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h i g h l i g h t s

• The silver nanoparticles are coated
on silicon solar cells by the boil de-
position method.

• A novel device degradation is ob-
served as a result of clustering of Ag
nanoparticles.

• Fabricate a photovoltaic device of
high efficiency by coating silver
nanoparticles.

• Spectroscopic characterizations and
Electron Microscopic investigation
performed.

• A finite-difference time-domain tech-
nique is used to discuss the effect of
particle distribution on an ultra-thin
film silicon solar cell.

g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 15 March 2018
Received in revised form 31 May 2018
Accepted 2 July 2018

Keywords:
Silver nanoparticles
Solar cell
AFM
Optical
Dielectric
C–V and I–V response

a b s t r a c t

A highly efficient photovoltaic nanocomposite device is demonstrated by fabrication of structural clusters
of silver nanoparticles (Ag NPs) on silicon solar cells via a boil deposition method. The efficiency of silicon
solar cell was augmented by coating Ag NPs ultra-thin-film deposition on silicon solar cell. Chemically
synthesized silver NP’s, their consumption on a silicon thin layer and the operation of photovoltaic
nanocomposite device were characterized by using several electron probe microscopic pectroscopic
and spectrometric techniques viz. x-ray diffraction (XRD), scanning electron microscopy (SEM), high
resolution transmission electron microscopy (HR-TEM), Photoluminescence, UV–visible absorption, di-
electric, current vs. voltage (I ∼ V ) and capacitance vs. voltage (C ∼ V ) characteristics. Poly-dispersed
nature of ‘Ag’ nanoparticles established the anisotropy of these NPs when coated on silicon solar cells.
Their efficiency enhancement was confirmed from HR-TEM image via time-domain finite-difference
technique to deliberate the particle distribution effect on an ultra-thin film of silicon solar cell, indicating
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the sufficient enrichment in the efficiency of solar cell. Furthermore, the current work explores the
developement of novel glass frits for utilization in next generation of high efficiency smart solar cells.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Epitaxial growth of Ag NPs and techniques for transferring sili-
con layers provide solid evidence that supports the trend of using
reduced silicon. Indeed, silicon serves as a perfect seed material
for epitaxial growth and various other lift-off techniques due the
reusable facility of expensive silicon substrate. Utilization of a
low-cost substrate such as metal foil or display glass is another
conventional approach recently used in the fabrication of solar cell.
A selective epitaxially grown seed layer was used to fix crystalline
silicon onto substrates. In recent work, we focused on fine-tuning
the properties of an anti-reflecting coating (ARC) to increase its
compatibility with an epitaxial, ultra-thin, crystalline, heterojunc-
tion silicon solar cell structure. The investigation helps further
knowledge of the enhancement in the nanoscale optical absorption
property of noble metals, which can be applied to fabricate solar
cell with increased cell conversion efficiency [1,2]. Metal nanopar-
ticles possess an excitation-mediated scattering ability of incident
light near their resonating wavelength. When located in proximity
to a high-index substrate becomes coupled with a significant part
of the scattered light. The adjustment of the size, shape, density,
optical, electrical and dielectric properties of nanoparticles so that
they correspond to the properties of the surrounding medium
helps tune their broad spectral resonance wavelength [3]. Prior
work has demonstrated a nanoparticle dependent optical absorp-
tion enhancement in silicon-based solar cells via experiments and
numerical simulations. Enhanced scattering of light by a semicon-
ductor substrate arising from silver nanoparticles was originally
documented in 1998, and since then, 100 nm sized silver particles
have been shown to induce a 20-fold photocurrent enhancement
at awavelength of 800nmwhen assembled on silicon-on-insulator
(SOI) photodetectorswith a thickness of 165nm [4]. The important
role of nanoparticle shape in the design of solar cells and their
cross-sectional scattering depends on the particle–substrate dis-
tance as demonstrated in previous reports [5]. Additionally, it has
been demonstrated that the forward scattering through Ag-NPs
and a semiconductor can be reduced and that a layer of oxygen has
potential to modify this reduction [6]. Moreover, the propagation
of light through a material can be studied by measuring the mate-
rial’s refractive index. If the refractive index of the material coated
on solar cell is high, the reflection of incident light increases and in-
hibits its conversion into a photocurrent. The nanoparticles coated
on solar cell may then act as an optical thin film. The simplest and
cost-effective process is suggested for the coating methodology.
The size of the nanoparticle is so small which is close to the
incident light wavelength and a thin layer of nanoparticles can
be considered as optical thin film with effective refractive indices.
This novel technique minimizes the reflectance of light which in
turn increases the efficiency of the solar cell. In a conventional
solar cell, the incident light falls over the solar cell and a single
photon is capable of producing an electron–hole pair. Our aim is
to produce multiple electron–hole pairs from a single photon with
the help of nanoparticles. The conductivity of Ag nanoparticle is
very high. This will be helpful in prevention of electron–hole pairs
recombination. Recently, several studies has been conducted to in-
vestigate the ability of silverNPs to enhance the efficiency of silicon
solar cell [7–10]. There are numerous special materials are used
for the construction of solar cell in various applications. The most
commonly used semiconductor material/smart electronic materi-
als e.g. graphene for the construction of solar cell is silicon. Again,

the efficiency of a bulk heterojunction (BHJ) solar cell critically
depends upon quality of thematerial interfaces also [11,12]. Other
materials may be used for the construction of an efficient solar
cell is polycrystalline thin films such as: copper indium diselenide,
cadmium telluride and gallium arsenide. In simple terms, solar cell
and devices convert light energy into electrical energy and they
are available in many different shapes and sizes as they are joined,
they form photovoltaic modules. Thus, the surface modification of
silicon solar cell with Ag NPs can enhance the electron transfer by
providing electron pathways thereby increasing the efficiency.

Recently, active silicon material dominates the solar cell indus-
try due to its non-toxicity, low cost, availability, well-established
technology and long-term stability. Enhancing the efficiency of
silicon solar cell by nanoparticles has become a new trend in solar
cell technology. The fabricated cell efficiency can be increased by
coating effective nanoparticles on solar cell. The nano-sized silver
particles are less toxic to humans and are easy to synthesize. Even
though Ag nanoparticles are expensive, it is enough to use in
little concentration. Herein, the interface between a metal and a
semiconductor consists of good numbers of conducting electrons
that oscillate in both metal and semiconductor. On excitation with
silver NPs, oscillating dipoles are created due to surface elec-
trons. Oscillating dipoles directs electromagnetic waves towards
a material with high permittivity, where it is concentrated in the
vicinity between the metal–semiconductor interfaces, so that it
can propagate and trap light at the interface. A decrement in the
reflectance at the wavelength region from 360 nm to 1100 nm,
and an increased absorption was observed at the band gap wave-
length of silicon substrates. Thus, Ag nanoparticles are utilized
to improve the conversion efficiency of silicon wafer solar cell,
compared to the conventional anti-reflecting coating (ARC) [13].
In addition, we also found an improvement in the silver and silicon
interface whereas the silver and silicon contact resistance was
significantly reduced which is accountable for the solar cell per-
formance improvement [14–18]. The current research emphasizes
on the investigation of light coupling into the ‘c-Si’ solar cell by
depositing spherical nanoparticles diameter of silver metals on the
cell surface. Further, the current research exploring the remarkable
importance of developing a novel glass fritswith efficient and com-
mercial significance that can be promoted in the next generation
smart solar cells.

2. Experimental techniques

2.1. Spectroscopic and microscopic characterizations

X-ray diffraction analysis was performed with X’pert PRO of
PANalytical diffractometer, with Cu–Kα X-rays of wavelength (λ) =
1.54056 Å and data was retrieved as ‘2θ ’ values from 10◦ to 90◦.
The crystal surface morphology was investigated using a Scanning
electron micrograph (HITACHI Model S-3000H). The samples were
mounted in the copper grid coated with carbon and the images
were obtained at a magnification of 1 µm and 200 nm magnifi-
cation scale with 3.5 nm of resolution. High resolution transmis-
sion electron microscopy (HR-TEM) equipped with selected area
electron diffraction (SEAD) pattern investigation was performed
by using JEOL microscope (JEM-2100). Surface topography, thick-
ness and surface roughness measurements of the thin film were
carried out via tapping-probe atomic force microscopy (TP-AFM)
and the surface current was measured using conductive-probe
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