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ABSTRACT

Background: The quest for improving the efficiency of solar cells has garnered considerable attention in
numerous scientific investigations. One promising approach involves utilizing plasmons generated by
metal nanoparticles to enhance the performance of photovoltaic solar cells.

Materials and Methods: High-purity gold nanoparticles (AuNPs), silver nanoparticles (AgNPs), and a
combination of both were synthesized using pulsed laser ablation in distilled water. Subsequently, these
nanoparticles were deposited onto silicon (Si) substrates and pre-existing Si homo-junction photovoltaic
cells.

Results: The optical analysis of the prepared nanoparticle suspension revealed distinct plasmonic bands
located at approximately 400 nm and 523 nm wavelengths for AgNPs and AuNPs, respectively. In the
case of the AuNPs:AgNPs mixture, two plasmonic bands were observed, corresponding to the presence of
both types of metal nanoparticles. The X-ray diffraction (XRD) analysis of the deposited nanoparticle
samples on Si wafers demonstrated a polycrystalline structure for all samples. Scanning electron
microscopy (SEM) imaging displayed uniformly distributed spherical Au nanoparticles on the substrate,
while AgNPs exhibited some aggregations.

Conclusion: The photovoltaic (PV) solar cells demonstrated an enhanced performance, attributed to the
ability of the plasmonic nanoparticles to facilitate increased light absorption or enhance surface
conductivity. The combination of silver and gold particles holds promise for solar surface coating, further
optimizing the cells to capture a greater amount of solar radiation within their plasmon peaks. This study
highlights the potential of plasmonic nanoparticles to enhance the efficiency of previously prepared PV
cells.

Key words: Solar Cells , Plasmonic Nanoparticles, AgNPs, AuNPs.
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INTRODUCTION
The increase in the global demand for energy as well as the emergence of the problem of

environmental pollution led to the urge to search for alternatives energy resources to fossil fuels
[1]. Photovoltaic solar cells (PV) is one of the most important alternative sources of renewable
energy gaining global attention in numerous application fields [2]. As the surface area occupied
by photovoltaic cells, increasing the efficiency of solar photon harvesting is a major concern of
many researchers working in this field [3]. The efficiency of solar cells based on semiconductor
materials is limited due to high optical and electrical losses by recombination processes [4]. The
plasmonic light trapping technology is regarded as one of the promising technologies in recent
years [4]. Plasmonic of noble metal nanoparticles like metal nanoparticles such as gold, silver,
etc. can interact with photons whose frequency is matched by the resonance of collective
oscillation electrons within the nanoparticles [5]. So, deposited on a semiconductor surface
introduce a unique behaviour by responding to incident light at a specific range, the metal islands
present a resonant absorption of light corresponding to the oscillation of collective behaviour of
free charges in these islands. In the light interacted with plasmonic particles causes cumulative
oscillations of the confined electrons in the NPs cause to modify the electrical field intensity
around them which enhance the photo electron generations. Furthermore, the light trapped by
scattering from the plasmonic nanoparticles inside the active layer causes to improve light
absorption [6]. These nanoparticles properties can be tuned to harvest sun light at specific range
of the spectrum. Moreover, the plasmonic NPs suggest an effective way to reduce the absorber
film thickness, and increase the conductivity which causes to reduce the recombination process

[7]1.

Numerous studies have proposed different techniques for enhance harvesting sunlight inside
the PV devise with the use of anti-reflection coatings [8], grids in windows [9], and by plasmon
nanoparticles [10]. The best technique for PV enhancing the localized light absorption is by the
plasmonic approach using different plasmonic metals nanoparticles such as Ag, Au, Cu, etc
[11][212], which can tuned by varying the nanoparticles shapes [13]

The incorporation of plasmonic nanoparticles into PV cell causes an increasing of light
absorption by light-trapping, and increase the generated electron-hole pairs by enhancing a
localized field by electromagnetic, and fast injection of electrons into semiconductor which
reduces the recombination process [14]. The two main categories of light-trapping techniques
are, decreasing the top surface's reflection coefficient and lengthening the optical path within the
cell by multiple scattering using the localized surface plasmon resonant particles [15]. Au and
Ag act as an effective scattering element to capture more photons and thus, a higher Jsc as well,
as a higher efficiency of solar cell that can be can achieved [16].

Behera et al, (2022) studied the improvement of optical and electrical characteristics of
Cu2ZnSnS4 (CZTS) solar cells through incorporating Ag nanoparticles. AgNPs were stacked
using sputtering DC technique. Regular distribution of Ag NPs was achieved. The concentration
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of Ag was varied by varying the deposition time. The optical property of CZTS films was
enhanced by the Ag nanoparticles. The resistivity decreased by increasing the deposited NPs
concentration. Zhu et al, (2023) [17] improved the efficiency of GaAs thin-film solar cell with
TiO2 nano plasmonic pyramids and Ag NPs. The Ag NPs extends the optical path of incident
light cause multiple absorptions within the cell caused to enhance its efficiency.

In this paper we present one possible way to increase the efficiency of previously prepared
photovoltaic cells of silicon homojunction by using nano-dimensional islands of gold, silver and
their mixed.

MATERIALS AND METHODS

A pulsed Nd-YAG laser of 1064 nm wavelength, pulse width of 10 ns, repetition frequency
of 4 Hz and pulse energy of 100 mJ was in laser ablation technique to produce AuNPs, and
AgNPs in distilled water. The laser was focused using a fluorescence lens, with a focal length of
(10 cm) on the sample immersed into 10 ml distilled water.

The Si is immersed in the prepared solutions of the two metal nanoparticles and their
mixture for 120 seconds and extracted for 60 seconds at a temperature of 80 °C, and by repeated
for 5 times to obtain nanoparticles layers. The optical properties of the prepared nanoparticles
and the mixed samples suspension in distilled water were examined by studying its absorbance
using UV-visible type (CECIL 7200) spectrophotometer. The structural properties of the
prepared nanoparticle samples deposited on Si wafer were examined using the X-ray diffraction
(Shimadzu XRD 6000).

A previously manufactured homo-junction Si solar cell coated by TiO as antireflection
was used. The cells were etched by 1:10 diluted HF acid for 10 min to remove the TiO2 coating.
The suspension samples of AuNPs, AgNPs, and AuNPs:AgNPs were deposited on silicon bases
and the surface of solar cell by a dip coating device at 80 °C. A compensation TiO; film was
deposited onto the cell by thermal evaporation under high vacuum using Edward coating system.
The schematic diagram of the controlled and plasmonic enhanced PV cells were shown in Figure
1. The J-V characteristics were measured by a Keithley electrometer under the light radiation
source of 100 mW/cm?. The same procedure was followed for the plasmonic enhanced PV cells.
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Fig. 1. Solar cell configurations of (a) bare, (b)Ag catted, (c)Au catted, (d)Au:Ag coated.

RESULTS AND DISCUSSION

The XRD patterns for AuNPs, AgNPs, and AuNPs:AgNPs deposited on a (100) Si wafer,
compared with the standard cards, were shown in Figure 2. Polycrystalline structure with four
peaks for each sample located around diffraction angles of 20= 38 °, 44 °, 64.5°, and 77.5°
corresponding to crystalline planes (111), (200), (220), and (311) according to No. 96-901-2954
and 96-901-2432 standard cards, corresponding to Au and Ag structures, respectively. The
addition intense diffraction peak corresponding to the (100) Si substrate located at diffraction
angle 69°. It is worth mentioning here that the standard lines for both gold and silver were very
close due to the similarity in the crystal structure of the two metals and their possession of a
close lattice constants values.

The interspacing distances (dnk) were determined according to Bragg’s formula [18]:

nA = Zdhkl sin@ 1

while the crystallite size (C.S) calculated according to Debye—Scherrer formula [19]:
0941 )
- B Cose --------------------

Table 1lists the structural parameters for the AuNPs, AgNPs, and AuNPs:AgNPs mixture
deposited on Si wafer. The dna values were close to the standard ones. The results showed that
crystal size of the obtained NPs have small dimensions of average value (12.1, 10.9, and 11.9)
nm for the AgNPs, AuNPs, and their mixture, respectively. The resulting nanomaterial's can be
used in modern applied fields.
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Figure 3 displays the top view of FESEM images, at two magnification powers of 200.0 kX,
for the AuNPs, AgNPs, and AuNPs:AgNPs deposited on Si wafer, and next to their granulate
cumulating number percentage distribution for NPs diameters determined by ImageJ software.
The AgNPs have spherical shapes of 22.69 nm diameter, but with some aggregations of about
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[; Table 1. XRD Parameters for AUNPs/Si, AgNPs/Si, and Au:AgNPs/Si.
. Sample 20 (Deg) FWHM (Deg.) dna Exp.(A) C.S(nm) Phase  hkl
- 38.3301 0.8502 2.3464 9.9 Cub. Au (111)
[ AUNPS /i 44.3124 0.8752 2.0425 9.8  Cub.Au (200)
r 64.5285 0.8251 1.4430 11.4 Cub. Au (220)
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200 nm diameter. Wide particle size distribution from 13 to 39 nm was appeared. These
aggregations were occurred due to the oxidization capability of silver metal. The AuNPs
appeared to have spherical shapes uniformly sprayed over the surface of narrow distribution
from 13 to 29 nm of 19.49 nm average diameter. The image of mixed sample consists the two
shapes of nanoparticles. The distribution appeared as double modes, for the mixed particles,
centered around 10 and 23 nm diameters. The average particle diameter was 12.42 nm.
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Figure 3. FE-SEM images for a)Ag coated, (b)Au coated, (c)Au:Ag coated Si.
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The optical absorbance spectra of the AgNPs, AuNPs, and Au:AgNPs suspensions in
distilled water prepared by pulsed laser ablation were shown in Figure 5. The absorption curve
for the AgNPs, show a plasmonic band located around 398 nm wavelength, which is the
characteristics LSPR band for AgNPs [20]. The optical absorbance spectra of the AuNPs show a
plasmonic band located around 523 nm wavelength, which is the characteristics LSPR band for
AuNPs [21]. The optical absorbance spectra of the AuNPs:AgNPs mixture in distilled water
appeared with doubled bands corresponding to the two types of the metal NPs for the LSPR.
This mixture can be used to tune the absorbance to wide spectral range. Table 2 lists the LSPR
wavelength and the maximum absorbance for the AgNPs, AuNPs, and AuNPs:AgNPs
suspensions.

Absorbance

O 1 LI T T T T T T T T T T T T
200 300 400 500 600 700 800 900
A (nm)

Figure 4. Absorption Curves for AgNPs, AuNPs, and Ag: AuNPs Colloidal

Table 2. Plasmon Peaks Wavelength and their Maximum absorbance for for AgNPs, AuNPs, and Ag:AuNPs

Colloidal
Sample A (nm) Absorbance A (nm) Absorbance
Au NPs - - 523 0.359
Ag NPs 398 0.982 - -
Au:Ag NPs 407 0.682 518 0.281

Figures 5 to 8 show the current density —voltage (J-V), and power—voltage characteristics
(P-V) for a commercial homojunction P-Si/n-Si under illumination of (100 mW/cm?) by a
halogen lamp, which simulate the sunlight irradiance. The sample exhibits photovoltaic effect
with cross area in the fourth quarter of J-V curve. The maximum power showed as the area of the
rectangle drawn inside the cross area. The open circuit voltage was 0.65 V and the short circuit
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current density 4.40 mA/cm?. The fill factor and maximum conversion efficiency are calculated
as follow:

FF =0 e, 5
ISCVOC
Nmax = o ¥100% .o.ooooiii, 6

I, Vin, Ise, and V. represent the current and voltage at maximum power B,,, short current circuit
and open circuit voltage. The maximum harvesting power was 1.64 mW per centimeter square at
0.4 V. The maximum power represent as an area of the rectangle drawn inside the cross area of
Pm=JmXVm. The final efficiency was 1.36%, while the shunt resistance (Rsh) and series
resistance (Rs) were 181.36, and 52.45 Q, respectively.

4

= [
=
é
= 2 7 Vi Ve
0.3 0.2 0.1 ¢ 0.1 0.2 03 ola os o 0.7 os
V(Volt)

1.6
14 0.40,1.36
12 — -’.-;Ji{ﬂriz- "

P}

0.3 0.4
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Figure 5. J-V and P-V curves for the pure solar cell
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to Figure
show the current J-V, and P-V curves for coated solar cells by AuNPs, AgNPs and their mixture
under illumination of 100 mW/cm?. All samples exhibit photovoltaic effect with cross area in the
fourth quarter of J-V cure. By comparing the results with the untreated sample, it is noted that
there was no change in the open circuit voltage value, while the short circuit current values
increased, but with varying degrees. The increasing of Isc values is due to the presence of metal
particles, which is done by two mechanisms: the first is due to the increase in absorption due to
the scattering that occurs on the surface of the cell, which leads to photon trapping inside the
cell, and increases the absorption process[22]. The second is enhancing the solar cell efficiency
by the LSPR effect, which cause accelerated separated charge and rapid injection of electrons
into semiconductor materials, so, lowered recombination rate [23]. Increment in photocurrent
may assign to helpful injection of hot electrons by SPR effect [22].
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Figure 8. J-V and P-V Curves for the PV Cell Coated by AuNPs:AgNPs Mixture

The solar cell characteristics including the open-circuit voltage (Voc), short-circuit current
(Jsc), fill factor (FF), and solar efficiency (1) for these cells for the bare solar cell and that
enhanced with the nanoparticles are summarized in Table 3. The quantum efficiency increased
from 1.36% for the controlled cell to 1.55%, 1.62% and 1.89% for the PV cell coated by AuNPs,
AgNPs, and AuNPs: AgNPs, respectively. The higher efficiency for the cell coated by the mixed
NPs due to the two ranges of absorption for the two NPs types which cause the harvesting of
more solar energy [24]. Increasing the shunt resistance for the PV cell enhanced by NPs indicates
the reduction of the recombination rate of the generated electron-hall pairs [25]. The solar cell
more enhanced in efficiency with Au NPs than the AgNPs as their variation in plasmonic
wavelength which falls about at the middle of spectral maximum causees more light harvesting.
In addition, using mixed nanoparticles, causes more enhancement due to the contribution of two
absorption bands corresponding to the two NPs [24]. For all coatings, the shunt resistance
increased while the series resistance decreased indicating on increase in the electron injection
conductivity and reducing the recombination process [25].
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Table 3. The Specification of Solar Cell before and after the Treatment with AgNPs, AuNPs, and
AuNPs:AgNPs Mixture.

Bare With AgNPs With AuNPs With AuNPs:AgNPs
Jsc (MA) 4.40 5.00 5.20 6.40
Voc (V) 0.65 0.65 0.67 0.65
Jm (MA) 3.40 3.78 3.77 4.85
Vm(V) 0.40 0.41 0.43 0.39
F.F 0.48 0.48 0.46 0.45
n% 1.36 1.55 1.62 1.89
Rsh (€2) 181.36 394.16 339.56 234.74
Rs (£2) 52.45 33.03 34.21 23.81

CONCLUSIONS

High purity AuNPs and AgNPs were simply prepared by pulsed laser ablation technique.
The XRD patterns for AUNPs, AgNPs, and AuNPs:AgNPs deposited on a (100) Si wafer shows
polycrystalline structure for the all samples. The FE-SEM of the deposited AuNPs on Si wafer
appeared as spherical shapes of 13.9 nm diameter uniformly deposited on the substrate. While
the AgNPs appeared as aggregations of about 200 nm diameter. The LSPR bands of AuNPs and
AgNPs locate in the visible region of the solar spectrum. Depositing the metal nanoparticles onto
a previously prepared solar cells can enhanced their performance to harvest more energy by
increasing the absorption inside the active layer at the plasmonic wavelength or by reducing the
recombination process by increasing surface conductivity. It is possible to take advantage of
mixing silver and gold particles to use them for solar surface coating to further improve the cells
to capture a larger amount of solar radiation, because each of them contributes to enhancing the

optical absorption within its plasmon peak.
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