR results suggest that the excess silicon content should not be too high in order to have a strong PL. © 1999

Elsevier Science S.A. All rights reserved.
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1. Introduction

Recently, a lot of investigations on the luminescence
properties of silicon-based structures, including porous sili-
con (PS) [1], silicon nanoclusters (SNC) in amorphous SiO,
[2-4], have been conducted in a search for the origin of
luminescence and possible applications in silicon devices.
A wide range of luminescence, including the red—orange
band (luminescence peak with energy 1.6-2.0eV) and
blue band (2.6-2.8 eV) in these structures was observed
[5,6]. A green line was also found by making use of the
silicon nitride (Si;Ny4) structure [7,8] which provides the
possibility for fabricating full-color devices based on silicon
technology.

Although some researchers suggested that the lumines-
cence of PS and SNC/SiO, systems is due to the defects at
the Si—SiO, interface or in the SiO, [6,9], we are inclined to
believe that the luminescence is due to the confinement of
electrons and holes in the silicon dots/nanoclusters (SNC)
[1]. Instead of considering the quantum confinement in sili-
con nanoclusters, a more general case for the carrier
confinement due to the large scale potential fluctuations
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was proposed [10]. It was suggested that the SiO, film
consists of five different tetrahedral SiSi,O,_,, (v =0, 1,
2, 3, 4). That is, the SiO, may appear in the following
phases: SiO,, Si,0s;, SiO, Si,O, and Si. As a result, the
band gap may vary from 1.1 eV (Si) to 8.0 eV (SiO,). The
spatial fluctuation of chemical composition in SiO, leads to
the formation of potential wells where carrier confinement
occurs. This model had been used in Ref. [11] to explain the
weak temperature dependence of the luminescence intensity
in porous silicon.

However, the field strength needed for electrolumines-
cence in SiO, will be larger than 6 MV/cm for electron
injection and more than 10 MV/cm for hole injection from
Si into SiO, [12,13]. This field strength is very close to the
breakdown field of silicon dioxide. This constraint can be
resolved by employing the SiN, structure which has several
potential advantages over SiO,. It is well known that the
band gap of Si3;N, is 4.6 eV [8]. The barriers at the Si—
SisN, interface are 2.0eV and 1.5eV for electrons and
holes, respectively. Hence for double (electron and hole)
injection, a field strength of 2-4 MV/cm is enough in
Si3Ny [14]. This field strength is much lower than the break-
down field (~9 MV/cm) of Si;Ny [15]. Silicon nitride also
contains a high density of electron and hole traps which will
result in a strong trapping of electrons and holes. Conse-
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Fig. 1. XPS spectra of Si 2p level for SiN, samples with different composi-
tions. Markers represent the experimental data and curves are their decon-
voluted results using the five-tetrahedron model. Spectra for Si;N, and
crystalline Si are also shown for comparison.

quently, the injection current of Si;N, is 5-8 orders of
magnitude larger than that of SiO, [15]. Hence the electro-
luminescence intensity in SiN, should be larger than that in
Si0O, because of the larger injection current. Of course, the
actual luminescence intensity in these structures will be
governed by the density of non-radiative defects. On the
other hand, since the refractive index of SiN, (n > 1.96)
is larger than that of SiO, (n = 1.46), light localization in
SiN, or waveguide effect is possible with the SiO,—SiN,—
SiO, structures; that is, the luminescence in SiN, can be
observed in both the normal direction of the surface and
the direction along the surface. SiN, therefore has several
potential applications in optical devices in the future.
However, detailed investigation must be conducted before
these applications come to light.

This work explores the possibility of application of SiN,
structure in a light-emitting device. Photoluminescence
(PL) properties of the SiN, film with x in the range of
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Fig. 2. Photoluminescence spectra of SiN, with different values of x. The
photoluminescence is excited by a nitrogen laser with a wavelength of
337 nm.

0.51 to 1.3 is investigated and then the luminescence
mechanism, based on the spatial composition variation
and large scale potential fluctuation model, for this kind
of thin film will be proposed. To maximize the lumines-
cence efficiency, the effect of silicon concentration on the
density of non-radiative recombination centers is studied
using electron spin resonance (ESR) measurement.

2. Experiment

The SiN, layer was deposited on silicon, quartz or
sapphire wafers with LPCVD technique using SiH,Cly/
NH; mixture at a temperature of 760°C. The thickness of
SiN, is about 3000 A which was measured by ellipsometry.
Increase of the SiH,Cl,/NHj; ratio leads to the increase of the
amount of excess silicon and hence the refractive index of
the SiN, film. The refractive index (n) for SiN, was
measured by ellipsometry using a laser beam with a wave-
length of 6328 A. The chemical composition of SiN, (x
value) was determined from X-ray photoelectron spectro-
scopy (XPS) measurement.

For X-ray photoelectron spectroscopy measurements, a
monochromatic Al Ka, source was used and the intensity
was measured using a HP 4252 spectrometer. Core Si 2s
level and valence band spectra were measured. Photolumi-



22 V.A. Gritsenko et al. / Thin Solid Films 353 (1999) 20-24

M/W

M\(Wv\
WZM

N}/\fvw/\v",&z/\f«wﬁ

SiNo 60
++ Mn*™t
342 345 348 351

Magnetic Field (mT)

Fig. 3. ESR spectra of SiN; of different silicon composition.

nescence spectra of SiN, were obtained by nitrogen laser
(A = 337 nm) excitation at 300 K. For electron spin reso-
nance (ESR) study, a Bruker ESP-300 spectrometer with
100 kHz modulation field was used. A small amount of
Mn** in MgO was used as a reference for g-value calibra-
tion and the number of spins was determined by integrating
the ESR signals.

3. Results

Fig. 1 shows the experimental Si 2p level XPS spectra
(markers) for samples with different compositions. Using
the constraints that the same components in different a-
SiN, samples have the same peak position and full width
at half maximum (FWHM), the spectra were deconvoluted
into five peaks (curves in Fig. 1) resulting from the different
SiN,Si,—, tetrahedrons [16]. The deconvoluted results
suggested that the SiN, structure should be a mixture of a-
Si, a-SizN, and some subnitrides including SiN;Si, SiN,Si,,
and SiNSi; tetrahedrons. There is evidence that Si nanoclus-
ters exist in the investigated samples [17]. Using Raman
scattering measurement, the size of the Si nanoclusters of
the investigated sample is estimated to be in the range of 1.5
to 5.0 nm [17].

Fig. 2 shows the photoluminescence spectra of SiN, in the
visible and ultraviolet region. The peak intensity and energy
location increase as the silicon concentration decreases. For
SiN, with low concentration of excess silicon, a narrow line

near the UV region with energy in the range of 3.0 to 3.2 eV
is observed. A similar narrow line (3.12eV) was also
observed in SiN, cathodoluminescent spectra [7,8,18]. The
narrow UV line seems to be a super-luminescence phenom-
enon as a result of population inversion. This observation
suggests that SiN, structure may be used to design a SiN,-
based thin film laser. However, to have a high intensity and
a compact light source based on this structure, double injec-
tion of electrons and holes which will take part in the radia-
tive recombination should be used. SiN,-based structure has
several potential advantages over the porous silicon struc-
tures. It is more stable because there are no hydrogen bonds
and large openings which lead to device degradation
because of surface adsorption effects.

As only relative measurements of the PL. were made, the
exact external quantum yield of luminescence cannot be
calculated. Nevertheless, we found that it is still resolvable
that the PL intensity in SiN, film is higher than that of Si-
implanted SiO, (with implant of about 10'® cm™?).
However, since the noise in the observed PL spectra is
quite large, the external quantum yield of photolumines-
cence cannot be very high. The low quantum yield suggests
that the SiN, film should contain significant amounts of non-
radiative recombination centers.

To study the non-radiative centers in SiN,, ESR measure-
ments were made at room temperature. As shown in Fig. 3,
ESR signals with different zero crossing values (g factors)
are observed. The g factor increases from 2.0025 to 2.0044
for x decreasing from 1.3 to 0.51. These ESR signals are
ascribed to the center formed by a trivalent silicon atom
with an unpaired electron, i.e. =Si-. It is well known that
the silicon atom in stoichiometric SizN, is bonded by three
nitrogen atoms (N;=Si-). The N;=Si- center has a g value of
2.0028 [19]. However, if the silicon nitride is enriched by
excess silicon, i.e. SiN,—4s3, four kinds of silicon atom with
an unabridged bond, namely N;=Si:, N,SiSi-, NSi,Si-, and
Si;Si-, are expected. Hence, the observed ESR signal with g
value in the range of 2.0025 to 2.0044 can be considered as a
superposition of these four kinds of defects [20]. It is noted
that as the silicon concentration increases, more defect
states of N,SiSi-, NSi,Si- and Si3Si- should be found.
These states have a g value between 2.0028 and 2.0055.
For large amount of excess silicon (SiNygy and SiNysi),
larger amount of defect states will be contributed by Si;Si-
states (g = 2.0055). Those defects can capture both elec-
trons and holes via a non-radiative process. As a result,
the PL intensity reduces rapidly at the high-energy side as
the silicon concentration increases. In addition, the change
of quantum well structure due to the increase of silicon
composition will affect the PL spectra. This effect will be
discussed in Section 4. The estimated concentration of para-
magnetic defects in SiN, is in the range of 5 x 10" to 10"
cm  and does not exceed 10" cm~ for all samples. The
density of silicon bonds in SizN, is four times the total
number of Si atoms and is about 2 X 10* cm 3. It implies
that the density of dangling bonds in SiN, is lower than the
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Fig. 4. Illustration of potential fluctuations in SiN, due to spatial chemical
composition fluctuations. The size of silicon nanoclusters is in the range of
1.5 to 5.0 nm.

density of silicon bonds by at least four orders in all
samples. This observation indicates that the silicon atom
with an un-paired electron (=Si-) is an unfavorable config-
uration in SiN, when compared to Si-N and Si—Si bonded
states. It was shown that =Si- in SiN, is a non-radiative
recombination center for both holes and electrons [21]. As
the concentration of these centers increases, the photocon-
ductivity and then the photoluminescence intensity of SiN,
drops.

4. Discussion

The hypothesis of local chemical composition fluctuation
has been confirmed with XPS and Raman spectroscopy
measurement. Due to the non-uniform compositional distri-
bution in SiN, [22], the band gap will fluctuate. The lower
and upper bounds of the bandgap variations are 1.1 eV
(crystalline Si) and 4.6 eV (Si3Ny), respectively. Some
potential wells may be formed (see Fig. 4). However, it
should be noted that Fig. 4 is for illustration only. In fact,
the silicon dots/clusters may be in several different forms
and certainly are not strain free and it is difficult to have an
exact bandgap value for the silicon regions. Some of these
potential wells may be narrow enough for carrier confine-
ment to take place. The shift of the peak position of PL with
decreasing silicon composition can also be explained with
the proposed model. As the silicon composition reduces, the
quantum wells will become narrower and deeper; namely,
other than SiN,, more quantum wells will be formed with
the silicon nanoclusters. As a result, the PL intensity
becomes higher and a sharp peak accompanied with a
blue shift is observed in low silicon composition sample
(see SiNj 3 trace).

On the other hand, it was also found by polarizing the Si—
Si0O,—SiN,~Al structures that the CV characteristic of this
structure shows a hysteresis similar to the MNOS ones. The

estimated density of electron and hole traps is in the range of
(5+3)x 10" cm ™. The polarized samples can be restored
to the initial stage by annealing them at 200°C for 30 min.
These results suggest that most of the traps in SiN, have an
energy level nearly equal to 1.0 eV [23]. However, since the
injected electrons and holes can also be localized by other
defects such as Si—Si bonds [18,24-26], the type of carrier
(or both electrons and holes) being captured by the =Si-
defects in SiN, cannot be identified in this work.

Finally, it should be noted that although carrier confine-
ment is believed to be the major luminescence mechanism,
we cannot completely rule out the possibility that the lumi-
nescence may also be contributed by some radiative defect
centers. It was shown in SiO, that the =Si—Si= or =Si: has a
radiative transition with energy of 4.4 eV [4]. A similar
transition may also be found in SiN, films. Further investi-
gation on these aspects should be attempted.

5. Conclusions

In this work, the photoluminescence (PL) properties of
SiN, (0.51 < x < 1.3) films have been studied and a visible
Iuminescence near the UV region is observed. We found
that the PL intensity and peak location are governed by
the excess silicon composition. These observations have
been explained with the potential fluctuation in the band
structure and the non-radiative recombination centers. Due
to the distribution of silicon nanoclusters or the change of
chemical composition in SiN,, band gap variation occurs
which in turn results in the forming of potential wells.
These potential wells give rise to the carrier confinement
and then photoluminescence results. However, the PL inten-
sity is not very high because of the presence of non-radiative
recombination centers (N3Si-, N,SiSi-, NSi,Si-, or Si3Si-)
which are studied using electron spin resonance (ESR)
measurement. The ESR results suggest that the excess sili-
con concentration should be low in order to have a strong
PL. As the silicon concentration increases, the density of
non-radiation centers will also increase and the quantum
yield reduces.
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