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Abstract

In this paper, we demonstrate the enhancement of photovoltaic (PV) solar cell efﬁciency using
luminescent silicon nanoparticles (Si-NPs). Sub-10 nm Si-NPs are synthesized via pulsed laser
ablation technique. These ultra-small Si nanoparticles exhibit photoluminescence (PL) character
tics at 425 and 517 nm upon excitation by ultra-violet (UV) light. Therefore, they can act as
secondary light sources that convert high energetic photons to ones at visible range. This downshifting property can be a promising approach to enhance PV performance of the solar cell,
regardless of its type. As proof-of-concept, polycrystalline commercial solar cells with an
efﬁciency of ca 10% are coated with these luminescent Si-NPs. The nanoparticle-decorated solar
cells exhibit up to 1.64% increase in the external quantum efﬁciency with respect to the uncoated
reference cells. According to spectral photo-responsivity characterizations, the efﬁciency
enhancement is stronger in wavelengths below 550 nm. As expected, this is attributed to downshifting via Si-NPs, which is veriﬁed by their PL characteristics. The results presented here can
serve as a beacon for future performance enhanced devices in a wide range of applications based
on Si-NPs including PVs and LED applications.
Keywords: silicon nanoparticle, laser ablation, solar cell, efﬁciency enhancement
(Some ﬁgures may appear in colour only in the online journal)
batteries [5, 6], catalysts [7, 8], ﬂuorescence imaging [9, 10],
and memories [11–14] is rapidly increasing.
There are various alternative methods for Si-NPs synthesis
including pulsed laser ablation [15], chemical vapor deposition
[16], ion implantation [17], electrochemical etching [18],
thermal decomposition of silane [19], ball milling [20] and
plasma synthesis [21]. However, high volume of ultra-small
Si-NPs production is one of the most challenging issues.
Among these methods, pulsed laser ablation in liquid (PLAL)
is a high-throughput approach for synthesis of ultra-small

1. Introduction
Silicon nanoparticles (Si-NPs) are promising candidates for
various applications ranging from optoelectronics to bioengineering. The attention toward ultra-small Si-NPs is skyrocketing due to the fascinating optical and electrical
properties, distinctive photoluminescence (PL) and favorable
nontoxicity and biocompatibility. Therefore, the use of SiNPs in various technologies and applications such as light
emitting diodes [1, 2], photovoltaics (PVs) [3, 4], lithium ion
2040-8978/17/105902+06$33.00
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Si-NPs. It is a clean, simple and versatile method resulting in
highly-pure and stable NPs [22]. The main advantages of this
method are that NPs are stable without adding stabilizing
surfactants and can avoid potential drawbacks of using chemical products and multi-step procedures for the NPs size
control [23]. Control of experimental conditions and applicability to a wide range of materials make PLAL method a
preferred technique for researchers. The products rely upon
laser parameters such as pulse time duration, wavelength,
repetition rate and scan pattern as well as liquid properties
[24, 25]. PLAL Si-NP synthesis in various media has been
widely investigated by nanosecond [26, 27] and femtosecond
[28] pulse laser duration.
Solid state light emission utilizing silicon as the semiconductor medium is a rapidly growing area of research in
addition to the search toward monolithic light sources that can
be used on the chip-scale [29–32]. Silicon is an indirect
bandgap semiconductor that exhibits remarkable optical and
electronic variation when its size becomes comparable to the
bulk exciton Bohr radius (4 nm for silicon) [33]. In these
ranges, band-to-band radiative recombination dominants are
compared to phonon-assisted indirect band-gap transitions,
resulting in enhanced PL intensity [34]. It is conﬁrmed that
bright PL from low-dimensional silicon is primarily located in
visible red regions (maximum about 700 nm) [35]. Such
phenomena has been employed in quite a few technologies,
such as luminescent imaging probes for ﬂuorescence imaging
[36] and light emitting diode integrated with luminescent
silicon to generate multiple colors using single material [37].
PV technologies are becoming increasingly common as a
renewable energy alternative. The silicon PV technology has
been improved over decades, however, even a small increase
in the PV cell efﬁciency can make a huge overall impact on
energy savings due to the sheer size of the installed PV
capacity. One approach that researchers take is to circumvent
the spectral mismatch between the energy distribution of
incident photons and the bandgap of silicon [38]. In this
regard, luminescent materials have been offered as a solution
by converting a broad spectrum of light into photons of a
particular wavelength and minimizing the losses in the solarcell-based energy conversion process. One such approach for
solar cell efﬁciency enhancement is down-shifting materials
which absorb the short-wavelength light (300–500 nm) and
re-emitting them at a longer wavelength where the external
quantum efﬁciency of the PV device is higher. Alkis et al
[39, 40] presents enhancement in power performance of an
indium nitride particle/polycrystalline silicon solar cell and
attributes it to the down-shifting properties of the InN
particles. Stupca et al [41] investigates the effect of monodispersed luminescent Si nanoparticles coating on polycrystalline silicon solar cell and explains the device
enhancement by wavelength down conversion. Svrcek et al
[42] reports IQE enhancement in the region where the Si
nanocrystals PL excitation occurs and refers it to a boost on
carrier collections via the luminescence converter.
In this work, we demonstrate beneﬁcial effect of ultrasmall luminescent Si-NPs synthesized via laser ablation on
efﬁciency enhancement of a commercial silicon solar cell. In

Figure 1. Surface morphology of the commercial solar cell obtained
by scanning electron microscope (SEM) image. Inset: photograph of
the cell, Delsolar D6E.

the following, Si-NPs synthesis is presented followed by
materials and solar cell characterizations.

2. Experimental details
A 500 μm thick p-type (100) silicon wafer with a resistivity of
0.1 Ω cm was cleaned by soniﬁcation in acetone prior to laser
ablation without any further puriﬁcation. The cleaned Si
wafer was placed in a glass vessel containing 5 ml of pure
deionized water. The laser ablation was carried out by the
OKYAYTECH Laser Nanoparticle Synthesis System that
utilizes a ﬁber laser (NUQA, 1064 nm wavelength, 30 Hz
repetition rate, 100 ns pulse duration). The laser beam is
scanned spirally over the target surface for ∼15 min that
yielded a light-orange solution. The choice of spiral scanning
shape is discussed elsewhere [43]. The laser ﬂuence is chosen
to be 6 mJ pulse−1 and scan speed is ﬁxed at 2000 mm s−1.
Then the target Si wafer is removed and ablation is applied on
solution for 3 h to obtain blue luminescent Si solution [43].
High resolution transmission electron microscopy (TEM)
images of Si-NPs were obtained using an FEI-Technai G2F30
type instrument at an operating voltage of 300 kV. TEM
samples were prepared by drop-casting the solution on carbon-coated TEM grids. The optical absorption spectrum of
the Si-NPs is measured using Varian Cary 5000 UV/Vis/
NIR spectrometer and PL spectrum is obtained using a Varian
spectroﬂuorometer. The commercial solar cell was purchased
from the Delsolar company, People’s Republic of China.
Figure 1 shows the scanning electron microscopy image of
solar cell texture where the overall view of the cell is shown
in the inset. The cell is cut into smaller pieces with the area of
1.5 cm×1 cm in a way that all electrical grid lines are
connected and cover the whole sample active area.
Si-NPs were spin coated on top of the cell multiple times at
a spin speed of 1200 rpm for 30 s in each cycle. Current–voltage
2
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Figure 2. Transmission electron microscopy (TEM) images of laser synthesized Si-NPs with size distribution given in the inset.

characteristics and spectral response are studied before and after
NPs coatings on the solar cell. The J–V curve testing system of
PV measurement (Newport solar simulator Model 67005) was
used for current–voltage characteristics. The input power of the
solar simulator lamp is 100 mW Cm−2. In order to measure
photoresponsivity for the wavelengths between 400 and 800 nm,
we used a Xenon-lamp illuminator. The output of the lamp goes
through an Oriel 74004 monochromator (1/8 m, 1200 lines/mm
grating). The monochromatic light is collimated and chopped
with a mechanical chopper at a chop speed of 380 Hz, which is
also read by a lock-in ampliﬁer (SR830). The short circuit current was measured by the lock-in ampliﬁer. Also, a calibrated Si
detector was used at the sample position to collect the light
source power at each wavelength step.

Figure 3. The UV–vis-NIR absorption spectrum of Si-NPs.

3. Results and discussion
TEM results depicted in ﬁgure 2 conﬁrm the generation of
sub-10 nm Si-NPs through laser ablation. Spherical-like
nanoparticles with the average size of 8 nm without any
aggregation can be observed. The histogram of Si nanoparticle sizes counted from TEM images predicts that the
particle sizes range from 6 to 14 nm.
Figure 3 shows the UV–vis absorption spectrum of the
synthesized Si-NPs. All absorption spectra appear to have a
broad continuous band between 350 and 1100 nm and a
distinctive shoulder with a minimum absorbance at around
400 nm. The absorption peak at 490 nm is attributed to Si NPs
with sub-10 nm size, which is in agreement with other
research works on Si-NPs [44, 45].
The PL spectrum of Si-NPs at an excitation wavelength
of 310 nm is given in ﬁgure 4. According to the quantum-

conﬁnement theory for nanoscale silicon structures, the broad
PL spectrum is attributed to the presence of a wide distribution of nanocrystal sizes [46]. The PL spectra exhibit rather
large peaks centered at approximately 425 and 517 nm. The
peak at 425 nm shows blue light emission of Si-NPs solution
corresponding to sub-10 nm particles [47]. Quantum conﬁnement of excitons in nanometer scale is the principal
mechanism for high PL of low dimensional silicon particles
[48]. However, surface states and defects can effectively
increase the PL intensity. During the ablation, generated
Si-NPs are in contact with water therefore surrounded with
SiO2. It is conﬁrmed that the defects in SiO2 of oxidized SiNPs efﬁciently luminesce in blue region [49, 50]. The redshifted emission at 517 nm can be attributed to larger size
dispersion varying from 10 to 120 nm. Accordingly, there are
3
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Figure 4. PL spectrum of Si-NPs at an excitation wavelength of

Figure 6. Spectral photoresponsivity of the NP decorated and

310 nm.

reference solar cells under 0.6 V reverse bias.

Figure 6 shows the photo-current response spectrum of
the reference and Si-NPs decorated cell. The photocurrent
spectroscopy of Si-NPs-decorated cell shows a signiﬁcant
increase at high photon energy excitations (300–600 nm) with
respect to the reference cell. Such an enhancement can be
attributed to PL emission of nanoparticles in which incident
high energy photons are converted to visible lower energy
photons that is absorbed by the silicon cell [53]. Accordingly,
thermalisation losses can be reduced by using down-conversion whereby non-radiative losses can be prevented. This
leads to an increase in the carrier collection probability in the
region where the conversion appears. The photo-current
response curves of Si-NPs decorated cell and reference
cell converge together in longer excitation wavelength
(>∼600 nm) verifying the absence of NPs scattering as an
enhancement mechanism. It should also be noted that, in
addition to sub-10 nm silicon particles, we have synthesized
larger Si-NPs from 50 to 400 nm by laser ablation and carried
out similar experiments by decorating pristine reference cells.
There was no signiﬁcant enhancement observed by applying
Si-NPs range from 50 to 400 nm, indicating that luminescence
of Si-NPs is the primary source to achieve efﬁciency
enhancement.

Figure 5. The J–V curves of the NP decorated and reference solar

cells.

some particles, the size of which are larger than Bohr radius
leading to weak conﬁnement regime and higher wavelength
luminescent. Therefore, a red-shifted emission with lower
energy band gap is observed [51].
Figure 5 shows the J–V characteristics of the reference
solar cell and the Si-NPs deposited cell with the bias voltage
swept from 0 to 1 V. There is a sharp increase in current
density values for bias voltages lower than 0 V. The current
density is almost constant within 0 to −1 V bias voltage,
which indicates efﬁcient collection of charge carriers and the
eventual saturation of the carrier drift velocity [52]. Table 1
summarizes the results of the solar cell parameters (Voc, Jsc,
ﬁll factors, and efﬁciencies). As seen from the table,
1.94 mA cm−2 increase in Jsc value leads to a 1.64% increase
in the overall absolute cell efﬁciency of Si-NPs; decorated cell
with respect to the reference.

4. Conclusion
This work shows that laser ablated luminescent Si-NPs have a
constructive effect on the PV device efﬁciency. The solar
cells decorated with sub-10 nm particles synthesized in
deionized water show absolute increase in solar cell efﬁciency
up to 1.64% compared to a reference solar cell without any Si
NPs on it. The enhancement is attributed to the wavelength
down shifting generated by luminescent Si-NPs, conﬁrmed by
spectral photo-current responsivity enhancement below
550 nm. The results show the ability of pulsed laser ablation
method as a viable solution to produce sub-10 nm Si-NPs
applicable for third generation solar cells. Pulse laser ablation
4
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Table 1. Solar cell efﬁciency parameters.

Reference solar cell
Si-NP decorated solar cell

Voc (V)

Jsc (mA cm−2)

Efﬁciency (%)

Fill factor

0.58
0.59

27.48
29.42

9.01
10.65

56.56
61.35
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