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Abstract

The preparation of ordered and arranged Si quantum dots using a SiO/SiO,
superlattice approach is presented. The different processes of phase separation
and crystallization are studied in detail by infrared (IR) absorption and
photoluminescence (PL) spectroscopy for different annealing temperatures
from 300 to 1100°C. IR spectra show a continuous shift of the Si—-O-Si
asymmetric stretching mode to higher energies with increasing annealing
temperature, which is a sign of phase separation to Si and SiO,. Three PL bands
are distinguished and correspond to the three processes of phase separation.
A band centred at 2.2 eV is present in as-prepared samples and vanishes for
annealing above 800 °C which is clearly correlated with defects. The second
band shifting from 1.7 to 1.4 eV is detected for annealing temperatures between
300 and 900°C. A strong red luminescence due to quantum confinement is
observed for annealing above 900 °C. Our results indicate that the different
and seemingly contradictory PL observations in the literature could originate
from different states of network reorganization during the phase separation and
crystallization processes. The origins of the different IR and PL bands are
discussed in comparison with those of bulk crystalline SiO and SiO5.

1. Introduction

Bulk crystalline Si is the standard material for semiconductor processing and devices but light
emission from this material is highly inefficient due to the indirect nature of the Si band gap.
The first report on efficient visible light emission from a Si based material [1, 2] initiated a
period of research on the preparation and stabilization of porous Si. Today’s silicon nanocrystal
research is focused on the preparation of nanocrystals embedded in an oxide host. The methods
applied for preparation are Si ion implantation into high quality oxides [3] and the synthesis of
Sirich oxides either by sputtering [4] or by reactive evaporation [5]. Using these methods the Si
crystal size, determined by the Si content in the SiO, matrix, and the crystal density cannot be
controlled independently. In addition, there is only limited control of the size distribution itself.
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Recently, we developed a new method based on the preparation of SiO/Si0O, superlattices
which allows independent control of position, size and density of the crystals. The Si
nanocrystals show a strong room temperature luminescence after crystallization [6]. In this
case, the growth of the Si nanocrystals is based on a phase separation and crystallization
process within the ultrathin (2—4 nm) SiO layers. During crystallization, different effects,
such as the phase separation of the ultrathin amorphous SiO layers including temperature
dependent diffusion of Si atoms and the critical crystallization diameter of the Si nanocrystals
including the influence of the superlattice structure, i.e. strain, play an important role and are
not understood in detail. Diffusion and phase separation processes in confined geometries and
growth phenomena in the presence of nearby interfaces have not yet been investigated in any
detail.

In this paper, the different processes of phase separation of thin SiO layers in
SiO/SiO, superlattices will be investigated on the basis of infrared (IR) absorption and
photoluminescence (PL) characterization of the films.

2. Experiments

The samples investigated were prepared by alternative evaporation of SiO powder in either
vacuum or oxygen atmosphere in order to produce an SiO/SiO, superlattice. The evaporation
conditions which allow the preparation of size-controlled nc-Si are described elsewhere [6].
The samples investigated have SiO layer thicknesses of 2 nm (sample A) and 4 nm (sample
B). The SiO; layer thickness for both set of samples is 3 nm. The number of periods is 45.
The substrate temperature during growth was 100°C. For comparison, bulk SiO and SiO,
layers with 100 nm thickness were prepared under the same conditions. Pieces of the different
samples were annealed at selected temperatures between 300 and 1100°C for 1 h under a
nitrogen atmosphere. Every sample was annealed only once.

IR spectroscopy was performed using a FTIR Bruker IFS66v spectrometer equipped with
a mercury cadmium telluride IR detector in the range of 600-1500 cm~! and using a plain
piece of the same wafer as reference. The PL was excited by the 325 nm line of a HeCd laser.
The PL signal was focused into a single monochromator and detected by a nitrogen cooled
CCD camera. All spectra were corrected for the spectral response of the measurement system.

3. Results

3.1. FTIR spectroscopy

The IR spectra of the annealing states of sample B (SL 4 nm/3 nm) are presented in figure 1.
Various silicon—oxygen related absorption bands can be seen in the range from 700 to
1500 cm~'. The first band around 810 cm™' is assigned to the Si—~O-Si bending motion
in SiO, [7]. For higher annealing temperatures, the second band at 880 cm~! appears with
increasing intensity for increasing annealing temperature (7,) up to 400-500°C. For higher
T, the absorption band intensity decreases with increasing 7, and vanishes above 700 °C, as
shown in figure 2. This band is assigned to silicon ring configurations isolated by oxygen
atoms [8-10] or a silicon ring with a non-bridging oxygen hole centre (NBOHC) [11]. The
third band above 1000 cm ™! is assigned to the asymmetric stretching motion of the oxygen
atom of the Si—O-Si bridging configuration. The observed third IR band shifts from 1039
to 1052 cm~2 with T, in the range of 100-600°C (2.4 cm~!/100°C; see figure 3). For T,
between 700 and 900 °C, a more pronounced shift (8.5 cm~!/100°C) is observed which ends
at a wavenumber of 1080 cm ™' representing the position of SiO,. Further annealing at higher
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Figure 1. The annealing temperature dependence of the IR spectra for a SiO/SiO; superlattice
(sample B).

temperatures does not result in any shift of the Si—O related bands. The intensity of this band
increases and the full width at half-maximum (FWHM) decreases with increasing 7,. The
annealing temperature dependences of the absorption bands II and III for the bulk SiO and
sample A show a similar tendency to that for sample B (shown in figures 2 and 3). For the
bulk SiO film, the IR vibration shift rate is 7.0 cm~! /100 °C in the annealing range from 100
to 600°C and 14.0 cm~!/100°C from 700 to 900 °C (see figure 3), which is much faster than
for other samples.
The disproportion reaction of SiO, leads to an oxygen rich suboxide and Si [12]:

SiO; — [x/(x + ¥)1SiOx4y) + [1 — x /(x + y)]Si (1)

with y depending on the specific oxide SiO(,+,). The composition parameter y changes between
y = O at the beginning of the disproportionreaction and y = 2 —x when finally the end product
SiO; has been reached. The gradual increase in the energy value of the Si—O-Si stretching
mode (vsi—o) supports equation (1). The single Si—O stretch peak shape would be expected for
either a homogeneous SiO.) alloy or one with concentration gradients. Two distinct Si—O
stretch peaks would form if only stoichiometries such as SiO, + SiO were formed, which is
not observed. To quantify the kinetics of reaction (1), the extent of the reaction («) can be
estimated via

V/2—=x) =a n—v)/(vy —vi), )
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Figure 2. The absorption intensity of IR band Il as a function of annealing temperature for Si0/SiO»
superlattice samples A and B.
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Figure 3. The annealing temperature dependence of the peak position of the Si—~O-Si vibration
modes (band III) for bulk SiO, SiO, and SiO/SiO; superlattice samples (samples A and B).

where reaction completion (¢ = 1) is equivalentto x + y = 2. vy, is the measured vsi_o, v; the
as-prepared vs;_o and vy the measured vs;_o at completion (after an annealing at 1100 °C). The
integrated area of the Si—O stretch peak remains constant indicating no significant parasitic
oxidation. With successive anneals the Si—O stretch peak becomes sharper and higher in
frequency as expected in forming SiO,.

From figure 4, please note that the extent of reaction (o) for the SiO film shows a nearly
linear progression of « as a function of the annealing temperature. For the other three samples
three stages can be distinguished. At first, the extent of reaction («) increases slowly with
T, from 300 to 500°C. For annealing between 600 and 900 °C, « increases pronouncedly
as expected in forming SiO,. Above 900°C, a nearly constant « indicates no significant
oxidation. These results are in good agreement to those of Hinds ef al [12], proposing that
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Figure 4. The extent of the reaction («) for bulk SiO and SiO/SiO, superlattice samples (samples
A and B) as a function of annealing temperature.

reaction (1) happens in the first seconds of the annealing process and that the « value is mainly
influenced by the annealing temperature.

Please note that for nominal SiO, we also observe a slight shift from v; to v, (see figure 3)
which cannot be directly attributed to changes in the composition and has therefore not been
incorporated in figure 4.

3.2. Photoluminescence

Figure 5 demonstrates the PL spectra at different annealing temperatures for sample B (SL
4 nm/3 nm). Three different luminescence bands can be distinguished. A band at 2.2 eV
is observed which shows an increasing PL intensity with increasing 7, up to 400°C and
a decreasing intensity for higher annealing temperatures (see figure 6). This band is not
detectable any longer for samples with an annealing temperature above 800°C. The PL
maximum position does not show any significant change with annealing temperature. A
second luminescence band appears which gradually shifts from a position of 1.7-1.4 eV as
the annealing temperature increases from 300 to 900°C. The PL intensity of this band is
weaker than that of the first luminescence band but varies from sample to sample. Finally a
Gaussian shaped strong luminescence is observed for temperatures above 900 °C with a peak
position clearly dependent on the SiO layer thickness, i.e. 1.55 eV for sample A and 1.35 eV
for sample B. A significantly broader non-Gaussian peak centred around 1.3 eV is observed
for the bulk (100 nm) SiO film reflecting the broader and asymmetric size distribution of the
Si nanocrystals.

The peak positions of PL bands I, II and III as a function of annealing temperature for the
bulk SiO film and the samples A and B have similar behaviours, as shown in figure 7. For the
bulk SiO, sample, no PL signal was detected under the conditions described.

4. Discussion

Combining annealing temperature dependent PL and FTIR measurements, the phase separation
of thin SiO layers in the annealed SiO/SiO, superlattice can be divided into three processes:
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Figure 5. Photoluminescence of the annealed SiO/SiO; superlattice (sample B) showing the
signatures of the different phase separation states assigned to the different annealing temperatures.
Curve (1) corresponds to the PL spectrum of the as-prepared sample, curves (2)—(10) to the PL
spectra of the 300-1100 °C annealed samples, respectively.

e Process 1, the rearrangement of the SiO into the SiO, structure, is characterized by an
energetic shift of the Si—-O-Si stretching mode (IR band III) and a variation of the PL
intensity at 2.2 eV (PL band I) with a corresponding 880 cm~! IR absorption intensity
(IR band II).

e Process 2, the amorphous cluster growth, is characterized by the development of a second
PL band (II) which gradually shifts its position from 1.7 to 1.4 eV with annealing
temperature.

e Process 3, the crystallization of the amorphous clusters, is observed for annealing
temperatures above 900°C and characterized by a strong red luminescence (PL band
IIT) with a constant peak position. No further changes in the Si—O related absorption band
(IR band III) occur. Si nanocrystals are observed in the former SiO layer [6].

Processes 1 and 2 occur in parallel over the temperature range of 300-900°C. Above
900 °C only process 3 proceeds.
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Figure 6. The annealing temperature dependence of the PL band I intensity for SiO/SiO;
superlattice samples A and B.
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Figure 7. Peak energies of three PL bands as a function of the annealing temperature for bulk SiO
and SiO/SiO, superlattice samples (samples A and B).

The rearrangement of the SiO happens in the first seconds of the annealing [12] and
the extent of the reaction « is mainly given by the annealing temperature. This process
is significantly characterized by the energetic shift of the Si—O-Si stretching mode. The
peak position can be used to obtain a crude estimate of the stoichiometry for homogeneous
SiOy [13]. The position for the as-prepared bulk SiO was measured to be at 980 em~! and
that of the as-prepared bulk SiO, at 1060 cm~!. For the as-prepared film (100 °C) a position
of 1039 cm~! was found in the case of our superlattice samples A and B (figure 3), which is
the contribution of both the SiO and SiO, layers. The difference in temperature dependence
of the peak position for IR band III between the bulk SiO and the SiO; layer is obvious in
figure 3, since in the case of the SiO; layer no phase separation happens. Only for temperatures
above 700-800°C does a rearrangement or a density compression of the SiO, seem to occur.
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However, the deconvolution of the Si—O-Si stretching mode of the as-prepared superlattices
into the SiO and SiO; parts cannot be accomplished in a simple way. Due to the large number
of SiO; interfaces and the ultrathin layers, neither the effective medium nor the Briiggeman
theory is valid for the superlattice system. Hence, the shift of the mode is only a qualitative
measure for the process of the phase separation (figure 4). The 880 cm~! absorption mode
(figure 1) has been discussed in the literature as a mode related to (SiO), rings isolated by
oxide [9]. Theoretical studies [11, 14] indicated a non-bridging oxygen hole centre (NBOHC:
03=Si-Oe) situated on Sig rings as the origin of the IR absorption mode described and of a
luminescence signal at about 1.9 eV. Skuja [15] proposed a model that assigns the excitation
or recombination centre at 2 eV to the NBOHC, which has been supported by calculations of
the electronic structure and vibrational calculation and is supported by the work of Galeener
et al [16], too. It describes the PL itself and also its strong coupling to a localized Si-O
stretching vibration. Ghislotti et al [17] and Rinnert et al [18] reported an increasing number
of radiative defects produced by the ion implantation. Liao et al [19] proposed that the band
is associated with the so-called E’ centre defects (O3=Sie) and the defect density decreases
with thermal annealing. Choi et al [20] also observed a yellow light emission from thermally
grown silicon dioxide films and suggested that the emission originates from the radiative decay
of self-trapped excitons.

Although similar IR and PL bands have been reported for siloxene [21,22], we can exclude
siloxene from consideration as the origin because our superlattice did not contain any hydrogen
due to the high vacuum evaporation of the SiO powder and the inert gas (N, ) annealing process
used. The similarity of the temperature behaviours of the intensities of the IR absorption and
PL indicates the same origin for the two bands. The theoretical studies in [11, 15] assigning
both modes to an NBOHC on a Sig ring structure support this interpretation. This means
that the rearrangement of the SiO structure (process I) can be described as the synthesis of
substoichiometric SiO, accompanied by the formation of defects (e.g. NBOHC in combination
with Sig rings), which vanish for higher annealing temperatures.

In process 2, the development of PL band II (1.7-1.4 eV) with decreasing emission energy
forincreasing T, is observed. Similar PL spectra for amorphous Si/SiO, superlattices prepared
by rf magnetron reactive sputtering from a silicon target in argon gas were observed by Liu
et al [23]. The process of the Si cluster formation in SiO, films for annealing at 750-950°C
was also reported by Furukawa er al [24] and was well supported by the results of Kanzawa
et al [25]. Their samples, prepared by RF co-sputtering of Si and SiO,, exhibited a broad
PL band in the visible region (1.6-1.9 eV). The PL peak shows a red-shift with increasing
annealing temperature and increasing Si concentration. The theoretical study [26] of Si
clusters also shows that the average HOMO (highest occupied molecular orbital)-LUMO
(lowest unoccupied molecular orbital) gap has a blue-shift in the range of 3-0.7 eV with
reduction in cluster size. In our samples, we clearly see the development of amorphous
clusters and an increase of the amorphous cluster size in the TEM images [27] from 300 to
900 °C which agrees perfectly with the observed red-shift of the PL (band II in figure 7).

Process 3 is characterized by the presence of nc-Si above 900 °C and a surrounding SiO,
matrix which leads to a stable 1080 cm~! FTIR signal and the appearance of a very strong
PL signal originating from quantum confinement [6]. Above 900 °C the crystallization of the
amorphous clusters into Si nanocrystals takes place, which can clearly be seen in dark field
TEM and HRTEM investigations [6]. The fixed position of the PL above 900 °C reflects that the
size of the Si nanocrystals is determined by the former cluster size. The quantum confinement
origin for this strong room temperature luminescence has been discussed elsewhere [6]. The
clear dependence of the PL peak position on the SiO layer thickness (figure 7) shows once
more the possibility of size control via the SiO layer thickness.
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Using our model of three processes a comprehensive understanding of the phase separation
and crystallization processes was developed showing that the different and seemingly
contradictory observations in the literature can be understood on the basis of different states
of the network reorganization during phase separation and crystallization.

5. Conclusions

Comparing bulk SiO, SiO; and superlattice samples, the phase separation of ultrathin SiO,
layers in amorphous SiO/SiO, superlattices was studied over an annealing temperature range
of 300 to 1100°C by combination of PL and FTIR investigations. Three processes could
be distinguished during the phase separation process: the transformation of the SiO into an
SiO, network accompanied by the formation of NBOHC on Si ring structures, the growth
of amorphous Si clusters in the annealing temperature range between 300 and 900 °C and
the crystallization of these amorphous Si clusters above 900 °C. The size of the resulting Si
nanocrystals is predetermined by the amorphous cluster size, i.e. by the SiO layer thickness.
NBOHC, amorphous Si clusters and Si nanocrystals are different states of a non-stoichiometric
SiO, matrix having typical signatures in IR absorption and PL during annealing.
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