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ABSTRACT

In this paper, nano silicon powders were prepared
by the grinding technique and subsequently mixed
in sol-gel of Tetraethylorthosilicate and ethanol so-
lution. The silicon dioxide films synthesized from
the sol-gel solution were preliminary studied in the
term of the optical property as a refractive index (n)
by varying the aging time and annealing tempera-
tures. By using a Fourier transform infrared spec-
troscopy technique, the obtained x-composition val-
ues of the SiOy films were extended from 1.67 to 1.98
with a decreasing time of the aged sol-gels. In addi-
tion, the lower x-composition value can be controlled
by increasing the annealing temperatures from 60°C
to 500°C. The prepared films from the precursor of
nano-silicon powder suspension were characterized by
photoemission spectroscopy and Raman spectroscopy
in order to obtain more understanding of the chemical
composition and silicon nano-crystallite quality, re-
spectively. Presenting the spectra broadening and the
frequency downshifting from 521 cm~! was caused by
the quantum size effect.

Keywords: Silicon, Nanocrystals, Thin Film, Sol-
gel, Silicon Oxide

1. INTRODUCTION

Photonic devices such as light emitting diodes
(LEDs) and lasers seem to be impossible to exploit
a silicon (Si) material as an optically active layer due
to its indirect band gap. Nowadays, there are many
breakthroughs in the utilization of more photonic
functions of nano-crystalline Si (nc-Si) material [1].
The quantum confinement effect of charge excitons
in the silicon nanostructure leads to a quasi-direct
transition [2]. In addition, by forming the Si low-
dimensional system, the main reason is its compat-
ibility with the fabrication technology of integrated
circuits.

The quantum confinement effect in Si nanostruc-
tures constitutes another approach to engineering a
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quasi-direct transition and the visible light emission
at room temperature. In particular, the nc-Si band
gap can be extended due to shifting down of the va-
lence states and shifting up of the conduction states
in energy when the small nanometric size approaches
the size of its Bohr exciton radius. The band gap
shift due to the quantum confinement will be AEg
1/(m*a?) in a simple effective mass approximation,
where m* is an effective isotropic mass in the con-
finement direction, and a is a nanoparticle size. For
promising nano-optoelectronic devices, the recombi-
nation mechanisms of nc-Si material at room temper-
ature which are caused by the size confinement play
a vital part [3]: Shockley-Read-Hall recombination
is suppressed because carriers become localized and
are not able to diffuse to defects. Auger recombina-
tion is not present until two excitons are generated
within the same nanocrystals. Furthermore, radia-
tive recombination becomes more efficient since the
electron-hole wavefunctions overlap overwhelmingly
in space causing faster recombination. These recom-
bination behaviors have led to been widely investi-
gated in the structural, electronic, and optical proper-
ties of nanocrystal materials. Especially, the systems
composed of nc-Si embedded into its dielectric mate-
rials such as its oxides, nitrides, and carbides. They
present a promising alternative to tunable band gap
from 1.2- 2.0 €V [4].

A variety of different fabrication techniques have
been used to produce such Si quantum dot material
which is compatible with the standard Si technology.
The techniques include ion implantation [5-6], plasma
enhanced chemical vapor deposition (PECVD) [7],
and RF magnetron sputtering and followed by high
temperature annealing [8]. The problem here is the
difficulty in achieving concentrations high enough to
obtain efficient optical properties. Many techniques
have been expensive and time consuming because of
the production under high vacuum and/or anneal-
ing processes. A sol-gel method is quite inexpensive
and easy to fabricate such Si nanocrystals embed-
ded into its dielectric matrix. The sol-gel method by
centrifugal processing has been suggested as a tech-
nique to be achieved in this objective [9]. The sol-gel
was used as a viscous medium through Si crystallites
settle. Nonetheless, the centrifugal processing might
produce a bulk material which has such a functional
limitation for thin film optoelectronic devices.

In this paper, by sol-gel spin coating technique,
we prepared nc-Si thin films in the formation of
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nanocomposite materials. The prepared silicon
nanostructure consists of the nano-Si powders, which
were dispersed in a continuous silicon dioxide phase.
P-type (100) Si wafer as nano-Si powders precursor
was appropriately grinded for our work. The pre-
pared SiO2 buffer layer by synthesizing the sol-gel is
a crucial stack of the layers for our work. Further-
more, the investigation step of boron doped in the
nc-Si dots/SiOq film is a very important towards a
realization of a nano-scaled p — n junction device.
For a compositional analysis, the chemical bonding
environment of boron was investigated by the pho-
toemission spectroscopy (PES). The crystal structure
of nanometer Si dots embedded into the silicon oxide
was studied by the measurement of Raman spectra.

2. EXPERIMENTAL PROCEDUE

2.1 Synthesis of nano-crystalline Si thin films
by sol-gel technique

Under long time of the grinding process, the nano-
Si powders were produced from a mono-crystalline
p-type Si wafer with the boron impurity (1-20 Q-cm,
i100;) in a mixture of ethanol absolute. The biggest
Si particles were properly eliminated by filtering
through a sieve with pore radius of 45 um.

Tetraethylorthosilicate, Si(OC2Hs)y (TEOS, 98%
Fluka) and ethanol absolute, (CoHsOH, (99% BDH)
(EtOH)) were used as a silicon oxide precursor. In
fabrication of Si oxide buffer layer, the dielectric sol-
gel was first prepared as follows: 1 mole of TEOS and
2 moles of EtOH were mixed and then stirred for 15
min at the room temperature. Cetyl Trimethyl Am-
monium Bromide, Ci9H4BrN (CTAB, 99% Sigma
Aldrich) was used as surfactant. In addition, 0.0013M
CTAB and 0.1M HCI catalysts in water were subse-
quently added dropwise to the solution until the wa-
ter to TEOS molar ratio of 2. The condensation of
TEOS at about pH 2 was controlled by adding HCI
catalyst. The proper solutions were then stirred at
room temperature for 60 minutes.

In order to obtain the suspension uniformity, sol-
suspension was prepared from mixture of nano-scaled
Si powders (0.05 g) with TEOS solution (5ml) under
an ultrasonic for 30 min. The preparing process of
sol-suspension is shown in Fig. 1.

In our work, different substrates (fused quartz and
Si wafer) were used for an aim of different measure-
ments. After cleaning the Si wafers and quartz sub-
strates by a RCA process, particular Si wafers were
dipped in dilute 5% hydrofluoric solution and rinsed
in deionized water in order to remove the native ox-
ide on the surface. After aging of the gel for 1 day,
the prepared TEOS gel as a Si oxide precursor was
spun at 2000 rpm for 20 s. on the Si substrate. The
obtained Si oxide is an important buffer layer in or-
der to have a good coherence between its surface and
the sol-suspension for the next process step. To pre-
vent the crack of the gel structure, the first Si oxide

film as a buffer film was suitably dried for 2 hours
in an oven. Subsequently, sol-suspension deposition
by spin-coating on a dried oxide buffer layer was re-
leased. Under properly sequence process, B-doped Si
nanocrystallites embedded in a continuous oxide di-
electric phase were expected to obtain in this work.

2.2 Characterizations of the thin films

Optical and structural characterizations of the
SiOx layer deposited on a polished Si substrate were
determined under various annealing temperatures by
using an ellipsometer (L117, Gaertner Corp.) with a
laser wavelength of 638 nm for refractive index and
film thickness measurements. The stoichiometry of
as-deposited SiOy, with varying annealing tempera-
ture in the range of 60°C - 500°C , was estimated
from shifts of the asymmetric Si-O-Si stretching peak
with adjacent O-atoms in the IR absorption spectra.
The change in chemical bonding state of Si oxide film
was also analyzed by using Fourier transform infrared
spectroscopy, FT-IR (Nicolet, 6700 ATR mode) with
a wavenumber resolution of 2 ¢cm-1. Photoemission
spectroscopy with synchrotron light source was per-
formed on the surface after Art ions sputter etch-
ing, with the fixed photon energy at 160eV (Si) and
270eV (B). The annealed films on quartz substrate,
which have a composite of nc-Si dots embedded in
SiOy phase were identified the chemical compositions
by the PES measurement. The spectra correspond-
ing to the Si(2p) peak were analyzed to confirm the
existence of B-Si bonding. The structural properties
in nano-scale of the film on quartz were identified by
Raman spectroscopy, which was obtained by using
the 638.2 nm line of an Ar™ laser. The laser power
incident on the samples was reduced to minimum in
order to avoid artifacts. The cross-sectional images
of the film were further verified by Scanning electron
microscopy (SEM, 1450VP, LEO).

3. RESULTS AND DISCUSSION

Refractive index of the prepared dielectric film is
an important parameter to provide its optical infor-
mation for a further photonic design. These results
in Fig. 2 show the influence of annealing tempera-
ture on the thickness and refractive index values of
the film. By increasing the temperature, the aver-
age value of the refractive index exhibits a slightly
increase from 1.46 - 1.50. It could be contributed to
the start of pore removal and densification which is
similar to Fardad’s work [10]. Nonetheless, the film
thickness gradually shrinks from 150 nm to 90 nm. It
is mainly due to the shrinkage of the gels during dry-
ing is forced by capillary pressure of the small pore
liquid [11]. By annealing temperature, the surface
tension between liquid and vapor cannot be avoided.
Therefore, the less shrinkage of as-prepared film and
also the film annealed at 60°C can lead to the less
crack or crack free.
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[ TEOS : EtOH = 1:2 with stirring for 15 min ]

[ Added CH;3(CH,);sN(Br)(CH;); = 0.0013M with stirring for 15 min ]

I

[ Added 0.1M HCI catalyst, molar ratio of 2 with stirring for 60 min ]

[ Sol-gel as a SiO precursor ]

[ Fabrication of SiO, buffer layer ]

Spin-coating onto substrate

Sol-suspension
Si0, sol-gel + ne-Si powders

[ Mixing suspension under ultrasonic for 30 min ]

Fabrication of the film composited by nc-Si dots embedded
in Si0, matrix
Spin coating the sol suspension on the Si0O, buffer layer

|

[ Dried film for 120 min ]

Fig.1: Sol-gel processing schematic for preparing
particulate Si suspension.
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In Fig. 3, at low drying temperature (60 °C), the
influence of the aging time of the gel on average thick-
ness and refractive index of SiO, film with the crack
free gives a same tendency. With the longer aging
time, the thickness increases as a consequence of a
more gel viscosity. For 4-day gelation time, thickness
and refractive index reversible drop possibly due to
that EtOH as a solvent evaporates, causing shrink-
age of the gel network. This behavior in our result is
consistent with Dai et al. study [12]. The reflective
index of the prepared film by the sol-gel technique
presents in the range of 1.45-1.50.
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Fig.3: Change of average thickness and refractive

index of the Si0, film with aging time of sol-gel pre-
Cursor.

The SiOy films on polished Si wafer which annealed
at 60 °C for different aging time of silica precursor
were prepared for FTIR measurement. It was found
that the system of low temperature annealing at 60°C
has a similar tendency as shown in Fig.4. The main
features of IR absorption of SiO, are observed at Si-
O rocking mode (460 cm™'), the Si-O bending mode
(800 cm™1), the Si-O-Si stretch mode with adjacent
O-atoms in phase (1000-1100 cm~?!) and with adja-
cent O-atom out of phase (1150-1200 cm™~1) [13]. The
weak frequency band near 800 cm~! can be indicated
the ethanol skeletal vibration.

Absorbance (au.)

Absorbance (a. u.)

40 600 800 1000 1200 1400 1600 1800 2000

Wavenumber (cm”)

Fig.4: FTIR spectra of the SiO; film at the different
stage of aging time of TEOS solution.

Stoichiometry x of the SiOy films was experimen-
tally derived by elastic recoil detection (ERD) mea-
surement of J. U. Schmidt [14] as presented in the
relationship of the equation (1). From the plot in
Fig. 5, it was found that the x-composition of the
prepared SiOy (1 < x < 2) has a reverse tendency
with refractive index and thickness of the SiO, film.
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v = 978.72 + 30.63x (1)

where v is a position of peak frequency (cm™!) and
x is stoichiometry of SiO film.

Additionally, to receive information on the SiO
under 1 day aging, the silica gel was prepared and
spun on a polished Si wafer for the IR absorption mea-
surement and subsequently annealed at different tem-
peratures. FTIR absorption spectra of as-deposited
and annealed films are reported in Fig. 6. It is no-
table that the strongest frequency peak at around
1028-1041cm ™!, which is related to its Si-O-Si stretch
mode, shifts toward lower in wavenumbers when the
as-deposited SiOy films were heated at the higher
temperature. The appearance of the spitting band
and shoulder band in the region of 1100-1200 cm ™!
was explained from the several different reasons. Ac-
cording to C. T. Kirk [15], these two bands are re-
lated to the out-of-phase motion of adjacent oxygen
atoms with respect to the central Si atom due to the
mechanical coupling between these longitudinal optic
(LO) and transverse optic (TO) vibrational modes.
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composition of the Si0, film with different aging time
of sol-gel precursor.

In Fig.7, the empirical data of x-stoichiometry in
the SiOy for the different annealing temperature were
also determined. The x-stoichiometry data as a func-
tion of heat treatment is expected to be in the range
of ~1.60 - ~2.0. For the system processed at low
sintering, we apply the SiO; as a medium dielectric
phase for nc-Si dots film.

Chemical composition of the film consisting of nc-
Si powders embedded in SiOy phase was examined by
the PES measurement. In Fig. 8, the PES spectra
reveal the appearance of the B2s energy broad band
around 185-190 eV and the SiOs peak around 103 eV
for Si2p energy. The peak around 99 eV attributed
to Si crystallites is hardly seen possibly due to very
low photo-emission responsibility of nano-crystallites.
The peak around 187 eV can be contributed to B-B
and B-Si bonding which is presented in all annealed

.
T
:
! H —a
H
H B 10384
h fol
H 2
i G 1034
: c
N S y
L = 10324
Y =
H %
k o 4
&

o, gy i iez0 \
j’i 5 2z —
i b 1 T T T T T T
i" S w0 2 300 400 50
H as,;awﬁﬁd Anesling Tempersture (C)
‘ \——’\\

Absorbance (a.u.)

As-deposited
400 600 800 1000 1200 1400 1600 1800 2000

Wavenumbers (cm’)

Fig.6: FTIR spectra of thin film SiO, at different
stage of heat treatment.
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samples. For annealed sample at 400°C, the pres-
ence of B-O bonding at 193 eV occurred upon the
high temperature annealing due to such boron out
diffusion from B-B and/or B-Si environments at the
high temperature annealing. Additionally, in Fig.9
the PES spectrum with the higher resolution step was
examined the B-O bonding.

The thickness of as-deposited film layer was veri-
fied by cross-section SEM with dark field mode. It
shows the clear monolayer structure deposited with a
sol-gel coating, where thickness of the nc-Si dots and
SiOqy buffer layers are 1.5 pym and 0.15 pm, respec-
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Fig.8: PES Si2p and B2s spectra of the films con-
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400°C

Counter

nc-Si dots embedded in SiO,

T T T T T
170 175 180 185 190 195 200
Binding energy (eV)

Fig.9: PES B2s spectra with the resolution step of
0.20 eV of the films consisting of nc-Si dots in SiOs
phase.

tively.

The quality of Si crystallinity and also crystal in
nano-scale was typical investigated by micro-Raman
spectroscopy. This is due to that the first-order
(1TO mode) Raman spectrum is very sensitive at the
atomic scale to structural modification. The Raman
spectra in Fig. 10 show the main 1TO peak at 511,
517, and 521 cm~! of as-synthesized Si powders, Si
dots film, and bulk silicon as a reference sample, re-
spectively. It was found that the spectral of Si nanos-
tructure material become asymmetric broadening and
the frequency peak shifts downward from 521 cm™*.
G. H. Loechelt et al.[16] suggested that the frequency
shift and spectrum broadening are caused by stress
and strain in the film. Nonetheless, following the
model of Richter et al.[17] size confinement of results
in uncertainty in the phonon momentum, thus lead-
ing to a downshift and asymmetric broadening of the
first-order Raman spectrum.

For size approximation, we used the analytic equa-
tion (2) of Zi et al. [18] as followings

nc-Si dots in Si

Si0,

150 nm

Darkfield EHT=12kV Mag=20kx @ 200nm

Fig.10: SEM cross-section wview of mano Si
dots/Si0y film.
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St nanostructure materials with a Si bulk comparison.

Aw=—A (3)V : 2)

where A = 47.41 cm™' , v = 1.44, a is the silicon
lattice parameter (@ = 0.543 nm), L is silicon dot
diameter, and Aw is the shift frequency.

Average size of the synthesized Si powder and the
nc-Si dots in SiOs is of ~3 nm and ~1.6 nm, respec-
tively.

4. CONCLUSION

In this work, the process was prepared by using
the sol-gel technique in order to produce nc-Si dots
film by spin-coating method. Several characterization
techniques was applied to the study of nanomaterial
structures consisting of nc-Si dots embedded in a Si0O4
phase. Furthermore, the results from refractive index
and FTIR measurement suggested the optimal film
preparation at 1 day aging gel of the oxide sol-gel. We
also achieve to prepare the thin film of with crack-free
consisting of nc-Si dots in a SiOy phase. The nc-Si
powder was fabricated by grinding p-type Si wafer.
PES analysis revealed possible boron incorporation
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in nc-Si films. We expect to have the presence of
B-Si bonding for further conductivity improvement.
Thus, the appropriate annealing of nc-Si dots is under
a low temperature owing to the weak of B-O bonding.
Si dots film was observed by SEM. The obtained nc-
Si films consisted of the nc-Si dots show the good
quality of the Si crystal be implied by the Raman
spectroscopy measurement.
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