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ABSTRACT: Using an interference design model we were
able to quickly optimize the nanophotonic control aﬀorded by
metal and dielectric nanoparticle arrays to enhance the
absorption and photocurrent in a thin crystalline silicon solar
cell, which were simulated via full ﬁeld electromagnetic FEM
calculations. Fabry−Perot interference fringes introduced by
placing structures on the front and rear surfaces are shown to
lead to signiﬁcant enhanced light trapping in the absorbing
silicon layer. We report a 46.7% increase in the estimated
short-circuit photocurrent over the solar spectrum (AM 1.5G)
range of 300−1100 nm for a 1 μm thick crystalline silicon solar cell with metal and dielectric nanoparticle arrays designed using
interference modeling. The enhancement was achieved by placing nanoparticle arrays on the front and rear surface of the cell,
where the particles on the front surface are dielectric (Si) and those on the rear surface are metal (Al). Additionally, an estimated
photocurrent enhancement of 29.4% was obtained with just the aluminum nanoparticle array on the rear surface of the cell. Our
study of nanoparticle arrays of metal (aluminum) and dielectrics (silicon, titanium oxide, aluminum oxide, and silicon nitride)
involved diﬀerent radius, pitch, and position on the front and rear surface of silicon solar cells with antireﬂection coatings.
Improved light trapping and absorption thanks to the arrays are unambiguously shown. The rear surface array is shown to
broadly reduce the reﬂectance of the cell via multiple Fabry−Perot resonances due to the interference of the incident and
diﬀracted ﬁeld from the array of particles. The front surface array broadly reduces the reﬂectance due to the excitation of local
resonances and preferential scattering into the substrate. Together with local resonance excitation, these two combined eﬀects are
signiﬁcant for the design of thin-ﬁlm solar cells with light-trapping properties to increase the absorption and improve cell
performance.
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Because of their strong interaction with light,8−13 metal and
dielectric nanoparticle arrays14−16 have recently been studied in
order to improve antireﬂection and absorption properties of
standard and thin-ﬁlm solar cells.17−20 The understanding is
that scattering from the nanoparticles can increase the eﬀective
optical path length in the cell and enhance its light-trapping
properties.21 In fact, angular randomization of the scattered
light can increase light absorption in an optical medium up to a
factor of 4n2, where n is the refractive index of the medium,4,5
which is obtained via micrometer-sized22 or nanosized23−27
texturing of the solar cells. Particles on the front surface of the
substrate have also been shown to exhibit local resonances that
preferentially scatter in the substrate, decreasing the reﬂectivity.18,19 Indeed, diﬀraction from nanoparticle arrays,28 and not
just scattering from single particles, can play a signiﬁcant role in

hotovoltaic (PV) power generation has the potential to
meet increased energy demand from renewable sources
and has displayed remarkable growth in recent years.1,2 Despite
this expansion, a reduction of investment costs on PV systems
is still required to be competitive compared to other energy
sources. Currently, the majority of the solar cells are based on
silicon wafers with a thickness between 180 and 300 μm in
order to fully absorb the entire solar spectrum, and a signiﬁcant
part of their cost is due to the fabrication and processing of the
semiconductor itself.3 One approach to reduce costs is to use
thin-ﬁlm crystalline solar cells, with ﬁlm thicknesses in the
range of 1−2 μm, which use much less semiconductor material.
However, a thin-ﬁlm solar cell is optically thin, so it shows
decreased absorption, especially in the 600−1100 nm spectral
range of the solar spectrum. Methods for increasing the optical
depth (hence the absorption) in thin crystalline silicon
materials therefore represent an attractive prospect for
improving the cost eﬃciency of solar energy production.4−7
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with a silica antireﬂection (AR) coating and diﬀerent
nanoparticle arrays placed on the rear surface of the cell.
Because of diﬀraction from the grating of periodicity (pitch)
L, the wave-vector of the vertical component of the diﬀracted
light in the ﬁrst order can be written as kd = (k2 − kg2)1/2, where
kg = 2π/L is the wave-vector of the grating, which is horizontal
and can have a positive or negative sign. Due to the metal
reﬂection, the diﬀracted wave has an additional phase compared
to the incident wave, which can be approximated by π as for a
perfect reﬂector. The total electric ﬁeld in the upper part of the
cell can therefore be expressed as

providing enhanced light absorption by creating a standing
wave due to the interference between the incident and
diﬀracted waves in the vertical direction. The standing wave
pattern produces regions with high ﬁeld concentration due to
the interference of waves with diﬀerent k-vectors along the
direction of the incident ﬁeld, which can be used to further
increase the scattering from nanoparticles, albeit at the cost of
higher losses.29 Since using metal nanoparticles results in
signiﬁcantly higher scattering at the expense of higher parasitic
losses compared to dielectrics, a physical understanding of
parasitic losses is required in order to control and minimize
them.30,31 In our view, to maximize the absorption, the
objective is to obtain a standing wave that peaks inside the
silicon absorber and that interferes destructively in the
absorbing nanoparticles in order to reduce losses. In this
paper we compare the beneﬁt of using metal and dielectric
nanoparticles in diﬀerent positions of the solar cell, comparing
the eﬀect of interference and diﬀraction on the ﬁeld proﬁle
inside a thin ﬁlm, and explain how to obtain the best absorption
enhancement for a thin-ﬁlm absorber.
We have ﬁrst modeled a cell with nanoparticle arrays using a
simple model of the interference between the incident and
diﬀracted waves, for the case of strong diﬀraction. Our simple
model was also used to select a range for the geometrical
parameters of the cell, which was modeled via full ﬁeld
electromagnetic simulations. Remarkably, using this simple
model, we were able to predict and explain the standing wave
pattern inside the silicon layer caused by diﬀraction from arrays
of nanoparticles placed on the rear surface of the cell. We show
that having an array of particles on the rear surface of the cell
broadly reduces the reﬂectance from the cell and increases the
absorption in the silicon due to diﬀracted modes that strongly
modify the standard Fabry−Perot resonances of the cell,
creating standing waves with high ﬁeld localization. The front
surface array broadly reduces the reﬂectance due to the
excitation of local resonances and preferential coupling into the
substrate. This result is signiﬁcant for the design of thin-ﬁlm
solar cells with light-trapping properties to increase absorption.

Etot = E0eikz + Er e−ikz + Ed e−ikdz

(1)

where E0 is the incident ﬁeld, Er is the reﬂected ﬁeld, Ed is the
diﬀracted ﬁeld, and a global arbitrary phase can be introduced
that has the eﬀect of shifting the standing wave along the z
direction. The electric ﬁeld intensity can be calculated by taking
the square of the real part of eq 1, which can be averaged along
the z direction for a speciﬁed ﬁnite thickness of the absorbing
layer (1 μm in our case). Since the reﬂected ﬁeld has the same
k-vector as the incident ﬁeld, it interferes with the incident wave
without generating a variation in amplitude. In fact, changing
the ratio between Ed and Er, i.e., the amount of light diﬀracted
versus that reﬂected, does not modify the interference pattern
but only scales the total intensity. Therefore, the eﬀect of
changing the size of the nanoparticles, in this approximation, is
only to change the ratio of Ed to Er. By changing the wavelength
of the incident wave and therefore the incident k-vector, it is
possible to obtain the electric ﬁeld intensity (and therefore the
absorption) in the absorbing layer of the cell and study the
interference condition caused by diﬀraction. The interference
between the incident and the diﬀracted wave, which have a
diﬀerent vertical wave-vector component, causes a standing
wave inside the silicon absorbing layer of the cell. The aim of
the optimization procedure, which can be carried out for a
speciﬁc target wavelength or for the entire solar spectrum, is to
obtain a standing wave with a high average ﬁeld inside the
absorbing layer (i.e., with several high peaks) by changing the
geometrical parameters of the array and/or the cell. It is worth
noting that our model takes into account just the silicon
absorbing layer to study the interference condition, but it could
be extended to the full cell using the transfer-matrix method.
Via our interference model we have studied the interference
condition varying the pitch of structure and the amount of light
diﬀracted, giving a useful range of geometrical parameters for
the cell to input into the more precise (and computationally
demanding) full ﬁeld electromagnetic simulations via the ﬁnite
element method (FEM).
The FEM simulations consider only the optical properties of
the cell. Taking into account also the electrical properties was
shown to give very similar results when using semiconductor
materials with large diﬀusion lengths, such as crystalline
silicon.32,33 The solar cell, without nanoparticles, is composed
from the front to the rear surface by the following layers:
vacuum, 120 nm of silica AR coating, 1 μm of silicon, 130 nm
of silica, and an aluminum back-reﬂector. The incident light is
coming from the top at normal incidence, as shown
schematically in Figure 2a.
The nanoparticle arrays were positioned in a series of
diﬀerent conﬁgurations in the system, i.e., on the front surface
of the silica AR layer, embedded in it 10 nm above the silicon
layer, or embedded in the rear silica layer at 10 nm below the
silicon layer, before the aluminum back-reﬂector, as shown

■

DIFFRACTIVE INTERFERENCE MODEL
Our model considers the interference along the thickness of the
cell between the incident plane wave of wave-vector k and the
wave diﬀracted by the array of wave-vector kd, shown in Figure
1. The structure considered consists of a 1 μm thick silicon cell

Figure 1. Wave-vector of the incident and diﬀracted light by the rear
surface nanoparticle array. The vertical component of the wave-vector
of the diﬀracted light, kd = (k2 − kg2)1/2, is diﬀerent from the incident
wave-vector k. Fabry−Perot fringes are caused by the interference
along the vertical direction of these two waves with diﬀerent wavevectors.
B
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As shown schematically in Figure 2a, we have considered the
case of particles placed only on the front silica antireﬂection
coating (1), embedded in the front silica antireﬂection coating
(2), only on the rear surface of the cell, i.e., embedded in the
silica layer below the silicon layer and above the aluminum
reﬂector (3), and with nanoparticle arrays on the front and rear
surface in the two diﬀerent conﬁgurations (embedded or not)
(4). When having two particle arrays, i.e., on the front and rear
surface, we have also considered the cases of having an array of
dielectric particles embedded in the antireﬂection coating on
the front surface, while the particles at the rear surface were
made from aluminum. As a reference we have used the case of
the cell without particles. We have monitored the reﬂectance of
the cell and the absorption in the silicon layer and in the
nanoparticles.
Compared to the reference cell with no nanoparticles, which
has an optimized quarter-wave silica AR coating, we show that
having nanoparticles on the front and rear surface with front
surface embedded Si particles and rear surface Al particles
signiﬁcantly increases the integrated optical absorption in the
silicon layer, over the useful solar spectrum (AM 1.5G),
producing an estimated short-circuit photocurrent enhancement of 46.7%. An estimated photocurrent enhancement of
29.4% is obtained with just the aluminum nanoparticle array on
the rear of the cell.

■

RESULTS AND DISCUSSION
In our full ﬁeld simulations we have considered nanoparticle
arrays with diﬀerent pitches (150, 200, and 250 nm), composed
by cylindrical nanoparticles of diﬀerent radii (40, 50, 60, 70, and
80 nm) and materials (Al, Si, TiOx, AlOx, and SiNx). The
arrays of nanoparticles have been placed in diﬀerent positions
of the cell (front surface, front surface embedded, rear surface),
considering the two available combinations (front and rear
surface, front surface embedded, and rear surface) when having
one array on the front surface and one on the rear surface with
the same particle radius, for the same pitch. As a reference we
have taken the case of the cell without nanoparticles.
For the case of two metal particles, we have carried out
simulations considering diﬀerent particle radii independently
for each array (front and rear surface), for the same pitch. In
general, strong scattering at the front surface is to be avoided,
since it can cause spectrum losses. Because of that, it is better to
have smaller nanoparticles on the front surface or dielectric
particles (which have a smaller cross section) for reduced
reﬂectance and losses.
From the simulations we have obtained the absorption in the
silicon layer of the cell and in the nanoparticle arrays and the
reﬂectance as a function of the incident wavelength. The
absorption in the silicon layer was weighted with the solar
spectrum to calculate an upper limit for the short-circuit current
density Jsc. The short-circuit current density is calculated using
the following formula:

Figure 2. (a) Schematic of the positions considered for the
nanoparticle arrays: front surface aluminum particles (red (1), pitch
250 nm, radius 40 nm), front surface embedded aluminum particles
(green (2), pitch 250 nm, radius 80 nm), rear surface aluminum
particles (blue (3), pitch 250 nm, radius 80 nm), front surface
embedded silicon particles and rear surface aluminum particles (cyan
(4), pitch 250 nm, radius 80 nm). (b) Estimated photocurrent
enhancement calculated using eq 2 from the absorption in the silicon
layer, compared to a cell without nanoparticles, for cells with
nanoparticle arrays in diﬀerent positions. The calculated photocurrent
for each conﬁguration is normalized to that of the cell without
nanoparticles and integrated across the entire range of wavelengths
from 300 to 1100 nm using the AM 1.5G solar spectrum, considering
only the absorption in the silicon layer. The results shown are the best
obtained for that particular position of the particles, varying pitch of
the array, and the radius of the particles.

schematically in Figure 2a. The nanoparticle arrays are
composed of cylinders of height h = 40 nm, with a varying
radius R and pitch, of either metal (aluminum) or dielectric
(silicon, titanium oxide, aluminum oxide, and silicon nitride).
Cylindrical particles were chosen due to their relative ease of
fabrication and since they have been shown to have better
scattering properties above a substrate compared to spheres.34
Aluminum (Al) particles17,20,35−37 and titanium oxide (TiOx)19
particles have been previously shown to reduce the reﬂectivity
and enhance absorption compared to standard AR coatings.
Aluminum is preferred compared to other metals due to its
blue-shifted plasmon resonance, which decreases parasitic
absorption in the main part of the solar spectrum. Silicon
(Si), titanium oxide (TiOx), aluminum oxide (AlOx), and
silicon nitride (SiNx) have been used to compare diﬀerent
dielectrics, which have lower absorption compared to metals.
For our calculations we have used the optical constants from
Palik.38 Due to the symmetry of the structure and thanks to the
periodicity, each simulation involved just one-quarter of the
unit cell.

Jsc =

qe

∫
hc λ

λmax
min

λCE(λ) A(λ) S(λ) dλ

(2)

where qe is the elementary charge, λ is the wavelength, λmin and
λmax deﬁne the range of wavelengths considered (300 to 1100
nm in our case), h is the Planck constant, c is the speed of light,
CE(λ) is the collection eﬃciency, which is assumed constant
and equal to 1 in the active crystalline silicon layer, S(λ) is the
solar spectrum AM 1.5G, and A(λ) is the absorption in the
C
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silicon layer. This method for calculating Jsc uses the
assumption that CE = 1 and is therefore the maximum
achievable. Hence in the following, it will be taken as a ﬁgure of
merit to assess the eﬀect of having arrays of nanoparticles in the
solar cell. Using this method a value of 12.98 mA/cm2 was
obtained for the short-circuit current density of the reference
cell, i.e., the cell without nanoparticles.
Figure 2b shows the estimated photocurrent enhancement
calculated using eq 2 from the absorption in the silicon layer,
compared to a cell without nanoparticles, for cells with
nanoparticle arrays in diﬀerent positions. The positions
considered are front surface aluminum particles (red (1), Jsc
= 12.17 mA/cm2), front surface embedded aluminum particles
(green (2), Jsc = 14.18 mA/cm2), rear surface aluminum
particles (blue (3), Jsc = 16.80 mA/cm2), and front surface
embedded silicon particles and rear surface aluminum particles
(cyan (4), Jsc = 19.05 mA/cm2). The calculated photocurrent
for each conﬁguration is normalized to that of the cell without
nanoparticles and integrated across the entire range of
wavelengths from 300 to 1100 nm using the AM 1.5G solar
spectrum, considering only the absorption in the silicon layer.
The results shown in Figure 2b are the best obtained for that
particular position of the particles, having considered a range of
particle radii and pitch.
The wavelength-dependent spectra in Figure 3 show the
absorption spectra (Siabs) in the silicon layer, reﬂectance spectra
(R), and particle absorption spectra (Pabs) for the cases shown
in Figure 2, for cells with nanoparticle arrays in diﬀerent
positions. For thin-ﬁlm solar cells, Fabry−Perot fringes appear
due to the interference of the incident and reﬂected waves and
are the cause of the modulation in the reﬂectance and
absorption spectra. Compared to the reference, the spectrum
with the front surface aluminum particles (1) shows a slight
reduction in the absorption in the silicon layer due to parasitic
absorption in the particle below 400 nm, while the reﬂectance
above that is almost unchanged. The case with the front surface
embedded aluminum particles (2) shows a signiﬁcant reduction
in the reﬂectance due to stronger Fabry−Perot resonances
arising from the interference between the incident and
diﬀracted waves, but the additional light is mostly absorbed
by the array of nanoparticles. The case with the rear surface
aluminum particles (3) shows a further reduction in the
reﬂectance, mostly in the range between 500 and 1000 nm, the
appearance of additional Fabry−Perot peaks in the absorption
and reﬂectance spectra, and a signiﬁcant increase in the light
absorbed in the silicon layer. The best result is obtained for the
case with front surface embedded silicon particles and rear
surface aluminum particles (4), which shows a further
reduction in the reﬂectance in the range between 300 and
500 nm with some additional absorption in the particles limited
to the 300 and 400 nm range. It is worth noting that, while bulk
silicon is a broadband absorber, the silicon nanoparticles
embedded on the front surface show most of the absorption
between 300 and 400 nm due to the large imaginary part of Si
at these wavelengths and to their size, similar to the excitation
of exciton polaritons in thin crystalline Si ﬁlms,39 while the
aluminum nanoparticles below the silicon layer broadly absorb
above 500 nm due to the Fabry−Perot resonances.
For thin-ﬁlm cells, Fabry−Perot fringes appear, as in the
reference, due to the interference between the incident and
reﬂected light from the rear reﬂector. With our interference
model we have modeled the standing wave pattern inside the
silicon layer caused by the interference between the incident

Figure 3. (a) Absorption spectra (Siabs) in the silicon layer, (b)
reﬂectance spectra (R), and (c) particle absorption spectra (Pabs) for
the cases shown in Figure 2, for cells with nanoparticle arrays in
diﬀerent positions. The positions considered are front surface
aluminum particles (red (1), pitch 250 nm, radius 40 nm), front
surface embedded aluminum particles (green (2), pitch 250 nm, radius
80 nm), rear surface aluminum particles (blue (3), pitch 250 nm,
radius 80 nm), and front surface embedded silicon particles and rear
surface aluminum particles (cyan (4), pitch 250 nm, radius 80 nm).
The reference cell without nanoparticle arrays is shown by the black
line. The particle absorption spectrum is the sum of the absorption on
the front and rear particles. The percentages are calculated from the
total incident light intensity.

and the diﬀracted light from the aluminum nanoparticle array
on the rear surface of the cell. Figure 4 shows the electric ﬁeld
intensity inside the cell, normalized to the incident ﬁeld, at
diﬀerent wavelengths and the corresponding predicted
interference pattern. As explained, the interference between
the incident and diﬀracted wave with diﬀerent wave vectors in
the vertical direction is the cause of the electric ﬁeld intensity
patterns.
The peaks in the absorption in the silicon layer are obtained
when the average electric ﬁeld intensity inside the silicon layer
is highest, and, at that condition, the ﬁeld proﬁle shows more
high peaks than at a minimum. Moreover, at the maximum in
the absorption, the standing wave is fully contained inside the
silicon layer with a node at the interfaces, whereas the minima
are obtained when peaks appear at the interfaces. As an
example, Figure 4 shows a color map for the electric ﬁeld at a
maximum (λ = 750 nm) and a minimum (λ = 775 nm) in the
silicon layer absorption, with the corresponding calculated
interference pattern using our interference model. An example
D
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Figure 4. (a) Color map of the electric ﬁeld intensity, normalized to
the incident ﬁeld, inside the solar cell with rear surface aluminum
particles (pitch 250 nm, radius 80 nm) for the wavelength λ = 750 nm,
representing a maximum in the absorption into the silicon layer, and
the corresponding (d) interference pattern inside the silicon layer
predicted by the interference model and the corresponding value
obtained from FEM simulation, averaged along the x−y directions in
the cell. (b) Color map of the electric ﬁeld intensity, normalized to the
incident ﬁeld, inside the solar cell with rear surface aluminum particles
(pitch 250 nm, radius 80 nm) for the wavelength λ = 775 nm,
representing a minimum in the absorption into the silicon layer, and
the corresponding (e) interference pattern inside the silicon layer
predicted by the interference model and the corresponding value
obtained from FEM simulation, averaged along the x−y directions in
the cell. (c) Color map of the electric ﬁeld intensity, normalized to the
incident ﬁeld, inside the solar cell with front surface embedded silicon
particles and rear surface aluminum particles (pitch 250 nm, radius 80
nm) for the wavelength λ = 370 nm.

Figure 5. (a) Absorption spectra (Siabs) in the silicon layer, (b)
reﬂectance spectra (R), and (c) particle absorption spectra (Pabs) for
front surface embedded TiOx particles and rear surface aluminum
particles of radius R = 70 nm for diﬀerent pitches of the arrays: 150 nm
(red), 200 nm (green), 250 nm (blue). The reference cell without
nanoparticle arrays is shown by the black line. The particle absorption
spectrum is the sum of the absorption on the front and rear particles.
The percentages are calculated from the total incident light intensity.

pitch is shown to increase the strength of the Fabry−Perot
resonances due to a better match of the in-plane momentum of
the arrays for the range of wavelengths considered. Moreover,
the particle absorption does not change signiﬁcantly with the
pitch, in contrast with the reﬂectance. This clearly demonstrates
that the decrease in the reﬂectance is mostly due to the
appearance of diﬀraction modes at a speciﬁc pitch.
Considering the eﬀect of altering the dimension of the
nanoparticles, the wavelength-dependent spectra in Figure 6
show the absorption spectra (Siabs) in the silicon layer,
reﬂectance spectra (R), and particle absorption spectra (Pabs)
for front surface embedded TiOx particles and rear surface
aluminum particles of pitch 250 nm for diﬀerent radii of the
particles: 80 nm (black), 70 nm (red), 60 nm (green), 50 nm
(blue), 40 nm (cyan). The particle absorption spectrum is the
sum of the absorption on the front and rear particles. Smaller
aluminum particles on the back surface are shown to cause
reduced diﬀraction and, therefore, higher reﬂectance and lower
absorption, due to their smaller optical cross section.
Interestingly, the increase in size of the nanoparticles is
shown to red-shift the Fabry−Perot peaks. The red-shift can be
simply explained with the increase of the eﬀective refractive

of the modes that are sustained by the front surface embedded
silicon nanoparticles are also shown for the wavelength λ = 370
nm. The ﬁeld localization around the particles and the
scattering into the silicon layer are visible. The interference
model predicts very well the standing wave pattern inside the
silicon layer at the maximum and minimum in the silicon
absorption, which can enable a quick optimization of the pitch
of the array and thickness of the silicon layer.
In order to clearly demonstrate the eﬀect of the interference
due to diﬀraction, the wavelength-dependent spectra in Figure
5 show the absorption spectra (Siabs) in the silicon layer,
reﬂectance spectra (R), and particle absorption spectra (Pabs)
for the front surface embedded TiOx particles and rear surface
aluminum particles of radius R = 70 nm for diﬀerent pitches of
the arrays: 150 nm (red), 200 nm (green), 250 nm (blue). The
reference cell without nanoparticle arrays is shown by the black
line. Clearly, for the reference cell, the particle absorption is
zero. The particle absorption spectrum is the sum of the
absorption on the front and rear particles. The increase in the
E
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Figure 6. (a) Absorption spectra (Siabs) in the silicon layer, (b)
reﬂectance spectra (R), and (c) particle absorption spectra (Pabs) for
front surface embedded TiOx particles and rear surface aluminum
particles of pitch 250 nm for diﬀerent radii of the particles: 80 nm
(black), 70 nm (red), 60 nm (green), 50 nm (blue), 40 nm (cyan).
The particle absorption spectrum is the sum of the absorption on the
front and rear particles. The percentages are calculated from the total
incident light intensity.

Figure 7. (a) Absorption spectra (Siabs) in the silicon layer, (b)
reﬂectance spectra (R), and (c) particle absorption spectra (Pabs) for
front surface embedded particles and rear surface aluminum particles
of radius R = 80 nm and pitch 250 nm for diﬀerent materials of the
front surface embedded particles: AlOx (red), SiNx (green), TiOx
(blue), Si (cyan). The reference cell without nanoparticle arrays is
shown by the black line. The particle absorption spectrum is the sum
of the absorption on the front and rear particles. The percentages are
calculated from the total incident light intensity.

index of the Fabry−Perot cavity when increasing the size of the
particles.
Figure 7 shows the absorption spectra (Siabs) in the silicon
layer, reﬂectance spectra (R), and particle absorption spectra
(Pabs) for front surface embedded particles and rear surface
aluminum particles of radius R = 80 nm and pitch 250 nm for
diﬀerent materials of the front surface embedded particles:
AlOx (red), SiNx (green), TiOx (blue), Si (cyan). The
reference cell without nanoparticle arrays is shown by the
black line. The particle absorption spectrum is the sum of the
absorption on the front and rear particles. Using embedded
silicon nanoparticles is shown to result in the lowest reﬂectance
and the highest absorption in the silicon layer compared to the
other dielectrics. It is worth noting that TiOx, AlOx, and SiNx
have very small absorption above 400 nm. The reduced
reﬂectance obtained using silicon nanoparticles can be
explained by the absence of any optical constant mismatch
between the scattering particle and the absorbing layer, being
the same material, and by the highest index contrast with the
embedding silica layer compared to the other materials.

constructive interference arising from diﬀraction by nanoparticle arrays. The mechanism for broad reﬂectance reduction
of the cell by the rear surface array via multiple Fabry−Perot
resonances can be described using a simple interference model
that considers the eﬀect of the incident and scattered/diﬀracted
light from the particle array. The interference model shows
agreement with full ﬁeld electromagnetic simulations, which
involved nanoparticle arrays of metal (aluminum) and
dielectrics (silicon, titanium oxide, aluminum oxide, and silicon
nitride) of diﬀerent radius, pitch, and position on the front and
rear surface of thin-ﬁlm crystalline silicon solar cells with
antireﬂection coating, in order to improve light trapping and
absorption. We have shown an increase in the estimated shortcircuit photocurrent in the absorbing silicon layer over the
useful solar spectrum (AM 1.5G) for a 1 μm thick crystalline
silicon cell of 46.7% when the nanoparticle arrays are placed on
the front and rear surface of the cell with dielectric (Si) particles
on the front and metal (Al) particle on the rear surface (Jsc =
19.05 mA/cm2), compared to the cell without nanoparticles (Jsc
= 12.98 mA/cm2). An estimated photocurrent enhancement of
29.4% is shown with just the aluminum nanoparticle array on
the rear surface of the cell (Jsc = 16.80 mA/cm2). The front

■

CONCLUSIONS
In summary, a signiﬁcant photocurrent enhancement in thinﬁlm crystalline silicon solar cells has been obtained due to
F
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surface array is shown to broadly reduce the reﬂectance due to
the excitation of local resonances and preferential scattering
into the substrate. Together with resonance excitation, these
two combined eﬀects are signiﬁcant in general for the design of
thin-ﬁlm solar cells with light-trapping properties to increase
the absorption in order to improve cell performance.
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