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Abstract. Light scattering by noble metallic nanoparticles is of interest for a variety of applica-
tions due to the large electromagnetic field enhancement that occurs in the vicinity of the metal
surface, and the dependence of the resonance photon energy on the nanoparticle size, shape, lo-
cal dielectric environment, and material. Here, the influences of electromagnetic scattering by
Au and Ag nanoparticles placed atop compound solar cells on optical absorption and photocur-
rent generation were investigated based on the variation in the noble nanoparticle densities. The
results indicated that the short-circuit current and power conversion efficiency were strongly af-
fected by the density and material of the noble nanoparticles. The great improvement of 28% in
power conversion efficiency can be obtained with Au nanoparticle density of 2 x 108 cm™2. This
improvement can be attributed to light scattering, light trapping, and surface roughness by noble
nanoparticles. Furthermore, Au nanoparticles showed more efficient in solar cell power conver-
sion efficiency improvement than Ag nanoparticles did although density of Au nanoparticle was
lower than that of Ag nanoparticles.
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I. INTRODUCTION

Photovoltaic is emerging as an importance technology for the future of green energy pro-
duction. To approach this potential, it will be necessary to reduce the manufacturing costs of
photovoltaic cell while maintaining high working efficiencies. As potential routes to improving
efficiency in photovoltaic devices generally, there is extensive interest in light trapping and manip-
ulation techniques including antireflection coatings (ARCs), surface texturing, thin film solar cells
and optical absorption enhancement via scattering from metallic or dielectric nanoparticles [1-9].
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The use of scattering by metallic nanoparticles for light trapping in solar cell was a useful tech-
nique that based on excitation of surface plasmon resonances in metallic nanoparticles [6].

The surface plasmon resonance is a collected oscillation of the conduction electrons in
the metal since excited by photon [5]. The plasmon resonance frequency of metallic nanoparticles
depends on size, shape, particles material, and refractive index of the surrounding medium [10]. In
practice, the plasmon resonance frequency will be reduced when the shape of nanoparticle losses
their symmetric or dielectric function of surrounding increases [10, 11]. Furthermore, the density
of free electron of silver and aluminum is highest leading to their surface plasmon resonance
frequencies are also high (in ultra-violet region) and lower for gold and copper ones so surface
plasmon resonance frequencies in visible region. Therefore, the plasmon resonance frequency
depends on the material of particles. The plasmon resonance frequency of gold nanoparticles is
lower than that of silver nanoparticles since the same deposited mass thickness [10].

In application for enhancement in optical absorption of solar cell, the short circuit current
density or the power conversion efficiency are strongly influenced by the plasmon resonance fre-
quency of metal nanoparticles that also depends on the size, shape, material, and surround medium
of metallic nanoparticles. Keisuke Nakayama and et al. reported the influence of efficiency of
thinner GaAs solar cell patterned with Ag nanoparticles fabricated by masked deposition through
anodic aluminium oxide (AAQO) templates on Ag density and shape. The strong scattering by the
interacting surface plasmons and the increase of optical path of the incident light in the absorber
layers attributed to resulting in an 8% increase in the short current density of the cell [8]. Besides
that, 100 nm diameter Au nanoparticles (NPs) were deposited on the surface of In(Ga)As/GaAs
quantum dot and InP/InGaAsP quantum well solar cells to investigate the surface plasmon reso-
nance in Au NPs contribution. There was only an increase of 3% and 1% in the power conversion
efficiency for quantum dot and quantum well solar cells, respectively, were observed [12,13]. A
small enhancement in the power conversion efficiency of this work may be due to 15nm thick-
ness SiO; passivation layer that increases distance between particles and active region, resulting
in a reduced fraction of the light was radiated into the cell [11]. For this reason, an enhance-
ment of 25% in the power output, Pyax, Was obtained by using approximately 20 nm diameter Au
nanoparticles directly deposited on the top surface of a-Si:H/c-Si heterojunction solar cell [14].
In this case, photocurrent response showed an increase of nearly all wavelength range even below
resonance wavelength. Moreover, Au nanoparticles were directly deposited on the n-type doped
a-Si:H site. Accordingly, besides of surface plasmon resonance, this result may be also attributed
to the plasmon near-field coupling [9].

In this work, 30 nm in diameter of Au and Ag nanoparticles were directly deposited on
top of the compound solar cells. Light scattering by these nanoparticles for the compound solar
cells performance enhancement was also investigated based on the variation in density and type of
material. Optical and electrical characteristics were utilized in this work for investigation.

II. MATERIALS AND METHODS

The schematic diagram of the compound solar cells that was used in this work was shown
in Fig.1(a). In this study, 30 nm in diameter Au and Ag colloidal particles were implemented on
the surface of cells by the spin coating method. The information and parameters of the samples
were listed in Table 1.
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Table 1. Notation and characteristics of the fabricated samples.

Samples Density Voc (V) Joc(mA/cm?) FF (%) N(%)
(x10% cm2)
Ref. 0 0.985 14.09 76.1 10.55
Ag 6 0.999 14.84 76.3 11.31
Agr 12 1.000 16.28 73.0 11.95
Ags 24 1.000 14.62 76.2 11.17
Auy 0.5 0.998 14.45 75.9 10.95
Auy 1 1.006 15.93 73.9 11.86
Auj 2 1.012 18.06 73.7 13.48
Auy 3 1.002 17.40 73.2 12.76

Devices were evaluated at room temperature in terms of their photocurrent response (Iph)
and illuminated current versus voltage (I-V) characteristics, both with and without nanoparticles
on the top surface. Photocurrent measurement were performed using ORIEL® IQE 200™ with
300W Xe lamp and illuminated I-V measurements were taken using a solar simulator with 150W
Xe lamp, 1 sun air mass 1.5G. The reflectance and extinction spectra were measured using UV-
Vis-NIR Cary 5000.

III. RESULTS AND DISCUSSION

Scanning electron micrograph (SEM) images of Au and Ag nanoparticles (NPs) deposited
at typical concentrations of 2 x 10% and 12 x 10% cm~2, respectively, were shown in Fig. 1(b) and
Fig. 1(c). The Au NPs were present predominantly as isolated single particles. A few multiparti-
cles clusters can be observed in this density of Au NPs. In contrary, more multiparticles clusters
can be seen in the SEM image of Ag NPs because of its high density.

| Window: p - InGaP
Emitter: p - GaAs

| Base: n - GaAs
BSF: n - InGaP

| Buffer: n - GaAs
Substrate: n - GaAs
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Fig. 1. (a) Schematic of the normal design compound solar cell. (b) Scanning electron
microscope images of typical deposition results for Ag (left) and Ag (right) NPs, with
density of 12 x 108 cm~2and 2 x 108 cm™2, respectively.



24 LIGHT SCATTERING BY NOBLE METALLIC NANOPARTICLES FOR PERFORMANCE. ..

Extinction spectra for Ag and Au NPs densities of 12 x 108 and 2 x 10® cm~2, respectively,
deposited on glass substrates were shown in Fig. 2. The maxima in the extinction spectra were
in consequence of destructive interference between scattered and incident field, corresponding to
plasmon excitations in the Ag and Au NPs. Both types of particles were the same size but they
exhibit different resonance photon energy scattering because of material dependence: around 2.25
eV and 2.80 eV for Au and Ag nanoparticles, respectively. Clusters of metal particles also reduce
the transmitted field amplitude by reducing scattering compared to individual particles. Therefore,
the observation of increase of extinction spectra over a broad range of photon energy from 1.8 eV
to 2.25 eV can be attributed to clusters of Ag NPs. Moreover, the intensity of extinction peak of
Ag NPs was higher than that of Au NPs. Thus electric field radiation was higher as NPs density
was higher [8].
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Fig. 2. Extinction spectra as a function of wavelength for Ag and Au NPs deposited on
the glass substrates.

J-V characteristics of the compound solar cells with and without NPs were shown in Fig. 3.
The NPs density had great influence on the photocurrent of the cells. The best photocurrent en-
hancements were induced by Ag and Au NPs densities of 12 x 108 and 2 x 10% cm™2, respectively.
Consequently, an increase of 13%, and 27% in conversion efficiency following Ag and Au NPs
deposition, respectively, were observed (more details were shown in Table 1). Table 1 also showed
a reduction in the fill factor (FF) for the cells with NPs. This is result of increase in the surface
sheet resistance [8]. Therefore, it indicated that nanoparticle does not stand for p-type contact or
by another way almost NPs were in isolation. Fig. 3 also showed that the enhanced short circuit
current of the compound solar cell via surface plasmon resonance in Au was higher than that in Ag
NPs was. This increase can be result from the lower resonance frequency of Au than that of Ag
nanoparticle [11, 15]. Furthermore, Ag NPs are much influenced by oxidation effects that are not
present for Au NPs, therefore, in application Ag NPs must be well encapsulated to avoid oxidation.
In addition, Ag nanoparticle deposited on a top of cell is high density so they are easy to create
multiparticle clusters. As a result, the conversion efficiency is reduced. This is in consequence of
the transmitted field amplitude loss by reducing scattering compared to individual particles [16].
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Fig. 3. J -V characteristics of the compound solar cells with and without (a) Ag and (b)
Au NPs.

To find out the influence of NPs densities on the short-circuit current or the conversion effi-
ciency, the internal quantum efficiencies (IQE) spectra of the samples with and without Au and Ag
NPs were investigated and shown in Fig. 4. The decrease in photocurrent response in the range of
photon energy between 2.75 and 3.54 nm was an expected consequence of surface recombination
of carriers generated near surface by high-energy photons [17]. The photocurrent response can be
improved by utilizing Ag, and Au NPs and strongly depended on their densities. The photocurrent
response changes were suitable to the changes of the short circuit current and power conversion
efficiency. A broad range above resonance photon energy increase of photocurrent response arises
from strong forward scattering of incident photon by NPs. Scattering of incident photon by Ag,
and Au NPs yields a reduction in photocurrent response at resonance photon energy, resonance
photon energy of Ag, and Au NPs, and below since Ag and Au density up to 12 x 10% and 2 x 108
cm~2, respectively. These reductions were more clearly when Ag and Au density became higher.
This was attributed to a phase shift in the scattered wave near the nanoparticle plasmon resonance
that results in particle destructive interference between the scattered and the directly transmitted
wave [18]. Therefore, the effect of surface plasmon resonance is strongly behavior as high density
of NPs in which electric field radiation is higher. At lower density of NPs, the enhanced photocur-
rent response can be also contributed by photon trapping, surface roughening, and surface plasmon
resonance [8,9,19]. This is indicated by the absent of the reduction in photocurrent response below
resonance wavelength at low NPs densities. As a result, NPs density plays an important role to
improve the conversion efficiency of solar cell.

To compare the influence of Ag and Au NPs on performance of the compound solar cell,
the I-V characteristic, IQE, and reflectance spectra of the best photocurrent induced by Ag and Au
NPs were shown in Fig. 5 and Fig. 6. It is very clearly to see that, an improvement in photocurrent
response by Au is higher than that by Ag NPs, especially in photon energy range from 3.35 eV
to 1.70 eV. This could be attributed the broadening of the resonance of Ag nanoparticle that was
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Fig. 4. Internal quantum efficiency (IQE) spectra of the compound solar cells with and
without (a) Ag and (b) Au NPs.
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shown in the extinction spectra (Fig. 2). Moreover, density of Ag is higher than that of Au NPs
therefore Au low density enables the reduction in the loss of incident photon resulting from either
absorption or backscattering by the NPs near surface plasmon resonances. In opposition, in the
dense Ag NPs case, the plasmonic scattering can be enhanced at photon energy above the surface
plasmon resonance that was clearly manifested in Fig. 4(a).
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Fig. 5. (a) J - V characteristics and (b) internal quantum efficiency spectra of Ag and Au
typical density deposition plotted for comparison.
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Fig. 6. Reflective spectra of the compound
solar cells with and without Ag and Au NPs.

IV. CONCLUSIONS

In conclusion, we have investigated the effects of surface plasmon resonance of gold and
silver nanoparticles on the conversion efficiency of a normal design compound solar cells. The
conversion efficiency of cells is strongly depended on density and material of nanoparticles. In the
dense case can enhance plasmonic scattering at photon energy below resonance but also increase
the scattered light destructively at above the resonance photon energy. The loss of incident photon
resulting from either absorption or backscattering that behavior in the dense case can be reduced
in the sparse case. To improve the power conversion efficiency of the compound solar cells by
using surface plasmon resonance in noble metal nanoparticle, Au, due its lower density, lower
resonance frequency, and no oxidation effect is thus a better choice than Ag, although it is more
expensive. In future work, we suggest that the field enhancement due to an antireflection coating is
uniform throughout the semiconductor region after nanoparticles deposition. This is because of the
case of the nanoparticles; the field enhancement originates from pockets of high field intensities
underneath the particles. Therefore, it might be advantageous for solar cell where such non-
uniform field can lead to improved optical absorption and photocurrent generation.
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