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Abstract

Current-voltage characteristics of Si-based quantum-dot-sensitized solar cells

(QDSSCs) were investigated. Si nanoparticles were prepared by laser-induced plasma.

An Si wafer in ethanol was irradiated with Nd:YAG SHG laser beam. The prepared

nanoparticles were identified through X-ray diffraction and Raman spectroscopy.

Particle size was measured by a transmission electron microscope (TEM). Highly

crystalline Si nanoparticles were observed through TEM. Photoluminescence (PL)

spectra of the Si nanoparticles were also measured. Two types of QDSSCs were

produced. One included ethanol during the production of TiO2/Si nanoparticle layer on

a transparent conductive oxide electrode because a dispersed Si-nanoparticle ethanol

solution was produced using this method; the other type did not involve ethanol. The

photovoltaic properties for the former were significantly degraded; the latter maintained

good photovoltaic properties. Properties for the latter gradually improved during the

measurements. In particular, current density was increased, which increased conversion

efficiency. These phenomena are related to changing Si nanoparticle surface conditions.

Keywords: Plasma, Nanoparticle; Laser ablation; Liquid phase

1. Introduction
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Recently, plasma-based processes have been extensively studied due to the
unique properties of the devices and materials generated. Plasma is generated using
various methods. One unique method includes laser-induced plasma, such as laser
ablation, while mainstream plasma generation includes electrical discharge between
electrodes. A study on laser ablation in the gas phase was started? after a laser was
developed by Townes et al. Laser ablation in liquid was initiated after study using
Mossbauer spectroscopy.? Recently, many researchers have studied the generation of
nanoparticle of not only metal® but also ceramics.*® For plasma-based processes,
plasma of laser ablation in liquid is confined to a small space,® and Planck's black-body
radiation is observed.” Using this method, high temperature and pressure were created
in a cavitation bubble, which was desirable for creating novel materials.® Si
nanoparticles were prepared using this method.%*%

Recently, dye-sensitized solar cells (DSSCs) have been widely studied.!?
Quantum-dot-sensitized solar cells (QDSSCs) have also been studied due to their low
cost and high conversion efficiency.'> ¥ The QDSSC structure, which is shown in Fig.
1, is similar to DSSC, for which a quantum dot is the sensitizer instead of dye. Electrons
are generated in quantum dots, which are semiconductor nanoparticles, through light

irradiation and transported to TiO2 nanoparticles on a transparent conducting oxide
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(TCO) electrode. The counter-electrode is platinum. The gap between the electrodes,
which is fixed by spacers, is filled with electrolytes, in which redox reactions occur. The
theoretical limitation for QDSSC conversion efficiency is 44 %, although a typical
p-n junction silicon solar cell conversion efficiency is 31 % as a result of the low
conversion efficiencies at short and long wavelengths.'® For QDSSCs, multi-exciton
generation (MEG) requires a short wavelength, which generates multi-electrons and
holes through single-photon irradiation.*2*31") For Si nanoparticles, 2.6 excitons were
generated using light irradiation at 3.4 eV.'®

In this study, Si nanoparticles were prepared through laser ablation in liquid, and
QDSSCs were successfully produced. Previously some researchers fabricated Si-based
QDSSCs!%) Si nanoparticles of which were prepared by means other than laser
ablation in liquid. Laser ablation in liquid is one of novel methods which create high
quality Si nanoparticles. To consider the production process, two types of QDSSCs
were compared. To improve the photovoltaic properties, the effect from the

measurements was considered.

2. Experimental

Si nanoparticles dispersed in an ethanol solution were prepared through laser
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ablation in liquid. An Si wafer (p type, <100>, 0.6 mm thickness and 11.5-15.5 Q) in

ethanol (42 ml) was irradiated using a pulse Nd:YAG laser (SHG, wavelength: 532 nm,

pulse duration: 13 ns, repetition rate: 10 Hz, beam diameter: 14 mm and power: 4.4 W)

to produce the Si nanoparticles.

The prepared Si nanoparticles were identified using X ray diffraction (XRD). A

solution with dispersed Si nanoparticles was dropped on a single-crystalline MgO

substrate and dried. The prepared nanoparticles were also identified though Raman

spectroscopy. The prepared solution was dropped on an aluminum pan and dried. The

particle size was measured using a transmission electron microscope (TEM). The

prepared solution was then dropped on a copper grid and dried overnight at 70 °C in a

vacuum. Photoluminescence (PL) spectra of the nanoparticles were measured by a

fluorescence spectrophotometer.

QDSSCs were produced using the following procedure. Fluorine-doped tin oxide

(FTO, Astellatech Co. transparency: 85%, sheet resistance: 10€)/o) was used as a TCO

electrode given its high thermal stability. Two types of QDSSCs were produced

(Si/ethanol and Si). For the Si/ethanol type, the TiO2 and Si nanoparticle layer was

generated using TiO> paste (D20-LALT, Solaronix), Si nanoparticles, and ethanol. For

the Si type, the layer was generated from TiO. paste and Si nanoparticles. The area for
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this layer was 0.237 cm?, and the thickness was 12 pum; this layer was produced using
the squeegee method. Mixed paste was dried at 70 °C for 30 minutes and then it was
calcined at 450 °C for 30 minutes in the atmosphere. Indium tin oxide (ITO, Geomatec
Co.) with a Pt coating was used as a counter-electrode because of its high conductivity.
The gap between FTO and ITO was 17 um, which was adjusted using the thickness of
low-density polyethylene (LDPE) as spacers. The electrolytes included anhydrous
acetonitrile, Lil (0.1 M), I2 (0.05 M), 1,2-dimethyl-3-propylimidazolium iodide (0.6 M),
and tert-butylpryidine (tBP) (0.5 M). The I-V characteristics were measured at AM1.5

and 100 mW/cm? (WACOM, WXS-50S-1.5).

3. Results and discussion

Fig. 2a shows the XRD pattern for nanoparticles on a MgO substrate, which were
prepared through laser ablation in liquid. Fig. 2b shows the pattern for the MgO
substrate. The data from 40 to 45 degrees were not measured given the strong MgO
peak. Fig. 2a indicates that Si nanoparticles were successfully prepared using this
method. The inhibition of Si nanoparticle oxidation was also previously reported using
ethanol as the solvent.®>'? Such inhibition is likely related to ethanol oxidation.

A Raman spectrum is shown in Fig. 3. Although the peak of the bulk silicon
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shown in Fig. 3b was observed at 520 cm™, that of Si nanoparticle peak shown in Fig.
3a was red-shifted. The particle size can be estimated using the following equation:2?
Aw:—ﬂ(%)y eq. 1
where Aw is the Raman frequency shift (cm™), D is the crystal grain size (nm), a is the
lattice parameter (for Si, 0.543 nm), and $ and y are parameters that describe vibrational
confinement (for the Richter model, #=52.3 cm™ and y=1.586). The estimated particle
size from several measurements was 4.1+2.5 nm. Full width at half maximum (FWHM)
of Si nanoparticles and Si wafer were 5.3 and 3.3 cm?, respectively. The slight
broadening of the peak would be due to the particle size distribution of Si nanoparticles.
The TEM images for the prepared nanoparticles are shown in Fig. 4. The Si and
TiO2 mixture was used to produce QDSSCs. Fig. 4a-c (low and high magnification)
only indicates Si nanoparticles. Fig. 4d-f shows a mixture of Si and TiO2 nanoparticles.
The lattice fringe, which indicated that highly crystalline Si nanoparticles were
obtained by this method, was observed in the high magnification images. The
parallelogram-like crystals in Fig. 4d-f are TiO>. Si nanoparticle adherence to the TiO-
crystal is shown in Fig. 4f. The particle size distribution for Si nanoparticles is shown

in Fig. 5. This size approximately corresponds to the average particle size measured

using Raman spectroscopy. The particle size distribution is slightly larger. However, it
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would vary Si bandgap related to quantum confinement2222 and then would lead to
absorption of various wavelength light, which would result in high conversion
efficiency. Mechanism of formation of Si nanoparticle by laser ablation in liquid is still
controversial. One of considerable ones would be the followings.®) Target is heated by
laser beam and then cavitation bubble is formed. Nanoparticles would be created in the
bubble. Particle size would be related to lifetime of the bubble, which was a few
hundred microseconds, because nanoparticle grew in the bubble.

Fig. 6 shows PL spectrum of Si nanoparticles. The bandgap of bulk Si is
approximately 1.1 eV, which means the absorption-edge is 1.1 pum. In contrast, the
peak emission wavelength in Fig. 6 was blue-shifted. The reason of emission of Si
nanoparticle is still controversial. This blue shift would be related to quantum
confinement by nanosizing Si particle.

In this study, two types of QDSSCs were generated, Si/ethanol and Si. To produce
the transparent electrode for the Si/ethanol type, dispersed Si nanoparticles in an
ethanol solution and TiO» paste were mixed. To generate the Si type, Si nanoparticle
powder and TiO; paste were mixed, which included only Si and TiO.. To understand
the effect from ethanol, three types of QDSSCs were generated, and the photovoltaic

properties were measured, as shown in Fig. 7. The short-circuit current density (Jsc),
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open-circuit voltage (Voc), fill factor (FF) and energy conversion efficiency (i) are
shown in Table 1. Current-voltage characteristic of QDSSC, transparent electrode of
which included TiO. and ethanol, was significantly degraded in comparison with that
of only TiO2. When only Si nanoparticles were added to the transparent electrode,
these properties were improved up to those of only TiO,. Ethanol interfusion had a
significantly negative effect on the QDSSCs. Therefore, the Si-type QDSSC, which did
not include ethanol, was successfully generated. Fig. 8 shows the current-voltage
characteristics for the QDSSCs one day after they were generated to fill the TiO2 and
Si nanoparticle gaps with electrolytes. The Jsc, Voc, FF and # are shown in Table 2. In
this case, the samples were not degraded, and the energy conversion efficiency for the
QDSSC with Si nanoparticles and TiO2 was 17 times greater than for only TiO> as a
result of the enhanced photovoltaic parameter values. Because most research on
QDSSCs is related to Cd compounds, Si-based QDSSCs are not often reported, and the
energy conversion efficiency for Si-based QDSSCs is not high. However, Si-based
QDSSC research is important because Si is a nontoxic, stable and widely used material.
The photovoltaic properties in this study are comparable to those in previous
studies.’®29 The electrolyte of recent Si-based QDSSC was polysulfide.?t2 In this

case, high value of Jsc is obtained although Voc and FF are low. The comparatively

10
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high stability would be related to non-reactivity to Si. In contrast, iodide electrolyte is
possible to achieve high Voc and FF. The increase in Jsc in this study would be related
to the reaction between Si and iodide electrolyte. The researches on various parameters
which are including electrolyte are important to increase conversion efficiency of
Si-based QDSSC because this research is less common.

Fig. 9 indicates the photovoltaic properties for this QDSSC as a function of the
number of measurements. The total time for the measurements was 8.5 hours. Jsc
significantly increased with an increase in the number of measurements, which
increased 5, but Voc and FF were approximately constant. Without photovoltaic
property measurements, the parameters for this QDSSC, such as Jsc, did not increase.
Typically, half an hour after generation, the photovoltaic properties are improved for
DSSCs because electrolytes diffuse into the gaps between the TiO; particles.2? The
saturation time for this phenomenon depends on the electrode, dye and cell structure.
However, there may be other reasons for this QDSSC because a longer time was
required for the Jsc to increase to the saturated value. In general, an increase in Jsc and
decreases in Voc, FF and 4 are observed with increasing cell temperatures for DSSCs.2%
The values for this QDSSC did not change when they were not measured. Therefore,

our results are not attributed to the cell temperature and are related to the optical

11
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irradiation and electricity generation. The simple equivalent circuit for solar cell is
shown in Fig. 10.3%32 |_js constant-current source. A diode represents the electrical
properties of the pn-junction. Rs is a series resistance. Rsh is shunt resistance. Ry is load
resistance connected to solar cell. The relationship between FF and series resistance

(Rs) is defined in the following equations:32)

R

FF:FFO[l— - ] eq. 2
Rch

Vi

I )

mp

R =

eg. 3

where FFo is the maximum fill factor, Rch is the characteristic resistance of a solar cell,

Vmp 1S the voltage at maximum power, and Imp is the current at maximum power. Fig. 11

shows Reh as a function of time. Because the FF of this QDSSC was constant (Fig. 9c¢),

FFo should be constant. Therefore, Rs should decrease because Rch gradually decreased.

The decrease in Rs produces an increase in Jsc. Typically, Rs is the sum of the TCO

sheet resistance, the TCO and TiO» contact resistance, the resistance related to

charge-transfer processes at the Pt counter-electrodes, the resistance related to electron

transfer at the TiO»/quantum dot/electrolyte interface and the resistance related to

carrier transport through ions in the electrolyte. For this QDSSC, the factor influenced

should be the resistance related to electron transfer at the TiO2/quantum dot/electrolyte

interface. Rs is reduced for two possible reasons. One is the reduction reaction at the

12
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native silicon dioxide layer on the Si nanoparticle, which would prevent electron

transfer at the interface. The other is that photocorrosion dissolves the native silicon

dioxide layer on the Si nanoparticle. These effects should increase Jsc.

4. Conclusion

Silicon nanoparticles were successfully prepared using laser ablation in liquid.

Certain particles indicated lattice fringe, which implies high crystallinity. The particle

size was approximately 5 nm, which was observed using TEM. In this study, Si

nanoparticles dispersed in ethanol were generated. We generated two types of QDSSCs.

One included ethanol, and the other did not. Ethanol degraded the photovoltaic

properties. The properties obtained in this study, such as Voc (0.49 V), were comparably

higher than for previous Si-based QDSSCs. The Jsc and energy conversion efficiency

gradually increased during the photovoltaic measurements.
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Figure captions

Fig. 1. Schematic of SDSSC.

Fig. 2. XRD patterns for samples prepared using laser ablation in liquid. a)

nanoparticles and MgO substrate, b) MgO substrate.

Fig. 3. Raman spectra of a) Sample prepared through laser ablation in liquid and b) Si

wafer. Inset: Enlargement of peaks.

Fig. 4. TEM images for a sample prepared using laser ablation in liquid.

Fig. 5. Particle size distribution of a sample prepared through laser ablation in liquid.

Fig. 6. PL spectrum of a sample prepared through laser ablation in liquid.

Fig. 7. Current—voltage characteristics for the Si-based QDSSC used to investigate the

effect from ethanol.

Fig. 8. Current—voltage characteristics for the Si-based QDSSC.

Fig. 9. Photovoltaic properties for this QDSSC as a function of the number of

measurements. (a: Voc, b: Jsc, ¢: FF and d: #)

Fig. 10. Schematic of equivalent circuit of solar cell.

Fig. 11. Rcn as a function of time.

Table 1. QDSSC photovoltaic properties used to investigate the effect from ethanol.
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Table 2. QDSSC photovoltaic properties.
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Fig. 4. TEM images for a sample prepared using laser ablation in liquid.
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Fig. 9b. Photovoltaic properties for this QDSSC as a function of the number of measurements.
(JSC)
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Fig. 9c. Photovoltaic properties for this QDSSC as a function of the number of measurements.
(FF)
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Fig. 9d. Photovoltaic properties for this QDSSC as a function of the number of measurements.
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Fig. 10. Schematic of equivalent circuit of solar cell.
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Fig. 10. Schematic of equivalent circuit of solar cell.
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Fig. 11. Rch as a function of time.



Table 1. QDSSC photovoltaic properties used to investigate the effect from ethanol.

TiO, TiO, + Ethanol Si + TiO, + Ethanol
Jsc (MA/cm?) 0.034 0.032 0.030
Voe (V) 0.25 0.0067 0.25
FF 0.37 0.27 0.35

n (%) 0.0031 0.000056 0.0026




Table 2. QDSSC photovoltaic properties.

TiO, Si+TiO,
Jsc (mA/cmz) 0.034 0.17
Voc (V) 0.25 0.49
FF 0.37 0.64

n (%) 0.0031 0.052




