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Study of thin-film GaAs solar cells with cylindrical Ag
nanoparticles and distributed Bragg reflector
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An efficient light-trapping structure, which consists of the periodic Ag nanoparticles and a distributed Bragg reflector
(DBR) with high reflectivity, is presented for the thin-film gallium arsenide (GaAs) solar cells. The effects of both Ag
nanoparticles and DBR on the optical absorption of GaAs solar cells are theoretically investigated by using fi-

nite-difference time-domain (FDTD) method. The optimization process of parameters for the solar cell with both struc-

tures is analyzed systematically. The great absorption enhancement in GaAs layer is demonstrated, especially in the

wavelength region near the GaAs band gap. It is observed that the superposition of the two effects excited by Ag nanopar-

ticles and DBR results in the obvious absorption enhancement. By using cylindrical Ag nanoparticles and DBR together,

the maximum enhancement factor of the solar cell is obtained as 4.83 in the simulation.
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Gallium arsenide (GaAs) is a major material applied in
concentrator solar cells and space solar cells. GaAs-based
solar cells have attracted considerable attention in recent
years due to their direct band gap and high absorption
coefficient in the entire visible region of solar spec-
trum!'?. However, the weak absorption at the wave-
lengths near the GaAs band gap limits the efficiency of
solar cell”!. It is crucial to give rise to the absorption for
GaAs solar cells in the wavelengths close to the GaAs
band gap'*”. To enhance the light trapping in the wide
solar spectrum range, several approaches have been pro-
posed®®. Silicon dioxide (SiO,), silicon nitride (SizNy)
and titanium dioxide (TiO,) are commonly used in
photovoltaic cell as antireflection coatings to reduce the
reflectivity of solar cells”'”. Another important way is
to use the textured back reflector for enhancing light
trapping!'"'?.  For example, the distributed Bragg
reflector (DBR) can be used at the rear of the solar cell to
enhance the internal light reflection on the backside of solar
cell”). Considering the above two approaches, the use of
plasmonic nanostructures with photovoltaic devices is an-
other efficient method'*'*). The use of metallic nanos-
tructures could cause the excitation of localized surface
plasmon (LSP) resonance, which could extend the ab-
sorption range of GaAs solar cells into the wavelength re-
gion near the band gap. These approaches have achieved

good effect on enhancing light absorption. However, for
the demand of more efficient and low-cost solar cells, it
is a crucial work to find the new ways to further enhance
the efficiency of solar cells.

In this paper, a theoretical analysis of the absorption of
the GaAs solar cell with both Ag nanoparticles and DBR
is presented. The finite-difference time-domain (FDTD)
method is adopted for the simulation. The effects of the
geometric parameters of Ag nanoparticles on the absorp-
tion are discussed, and the period of DBR is optimized as
well. Moreover, a careful study is taken for the optimiza-
tion of the parameters of solar cell with both structures.
The mutual effects between Ag nanoparticles and DBR
are analyzed. Detailed analyses and interpretations are
presented for the absorption enhancement. Finally, solar
cell with both Ag nanoparticles and DBR is compared
with that with Ag nanoparticles and DBR respectively.

The simulation model of a thin-film GaAs solar cell with
periodic Ag nanoparticles and DBR is shown in Fig.1. The
GaAs solar cell is realized on a semi-insulating GaAs sub-
strate. The bare GaAs solar cell consists of a GaAs substrate,
a 30 nm-thick Aly35GaggsAs spacing layer and a 50 nm-
thick GaAs absorption layer. The spacing layer can re-
duce the thermal expansion mismatch diffusing from one
material into another. The multilayer DBR is composed
of some pairs of AlAs/Aly,GaygAs layers with thickness
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of a quarter of DBR center wavelength, and the DBR
center wavelength is set as 800 nm. In Fig.1, » and &
represent the radius and the height of Ag nanoparticles,
respectively. p is the period of the nanoparticle array in x
and y directions. Ag is used as the metal material, be-
cause it has the obvious LSP effects and the low light
absorption. The optical parameters of these materials are
all from Ref.[16].
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Fig.1 Schematic diagram of the ultra-thin GaAs solar
cell with periodic Ag nanoparticles and DBR

Numerical simulations are performed using the FDTD
solutions package from Lumerical software. The incident
light is a uniform plane wave with the electric field po-
larized along x-axis. The wavelength range of the source
is from 700 nm to 900 nm, which lies in the weak ab-
sorption region of GaAs. Perfectly matched layer (PML)
absorbing boundary conditions are used on the upper and
bottom boundaries. Two power monitors are used for
calculating the power absorbed in the GaAs. Here, the
absorption factor A(z, 1) is defined as the absorption
within a given z-depth of the GaAs layer, and 7{(z, 1) is
defined as the power transmission coefficient!'”), so the
absorption factor can be expressed as

A(z,A)=T(0,1)-T(z,4), (1

where 71(z, 4) indicates the total power. The absorption of
solar cell refers to the absorption of the 50 nm-thick

GaAs layer particularly.
Integrated quantum efficiency (IQE) is defined as
e Lk
C I
IQE(A) = y , (2)

IE Ls(A)d2

where 4 is Plank’s constant, ¢ is the speed of light in the
free space, Iam1s is AM 1.5 solar spectrum, and Pj,(4)
and Pys(4) are the incident light power and absorbed
light power at a wavelength within GaAs solar cell, re-
spectively. In Eq.(2), the numerator is equal to the num-
ber of photons absorbed by the solar cell, while the de-
nominator means the number of photons falling onto the
solar cell. The solar spectrum Ixy 5 is from Ref.[18].
Parameter G is used to define the light absorption en-
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hancement of the solar cell with light trapping structures
compared with a bare solar cell, so it is defined as

IQEpanicIe _ J‘AR (ﬂ)IAMI.S (/’i)dﬂ,

G: _ b
I0E,.. [P, (W) (DA

3)

are

where Py(A) and Ppa(4) represent the light absorption
power of solar cells with and without light trapping
structure, respectively.

Fig.2 shows the absorption enhancement factor G of
the solar cells with different radii and heights of nano-
cylinder, respectively. As can be seen from Fig.2(a) with
p=200 nm and A=125 nm, G firstly increases with the
increase of radius, and after achieving the maximum, it
begins to decrease dramatically. The maximum G is ob-
tained when the strongest LSP resonance is achieved.
The optimal enhancement factor G is 3.41 corresponding
to =120 nm. Fig.2(b) shows the result of absorption
enhancement factor G with varied height of nanocylinder
with p=200 nm and =50 nm, which shows the similar
trend to that with varied radius shown in Fig.2(a). As
depicted in Fig.2(b), G has a maximum value of 3.55 at
h=125 nm, when p=200 nm and =50 nm.
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Fig.2 Changes of absorption enhancement factor G of
solar cells with Ag nanoparticles with varied radius
and height of nanocylinder

Fig.3 illustrates the change of G with the period of
nanoparticle array for Ag particles with a set of radii and
the fixed height of 80 nm. From Fig.3, G has a dramatic
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rise as the period increases for each value of nanocylin-
der radius, until G reaches a maximum, and then it
gradually decreases to a unity. The maximum G is 2.85
at =40 nm, p=120 nm and 4#=80 nm.
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Fig.3 Changes of absorption enhancement factor G of
solar cells with Ag nanoparticles with varied period of
nanoparticle array at =80 nm for different radii

For further optimization process of parameters of Ag
nanoparticles, the maximum G is obtained as 3.61 in the
simulation, where #=125 nm, =40 nm and p=120 nm.

Fig.4 illustrates the reflectance spectra and the absorp-
tion spectra of solar cells with DBR composed of differ-
ent pairs of AlIAs/AlGaAs layers (n-period DBR) and the
absorption spectrum of solar cell without DBR. The
thicknesses of AlAs and AlGaAs are set as 66.5 nm and
56 nm, respectively. As shown in Fig.4(a), with the in-
crease of the number of periods, the maximum reflectiv-
ity of the AlAs/AlGaAs DBR is increased, while the
width of high reflectance region is decreased gradually.
Moreover, when the period of DBR is up to 20, the
maximum reflectivity is 99.7% over a wide wavelength
range. Here, the 20-period DBR is used as the back re-
flector. It demonstrates from Fig.4(b) that the absorption
enhancement is related to the period of DBR. As shown
in Fig.4(b), the solar cell with 20-period DBR achieves a
maximum absorption at about 780 nm. In this case, the
maximum G is 2.37.

By now, the cylindrical Ag nanoparticles and the DBR
are introduced, and the related parameters are optimized,
respectively. And then both Ag nanoparticles and DBR
are employed for the solar cell. The DBR is set as the
back reflector on the bottom, while Ag nanoparticles are
used as the front light-trapping structure on the surface.
First, considering the optimal parameters derived from
the discussions above, the spectral behavior of solar cell
with both structures is analyzed. In this case, G is calcu-
lated by Eqs.(2) and (3) as 3.59. It is observed that the
absorption enhancement of solar cell with both structures
is lower than that with Ag nanoparticles alone. The result
does not meet the expectation. It is estimated that the
optimal geometric parameters of the solar cell with both
Ag nanoparticles and DBR should be changed. Then the
detailed study of the optimal parameters of both struc-
tures is taken out.
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Fig.4 (a) The reflectance spectra and (b) the absorp-
tion spectra of solar cells with DBR composed of dif-
ferent pairs of AlAs/AlGaAs layers
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Fig.5 illustrates the absorption spectra of solar cells
with both Ag nanoparticles and n-period DBR. It can be
seen from Fig.5 that the light absorption of solar cells
with both structures is significantly enhanced compared
with that with 20-period DBR alone. Along with the in-
crease of period of DBR, the absorption peak shows blue
shift and the peak increases greatly. It demonstrates that
Ag nanoparticles play a positive role in improving the
absorption of solar cell with DBR alone. Moreover, in
the solar cells with both structures, Ag nanoparticles do
not influence the optimal parameters of DBR as dis-
cussed previously.
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Fig.5 Absorption spectra of solar cells with Ag nano-
particles and n-period DBR
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In order to verify the optimal geometric parameters of Ag
nanoparticles in condition of solar cell with both structures,
the detailed analysis is put forward. Fig.6 shows the absorp-
tion spectra of solar cells with DBR and Ag nanoparticles
with varied height and radius, respectively. In Fig.6(a), the
array period p is set as 120 nm and =40 nm. With the in-
crease of height, the absorption peak shows red shift, the ab-
sorption peak value decreases gradually, and the bandwidth
of high absorption region is broadened. At #=75 nm, G has a
maximum value of 3.81. Fig.6(b) shows the absorption spec-
tra with varied radius for p=120 nm and #=125 nm. With the
increase of radius, the absorption peak shows blue shift, and
the absorption peak value increases generally. Through the
calculation, G has a dramatic rise when the radius increases,
and the maximum G=3.83 is obtained when =50 nm. In the
solar cell with Ag nanopatrticles alone, the optimal parameters
of Ag nanoparticles are p=120 nm, =40 nm and A=125 nm.
The results confirm that the optimal parameters of Ag
nanoparticles discussed earlier are not the optimum in the
case of solar cell with both Ag nanoparticles and DBR. It is
also suggested that the DBR is responsible for the change of
optimal geometric parameters of Ag nanoparticles. By the
further optimization, the optimal parameters of Ag nanoparti-
cles are obtained as p=130 nm, =30 nm and /=100 nm, and
in this case the maximum G is 4.83.
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Fig.6 The absorption spectra of solar cells with DBR
and Ag nanoparticles with varied height and radius

The absorption spectra of three types of solar cells are
displayed in Fig.7(a) corresponding to the maximum G
values. Fig.7(b)—(d) illustrate the electromagnetic field
maps for three investigated structures.
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Fig.7 (a) Absorption spectra of solar cells with three
types of light-trapping structures; Electromagnetic
field maps for GaAs solar cells with (b) Ag nanoparti-
cles alone, (c) DBR alone and (d) both Ag nanoparti-
cles and DBR, respectively
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From Fig.5, it is clear that the use of DBR and peri-
odic Ag nanoparticles alone can significantly enhance
the light absorption, respectively, while the more effi-
cient absorption is achieved when Ag nanoparticles and
DBR are combined in the GaAs solar cell, especially in
the wavelength range from 740 nm to 850 nm. In this
region, the optical absorption is improved dramatically,
and the maximum absorption is up to 0.57 at A=785 nm
as shown in Fig.7(a). The great optical confinement has
been obtained in a 50 nm-thick GaAs layer by use of
periodic Ag nanoparticles and DBR together. It can be
ascribed to the superposition of two effects, which are
the scattering effect due to LSP resonance excited by Ag
nanoparticles and the high reflectivity of DBR. It can be
better explained by Fig.7. As shown in Fig.7(b), due to
the effect of LSP resonance, the field is mainly distrib-
uted at the interface between the Ag nanoparticles and
the GaAs layer. In Fig.7(c), the field distribution is uni-
form at each layer, and the strongest electrical field oc-
curs in the GaAs layer. From Fig.7(d), the superposition
of field strengths is observed, and the great absorption
enhancement is confirmed.

The absorption enhancements of the absorption layers
in GaAs solar cells with cylindrical Ag nanoparticles,
DBR and both of Ag nanoparticles and DBR are nu-
merically investigated, respectively. The optimization
processes of the parameters of DBR and Ag nanoparti-
cles are presented, respectively. In the solar cell with Ag
nanoparticles alone, the scattering effect due to LSP
resonance leads to the substantial increase in light ab-
sorption. The maximum enhancement factor G=3.61 is
obtained. The AlAs/AlGaAs DBR is also utilized to en-

hance the internal light reflection on the solar cell bottom.

When the DBR with 20-period AlAs/AlGaAs layers is
used, the maximum reflectivity achieves 99.7%, and the
maximum enhancement factor is G=2.37. Moreover, the
proposed light-trapping structure consisting of DBR and
periodic Ag nanoparticles is demonstrated. Due to the
superposition of the two effects which are excited by Ag
nanoparticles and DBR, the optical absorption is dra-
matically enhanced in the wavelength range near the
GaAs band gap. The optimal enhancement factor G is
4.83, which is bigger than those of GaAs solar cells with
DBR alone and Ag nanoparticles alone.
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