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Enhanced photoluminescence (PL) at room temperature from thermally annealed a-Si:H/SiO2 multilayers is ob-

served through the step-by-step thermal post-treatment. The correlation between the PL and the crystallization process

is studied using temperature-dependent PL, Raman, cross section high-resolution transmission electron microscopy (X-
HRTEM) and x-ray diffraction (XRD) techniques. An intensified PL band around 820 nm is discovered from the sample
annealed near the crystallization onset temperature, which is composed of two peaks centred at 773nm and 863 nm,

respectively. It is found that the PL band centred at 863 nm is related to the pseudo nanocrystal (p-nc-Si) silicon, and
the PL band centred at 773 nm is attributed to Si = O bonds stabilized in the p-nc-Si surface.
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1. Introduction

Since the visible light emission was observed from
porous silicon at room temperature for the first time
in 1990,[!) enormous researches have been focused on
the light-emitting properties of various silicon-based
materials.2~7 In the last decade, many kinds of low-
dimensional Si/SiO2 nanostructures, such as porous

(2l and nc-Si embedded in

silicon, Si/SiO superlattice,
SiO13 have been fabricated and their light-emitting
behaviours have been reported. Their compatibil-
ity with common microelectronic technology makes
them attractive for their potential applications in in-
tegrated optoelectronic devices. Various theoretical
models about the photoluminescence (PL) have been
developed and computational work has been followed
as well.[$9] Besides quantum confinement effects,?! ra-

diative recombination at the Si/SiOs interfacel®19!

or
oxygen-related defects!'1'? are also suggested as the
origin of PL. Although a great effort has been made
to elucidate the physical insight of the PL process in
a Si/SiOy system, the picture of the PL mechanism
is not fully revealed, especially the origin that is re-
sponsible for the enhancement of PL from thermally

annealed a-Si:H/SiO» multilayers near the crystalliza-

tion onset temperature has been less reported.

In our previous work,!'3! we have performed a de-
tailed investigation to monitor the evolution of struc-
ture and PL from a-Si/SiO5 multilayers to nc-Si/SiO4
multilayers by thermal post-treatment. It is suggested
that there exist various luminescence centres at differ-
ent annealing temperatures, such as nonbridging oxy-
gen hole centres (NBOHCs), thermal donors (TDs)
and localized states of interfacial Si = O. In this paper,
we concentrate on the enhancement of PL from the
annealed Si/SiO2 multilayers near the crystallization
onset temperature. Raman scattering and X-HRTEM
studies show that there is an intermediate phase of sil-
icon between the amorphous and crystallized phases
for the annealed sample near the crystallization onset
The relationship between PL and the
microstructure of the samples is carefully analysed.

temperature.

2. Experiment

Two series of a-Si:H/SiO2 multilayers were fabri-
cated on the substrates located on an earthed elec-
trode, at a temperature of 250°C, in a computer-
controlled rf plasma enhanced chemical vapour depo-
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sition (PECVD) system. The a-Si:H layers were de-
posited in a mixture of SiH, and Ar at a pressure of
26.66 Pa. Subsequently, an in situ plasma oxidation
was carried out in pure oxygen at 39.99Pa. The rf
power for both processes was kept at 30 W. The pro-
cesses were repeated alternatively for 30 periods. The
thickness of a-Si:H sublayer was designed to be 4 nm
for sample A and 5nm for sample B, and the SiOq
sublayer was kept at 7nm in thickness for both sam-

ples.

A series of post-treatments of these samples
was performed by their annealing in Ny atmosphere
in a conventional furnace. The thermal treatment
technique that we used was the step-by-step quasi-
equilibrium annealing, which can simulate the temper-
ature increasing process and time accumulating pro-
cess as well. The annealing temperature increased
step by step from 750 °C to 1100 °C. Each step lasted
60 min and subsequent Raman and PL measurements
were employed to characterize the microstructure and

luminescence properties of samples.

The PL and Raman measurements were carried
out with a Jobin Yvon Horiba HR800 Raman Spec-
trometer with 600 g/mm grating and the detector was
a charge-coupled camera. The 488nm light of Ar™
laser was used as an excitation light source. The X-
HRTEM measurements were performed on a JEOL-
4000EX HRTEM. XRD measurements were carried
out for structure analysis of p-nc-Si using a D/Max-

RA operated at 50kV and 150mA. Cu Koy (A =
0.154nm) line was used.

3. Results

Figure 1(a) shows the room temperature PL
spectra of sample A at different annealing stages.
The step-by-step annealing causes the PL spectra to
change significantly. A weak and broad PL peak at
about 760nm is observed at an annealing tempera-
ture of 750°C. For annealing at 850 °C, the PL peak
experiences a blue shift to 670nm and its intensity
remains weak. For further annealing at 900 °C, the
PL peak suffers a red shift to 820nm and its inten-
sity abruptly increases by a factor of 4.5. However,
after a higher temperature annealing (at 950 °C), the
PL intensity reduces by a factor of 2.1 and the peak
position has a slight blue shift to 770 nm. Figure 1(b)
shows the room temperature PL spectra of sample B
at different annealing stages. A weak and broad PL
peak at about 700 nm is observed at an annealing tem-
perature of 750°C. For annealing at 850°C the PL
peak position has a red shift to 820 nm and its inten-
sity increases by a factor of 10.7. However, for further
annealing at 900 °C, the PL intensity reduces by a fac-
tor of 6.6 and the PL peak position has a blue shift to
710nm. After further annealing at a higher tempera-
ture of 950 °C, the PL intensity remains weak and the
peak position has a blue shift to 670 nm.
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Fig.1. Room temperature PL spectra of sample A (a) and sample B (b) annealed, separately, at 750, 850,

900 and 950 °C.
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In order to ascertain the PL mechanism for the
enhancement of optical transition, the temperature-
dependent PL spectra in a temperature range of 83—
288K for sample A have been investigated (Fig.2). It
can be seen that the PL band intensity increases very
fast with temperature decreasing, while the PL band
position does not seem to change much with temper-

ature varying.

Figure 3(a) shows Raman spectra of sample A at

different annealing temperatures.
1

The strong emis-
sion at 520cm ™" corresponds to the silicon substrate
signal. The results clearly show the presence of an
amorphous silicon phase in the samples as shown by
the strong band located at 480cm™!.

at temperatures higher than 950 °C, a shoulder clearly

For annealing

appears at the band located at 520cm™' as shown
with an arrow in Fig.3(a), which indicates the forma-
tion of nc-Si in the amorphous silicon sublayers, there-
fore, the crystallization onset temperature is between
900 and 950°C for sample A. Figure 3(b) shows the

PL intensity/arb. units
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Fig.2. PL spectra at different temperatures ranging from

83 to 288 K for sample A after annealing at 900 °C.
Raman scattering results of sample B at different an-
nealing temperatures. The shoulder corresponding to
nc-Si can be clearly seen in sample B under annealing
at 900 and 950°C, which means the crystallization
onset temperature of sample B is between 850 and
900°C. The difference in crystallization onset temper-
ature between samples A and B is due to the difference
in a-Si sublayer thickness.
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Fig.3. Raman spectra for samples A (a) and B (b) annealed at different temperatures.

Figure 4(a) shows the TEM image of sample A
after annealing at 900 °C, the white and dark regions
in the image correspond to Si and SiOs sublayers, re-
spectively. The silicon sublayer contains some stick-
like objects, and the X-HRTEM is shown in Fig.4(b),
where no nc-Si is found, and the electron diffraction
pattern in the insert of Fig.4(b) proves them to be
amorphous, coincident with the Raman result. Figure
4(c) shows the TEM image of sample A after anneal-
ing at 950 °C, silicon dots with diameters around 4 nm
can be clearly found in the silicon sublayer. Figure
4(d) shows the X-HRTEM of sample A after anneal-

ing at 950 °C, indicating that nearly perfect crystals
of around 4nm in diameter are grown in the multi-
layered structures. The inset of Fig.4(d) shows the
HRTEM image of an individual nc-Si dot with a lat-
tice constant of 0.31 nm corresponding to the Si(111)
planes of the nanocrystallite. The result is coincident
with that from the Raman spectra.

Figure 5 shows the XRD pattern of sample B af-
ter annealing at 850°C. Only one diffraction peak
centred at 33° corresponding to the (200) axis can be
observed.
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Fig.4. (a) TEM image of sample A after annealing at 900 °C. (b) X-HRTEM of sample A after annealing at
900 °C. (The inset shows the electron diffraction pattern.) (c) TEM image of sample A annealed at 950 °C. (d)
X-HRTEM of sample A after annealing at 950 °C. (The inset shows the lattice structure of an nc-Si grain.).

No. 5
- o ;
e T 1
PN P A aag Vbt A
Vg g 4 N e e
Mgy - A:.,"";Yq‘d\‘~.,\» A 4
P 32 i&""“"-?
ERAN L Dl
. ¥ 2
2000
" sample B
,E 15001 annealed at 850°C
5
o) L
5 1000 (200)
~
Z
Z 500
&
A
O L
10 20 30 40 50 60
26/(°)

Fig.5. XRD spectra of sample B after annealing at 850 °C.

4. Discussion

The Raman scattering is an efficient way to de-
termine whether the silicon occurs in its crystalline
or amorphous phase. Owing to the difference in crys-
talline temperature between multilayers on silicon and
quartz substrates,'* we have performed the Raman
scattering experiments directly on the samples with

silicon substrate. The results are shown in Fig.3(a),
where we can clearly find the presence of a crystalline
silicon phase in the samples annealing at 950 °C. Be-
low the crystallization threshold value, the structures
of a-Si embedded in the annealed samples become
more ordered, which is confirmed by the TO (trans-
verse optical) mode of a-Si shifting towards the higher
wavenumbers. The Gaussian deconvolution of the Ra-
man data for sample A annealing at 900°C is per-
formed with three Gaussian functions, one Gaussian
is used to represent the longitudinal optical (LO) band
centred at 400cm ™!, and the other two Gaussians are
used to represent the TO band, of which one is centred
at 475cm ™! for amorphous silicon and the other band
is found to be centred at 490cm~! (The TO band
at 520cm ™! of the silicon substrate is subtracted be-
fore the deconvolution). The Gaussian band centred
at 490cm ™! indicates that some kind of silicon ob-
ject has a more ordered structure than the standard
amorphous silicon emerging, but its phase is not so
ordered as crystalline phase. The ratio of 490 cm™!
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band area to the 475cm~' band area is 0.2, which
indicates that a high density of this kind of object
emerges in the amorphous silicon sublayer before the
onset of crystallization. The same Gaussian band cen-
tred at 490 cm ™! has been also observed in the Raman
deconvolution results of H diluted amorphous silicon
by Tsu et al,l'®) and they ascribed it to an interme-
diate phase of silicon. This further confirms that the
intermediate phase of the objects emerges before the
onset of crystallization of our Si/SiO2 multilayers.

It can be seen from Fig.4(a) that the amorphous
silicon sublayer is no more homogeneous in structure,
some stick-like objects in the amorphous silicon sub-
layers are observed, while no nc-Si is found from the
X-HRTEM in Fig.4(b), and the film remains amor-
phous, which is revealed by the electron diffraction
pattern in the insert of Fig.4(b). After annealing at
950 °C, sample A begins to crystallize, and dotted sil-
icon nanocrystals emerge as shown in Fig.4(c). Nc-Si
with clear lattice structure is demonstrated in the X-
HRTEM in Fig.4(d). The TEM results are consistent
with the observations of Raman scattering.

To further analyse the structure of the amorphous
Si sublayers before the onset of crystallization, XRD
measurement was carried out on sample B after an-
nealing at 850°C. As shown in Fig.5, a weak peak
which indicates that
the silicon structures in an intermediate phase emerg-

is shown to be centred at 33°,

ing before the onset of crystallization begin to expose
some preferred crystallographic orientation as nc-Si of
(200).

Based on the analyses of the Raman, TEM and
XRD results, we can determine that these objects
emerge in the amorphous silicon sublayers before the
onset of crystallization with an ordered intermediate
state between random net-work amorphous phase and
crystalline phase as p-nc-Si.

Generally, as the annealing temperature in-
creases, bonded hydrogen effuses out of the a-Si:-H/a-
SiOs multilayers, some previously passivated de-

fects, such as dangling bonds (Pbs), are depassi-

vated. Accompanying with the formation of Pbs
in Si/SiOq interfacial areas, some interstitial oxygen
atoms could react with these Pbs to form some radia-
tive centres, such as nonbridging oxygen hole centres
(NBOHCs)!'6) and thermal donors (TDs),"! Tt has
been reported that their emitting bands are around
650 and 750 nm, and these two emitting centres can
coexist and contribute to the PL spectrum simultane-

ously. The PL band centred at 760 nm for sample A

annealed at 750 °C, which is close to 750 nm observed
in Ref.[11], is mainly ascribed to TDs. The PL band
centred at 670nm with a typical full width at half
maximum of 0.33eV after annealing it at 850 °C can
be attributed to NBOHCs.[12

Figure 6 shows the integral intensities of PL spec-
tra of sample A and sample B, from which it can be
seen that there appear an abrupt increase in intensity
for both samples annealed near the crystallization on-
set temperature, or rather, at 850°C and 900 °C re-
spectively, and an abrupt decrease after crystalliza-
tion (the difference in temperature comes from the
difference in amorphous silicon sublayer thickness).
This phenomenon is very attractive and has never
been reported before. Our Raman and TEM results
show that there exists a high density of p-nc-Si in our
Si/SiO2 multilayers annealed near the crystallization
onset temperature, and the p-nc-Si plays an important
role in abruptly increasing the PL intensity.
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Fig.6. Integral intensity of the PL spectra. The line is a
guide for eyes.

In order to further analyse the abrupt enhance-
ment of the PL before the onset of crystallization and
its abrupt decrease after crystallization, the PLs for
sample A annealed, separately, at 900°C and 950 °C
are investigated (Fig.7(a)). Considering the line shape
of the PL spectra, two Gaussian bands are used to fit
the spectra for annealing at 900 °C and 950 °C respec-
tively. It is found that both spectra have the same
Gaussian band peak positions as shown by the dot-
ted lines in Fig.7(a). One Gaussian band (band A)
is centred at 773nm, the other Gaussian band is cen-
tred at 863 nm (band B), indicating that the same PL
mechanism occurs in sample A for annealing at 900 °C
and 950°C. For the further investigation of the PL
mechanisms of band A and band B, the temperature-
dependent PL for sample A annealed at 900 °C is mea-
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sured at the temperatures ranging from 83 to 273K
(Fig.2).
the testing temperature decreasing. The Gaussian de-

It is found that PL intensity increases with

convolution results show that the positions of band A
and band B remain unchanged at 773nm and 863 nm
respectively when the temperature decreases from 273
to 83 K as shown in Fig.7(b). Based on the analyses of
the Raman, TEM and PL results, the intense lumines-

PL intensity/arb. units

600 700 800 900
Wavelength/nm

(a)

cence band B centred at 863 nm which emerges before
the onset of crystallization and can be greatly sup-
pressed after crystallization may be ascribed to orig-
inating from the p-nc-Si, and after sufficient crystal-
lization at 1000°C, band B totally disappears. The
origin of band A, which emerges before the onset of
crystallization and remains unchanged during the vari-
ation of temperature, is discussed latter.

103K
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Fig.7. (a) Gaussian deconvolutions of the PL spectra of sample A near the crystallization onset temperature
and after crystallization. (b) Gaussian deconvolutions of the PL spectra of sample A annealed at 900 °C for

different temperatures.

It is worth noting that the luminescence character
of p-nc-Si is quite different from that of nc-Si. Accord-
ing to Vashni’s relation between band gap energy and
temperature, E = Ey — oT?(8 + T),!”) the PL peak
position should have a blue shift with the decrease of
temperature in the case of nc-Si, while the PL peak
position of p-nc-Si remains unchanged with respect to
temperature, which indicates that the enhanced PL
tends to stem from some luminescence structure de-
fects which are abundant in p-nc-Si, and the PL from
these defects is insensitive to temperature, more de-
tailed work about the defects in p-nc-Si is in progress.
In addition, in a Si/SiO2 system, nec-Si is usually com-
bined with Si = O, which gives rise to a band peaked
around 750 nm, "8 and band A centred at 770 nm,
which has a red shift compared with the PL of Si = O
at the nc-Si surface, is attributed to originating from
Si = O at the interface of the p-nc-Si, and its peak
position shifts to 750nm after annealing at 1000°C
(not shown here).

After annealing at 950 °C, the p-nc-Si in sample A

partially turns into nc-Si as shown by the Raman re-
sults in Fig.3(a). It can be seen from Fig.1(a) that the
PL band B corresponding to p-nc-Si decreases drasti-
cally due to the decrease in the density of p-nc-Si, and
that the intensity of band A also suffers a decrease, but
the intensity of the luminescence from Si = O at the
surface of p-nc-Si still overwhelms that of Si = O at
the nc-Si surface. After sufficient crystallization, the
position of band A peak shifts to 750nm and the Si
= O at the nc-Si surface dominates, which shows a
peak at 750nm in our Si/SiOy multilayers.'3l As to
sample B, due to the difference in amorphous silicon
sublayer thickness, the PLs before and after crystal-
lization show some difference from that of sample A,
which is caused by the contributions of different lu-
minescence centres such as NBOHCs, TDs and Si =
O, and together with some non-luminescence centres
such as Pbs, of which some may co-exist in some range
of temperature and contribute to the PL spectrum si-
multaneously, which complicates the PL. But near the
crystallization onset temperature, sample B shows an
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enhanced PL line shape the same as that of sample A,
which supports our p-nc-Si theory.

5. Conclusions

We have fabricated two series of a-Si:H/SiOs
multilayers with different amorphous silicon sublayer

thicknesses by means of PECVD. The step-by-step
thermal annealing is performed on the samples. A
high density of p-nc-Si which is in an intermediate
state between the random amorphous silicon and the
ordered nc-Si is found in the samples annealed near the
crystallization onset temperature, and the enhanced
PL induced by p-nc-Si is observed, and it can be soon
removed by annealing after crystallization.
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