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Abstract—Based on a perfectly flat gallium arsenide solar cell,
we show that it is possible to modify the flow of light and enhance
the absorption without modifying the active material structure
or degrading its electrical properties. The sunlight couples into
confined resonant modes formed by a periodic arrangement of dielectric nanospheres above the solar cell. The incoupling element
is lossless and, thus, has the advantage that no energy is lost within
the dielectric nanospheres. This stored energy is absorbed by the
underlying active material which directly contributes to the photocurrent enhancement of the solar cell.
Index Terms—Gallium arsenide, nanospheres, photovoltaic
systems, whispering gallery modes (WGMs).

I. INTRODUCTION
HE route to more than 30% single-junction solar cell efficiency requires the short-circuit current JSC , the opencircuit voltage VOC , and the fill factor to be near their theoretical
maximum values. The current single-junction solar cell record
at 1-sun illumination is 28.2% [1], which is for a GaAs cell.
Investigating all optical methods to maximize JSC without parasitic loss is of great importance, while reducing the thickness
is needed to increase VOC . Additionally, reducing the amount
of material is necessary for reducing both the cost and weight
of the cell, which requires advanced light-trapping strategies as
the active layer is thinned [2].
Thin-film photovoltaics offer the possibility to significantly
reduce the cost of a solar cell compared with first-generation
solar cells, usually at the expense of efficiency. It is, therefore, of great interest to combine thin-film absorbing layers
with advanced light-trapping schemes to reduce the cost without reducing the efficiency. Several light-trapping methods have
already been proposed and demonstrated. Optimized antireflec-
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tion coatings [3], Plasmonic gratings [4], [5], photonic crystals [6], [7], nano- and microwires [8], [9], nanodomes [10],
and dielectric diffractive structures [11] are some of the lighttrapping schemes that have been investigated. Ways to couple
the light into guided modes [12] have also been studied and
have shown significant increase in the optical path and in the
absorption [13]. Light trapping is a critical requirement in thinfilm photovoltaics, and dielectric texturing is a viable method
to induce light trapping [14], but thin-film device quality often suffers upon direct texturing of the semiconductor active
material. Texturing the active layer increases the path length
of the incident photons and increases their probability to be
absorbed, but it can be at the cost of limiting the solar cell’s
lifetime caused by faster cell degradations. It can also reduce
the electrical properties of the solar cell by adding surface recombination. Thus, it is desirable to develop a simple, scalable
design method in which textured dielectric layers provide for
light trapping on smooth, planar thin-film cells. We propose
here an approach for coupling light into smooth untextured
thin-film solar cells [15] of uniform thickness using periodic
arrangements of resonant dielectric nanospheres deposited as a
continuous film on top of a thin cell. It is shown that guided
whispering gallery modes (WGMs) in the spheres [16] can be
coupled into particular modes of the solar cell and significantly
enhance its efficiency by increasing the fraction of incident light
absorbed [17]. We numerically demonstrate this enhancement
using full-field finite-difference time-domain (FDTD) simulations of a silicon dioxide (SiO2 ) nanosphere array above gallium
arsenide (GaAs) solar cells featuring back reflectors and double
antireflection coatings. The incoupling element in this design
has advantages over other schemes as it is a lossless dielectric
material, and its spherical symmetry naturally accepts a wide
angle of incidence range. Moreover, analytical models show
that for nanospheres of a given dielectric material, a large number of resonant modes can be supported, which can give rise
to a 11% absorption enhancement in a 100-nm-thick GaAs absorber layer at several wavelengths between 300 and 900 nm
and 2.5% enhancement in the case of a 1000-nm-thick GaAs
absorber layer. In addition, the SiO2 nanosphere array can be
fabricated using simple, well-developed self-assembly methods
and is easily scalable without the need for lithography or patterning. This concept can be easily extended to other thin-film
solar cell materials, such as silicon or copper indium gallium
diselenide.
WGM resonators have found numerous applications in science and technology due to their unique combination of small
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size and high optical quality factors [18], [19]. We have demonstrated recently their use for solar applications in the case of a
thin-film amorphous silicon solar cell [17]. GaAs is the semiconductor whose absorption is best matched with the solar
spectrum [20] and which, currently, has the world record for
single-junction solar cell efficiency at 1-sun illumination [1].
Moreover, it has already widely been investigated in several
configurations [21]–[23]; therefore, we extend the concept of
WGMs to a GaAs solar cell. We numerically demonstrate the
optimal sphere size and spacing to achieve the highest possible
photocurrent density for several thicknesses of GaAs solar cells
with a double antireflection coating and a hexagonally closepacked array of silica spheres.
II. MODES OF A NANOSPHERE
Solving the modes of a dielectric sphere in vacuum is a classic
problem in electromagnetism [24], and it can be shown that a
given sphere has several solutions that can be taken advantage
of for solar cell enhancement. A dielectric sphere in vacuum
can support E-type and H-type waves (for details, see [25]). For
simplicity, we detail here only the calculation for E-type waves.
For E-type waves, the admissible values of the parameter k0 a
for a dielectric sphere are solutions of

√
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where a is the radius of the sphere, k is the wave number, Jν is
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the spherical Bessel function, and Hν is the first kind spherical
Hankel function. ε and μ are the dielectric constant and magnetic
permeability of the sphere, and the prime means the derivative
of the argument on which the function depends, here, ka or k0 a.
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where Pnm are the adjoint Legendre polynomials and er , eθ ,
eϕ are the unit vectors directed along the axes of the polar
coordinate system fixed at the sphere surface. Zν corresponds to
the Bessel function Jν inside the sphere and the Hankel function
(1)
Hν of first kind outside the sphere. The boundary conditions
impose continuity for the tangential components of the electric
field. Fig. 1 shows the calculated field profiles of a cross section
of a 700-nm silicon dioxide sphere of dielectric constant ε =
1.4622 in a vacuum for several n and m mode orders. For each
n values from n = 1 to n = 3, we represent the solution of (1),
which corresponds to the highest wavelength. Most of the energy
is present inside the dielectric sphere, and the field exponentially
decays outside of the sphere. This corresponds to an evanescent
wave described by the Hankel function shape of the mode. This
behavior has some advantage for solar applications. Because

Fig. 1. Horizontal cross sections of the E-type eigenmode calculated with (2)
corresponding to the highest wavelength, which is a solution of (1) for a 700-nm
h
diameter silicon dioxide nanosphere in a vacuum. (a) λ1 = 1147 nm in the case
h
n = 1 and m = 1. (b) and (c) λ2 = 796 nm in the case n = 2 and, respectively,
h
m = 2 and m = 1. (d)–(f) λ3 = 602 nm in the case n = 3 and, respectively, m
= 3, m = 2, and m = 1. The black circles show the contour of the sphere.

most of the energy is stored inside the sphere, when it is above a
higher index material, it will tend to naturally leak into it, which
we show further for the case of a GaAs solar cell. Additionally,
when two dielectric spheres are close enough, they have the
ability to couple to each other [26]. When several sphere modes
couple together due to their proximity, it can lead to waveguide
formation [16]. Finally, when the spheres are hexagonally close
packed, they can be excited by diffractive coupling and can all
couple with each other [27].
III. FLAT GALLIUM ARSENIDE SOLAR CELL
We first consider a GaAs solar cell with a 40-nm-thick titanium dioxide (TiO2 ) and 90-nm-thick SiO2 double-layer antireflection coating and a silver back reflector. A broadband
wave pulse with the electric field polarized along the x-axis
is injected at normal incidence on the structure, and the fields
are monitored at 300 wavelengths equally spaced between λ =
300 nm and λ = 900 nm. This wavelength range corresponds
to the sun’s energy spectrum below the bandgap of GaAs. The
optical generation rate in the GaAs is calculated using [28]

Gnopt (ω) =

ε (ω)|E(ω)|2GaAs
Γsolar (ω)dV
2h̄

(3)
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Fig. 3. Schematic of a GaAs solar cell with hexagonally close-packed SiO2
nanospheres on top of it.

Fig. 2. (a) Current density of a flat GaAs solar cell with back reflector and
double antireflection coating as a function of the GaAs thickness. (b) Calculated
spectral current density for different GaAs layer thicknesses. The spectral range
is weighted by the solar spectrum and compared with the AM1.5 solar spectrum.

where |E(ω)|2GaAs is the electric field intensity integrated over
the GaAs volume [29] and ε (ω) is the imaginary part of the dielectric function of the GaAs. Γsolar (ω) is a factor used to weight
each wavelength by the AM1.5 solar spectrum. We represent
in Fig. 2(a) the current density of a flat GaAs solar cell with
back reflector and double antireflection coating as a function of
the GaAs thickness. The current density considerably increases
within the first 500 nm. This shows that most of the light is
absorbed within this range. For a 500-nm-thick GaAs solar cell,
we calculate a current density of 25.19 mA/cm2 . Then, above
500 nm, the current density slowly increases to reach 27.56
mA/cm2 for a 1000-nm-thick GaAs solar cell. This value corresponds to 82% of the maximum attainable value. Even though
this value is high, it still gives potential for improvement.
We present in Fig. 2(b) the AM1.5 solar spectrum and plots
that indicate the fraction of the solar energy absorbed in three
thin GaAs layers on a single pass. The current density is calculated by J = Gnana (ω) ∗ q where q is the electron charge and

n
(4)
Gana (ω) = α(ω)N0 e−α (ω )x dx
is the analytically calculated optical generation rate. N0 is the
sunphoton flux at the top of the GaAs layer and α(ω) =
4π ε (ω)/λ is the absorption coefficient. Fig. 2(b) gives us an
indication of where in the spectral range there exists potential
for improvement to increase the absorption in a GaAs absorbing layer for the three considered thicknesses. Clearly, a large
fraction of the solar spectrum is poorly absorbed, especially in
the 600–900 nm spectral range for the case of a 1000-nm-thick

Fig. 4. (a) Cross section of a silica nanosphere on a flat GaAs solar cell
with back reflector and double-layer antireflection coating. (b) Spectral current
density of a 100-nm-thick GaAs flat cell and a cell with a hexagonally closepacked monolayer array of 700-nm diameter dielectric nanospheres. Each peak
labeled (c), (d), and (e) correspond to different WGM orders where we show the
electric field intensity for a cross section at the middle of a sphere at different
wavelengths for the labeled peaks. The E field of the initial plane wave is
oriented in the xz plane. The black circles show the contour of the sphere.

GaAs absorbing layer. Thus, a way to increase the absorption
in this particular wavelength range will have a direct influence
on the solar cell’s efficiency. We develop in the next section a
way to significantly increase the light absorption in the weakly
absorbing part of a GaAs solar cell by using the WGMs of a
dielectric nanosphere monolayer array.
IV. NANOSPHERES ATOP A GALLIUM ARSENIDE SOLAR CELL
In order to estimate the influence of a hexagonally closepacked monolayer array of dielectric nanospheres atop the flat
GaAs solar cell (see Fig. 3), we perform 3-D FDTD electromagnetic simulations to determine the expected absorption enhancement. A schematic of the cross section is represented in
Fig. 4(a). In Fig. 4(b), we compare the expected spectral current
density in the case of a flat GaAs solar cell and a cell with a
hexagonally close-packed monolayer array of 700-nm dielectric nanospheres for a 100-nm-thick GaAs solar cell. The dip
between 450- and 600-nm wavelengths is due to Fabry–Pérot
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Fig. 5. Ratio between the spectral current density of a solar cell with hexagonally close-packed spheres over the spectral current density of a solar cell without
spheres for a (a) 100-nm, (b) 500-nm, and (c) 1000-nm-thick GaAs solar cell. (d)–(f) Current density of a solar cell as a function of the sphere diameter above it.
The current of the equivalent flat cell is also represented. (d) and (e) represent the highest value obtained with sphere what thickness of an equivalent flat GaAs
solar cell would be. In (f), the red dots show the value for the written spacing between the spheres.

interference in the flat region of the solar cell. The dip appears
in an off-resonance range where the influence of the spheres is
negligible, evidenced by the same dip’s occurrence in the flat
configuration. We labeled several peaks corresponding to different WGM orders in the nanospheres [30] above the solar cell.
For the case represented in Fig. 4(d), the enhancement due to the
sphere’s WGM is more than 300%. Because, in the near infrared
part of the solar spectrum, GaAs is weakly absorbing, we are
able in this case, due to the monolayer spheres array, to enhance
the generated current density by more than 11%. Interestingly,
the mode profiles that we see in Fig. 4(c)–(e) are very similar
to the ones we analytically calculated and represented in Fig. 1.
This gives us a clear demonstration of the relation between the
excitation of WGMs and the current density enhancement at the
wavelength at which it occurs.
In Fig. 5(a)–(c), we illustrate the ratio between the spectral
current density of a solar cell with hexagonally close-packed
spheres over the spectral current density of a solar cell without
spheres for three different thicknesses of GaAs: 100, 500, and
1000 nm, respectively. The spheres’ diameter varies between D
= 100 nm and D = 900 nm. Strong enhancement occurs corresponding to optical dispersion of the array of coupled WGM
dielectric spheres. In Fig. 5(d)–(f), we plot the current density as
a function of the sphere diameter for the same GaAs thicknesses
previously described. In the case of the 100-nm-thick GaAs solar
cell, the highest current density is obtained for 700-nm diameter
spheres and equals J = 18.14 mA/cm2 [see Fig. 5(d)]. In the
case of a flat GaAs solar cell, the same current density would
be obtained for a 160-nm-thick GaAs solar cell, which means
that in this particular case, it is possible to save 37.5% of the
active material to obtain the same amount of current density.

In Fig 5(a), the enhancement due to the WGMs clearly appears
in the range between 700- and 900-nm wavelengths where the
enhancement lines directly refer to the WGM orders. In the
case of the 500-nm-thick GaAs solar cell, the highest current
density is obtained with 500-nm diameter hexagonally closepacked nanospheres on top of it and equals J = 26.00 mA/cm2 .
This corresponds to a 3.2% enhancement compared with a flat
GaAs solar cell with double antireflection coating where the
current density equals J = 25.19 mA/cm2 . Note that, as shown
in Fig. 2(a), in order to obtain the same current density with a flat
GaAs solar cell, we would have need 600 nm of active material.
For the case of the 1000-nm-thick GaAs solar cell, the highest
current is obtained for D = 500 nm diameter spheres and is
equal to J = 27.41 mA/cm2 [see Fig. 5(f)]. Some enhancement
for subwavelength diameter spheres is also seen, probably due
to scattering effects [11]. There is still room for improvement
for each of these cell thicknesses as the currents are not yet at the
maximum attainable value, even for the 1000-nm-thick cell. The
current densities can potentially be increased further by utilizing
spheres of multiple diameters, partially embedding the spheres
or texturing the underlying AR coatings. For a given peak resonance, the absorption is also influenced by the distance between
the sphere array and the GaAs layer. Therefore, there exists an
optimal distance between the sphere array and the absorbing
layer, which can be tuned to maximize the absorption related to
each independent peak due to the WGMs. However, modifying
the distance between the spheres and the absorbing layer affects
the effective double-layer antireflection coating thickness and
can potentially degrade the performance of the cell off WGM
resonances. The influence of the distance between the sphere
array and the absorbing layer utilizing a model based on the
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the array of spheres and the active material. This is most likely
due to a better coupling between the spheres themselves, as the
field profile suggests.
V. CONCLUSION

Fig. 6. (a) Top view of the periodic arrangement of the nanospheres with a
spacing between them. The rectangle indicates the unit cell used for numerical
simulations. (b) Comparison of the spectral current density of a 1000-nm-thick
GaAs flat cell in the case where 740-nm nanospheres are hexagonally close
packed and in the case where there is an a = 120 nm gap between them. (c), (d)
Corresponding field profile at the resonant wavelength λ = 870 nm. The black
circles show the contour of the sphere.

coupled mode theory is currently under investigation and will
be discussed elsewhere. If we slightly tune the spacing between
the spheres to a = 20 nm, it reaches J = 28.23 mA/cm2 , which
corresponds to an enhancement of 2.5% compared with a flat
solar cell with double antireflection coating. As we can see in
Fig. 4, the enhancement occurs mainly at wavelength scale diameter spheres where low-order WGMs occur. In the case of
740-nm-diameter nanospheres, we can show that by tuning the
spacing to a = 120 nm between the spheres, we can increase
the spectral current from J = 27.90 mA/cm2 for a hexagonally
close-packed array of nanospheres to J = 28.13 mA/cm2 . This
represents an enhancement of 2% compared with a flat solar
cell with double antireflection coating. While this enhancement
is less than shown earlier for the case of the 500-nm-diameter
sphere array with 20-nm spacing, a part of the enhancement occurs near the band edge, which may be beneficial for thin cells.
This improvement due to the spacing is detailed in Fig. 6. At λ
= 870 nm, there exists a WGM effect that can be significantly
enhanced with the spacing between the nanospheres as can be
seen on Fig. 6(b). In order to understand this enhancement, we
plot, in Fig. 6(c), the field profile of a cross section at the middle
of a sphere in the xz plane at λ = 870 nm for a hexagonally
close-packed array of nanospheres and compare it with the case
where the spheres are a = 120 nm away from each other. It appears that this separation results in a greater coupling between

We demonstrated light absorption enhancement on a 100nm, a 500-nm, and a 1000-nm-thick GaAs solar cell structure
featuring a back reflector, a double-layer antireflection coating,
and a close-packed silica nanosphere array. The thinner the
cell, the more the potential for improvement. We could see the
highest improvement of 11% for the 100-nm GaAs solar cell
by adding 700-nm hexagonally close-packed SiO2 nanospheres
on top of it. We could see that depending on the size of the
spheres, the enhancement we obtain occurs on different parts of
the spectrum. Therefore, the best current densities are obtained
where WGMs enhance the weakly absorbing region of the active
material. By optimizing the sphere size and spacing, we showed
an improvement of 2.5% in the current generation for the case
of a 1000-nm-thick GaAs solar cell. We also showed that the
overall absorption enhancement obtained with thinner absorbing
layers, around 100 nm, is much greater. In the case of a 1000nm-thick GaAs solar cell, because the initial absorption is very
high for the considered flat structure, the improvement using a
single size nanosphere structure is much less; however, there is
still improvement potential in the range 800–900 nm, leading to
total absorbed currents close to the maximum attainable value.
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