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Abstract: Silicon nanoparticles/nanostructures have been prepared by different methods. Lasers of different operational
modes have been employed to prepare silicon nanoparticles by laser-induced etching, laser ablation and laser annealing.
Moreover, electrochemical and photoelectrochemical etching were performed to synthesize silicon nanostructures. Optimum
etching rate of 2.4 pm/min is obtained for the porous layer prepared by electrochemical etching under optimum conditions of
15 mA/cm® and 10 minutes etching current density and etching time, respectively. Characterization of the prepared silicon
nanostructures / nanoparticles was carried out using various methods. The experimentally observed Raman spectra of nano-
structured layers prepared by three etching techniques reveal a red shift to 518 cm™ and line broadening of 12 cm™. While
fitting of these spectra with the quantum confinement model provide an average size for nanostructured layers 6, 5.5 and 2 nm
for photochemical, electrochemical and phooelectrochemical etching, respectively. The surface morphology investigation

and their analysis provide valuable details on silicon nanostructure/nanoparticle size and size distribution.
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1. Introduction

An explosion of interest in silicon nanoparticles was set
off in 1990 with Canham's discovery of the photolumines-
cence (PL) properties from porous silicon which he attri-
buted to the quantum confinement (QC) of carriers [1].
Silicon nanostructures/nanoparticles play a particular role
among various materials nanostructures. This may be attri-
buted to many reasons like the low cost, good accessible in
addition to low toxicity and fully compatible [2].

Reducing dimensionality in silicon and semiconductors
offers fascinating changes in electrical, optical mechanical
and electronical properties of the material-based device and
the electron mobility becomes very high in these devices.
Porous silicon is a complex network of pores separated by
thin walls in the nanometer range. The porous structure is
classified into three categories; macroporous, mesoporous
and nanoporous according to the pores diameters and di-
mensions [3].

Laser processing of silicon has activated the fabrication of
three — dimensional structures in the micron and submicron
scale for microelectronics devices. Recently, lasers have also
found new applications in microstructuring technology [4].
This technology utilizes lasers to precede individual elec-
tronic element of basic patterning processes.

Many works have been carried out on using CW lasers to

synthesize silicon nanostructures [5-8]. Laser-induced
etching (LIE) of silicon is a relatively rare technique for
creating silicon nanostructures [9] and has been investigated
for many applications such as hologram application [10],
and grating application [11], which were mainly passive
optoelectronic devices. Recently, photochemically etched
silicon has been considered for possible active optoelec-
tronic material. Generally, in this process a Si wafer is im-
mersed in aqueous HF acid and irradiated with laser radia-
tion of appropriate wavelength and power density, electron —
hole pairs are generated in the irradiated area and a depletion
layer is formed. A chemical reaction takes place involving
the photo generated holes and the fluorine ions.

Moreover, Nd—YAG laser has a dominant role in precision
processing via laser ablation. This technique offers a great
possibility of controlling the nanoparticle features since we
can easily control the experimental conditions, such as na-
noparticle host ambiance and laser parameters [12]. Con-
trolled synthesis of nanoparticles in liquid media could
produce a final product in the form of a stable colloid of
nanoparticles. The colloidal suspension of silicon nanopar-
ticles consists of different sizes and could exhibits an intense
photoluminescence at room temperature. This photolumi-
nescence emission can be explained by the quantum con-
finement model [1].

The electrochemical etching of silicon is considered as a
common technique to produce porous silicon consisting
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silicon nanostructures [13]. The chemical reaction is in-
itiated when the holes supplied by an external power supply
at low voltage [14,15]. Due to band bending effects at
HF/silicon surface interface, this technique is applicable on
p-type conductivity and can be conducted on n-type when
the light assisted the process. Therefore, photoelectro-
chemical etching (light-assisted electrochemical etching)
devoted a considerable attention to modify and initiate sili-
con nanostructures in p and n-type silicon, respectively
[16-18].

Aim of this paper is to highlight the employed techniques
to produce silicon nanostructure/nanoparticle and compare
between those techniques through the Nano structural fea-
tures point of view to facilitate selecting silicon nanostruc-
tures for various applications.

2. Experimental Setup

A commercially available crystalline silicon wafer of
p-type and n-type conductivity, orientation <100>, 2.5 and
10 Q.cm respectively were used to synthesize silicon na-
noparticle by different processes. Etching cell made from
Teflon has been designed and fabricated as shown in figure
(1) to synthesize nanostructured layer at the top of the sili-
con wafer. This design allows to use the cell for electro-
chemical, photochemical as well as photoelectrochemical
etching. Furthermore, etching only one side of the wafer
has been considered in this design, while the backside is
completely separated from the etching acid.
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Figure 1. The etching cell used in this work a) photograph and b) sche-
matic diagram..

Various lasers of different operational modes were em-
ployed in this work. A diode laser of wavelength (530 nm)
and power of 100 mW was employed for the laser-induced
etching process. This laser has high photon energy higher
than the silicon band gap energy. Therefore, this laser is
appropriate for the laser-induced etching process. While,
Q-switched Nd:YAG laser (wavelength of 1.06 pm and
pulse duration of 10 ns) focused to area of Imm” was used

for laser ablation. The ablation process was conducted in a
vacuum chamber of 0.2 mbar pressure. Moreover, CW
Nd:YAG laser of 1.5 watt was used as a heating source for
the laser annealing process.

The scanning electron microscope was used to examine
the surface morphology of the prepared layer. While Raman
analysis was carried out using Ramanor 210, UiTM, Kuala
lumpur, Malaysia.

3. Results & Discussions

Different etching techniques have been employed to
produce silicon nanostructures as follows:

3.1. Eelectrochemical Etching

Various affecting parameters such as the etching current
density, etching time and the HF concentration could affect
the nanostructured layer prepared by the electrochemical
etching of p-type silicon substrate. To study effects of one
parameter, others were kept fixed. The etching current den-
sity was varied in the range (5 — 25 mA/cm?), while the
etching time was (5 — 25 minutes). The HF acid was also
diluted for concentration (40-10 %). It is found that the
thickness of the porous layer synthesized by this technique
is very small (do not exceed 25 pm) compared with those
of photochemical etching. The current density in the elec-
trochemical etching is responsible on holes accumulation at
the surface. Farther increase of current densities leads to
accumulate holes in much higher speed compared with
holes consumption speed and then decreases the porous
layer thickness. Figure (2) represents the optical micro-
scope image of the electrochemically prepared porous layer.
It is found that the optimum value for the current density
correlates to the etching time and the HF concentration.
Table I gives the porous layer thickness as well as the etch-
ing rate as a function of those parameters. It is found that
faster etching rate of 2.4um/min is achieved by electro-
chemical etching under optimum conditions of 15 mA/cm?,
10 minutes and 10 % HF concentration.
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Figure 2. The surface morphology of the electrochemically etched silicon
prepared by etching current density of a) 15 and b) 40 mA/cm’.



Table 1. The porous layer thickness & etching rate for different electro-
chemical etching parameters.

. Etchin
Parameter Porous layer Thickness Currengt density
(um) (mA/cm?)
Etching Current density (mA/cm?)
5 04 0.4
10 12 1.2
15 24 24
20 20 2.0
25 15 1.8
Etching time (min)
5 05 1.0
10 24 24
15 20 1.2
20 12 0.7
25 08 0.3
HF concentration (%)
10 24 24
20 20 2.0
30 15 1.5
40 10

SEM HV- 392 kv
Whew Meld: 221.8 pm
SEM MAG: 377 x
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Bassam G. Rasheed: Synthesis of silicon nanostructures: comparative study

3.2. Photoelectrochemical Etching

The photoelectrochemical etching technique is consi-
dered as the most significant technology to produce, modi-
fy and control of nanostructured layer for both n-type and
p-type silicon respectively. The formation of macroporous
layer in silicon with pore diameter larger than 50 nm by
electrochemical dissolution in hydrofluoric acid solution
could be exposed to the blue light simultaneously to modify
and control the porous layer features and reduce the pore
diameters to less than 20 nm as shown in figure (3). The
porous layer shown in this figure is synthesized by photoe-
lectrochemical etching with optimum electrochemical
etching conditions of 15 mA/cm?, 10 minutes etching time
and 10 % HF concentration with 1000 lux blue light inten-
sity. This technique is a self-regulating process which de-
termined by the current density at the end of the pore. Pore
distribution analysis reveals that backside illumination
produces pores of smaller diameters compared with those
produced by front side illumination as shown in figure (4).
This could be attributed to effect of holes migration from the
backside toward the front side which takes longer time and
provide enough time to the slow chemical reaction.
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Figure 3. The SEM micrograph for the surface morphology of porous layer prepared by photoelectrochemical etching.
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Figure 4. SEM images for the nanostructured porous layer prepared by photoelectrochemical etching with front side illumination (top) and backside
illumination (bottom). The right column represents corresponding histograms of their pore distribution.
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3.3. Photochemical Etching

In the photochemical etching, the holes which are re-
quired in n-type silicon to start the chemical reaction will be
generated by light or laser beam. The laser power density is
responsible on the photo-generated hole rate [1]. Fast etch-
ing rate was observed when high laser power density is
employed and holes of fine diameter could be drilled in the
wafer at high laser power density (greater than 20 W/cm?)
[2]. Therefore, low laser power density is recommended to
induce a chemical reaction between silicon substrate and the
HF acid and subsequently, form nanostructured layer on the
n-type silicon. Moreover, the laser irradiation time is one of
the crucial parameter which controls the nanostructured
surface features in the photochemical etching technique. It is
noticeable that the porous layer thickness produced by this
technique is very large (exceed 50 um) and depends on the
preparation parameters.

Furthermore, Lasers could also be employed to produce

silicon nanostructures by Laser ablation and Laser annealing.

The surface morphology investigation for samples prepared
by laser ablation, laser-induced etching and laser annealing
were carried out using scanning electron microscope as
shown in figure (5). Figure (5-a) reveals formation of micro
and nanoparticles synthesized by laser ablation. Laser
energy density in the range 5-20 J/cm® could be used to
ablate silicon micro/nano particles. The surface plot of the
collected silicon nanoparticles distributed on a glass sub-
strate is presented in figure (5-a left). It is found that dif-
ferent laser energy could produce different size distribution
accordingly; therefore one can adjust and control the re-
quired size by using proper laser energy. While, formation of
silicon micro and nanocolumns were observed in the porous
layer produced by laser-induced etching. Figure (5b) shows
nanostructured features abundant at the top of micro col-
umns prepared by laser wavelength of £ = 530 nm, 10 mi-
nutes irradiation time and HF concentration of 10%. The
porous layer average thickness is about 70 pm which is
much higher than those of other techniques. The pore for-
mation in the laser-induced etching process occurs only at
the charge carrier (holes) accumulation region and that
means the laser-induced etching process is a localized re-
gional technique. Moreover, silicon nanostructures were
observed on amorphous silicon film when CW laser beam of
suitable power density in the range (100 -1000 W/em?) is
subjected on silicon film to perform laser annealing as
shown in figure (5 c¢). The local heating by laser beam leads
to produce spherical silicon nanostructures of different sizes
about 5 nm — 50 nm. These nanostructures have photolu-
minescence emission in the visible region between 500 nm —
600 nm due to the quantum confinement effect [1]. It is
found that the photoluminescence peak position depends on
the annealing temperature [19].

Raman spectroscopy is one of the most suitable methods
for investigating and characterizing silicon nanostructures
[20,21]. The Raman scattering effect from silicon nano-

structured surfaces could be significantly used to determine
the nanostructure features when the Raman scattering model
incorporates the phonon quantum confin9ment effect within
nanostructures [20]. Therefore, detailed study of Raman
scattering line including the line broadening and asymmetry
is carried out in this work to determine silicon nanostruc-
tures sizes.

Theoretical model involves the phonon quantum con-
finement model was adopted to fit the experimentally ob-
tained Raman scattering lines. This model is given by the
relation [20]:

—q?12

Lz dq (1)
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Where (®) is the phonon wavenumber, (y) is the line
width, (a) is the silicon lattice constant and (L) is the size in
nanometer.

Raman lines shape were studied and analyzed using the
quantum confinement model for nanostructured surfaces
prepared by photochemical (laser-induced etching), elec-
trochemical and photoelectreochemical etching. Table II
gives the experimentally obtained Raman line shape analysis
involve Raman peak position, line asymmetry and line
broadening with theoretically calculated silicon nanocrys-
tallite size by the quantum confinement model. The esti-
mated nanoparticle sizes by fitting the experimental data
with the quantum confinement model were 6, 5.5 and 2 nm
(as given in table II) for photochemical, electrochemical and
photoelectrochemical etching, respectively. It is found that
silicon nanostructures/nanoparticles can be produced by
those methods and Raman line shape analysis indicate that
the Raman line broadens from 4 cm™ for the natural crys-
talline silicon to 8,10 and 12 cm’! for photochemical, elec-
trochemical and photoelectrochemical etching, respectively.
This indicates that wide range of nanoparticles are contri-
bute to Raman scattering for the nanostructured surface
produced by photoelectrochemical etching as shown in
figure (6).

I(q,1) = [}

Figure 5. The surface morphology of silicon nanostructures (right column)
prepared by laser ablation, laser-induced etching and laser annealing in a,
b and c respectively. The left column is the correspondent surface plots.
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Figure 6. Raman spectra of three etching techniques. The dashed lines
represent the experimental data fitted with quantum confinement model
(solid lines).

Table 2. The Raman line shape analysis (experimentally obtained) with the
estimated nanocrystallite size (theoretically calculated).

Process Experimentally obtained Theoretically calculated

Raman Raman Assy. Raman Broad. Nanocrystallite
Photochemical PP (cm™) (cm™) (cm™) size (nm)

Etching 520 15 38 6

10 5.5
12 2

Electrochemical Etching 519 1.8
Photoelectrochemical Etching 518 2.5

4. Conclusions

Lasers could be used to produce silicon nanostructures by
different methods. CW visible diode lasers was used to
produce silicon nanostructures of controllable morphology
by laser-induced etching process, while infrared CW and
pulsed Nd:YAG laser is suitable for synthesis silicon nano-
structures by laser ablation and laser annealing, respectively.
Laser-induced etching is considered as an alternative tech-
nique to produce silicon nanostructures in n-type wafer
where the common electrochemical technique is not appli-

cable. Thin and thick porous layers could be synthesized by
photochemical and electrochemical etching techniques re-
spectively. While backside illumination in photoelectro-
chemical etching produces homogeneous porous structure of
smaller sizes. Raman line shape analysis and the surface
morphology could provide valuable information about na-
nostructured silicon features.
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