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Various applications make the use of silver nanoparticles (Ag NPs) due to
their chemical durability, high light absorption, and superior conductiv-
ity. This research demonstrates that pulsed laser ablation with varying
energy in a variety of liquids can produce Ag NPs. The effect of Ag NPs
on the efficiency of solar cells is investigated. Nanocolloids’ dimensions,
forms, and absorption spectra are measured by ultraviolet—visible (UV—
Vis) spectroscopy, photoluminescence (PL), and transmission electron mi-
croscopy (TEM). The distribution and mean diameter are investigated with
the use of image-java tools. The results show that the best-characterized
Ag NPs are made by combining the 1 Hz-pulse repetition rate with an ace-
tone solution and the 1000 mdJ-laser energy. These Ag NPs display the
most uniform shape, narrowest size dispersion of 10—40 nm, and shortest
mean diameter of 21.56 nm. The results of the Ag NPs’ precipitation ex-
periment on the solar cell show a 20% improvement in the cells’ conver-
sion efficiency.

PisuHi BacrocyBaHHS BUKODPHCTOBYIOTH HaHOYACTMHKM cpibaa (Ag-HY) sa-
BOSAKM iXHiMl xeMmiuHiii cTifikocTi, BUCOKOMY BOWpaHHSA CBiT/JIa Ta YyqOBii
npoBigHocTi. Ile mocaimkeHHA NeMOHCTPYE, IO iMITyJIbCHA JiasepHa a0saIlia
3 pisHOIO eHepriew y pisHUX pizmHax mMoxxe yrBoproBatu Ag-HY. Byno moc-
dimxeno BmauB Ag-HY ma edeKTuBHICTH COHAYHUX esieMeHTiB. Poswmipwu,
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dopMHu Ta CHeKTPU BOUMPAHHS HAHOKOJOIAIiB OyJI0 BUMipSHO 3a JOIIOMOTOIO
CHeKTPOCKOMiil yabTpadiosieToOBOTO-BUAUMOr0 BUIIPOMiHEHHS, ()OTOJIOMiHe-
CIIeHIIiI Ta MPOCBITJIIOBAJBHOI eJeKTPOHHOI Mikpockotmii. Posmoxin i cepen-
Hill gisMeTep DOCTiAKyBaIu 3a JOIOMOTOI0 iHCTPYMEHTIiB 300pasKeHHs-java.
PesynbraTy mokasanu, Io HaMinmie oxapakKTepusoBaHi Ag-HY 6ysio ome-
PsKaHO MIIAXOM IIOEAHAHHS YaCTOTH IIOBTOPEeHHA immyiabciB y 1 I'm 3 pos-
YMHOM aleToHy Ta JasepHoi eHeprii y 1000 mx. I1i Ag-HY npoxmemoncT-
pyBaJiu HaNbiIbINI OMHOPIAHY (opMy, HAWMMEHINy AucHepciio po3mipiB y 10—
40 M i HalikopoTuili cepenHiil miamerep v 21,56 uHm. Pesynbratu ekcie-
pumeHTy 3 ocamkeHHa Ag-HY Ha coHauHomy ejgemeHTi mokazaiau 20% -
noJrinmeHHA e()EKTUBHOCTU TPaHC(POPMYBAaHHSA eJIEMEHTA.

Key words: solar cell, Ag nanoparticles, colloids, laser ablation, plasmon
resonance.

KarouoBi croBa: COHAUYHUE eleMeHT, HAHOUACTMHKM cpibia, Kojgoimgu, Jase-
pHa abaAIisa, IIJIa3MOHHUNA Pe30HaHC.
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1. INTRODUCTION

Silver nanoparticles (Ag NPs) are particularly advantageous for use
in solar cells due to their unique plasmonic properties, which en-
hance light absorption and scattering. Compared to other conduc-
tive elements like gold or aluminium, silver offers a higher conduc-
tivity and better plasmonic response in the visible spectrum, mak-
ing it more effective for improving solar cell efficiency. Addition-
ally, Ag NPs are more cost-effective and chemically stable, which
further supports their use in photovoltaic applications.

Solar cells are one of the most significant sources of clean energy
because of the steadily rising need for renewable energy. Increasing
the efficiency of conventional solar cells is still quite difficult [1].
Due to its low cost, natural availability, nontoxicity, long-term sta-
bility, and well-established technology, silicon (Si) is the material
most frequently employed in photovoltaic applications. However,
one of the challenges to increasing solar cell efficiency is its weak
absorption [2, 3]. Anti-reflecting coating layers and texturing
structures enhance silicon absorption; however, these require
chemical treatment and expensive deposition techniques. Plasmonic
effects from a noble metal nanoparticle can greatly increase the so-
lar cells’ ability to absorb light and, consequently, their conversion
efficiency [1]. This is due to metals’ high free-electrons’ density [1]
and can cause surface plasmon resonance (SPR) [2] due to their
strong interactions with visible light. The shape, size, and sur-
rounding dielectric medium of the metal nanoparticles mostly de-
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termine the resonant oscillation of conduction electrons about the
positive-ion core under proper light irradiation, which is known as
the surface plasmon resonance [3, 4].

SPR features enhance and control light at the nanoscale, hence,
improving the sensitivity and resolution of optical instruments.
Plasmonic nanoparticles can either augment or diminish photocur-
rent in the device, contingent upon wavelength, nanoparticle reso-
nance, and the size and geometry of the nanostructure [5]. Sunlight
can be collected and confined by SPR, hence, enhancing absorption
intensity [6]. Forward scattering and surface plasmon resonance
utilizing metallic nanoparticles (e.g., gold, silver, and aluminium)
might augment the optical transition rate in the material owing to
the increased creation of electron—hole pairs [7]. Silver and alumin-
ium nanoparticles exert similar effects on the photocurrent of solar
cells. The scattering-to-absorption ratio is augmented by increasing
the nanoparticle size near the surface plasmon resonance. Research-
ers have demonstrated the capacity of nanoparticles to augment
scattering, fluorescence, and emission [9, 10].

The concept of enhanced absorption by nanoparticles has been
utilized in optoelectronic devices. The enhancement of the short-
circuit current J,. in a-Si:H solar cells was accomplished through
the utilization of Au nanoparticles with diameters ranging from 50
to 100 nm. Numerous investigations have indicated that scattering
effects prevail for large particle sizes (> 100 nm), but absorption
effects dominate for smaller nanoparticles (< 50 nm), making this
characteristic suitable for solar applications [11, 12]. Silver
nanoparticles offer advanced solutions to enhance the efficiency of
these cells due to their exceptional conductivity, effective light ab-
sorption, high sensitivity, resolution, and chemical stability. Metal
nanoparticles (MNPs) have consistently attracted significant atten-
tion due to their substantial surface-to-volume ratio, plasmonic
properties, and other related characteristics [13—-15].

The adjustment of the surface plasmon resonance of the MNPs is
extensively examined to investigate its practical uses in sensors,
biodevices, data storage, spectroscopy methods, catalysis, solar
cells, and more [16—-19].

Different physical and chemical methods can synthesize Ag
nanoparticles. The preparation of nanoparticles is an electrochemi-
cal deposition, vacuum deposition [20], chemical vapour deposition
(CVD) [21], sol—gel technology [22], electrical deposition [23], and
laser ablation [24, 25]. Laser ablation in liquid is a green method
that is cheap and easy. Therefore, it is a good method for preparing
Ag NPs with uniform size and shape. This work details the fabrica-
tion of Ag NPs using pulsed laser ablation in liquid at energies of
400 mdJ and 1000 mdJ in both water and acetone. It also assessed the
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Fig. 1. Pulsed laser ablation in liquid technique.

influence of adding Ag NPs on silicon solar-cells’ performance.

2. EXPERIMENTAL

First, silicon solar cells were subjected to hydrofluoric acid vapour
for two minutes to remove the anti-reflective coating and any con-
tamination on the front side of the silicon photovoltaic cells. The
silicon solar-cell samples were immersed in deionized water (DIW)
to eliminate the residual hydrofluoric acid. Secondly, silver colloid
was synthesized via the pulsed laser-ablation technique (PLAL) at
two energy levels 400 mdJ and 1000 mdJ, employing different sol-
vents (deionized water and acetone), as illustrated in Fig. 1. Follow-
ing preparation, the Ag NPs were applied to the surface of the sili-
con solar cell using the drop overcasting method, applying the Ag
colloidal solution onto the heated surface of the solar cell and allow-
ing it to dry [26].

Silver colloidal suspensions were characterized through optical
absorption spectra recorded in the wavelength range of 320-1000
nm using a UV-Vis absorption spectrophotometer (model UV-Vis
721-2000), transmission electron microscopy (TEM), and photolu-
minescence spectroscopy.

3. RESULTS AND DISCUSSION
3.1. The Effect of Liquid

Figure 2 illustrates the TEM picture and the alteration in size of
Ag NPs, when the laser was configured to 1000 mdJ, with 700
pulses delivered at a repetition rate of 1 Hz. There was a 6 cm gap
between the laser and target surfaces, and 7 cc of acetone and de-
ionized water were utilized as fluids. The TEM picture indicates
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Fig. 2. The TEM image and the size distribution in percentage (histogram)
of Ag NPs in acetone (a, b) and deionized water (c, d).

that the observed Ag NPs are mostly spherical across all mediums.
No aggregation occurs in acetone; precipitation occurs, and the col-
loidal solution remains stable, as seen in Fig. 2, a. Particle sizes
range from 10 nm to 40 nm. The particle size distribution is nar-
row, featuring a mean of 21.56 nm and a standard deviation of 8.11
nm, as illustrated in Fig. 2, b. Aggregation occurs in DIW due to
the oxygen present, which triggers oxidation in the Ag NPs, as il-
lustrated in Fig. 2, c. The figure demonstrates a remarkably limited
size range particles ranging from 5 nm to 50 nm. A mean size of
18.22 nm and a standard variation of 9.55 nm are, as seen in Fig.
2, d.

Figure 3 illustrates the optical characteristics of silver nanopar-
ticles synthesized in deionized water and acetone. The generated
nanoparticles can be characterized by the emergence of SPR peaks
in their corresponding spectra, which serve as markers of the parti-
cles’ size and morphology. These obtained SPR peaks agreed with
those reported in Refs. [27, 28]. We will witness an increase in ab-
sorption in DIW rather than acetone, owing to the increase in laser
ablation efficiency that indicates an increase in the quantity of ab-
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Fig. 3. Absorption of Ag NPs in acetone and DIW.
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Fig. 4. PL spectroscopy of Ag NPs in different liquids: (a) acetone, (b)
DIW.

lated material. At approximately 400 nm, the picture also reveals
that the highest absorption occurs for Ag NPs. The spectra of the
samples generated in DIW and acetone show peaks at 400 nm,
which are attributed to the famous surface plasmon resonance of
spherical particles [29].

Figure 4 illustrates the PL spectrophotometer results for Ag NPs
in various liquids. It indicates that Ag NPs in acetone and deion-
ized water exhibit photoluminescence emissions in the violet-blue
and ultraviolet ranges. All particles exhibit a single emission peak
at 378 nm for acetone and 412 nm for deionized water. As shown in
Figure 5, which illustrates the band-structure excitation and re-
combination processes in noble metals [18, 30], the emission peaks
at 378 nm and 412 nm denote the radiative recombination of elec-
trons and holes moving from the sp-conduction band above the
Fermi level to the d-band.
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Fig. 5. The excitation and recombination mechanisms inside the band
structure of noble metals.

As seen in Fig. 5, the band structure of noble metals, including
silver (Ag), has a mechanism for excitation and recombination. The
following procedures are depicted in the diagram.

1. Excitation. An electron is promoted from the lower energy d-
band to the higher energy sp-band, when a silver nanoparticle ab-
sorbs a photon with enough energy. In the diagram, the ascending
arrow represents this process.

2. Radiative recombination is the second process, and it involves
the release of energy in the form of light (photoluminescence), when
an excited electron recombines with a hole in the d-band. The dia-
grammatic descending arrow signifies this.

3. Surface Plasmon Resonance. The interaction of light with the
free electrons in the sp-band leads to the generation of surface
plasmon resonances, which are responsible for the enhanced optical
properties of Ag NPs. The SPR effect is highly dependent on the
size, shape, and dielectric environment of the nanoparticles.

The excitation and recombination mechanisms explain the photo-
luminescence (PL) peaks observed in the Ag NPs (e.g., at 378 nm
and 412 nm in acetone and DIW, respectively, as seen in Fig. 4).
This mechanism is crucial for understanding how Ag NPs enhance
light absorption and scattering in solar cells, leading to improved
efficiency.

3.2. The Effect of the Energy

The TEM image and size distribution of Ag NPs at two energy lev-
els (400 mdJ, 1000 mdJ), with 700 pulses and a repetition rate of 1
Hz, at a distance of 6 cm between the laser and target surfaces, us-
ing 7 ml of DIW, as seen in Fig. 6. DIW was chosen because the re-
sults showed that its absorption is better than that of acetone. As
demonstrated at the energy of 400 md, the Ag NPs’ size is modest
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Fig. 6. The TEM image and the size distribution of Ag NPs at different
energy: (a, b) 400 md, (¢, d) 1000 md.

and uniform with spherical shape with range of 2—18 nm. The mean
size is of 8.59 nm, and the standard deviation is of 3.2, as seen in
Fig. 6, a, b. However, at energy 1000 mdJ, the range is of 5-50 nm,
the mean size is of 18.22, and the standard deviation is of 9.55, as
seen in Fig. 6, ¢ and d. Comparing the two energies, it is obvious
that, with the lower energy, the particle size was smaller and ho-
mogeneous, and the number of particles was bigger compared to the
higher energy, with a regular distribution. This is because the low-
energy limits excessive evaporation. When the laser power is re-
duced, the amount of vaporized material is reduced, leading to the
growth of small particles with a uniform distribution to avoid ex-
cessive evaporation and the formation of larger particles. With
lower energy, cooling happens quicker in solution, favouring the
production of tiny particles by restricting their development via fu-
sion. Prevent particle accumulation: when the quantity of material
generated is limited, the chance of collision between particles is

lowered, preventing the production of bigger particles by chumping
[31].
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Figure 7 shows the optical properties of the Ag NPs in DI water
at two energies of 400 mJ and 1000 mdJ. As shown, the absorption
at energy 1000 mdJ is greater than at energy 400 mdJ. Absorption
peaks of Ag NPs may be changed at a given wavelength by variables
dependent on the laser energy and the number of pulses. For optical
absorbance of the colloidal solution, it has been shown that Ag NPs’
exaction absorption peaks positioned at 400-mdJ wavelength. An in-
crease in the optical absorption with increased laser energy is owing
to the growth in laser-ablation efficiency, which entails an increase
for material. The absorption intensity rose by more than 80% , when
the laser pulse energy was raised from 400 mdJ to 1000 md.

The PL spectra of Ag NPs at 400 mJ and 1000 mdJ in DI water
are shown in Fig. 8. This figure shows that PL radiation is in the
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Fig. 7. UV—Vis spectrophotometry of Ag at different energy.
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Fig. 8. PL spectrophotometry for Ag NPs at different energy: (a) 1000 mdJ,
(b) 400 md.
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visible area, and there is one emission peak in PL for all particles
found at 412 nm and 446 nm for 1000 mJ and 400 mdJ, respec-
tively. With the peak at 446 nm with strength of 63.6 a.u., silver
nanoparticles exhibit distinctive photoluminescence properties, with
the metallic solutions being stimulated at their corresponding plas-
mon absorption peaks [32]. The fluorescence originates from the ex-
citation of d-band electrons in silver nanoparticles upon the absorp-
tion of incoming photon energy, elevating them to higher electronic
states in the sp-band. The radiation at 412 nm and 446 nm is at-
tributable to the surface plasmon resonance of Ag NPs [18, 33].

3.3. The Solar-Cell Result

Figure 9 illustrates the current—voltage (I-V) properties of silicon
solar cells, both with and without Ag NPs. The I-V curve offers
following essential metrics for assessing solar cell performance.

1. Short-Circuit Current (J,.) is, when the voltage is zero. The
addition of Ag NPs increases JJ,. due to enhanced light absorption
and reduced reflectivity.

2. Open-Circuit Voltage (V,. is, when the current is zero. Ag NPs
also improve V,. by increasing the generation of electron—hole pairs.

3. Fill Factor (FF) is the ratio of the maximum power to the
product of V,. and J,. A higher FF indicates better solar-cell per-
formance.

4. Power Conversion Efficiency (PCE) is the overall efficiency of
the solar cell calculated from the I-V curve. The addition of Ag
NPs increases PCE by nearly 20%.

The I-V curves demonstrate that the improvement in solar-cell
performance is due to the plasmonic effects of Ag NPs.

The increase in J,., V,, and FF confirms that Ag NPs enhance
light absorption and reduce energy losses in the solar cells.

—»—with Ag NPsg
—s—with out Ag NPs

Current density, mA/ecm?

Voltage, V

Fig. 9. The I-V characteristics of solar cells.



EFFECT OF SILVER NANOPARTICLES ON SOLAR CELL EFFICIENCY 451

Table presents the solar-cell parameters in both the presence and
the absence of Ag NPs. The rise in efficiency of the solar cell can be
attributed to enhancements in the short-circuit current, open-
circuit voltage, and fill factor; the most significant improvement
was observed in the short-circuit current, which is linked to the in-
creased plasmonic absorption of incident light resulting from the
forward scattering of Ag NPs, thereby, decreasing reflectivity as
illustrated in Fig. 10. The responsiveness of solar cells incorporat-
ing Ag NPs surpasses that of solar cells lacking Ag NPs. The data
presented in Table and the I-V characteristics of solar cells illus-
trated in Fig. 9 indicate that the efficiency improved by nearly
20% with the incorporation of Ag NPs.

Figure 10 shows the reflectance spectra of a silicon wafer with
Ag NPs.

1. Reduced Reflectance. The silicon wafer with Ag NPs exhibits
lower reflectance across the visible spectrum compared to the wafer
without Ag NPs. This is due to the forward scattering of light by
the Ag NPs, which trap more light within the solar cell.

2. Enhanced Light Absorption. The reduction in reflectance leads
to increased light absorption, which improves directly the solar-
cells’ efficiency.

3. Plasmonic Effects. The Ag NPs create localized surface plas-
mon resonance that enhances the electric field near the surface of
the silicon wafer, further reducing reflectance and improving light
trapping.

TABLE. Solar cell parameters without/with Ag NPs.

Jo, mA/em® |V, V FF PCE, %
Without Ag NPs 5.204 0.625 0.652 2.121
With Ag NPs 6.019 0.667 0.687 2.756
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Fig. 10. The reflection of silicon wafer with Ag NPs.
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The reflectance spectra confirm that Ag NPs reduce effectively
the reflectivity of silicon solar cells, leading to enhanced light ab-
sorption and improved efficiency. This result supports the conclu-
sion that Ag NPs are a promising solution for improving the per-
formance of solar cells.

4. CONCLUSIONS

This work emphasized the synthesis of silver nanoparticles (Ag
NPs) and the influence of laser energy and solvent on their crea-
tion. In addition, the effect of silver nanoparticles on the efficiency
of the solar cell was studied. A pronounced surface plasmon reso-
nance band was detected for Ag nanoparticles at 400 nm across sev-
eral liquids (acetone, deionized water), exhibiting distinct absorp-
tion characteristics for each liquid. The absorption spectra of Ag
NPs in acetone exceed those in deionized water. In deionized water,
oxidation of the nanoparticles transpires, resulting in agglomera-
tion within the colloidal solution, thus, diminishing absorbance. The
analysis of several energy levels indicated that absorption increased
by over 30% with rising laser energy. The deposition of Ag NPs on
the front of the solar cell improved absorption in the visible spec-
trum, hence, increasing the solar cells’ conversion efficiency by
around 20% via surface plasmon resonance.
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