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Abstract: Quantum dot nano-crystalline silicon (Si-nc) colloidal solar cells are attracting the interest of
researchers in view of improving its optoelectronic properties. We report the fabrication of Si-nc from two types
of silicon p and pn-Si wafers. In this study the nano-crystallites were fabricated by Liquid Phase Pulsed Laser
Ablation (LP-PLA) of silicon wafers immersed in double distilled water. Nanosecond pulsed lasers IR Nd-YAG
laser ablated Si-nc features are investigated as a function of laser irradiance. Colloidal Si-nc morphology is
characterized by HRTEM and selected area ED measurements. The optical properties of the synthesized Si-nc
were explored through UV-Vis absorption and photoluminescence spectroscopy. Interesting structural and
optical properties of the fabricated Si-nc would permit the realization of a tentative efficient Si-nc solar cell.
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l. INTRODUCTION

Amorphous silicon solar cells comprise about 80% of the world's thin film photo-voltaic market. World
active research studies are devoting great efforts to promote the efficiency and stability of solar cells under high
solar radiation intensities [1,2-5]. One of the most important challenges in the preparation of silicon
nanoparticles is the control of their size, shape, orientation and morphology [6, 7]. The methods of preparation,
such as photochemical reduction [8] or Liquid Phase Pulsed Laser Ablation [9], would affect the size dependent
optical properties of the silicon colloids. Si-nc are considered a possible low dimensional nano-composite that
nearly fulfills all the properties for the next generation of the solar cell development [10]. In addition, Si-nc of
quantum confinement size, would significantly raise the carrier generation efficiency through the so called
carrier multiplication phenomena [11, 12]. Of particular interest are the size dependent properties such as size
quantization effects in semiconductor nanoparticles and quantized charging effects in metal nanoparticles [13-
15]. Recent efforts to prepare nanocrystals with well-defined shape and size (e.g., quantum dots, prisms, rods,
tubes, wires....) expanded the possibility of developing new strategies for light energy conversion [16-18]. In
this respect, our group decided to systematically study the fabrication of nano-crystalline silicon structures using
Liquid Phase Pulsed Laser Ablation as a viable mean of upgrading the properties of silicon nano-crystalline
colloidal solutions.

1. EXPRERIMENTAL DETAILS

In the present study, mono-crystalline CZ-silicon wafers of p-Si and pn-Si semiconductors were each
immersed in double distilled water then exposed to IR nanosecond laser pulses. The dimensions of each wafer
were 2x2 cm’ surface area and 2 um thickness. Each wafer was carefully cleaned by alcohol spray in air and
then immersed in 3 ml of double distilled water. Nd: YAG Laser (coherent 206) was employed in the ablation of
each silicon target immersed in double distilled water. The 10 Hz Nd: YAG laser of wavelength A = 1064 £2 nm
and pulse duration of 6+1 ns provided laser pulses of power 5-8.8 W/pulse. The laser pulses were focused on
the surface of each Si sample. The transparent solution of the ablated Silicon nano-crystals in double distilled
water for each sample were introduced into an ultrasonic vibration system for 20 to 30 minutes untill they turned
greyich in color forming the nanocrystal colloidal solution.

The structural properties of Si colloids were characterized through High Resolution Transmission
Electron Microscopy, HRTEM, (HRTEM; JEOL JEM-2100) and selected area electron diffraction
measurements ED.

Absorption spectra in range 200 — 900 nm were measured for each sample using UV-visible (UV-Vis PG Ins.
Ltd T80+) spectrophotometer. For the PL Photoluminescence measurements, Ar- laser of wavelength 490+ 1.2
nm of power output of = 50mW, was used as the excitation source.
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The experimental set up of liquid phase pulsed laser ablation of each type of the Si wafers is

schematically shown in Fig. (1a). The Si-colloid samples are shown in fig. (1b) before and after applying the
Ultrasonic treatment.
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Fig 1: (a)Schematic representation of the expremintal set up. (b) Post laser irradiation transparent nanoparticles in double distilled
water shown on the right side and on the left side the grayish colored suspended nano- silicon colloids after ultrasonic treatment.

1. RESULTS AND DISCUSSION
The HRTEM micrographs are shown on the left side of fig.2(a, b and c¢); obtained for p-Si- nc formed by
LP-PLA of p-type Si wafer in double distilled water at different laser power densities of 60 MW/cm?, 84
MW/cm?, and 106 MW/cm? using Nd:YAG laser beam of A=1064 nm after 1200 shot each.
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Fig 2 ( left side): HRTEM micrograph for p-silicon ablated nanoparticles in double distilled water by Nd:YAG laser at (a) 60
MW/cm2, (b) 84 MW/cm2 and (c) 106 MW/cm2 respectively. The insets showen at the corners show the histogram distribution of
nonocrystal size with least square fit.( right side): The nanocrystals selected area electron diffraction of each sample endicating [111] Si —
crystalline structures.

Close inspection of the micrographs and the size distribution insets asserts that the average sizes of the
obtained nano-crystals increased as the laser power increased namely; 5+1.3nm at 60 MW/cm?, 11+4.5 nm at
84 MW/cm? and 12+4 nm at 106 MW/cm? laser irradiances. It also shows the size spread increases as the laser
power increased.

The right side of fig.(2) reveal the selected area electron diffraction indicating [111] crystalline silicon
structure. The lattice structure on fig.(2b) confirmed the same crystalline structure as in the originally used
wafers, irrespective of the applied ablating power.

Fig. (3) shows the micrographs of the high resolution transmission electron microscope (HRTEM) for the
pn-type Si-nc ablated by Nd-YAG laser irradiance 106 MW/cm?. It turns out that ablated Si-nc from pn-Si wafer
has larger mean size ~ 20.63+1.3 nm than those from p-Si wafers formed at the same conditions.
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Fig 3: HRTEM micrograph of np-Si nanocystals produced by laser ablation in distilled water (A=1064nm, Power per pulse 106
MW/cm2). The histogram on the left side shows that the mean crystallite size = 20.63+1.3nm.

The absorption spectra of the different p-Si-nc colloids formed by LP-PLA using different laser
irradiances are given in fig.(4a). It is clearly observed that the optical absorption is dependent on the laser
irradiance. The absorption spectrum ranging from 350 nm to 800 nm (important region of the solar spectrum)
increased 3 times by raising the laser irradiance per pulse from 60 MW/cm? to 106 MW/cm?. The corresponding
mean size of the silicon nanoparticles increased from 5+1.3nm to 12+4 nm at these laser irradiance values,
points to their crucial role in raising the corresponding optical absorption spectrum.

Fig.(4b) represent the absorption spectrum for pn-Si nano-crystal formed at laser irradiance 106 MW/cm?
in comparison with p-Si nano-crystal at the same condition. Nearly the same behavior of the optical absorption
spectrum is recognized from 500 nm to 800 nm spectral ranges, while higher absorption is clear in the range
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from 200 nm to 500 nm spectral ranges indicating that blue shift is recognized for the pn-Si nanocrystals. This
result is surely important for solar cell industry.
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Fig 4: (a) optical absorption for p-type nano-crystalline Si colloids prepared at different laser irradiance. (b) Optical absorption for
pn-Si nano-crystal colloids compared with p-Si nano crystal formed at the same laser irradiance.

The absorption spectra for pn-Si nano-crystals colloids show a blue shift as clear from fig. (4b) in the
range between 200 nm to 500 nm. The absorption data were then analyzed by using the following well-known
relation [19] for near edge optical absorption of semiconductors .

Al - E;)"
B hv
The energy gap diagram for the pn-Si and p- Si nanoparticles prepared at the same conditions is shown in fig.5.
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Fig.5: energy gap diagram for pn-Si and p- Si nanoparticles each ablated at 106 MW/cm?. Where the energy gap fro pn-Si is 4.778
eV and for p-Si is 4.437 eV.

The values of the optical band gap as estimated from the intersection of the curves with the
energy axis are found to be 4.778 eV and 4.437 eV for the pn-Si and p-Si nanocrystalline
semiconductors respectively, prepared by LP-PLA as compared to the well known value of the pn-Si
wafer semiconductor [20].
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Fig 6: (a) PL- spectrum for p-type nano-crystalline Si colloids prepared at different laser irradiance. (b) PL spectrum for pn-Si nano
crystal compared with p-Si nano-crystal colloids formed at the same laser irradiance 106 MW/cm?2.
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The photoluminescence spectra for all Si-nano-crystal colloids shown in in fig. (6a and 6b) exhibits the
same photoluminescence line nearly Gaussian profile centered at 652.5+0.5 nm for all the samples. However, in
accordance with previous inherent absorption spectra, relatively higher PL spectral intensity is encountered by
the pn-type Si- nano-crystal colloids.

V. CONCLUSION
It was found that the particle density and the nanocrystals sizes are dependent to the laser
fluencies while the Si-nc structures kept perfect crystalline structure [111] irrespective of the laser
properties and fluencies. The optical absorption and optical luminescence spectra were found to
change as function in the laser beam properties. The result obtain for pn-Si could be interested for
solar cell industry.
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