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Abstract. We propose an approach for enhancing the absorption of thin-film amorphous silicon
solar cells using periodic arrangements of resonant dielectric nanospheres deposited as a
continuous film on top of a thin planar cell. We numerically demonstrate this enhancement
using three dimensional (3D) full field, finite difference time domain simulations and 3D finite
element device physics simulations of a nanosphere array above a thin-film amorphous silicon
solar cell structure featuring back reflector and anti-reflection coating. In addition, we use the full
field finite difference time domain results as input to finite element device physics simulations to
demonstrate that the enhanced absorption contributes to the current extracted from the device.
We study the influence of a multi-sized array of spheres, compare spheres and domes, and
propose an analytical model based on the temporal coupled mode theory. © 2012 Society of
Photo-Optical Instrumentation Engineers (SPIE)OI: 10.1117/1.JPE.2.024502]
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1 Introduction

In a solar cell, reducing the active material volume and improving electrical properties can be
achieved by using thin active layers.! In the photovoltaics industry, random texturing? and anti-
reflection coatings® are commonly used to increase light absorption in solar cells. Dielectric
particles have been used as diffractive structures* or for nanotexturing applications.® Recently,
dielectric resonant structures supporting strong localized modes have been proposed as a way to
increase light absorption on a perfectly flat solar cell without compromising the electrical per-
formances of the active material.®" Dielectric nanospheres are promising structures for light
trapping in planar, thin-film solar cells. It has recently been shown that freely propagating sun-
light can be diffractively coupled and transformed into several guided modes within an array of
wavelength scale dielectric spheres. Incident optical power is then transferred to the thin-film
absorber layer within the cell by leaky mode coupling. Whispering gallery modes in the spheres
can be coupled into particular modes of the solar cell® and significantly increase the fraction of
incident light absorbed.® As a reference, we use a typical flat, ultra-thin, amorphous silicon (a-Si)
solar cell and we study the influence of a hexagonally close packed (HCP) array of nanospheres
on top of it. Spheres can be mono- or multi-sized, and we look at an array of wavelength scale
dielectric spheres separated by smaller spheres. Using a multi-size array of spheres, additional
mode excitation, and therefore photocurrent improvement, is expected. We numerically
demonstrate this optical enhancement using three dimensional (3D) full field, finite difference
time domain (FDTD) simulations of a nanosphere array above a thin-film a-Si solar cell structure
featuring back reflector and optimized anti-reflection coating. We also use the FDTD results as
input to finite element device physics simulations to demonstrate that the enhanced absorption
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is the equivalent spectral current density for the AM1.5G reference speetrismthe electron
charge, and
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is the incident photon fluxpsy,, is the equivalent spectral power density for the AM1.5G
reference spectrum, arig),0 P ¥%hc is the photon energy whetis Plancks constant,
andc is the speed of light in vacuum.

Figure 1(b) shows the calculated absorption in each layer of the considered solar cell. In
the blue part of the spectrum, most of the photons are lost in the first 80 nm of the ITO
layer. For the a-Si layer, the absorption generates photocurrent. In order to calculate the
total generated absorbed photocurrelt, under the AM1.5G solar spectrum at normal
incidence, the absorption in the a-Si is weighted by the solar spectruni (gfjgWe calculate
Jpoh ¥412.47 mA cn?. Note that in the considered spectral range, this value corresponds to 42%
of the maximum attainable value 29.90 mA cn?.

In order to understand the link between optical and electrical perforifanee use the
results of the FDTD modeling as input into 3D finite element device physics simulations.
The generation rate at each point on the FDTD simulation grid is calculated from

0
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which is then weighted by the solar spectrum. This 3D generation profile is then interpolated
onto the finite-element device physics simulation mesh, and the electrical current extracted from
the device is calculated for changing applied voltage, by numerically solving the electrostatic
and carrier transport equations in the a-Si I&er.

We consider an n-i-p device. The top 10 nm of the a-Si is doped p-type, and the bottom 10 nm
is doped n-type, both at active dopant concentratioBsdf0'® cm 3. The rest is intrinsic. All
layers are assumed to have a mobility band gap of 1.78 eV; the trap density in the intrinsic region
is taken ag x 1017 cm?3; and Ohmic contacts are assumed. All other electrical parameters are
taken from Schropp and ZemdrFrom these calculations we extract values for the short circuit
current {s), open circuit voltageM,.), and fill factor £F). The efficiency is then calculated
according t&® from
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We calculate an overall conversion efficiency of 7.61%, Withof 9.27 mA cn?, V.
of 0.990 V, andFF of 0.830. Note thalg is lower thanJ,, due to imperfect charge carrier
collection within the device.

3 Light Trapping Using Resonant Spheres

3.1 Description of the Concept

Our approach here is to consider an array of HCP resonant spheres on top of the solar cell

described in the previous section. We previously demonstrated the inteRi€L, afphere$

directly placed on top of a-Si and gallium arsenide (GaAs) solar cells. We extend this concept

and compare the influence of different configurations presented in the next sections.
Figure2(a)describes the base used for the simulations. Resonant spheres are deposited on

top of the a-Si solar cell. Here, the spheres are HCP and the lattice coastamiglial to the

diameter of the sphereB), Because the system is periodic, we only simulate one period of the
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Fig. 6 (a) Flat solar cell structure with a silicon nitride antireflection coating. (b) Equivalent case
with nanodomes and (c) nanospheres. (d) Calculated absorbed photocurrent density (J,) for (a),
(b) and (c).

silicon solar cells.”? We perform FDTD simulations and calculate the absorbed photocurrent
density for three different cases. In the first one, we vary the silicon nitride thickness between
20 and 300 nm [Fig. 6(a)]. In the second one, sphere domes are considered [Fig. 6(b)].
When the silicon nitride becomes 300 nm thick, SiO, hemispheres remain on it. In the third
one, we simulate partially embedded 600 nm spheres [Fig. 6(c)]. As opposed to the previous
sections, the spheres or domes are arranged in a square lattice.

The result of this analysis is presented in Fig. 6(d). For the flat case, the highest absorbed
photocurrent density of 19.5 mA cm? is obtained for a 60 nm thick silicon nitride layer. For the
case with SiO, domes, the highest absorbed photocurrent density is also obtained for a 60 nm
thick silicon nitride layer. The recorded value of 20.24 mA cm? is slightly higher. In the two first
cases, a 60 nm thick silicon nitride layer appears to be the optimal anti-reflection coating at
normal incidence. Nanodomes slightly increase the absorbed photocurrent density. However,
the trend of the curve is similar to the flat case. This suggests that nanodomes act as an additional
anti-reflection coating. For the case with spheres partially embedded, we calculate an absorbed
photocurrent density of 22.19 mA cm?. This value is obtained for a t ¥ 260 nm. This is
more than 10% higher than the optimal case with nanodomes. This third case demonstrates
the interest of combined dielectric spheres and anti-reflection coatings. The strong localized
modes supported and excited within the spheres®* have a stronger influence on increasing
the absorption in the active layer.

6 Temporal Coupled Mode Theory

There are many parameters which need to be optimized for this particular light trapping concept,
including the refractive index, diameter and lattice constant of the spheres, the separation from
the solar cell, the refractive index of the spacer layer, and the refractive index of the solar cell.
Scanning through all of these parameters with FDTD is computationally expensive and time
consuming. Thus, we seek alternative analytic or semi-analytic ways to model the system.
One such method is the use of temporal coupled mode theory,?>?¢ which breaks down a system
of interest into simple components such as waveguides and cavities. In Fig. 7(a), we show how a
solar cell with a microsphere array can be modeled using this method. Here we treat free space
as a waveguide from where light is incident, the sphere array as a cavity with resonance wy
which captures and stores the input energy for a finite time, and the solar cell as a semi-infinite
waveguide to which light can leak from the sphere array. The lifetime for light leakage from
the array to free space is given by 7, and for leakage into the underlying solar cell z,.

If we define jAj? as the energy stored within the microsphere array and js j as the incoming/
outgoing power in the waveguides, we can write a differential equation for the time dependence
of the field amplitude within the resonator:

d—A1/4ia)A1/4ia)oA A Ap\/§$, ©)
dt 71
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