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ABSTRACT

This study investigates the impact of strategically positioned metal nanoparticles (NPs) like Gold (Au), aluminum
(Al), silver (Ag), and copper (Cu) on thin-film silicon (Si) to enhance optical absorption. The integration of NPs
diminishes surface reflectance through forward scattering and near-field effects, thereby enhancing light coupling
into the Si through the plasmonic properties of NPs. This dual enhancement in optical performance is achieved
by optimising the radius and period of NPs. Subsequently, a comparative analysis is conducted among devices
incorporating these NPs individually, revealing that Cu NPs yield the most significant absorption enhancement.
A notable relative increase of 139.72% is observed in the current density (Jy,) with the utilisation of Cu NPs
compared to the reference device, which lacks NPs. All simulations are executed using Lumerial finite-difference

time-domain (FDTD) software.
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INTRODUCTION

lasmons represent collective oscillations of free

electrons within a material. These quasi-particles
are similar to photons and phonons, arising from the
quantization of plasma excitations [1], [2]. In recent
years, plasmonic has emerged as a rapidly advancing
field of research. This growth can be attributed to
the continuous advancement in the fabrication and
characterization methods of materials at nanoscale [3]—
[5]. Additionally, various electromagnetic simulation
techniques have been developed for understanding and
harnessing plasmonic phenomena [6]—[8]. By adjusting
the plasmonic properties, such as size and shape, of
material at nanoscale, they find applications in various
modern technologies, including photovoltaics (PV),
plasmonic integrated circuits, plasmonic lasers, surface
plasmon-enhanced LEDs, and bio-sensing [9], [10].
Plasmonic structures can be categorized into subgroups
such as nanowires, nanorings, and nanoparticles,
all of which exhibit unique optical characteristics
due to their nanoscale dimensions. Consequently,
the optical properties of materials at the interface of
dielectric and metal nanostructures undergo significant

changes, leading to modifications in the local dielectric
environment [3]-[5], [11]-[13]. When exposed to
sunlight, surface plasmon resonance (SPR) occurs
near the metal-dielectric interface, resulting in a strong
enhancement of the electromagnetic (EM) field at the
interface. The plasmons are those SPR that are resulted
due to the interaction of nanostructures with the light,
where collective oscillation of free electrons take
place under the influence of oscillating electric field.
The plasmons are broadly classified into three major
categories namely localised surface plasmon (LSP),
bulk plasmon (BP), and surface plasmon polaritons
(SSP) [1], [2], [14].

One of the major drawbacks of PV technology is its
high price of power per unit watt, compared to the
available traditional power generation technologies.
The cost of the power generated by Si-based PV may
be reduced significantly by lowering the amount of
material (Si) consumption in the manufacturing of
these cells i.e., by optimising their thickness, while
keeping the light absorption within the adequate
limits. The use of metal nanoparticles (NPs) in the
thin Si-based PV have a high potential to boost up
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their absorption ability by the means of plasmonic
properties of NPs [5], [15]. The incorporation of the
NPs scatters the light to large angles into the absorbing
material (Si in this case) which increases the path
length of the light and hence the reflection losses are
minimised. Subsequently, the plasmonic effect like
LSP may further enhance the absorption within the
Si leading to high generation rate within the active
material (Si) [2], [5], [8], [15], [16]. The incorporation
of NPs in Si PV provides a cost-effective solution of
enhancing its performance and reducing the cost of
power per unit watt. The metal nanoparticles such as
Al, Ag, Au, and Cu are some most commonly used
materials in the Si-based PV due to their exceptional
optoelectrical properties [15], [17]. These NPs shows
excellent scattering and/or light absorbing properties.
It is mandatory to maximise the scattering effect
while minimising absorption within the nanoparticles
themselves, across the range of wavelengths of interest.
This delicate balance is required for optimising the
photon-to-electron conversion efficiency within the
device. The effective light trapping using the NPs in
the thin films have been demonstrated by the Atwater
et al. [18]. Spinelli et al. has optimised NPs arrays
through impedance matching with the Si substrate,
resulting in a substantial enhancement of absorption
across a broad range of frequencies of the incident
light [19]. It has also been reported in the literature
that the side-coated mental NPs shows an ability to
maximise the light coupling into the Si nanowires
that significantly enhance the absorption [20]. The
absorption enhancement within the Si nanowires has
also been resulted via incorporation of metal NPs
specifically in the long-wavelength region of the light
spectrum [21], [22]. A study on the effect of Au NPs
deposited on the Si nanopillars and nanoholes has been
conducted by the Pudasaini et al. [23]. Whereas Huang
et al. has shown an efficient light trapping within the
Si nanopillars, using Ag nanospheres on the top of Si
nanopillars [24]. The literature also reveals that the
path length reduces, on increasing the gap between the
NPs and the absorbing medium, resulting in substantial
reduction in the scattering effect of the NPs. Therefore,
it is crucial to maintain an appropriate gap between
these two components [25].

The further advancement of the technology requires an
analysis of light harvesting properties of the combined
structure, consisting different metal NPs such as Al, Ag,

Au, and Cu. This critical examination of the different
metal NPs may help the researchers and the industrialist
to identify the most suitable metal NPs for the Si PV
cells. In this work, we have performed a comparative
numerical study to investigate the effect of various
metal NPs (Al, Ag, Au, and Cu) on the absorption of Si
PV cells. For the purpose we have designed four distinct
devices (Device — A, B, C, D), comprising Al, Ag, Au,
and Cu metal NPs, respectively, directly positioned on
top of the Si substrate. To enhance the scattering and
plasmonic effects leading to high absorption within the
device, we have optimised the radius and the period of
the metal NPs. A performance comparison is also made
among all the devices at their respective optimised
values of radius and the period.

SIMULATION DETAILS

This work utilises the Finite-Difference Time-Domain
(FDTD) methods for executing all the simulation within
the Lumerical program software. The program solves
the Maxwell’s electromagnetic (EM) wave equations
described by the equations (1) to (4) in differential
form.

VE=ple (1)
V.B=0 .(2)
VxE=—0B/ot ..(3)
VxH=J+0D/ ot ..(4)

where, electric filed is represented by £, magnetic flux
is denoted by B, D is used for the displacement vector
of electric filed, and H shows the magnetic field. While
the p and J are the volume charge density and current
density, respectively. In the context of a Cartesian
coordinate system, the expansion of the curl equations
described above results in a set of six scalar equations
as given below:
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Where o is the conductivity and u is the magnetic
permeability. The equations (5) to (7) defines the
temporal derivatives of electric field with respect
to the spatial derivatives of the magnetic fields. In
contrast, the subsequent three equations (8) to (10)
describes the temporal derivatives of magnetic field
with respect to the spatial derivatives of the magnetic
fields. These scalar equations serve as the foundation
for the FDTD method, which is used to simulate the
interactions of EM waves with the materials in three-
dimensional space. The Maxwell’s curl equations are
solved using Yee’s algorithm by the program, which
employs central difference numerical techniques for
both spatial and temporal derivatives [26], [27]. The
algorithm discretises the entire three-dimensional
space into infinitely small cubic cells, known as Yee
cells. This differs from the conventional method of
separately calculating electric and magnetic fields by
solving the wave equation. Within a single Yee cell, the
normal to the faces of the cell represent the magnetic
field vectors, while the edges of the cell define the
electric field vectors [26], [27].
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Fig. 1. A snapshot of FDTD simulation of the
designed device

Fig. 1 provides a snapshot of the designed device,
which includes spherical nanospheres (NSs) directly
positioned on top of the Si substrate (1000 nm thick),
with a specified radius () and period (p). The period

is defined as the centre-to-centre distance between the
two consecutive NSs. In FDTD the periodic boundary
conditions (PBC) are applied along x and y-axis, while
perfectly matched layers (PMLs) are placed in the
z-direction. A plane wave source propagating in the
z-direction with a wavelength range span from 400 to
1100 nm is placed on the top of the structure as can be
seen in the Fig. 1. To measure the exact transmittance
a transmittance monitor is positioned at the interface of
Si substrate and the NSs, while a reflectance monitor is
positioned behind the source to measure the reflectance
from the device structure. To record the electric
field profile, scattering cross-section, absorption,
photogeneration, and photocurrent, four distinct
monitors are used, as illustrated in Fig. 1. To reduce
computational load and save time, the lower limit for
all these monitors is set at 500 nm into the Si substrate.
Therefore, the Si thickness considered here is only 500
nm. To enhance the numerical accuracy of the program
a finer mesh of size 2 nm is used for the NSs and for
the rest of the FDTD region a non-uniform meshing
is applied. The refractive index of the Si, Al, Ag, Au,
and Cu are sourced from the internal data base of the
Lumerical. The device structure for all four designed
devices (Device-A, B, C, D) will remain consistent
throughout the study, with the only variation being the
material used for the nanospheres (NSs: Al, Ag, Au,
and Cu for Device-A, B, C, and D, respectively).

RESULT AND DISCUSSION

Initially, we have set the period (p) at 400 nm and
varied the radius () within the range of 10 to 150
nm for all the considered devices. To assess the
performance of these devices, we compare them with
a planar structure, i.e., a Si PV cell without NSs. The
optimised value of » is determined for each device
through an examination of various factors, including
the reflectance, transmittance, NSs absorbance, device
absorption, and solar generation rate. Subsequently,
using the obtained optimised value of 7, the value of
p is varied from 250 to 650 nm. The same procedure
is followed to obtain the optimised value of p as the
one we have followed for the optimisation of the
radius. Finally, a comparison is made between the
performances of all the devices at their respective
optimised values of 7 and p. The detailed discussion on
the results is provided in the subsequent sections.
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Effect of Radius Variation

When varying the radius of the NSs, we examined the
average reflectance and transmittance for device-A as
shown in Fig. 2(a) and (b). Notably, a significant lower
average reflectance, particularly within the range of
r,, (radius of Al NS) from 60 to 140 nm, is observed.
Therefore, to examine the spectral reflectance response
over a range of wavelengths from 400 to 1100 nm, we
have plotted it only within these ranges of r,. The
reflectance spectrum, depicted in Fig. 2(c), exhibits
a broad reduction in reflectance, primarily occurring
within the 600 to 900 nm range when r , is set to 100
nm. This reduction in reflectance primarily occurs
within the 600 to 900 nm range when r, is set to 100
nm. The decrease in reflectance can be attributed to
the scattering effect of the Al NSs, which scatters the
incident light to a wider range of angles, resulting in
a longer path length for the light within the material
and thus a higher probability of absorption. Fig. 2(d)
illustrates that the best transmission of incident light
into the Si substrate is also achieved at the same value
of r,, which is 100 nm. This reduced reflectance and
increased transmittance couples the maximum incident
light power to the Si substrate, where it is absorbed
to generate photocarriers. The absorption within the
device is also examined and presented in Fig. 3(a). It
has been observed that as the radius varies from 60 nm
onwards, the absorbed power (P ) increases for the
wavelength range from 650 to 1100 nm. The power
loss, which is the power absorbed by the nanospheres
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(NSs), also increases as the radius increases beyond
100 nm. P, reduces significantly in the shorter
wavelength region, as seen in Fig. 3(a) beyond 100 nm.
The optimal value of », is thus determined to be 100
nm, enhancing power absorption within the Si due to
forward scattering and the plasmonic effect of the Al
NSs, consequently leading to a higher generation rate
and current density.

Similarly, the average reflectance and transmittance
for device-B are influenced by varying the radius
(r Ag) of Ag NSs. At a radius of 80 nm, the average
reflectance reaches its minimum, while the average
transmittance achieves its maximum. However, the
maximum generation rate is observed at 60 nm of r e
due to enhanced light coupling into the semiconductor
from the plasmonic resonance of Ag NS. The P, is
particularly pronounced in the shorter wavelength
range of 400 to 450 nm at r, of 60 nm as can be seen
in Fig. 3(b). Therefore, the optimised value for r, is
determined to be 60 nm.
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Fig. 3. Power absorption (P, ) within the Si substrate at
different radius of (a) Al nanosphere, (b) Ag nanosphere,
(c) Au nanosphere, and (d) Cu nanosphere

For device-C with Au nanospheres, the minimum
average reflectance occurs at 7, (radius of Au NSs) of
100 nm, while the average transmittance remains nearly
constant up to 80 nm for , and decreases with further
increases in , . The decrease in average transmittance
occurs due to spectral decrease in transmittance in
shorter wavelengths, becoming more pronounced for
r,, beyond 80 nm. The absorbed power is maximised
throughout the entire spectral range at », of 100 nm,
as shown in Fig. 3(c), leading to optimisation of r,
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at 100 nm. On the other hand, for device-D with Cu
NSs, the minimum average reflectance is achieved
at r,, (radius of Cu NSs) of 100 nm, and the spectral
reflectance response is particularly favorable at this
radius compared to other spectral responses obtained
with different r. values. However, transmittance
exhibits a decrease at shorter wavelengths as r
increases, becoming more pronounced beyond 100
nm. The P, maximised throughout the entire spectral
range at . of 100 nm, as depicted in Fig. 3(d), leading
to optimised of 7, at 100 nm.

Effect of Periodicity

The period is systematically varied within the range of
250 to 650 nm for all devices, while keeping the radius
of the NSs fixed at their respective optimised values.
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Fig. 4. Effect of Al NS period variation on (a) reflectance
spectrum, and (b) transmittance spectrum

The reflectance and transmittance spectra of Device-A
with Al NS are examined as shown in Fig. 4(a) and
(b), respectively. The results reveal that the reflectance
is at its minimum across the entire spectral range at
a period (p,,) of 400 nm, while the transmittance
is maximised for this particular period value. The
power loss, absorbed by the Al NS, at a period of 400
nm is relatively high for shorter wavelength ranges,
specifically within the 400 to 450 nm range. However,
beyond this range, this power loss significantly
diminishes. While it is possible to further reduce this
power loss by increasing the period beyond 400 nm,
P, within the Si also decreases with an increase in
period beyond 400 nm, as shown in Fig. 5(a). The
most favorable spectral response for P, is achieved
at 400 nm. Consequently, the value of p,, is optimised
at 400 nm, allowing for the simultaneous attainment
of minimum reflectance, maximum transmittance, and
maximum P , . Likewise, for Device-B with Ag NS,
the period (p, ) is systematically varied. It is observed
that as p ” increases from 250 nm and onwards, the
spectral reflectance of the device also increases, while

the transmittance reduces. However, the power loss in
the NSs and P, within the silicon decrease when p n
is increased. It can be observed from Fig. 5(b) that at
a p,, value of 300 nm, the P, is maximised only for
very short wavelengths and remains nearly the same as
that for the P, value of 250 nm across the rest of the
spectral range. Therefore, 300 nm is considered as the
optimised value for P, in this case.
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Fig. 5. Power absorption (P, ) within the Si substrate at
different period of (a) Al nanosphere, (b) Ag nanosphere,
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For device-C, the most favorable spectral responses
for reflectance, transmittance, and P, within the Si
are all achieved at a period (p, ) of 400 nm, as evident
from Fig. 5(c). A similar behavior of power loss
(power absorption within the Au NS) is noticed, as in
the previous case. It can be minimised by increasing
the value of p, beyond 400 nm, but this comes at
the cost of reduced P, , see Fig. 5(c). Therefore, the
optimised choice for p, is determined to be 400 nm for
Device-C. Finally, for device-D, the optimal spectral
response in terms of reflectance, transmittance, and P,
is achieved at a period (p, ) of 400 nm, as illustrated in
Fig. 5(d). Consequently, the optimised choice for p,, is
considered at 400 nm.

Performance Comparison of All the Devices

A comparison is made between the performances of all
the devices at their respective optimised values of » and
p- The transmittance and the power absorbed within
the silicon (P, ) for the all the devices are compared at
their respective optimised values of radius and period,
and these comparisons are presented in Fig. 6.
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The results reveals that in the shorter wavelength region
below 650 nm, the transmittance is relatively higher for
the devices-A and B, with the maximum transmittance
observed in the device consisting Ag NS. However,
in the wavelength range from 650 to 1100 nm, the
devices-A, C and D exhibit higher transmittance,
with maximum values that are nearly the same for
the devices-C and D, i.e. the devices with Au and Cu
NSs. Consequently, the best spectral distribution of the
absorbed power (P, ) is also obtained for the devices
with Au and Cu NSs, as illustrated in Fig. 6(b). This
relatively higher P, for the devices with Au and Cu
NSs can be primarily attributed to the comparatively
enhanced plasmonic effect of these metal nanoparticles.
This enhancement is evident from the electric field
distribution at a wavelength of 500 nm for all the
devices, as shown in Fig. 7.
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Fig. 7. Electric filed distribution for the planner and the
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Finally, the short-circuit current density (J.) is
computed for all these devices and compared with the
J. of the planar device. The comparison is presented
in Table 1. It has been observed that the device-D i.e.,
the device consisting Cu NSs with obtained optimum
radius (r.) of 100 nm and a period (p,) of 400 nm
yields the highest enhancement in the J. value. The
result of the best device, i.e. the device-D is also been
compared with the previously reported values of J . in
the literature and are presented in Table 2.

Table 1. Comparison table of current densities

S. No.| Device |J,.(mA/cm’) Relative Il;oc/;ease in Jsc
1 Planer 5.79 -
2 | Device-A 10.95 89.12
3 | Device-B 9.08 56.82
4 | Device-C 13.46 132.46
5 |Device-D 13.88 139.72

Table 2. Comparison of the results with reported literature

S. No. | Jg.(mA/cm’) Reference
1 21.00 [28]
2 27.73 [17]
3 31.40 [29]
5 139.72 Our results
CONCLUSION

The study demonstrates that substantial enhancement
of optical absorption in thin-film silicon is achievable
by strategically arranging metal nanoparticles
(NPs) directly on its top. Notably, the investigation
identifies gold (Au) and copper (Cu) NPs as the most
effective at inducing a strong plasmonic effect, with
Cu exhibiting the maximum enhancement in silicon.
Furthermore, the incorporation of NPs on the silicon
surface significantly reduces surface reflectance due
to the forward scattering of NPs. This dual impact
of plasmonic enhancement and reduced reflectance
leads to a remarkable improvement in current density,
increasing it from 5.79 mA/cm? to 10.95 mA/cm?,
90.8 mA/cm?, mA/cm?, and 13.88 mA/cm? for devices
featuring Al, Ag, Au, and Cu NPs, respectively.
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