NUSOD 2022 1

Absorption Enhancement of GaAs Thin Film Solar Cell

using Hemisphere Core-shell Nanoparticles

Asmaa Mohamed A. Aly, Awad Khaled, Mohamed Farhat O. Hameed®, and S. S. A. Obayya®
Center for Photonics and Smart Materials, Zewail City of Science and Technology, October Gardens, 6th of October City, Giza,

Giza, 12578 Egypt 12578 Egypt. E-mail: mfarahat@zewailcity.edu.eg, sobayya@zewailcity.edu.eg

Abstract— A novel design of GaAs solar cell (SC) is proposed
and analyzed. Hemisphere core shell structures are placed over
the surface of the SC to harvest more energy and increase the
solar cell efficiency. The GaAs and GaSb are used as core/shell
materials to increase the wavelength coupling between the dual
cores of the proposed structure. Moreover, the reflection is
reduced which enhances the light absorption through the GaAs
planar layer. This is due to the difference in the bandgaps
between GaAs and GaSb The geometrical parameters of the
proposed SC are studied by three dimensional finite difference
time domain (3D FDTD) via Lumerical software package to
achieve higher optical characteristics. The reported SC has an
ultimate efficiency and short circuit current of 26% and 21.8
mA/cm? compared to 16.8% and 13.7 mA/cm? of planar GaAs SC
without hemisphere design

Index Terms— Core-shell, Solar cells, Hemisphere, Ultimate
efficiency.

Recently, there is a highly need for the use of clean
renewable energy resources. In this context, photovoltaic (PV)
devices have attracted major attention in research due to their
ability of light-trapping, collection and transportation of
carriers. However, finding efficient strategies to improve the
light absorption with reduced cost is a strong desire. So, the
use of thin-film solar cell (TF- SC) has been presented'.
Additionally, materials with low quality can be utilized to
decrease the cost of PV products. However, the efficiency of
TF-SC is low due to the short optical path in the active
material. To enhance the TFSC absorption efficiency, different
designs have been utilized based on nanotechnologies. In this
regard, antireflection coatings®, nanowires®®, nanoholes'®!!,
and core-shell nanostructures'> have been presented at the
back and/or front sides of the active layer.

Due to the superior properties of the GaAs and GaSb, they
are excellent candidates for SC design'>'4. The GaAs and
GaSb have been identified as essential materials for
optoelectronic devices due to carrier accumulation at the
interface of the core—shell and high carrier concentration can
be obtained without the required doping'>!". Till now, most of
the research has been concentrated mostly on GaAs-GaSb
axial heterostructures, while there is a lack of the core-shell
representation.
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In this work, a novel design of GaAs SC is suggested and
analyzed. Hemisphere core-shell based on GaAs-GaSb is also
added on the top surface to increase the light absorption in the
active material. The optical characteristics are studied using
finite difference time domain via Lumerical software package
18, The schematic diagram of the suggested SC unit cell is
shown in Fig. 1. The GaAs TF thickness (h) is fixed at 500
nm. Further, periodic hemisphere structure is used with
periodicity of A= 250 nm and the hemisphere core-shell have
radius of r. =60 nm and r; =100 nm as shown in Fig. 1. In
order to decrease the computational time, one unit cell is
simulated with periodic boundary conditions. Further,
perfectly matched layer (PML) are used in the z-direction. The
incident light irradiates the structure from the top with a
wavelength range from 300 nm to 900 nm. The refractive
indices of the materials are obtained from pervious published
work!"'1°, The absorption can be calculated through the
reflection and transmission monitors as:
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The ultimate efficiency 1 can also be calculated from?’:
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Fig. 1. x-z Cross section of the unit cell of the proposed
SC.
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Figure 2 shows the absorption spectra of the conventional
planar GaAS SC, and the proposed structure with hemisphere
core-shell. It may be seen that the reported SC offers higher
absorption across the region of the entire wavelength than the
other studied design. Furthermore, the presence of the core-
shell can induce many resonant modes that are concentrated
and coupled well inside the GaAs layer?!. Consequently, the
absorption and the ultimate efficiency are greatly improved.
Several mechanisms such as the resonance of Mie scattering
and the core-shell refractive indices are responsible for the
absorption and ultimate efficiency enhancement. On the other
hand, the absorption of the planar SC is decreased with the
wavelength increase. This is due to a large amount of the
photons cannot be totally guided into the active layer where
the structures cannot support several guided resonant modes
efficiently.

Further, high reflectance occurs for the incident photons
from the top surface and the absorption is incomplete inside
the active material because of the loss of light trapping
features. Further, more power is reflected from the planar
air/GaAs interface. However, our core-shell structure can
repress those losses effectively with a much concentrated field
trapped inside the active layer. The reported SC with
absorption enhancement offers 1 of 26 % compared to 16.8 %
of the planar GaAs SC.

100

S
B 60t a7 NN A :
E- \-, \‘_ , “‘ ! \
0 N o [
B 40 ‘\
< \\/-\
mm== Planar GaAs SC
200 Proposed core-shell SC
!
]
0 L i L i i i
300 500 700 900
Wavelength (nm)

Fig. 2. Optical absorption of planar GaAs SC, and the suggested design with
GaAs-GaSb hemispheres core-shell.

ACKNOWLEDGMENT

The authors acknowledge the financial support by Academy of
Scientific Research and Technology (ASRT) at Egypt under
the South Africa-Egypt Cooperation.

REFERENCES

[11 S. Wang, B. D. Weil, Y. Li, K. X. Wang, E. Garnett, S. Fan, and Y. Cui,
“Large-area free-standing ultrathin single-crystal silicon as processable
materials, “Nano Lett. 13(9), 4393-4398 (2013).

[2] S.Jeong, M. D. McGehee, and Y. Cui, “All-back-contact ultra-thin silicon
nanocone solar cells with 13.7% power conversion efficiency ,”Nat. Commun.
4(1), 2950 (2013).

[3] K. A. Catchpole and A. Polman, “Plasmonic solar cells, “Opt. Express
16(26), 21793-21800 (2008).

[4] S. Jeong, S. Wang, and Y. Cui, “Nanoscale photon management in
silicon solar cells,”J.Vac.Sci.Technol.A30, 060801(2012).

[51 Y. Zhang et al., "Improved multicrystalline Si solar cells by light
trapping from Al nanoparticle enhanced antireflection coating," Optical
materials express, vol. 3, no. 4, pp. 489-495, 2013.

[6] J. Vukajlovic-Plestina, W. Kim, L. Ghisalberti, G. Varnavides, G.
Titiincuoglu, H. Potts, M. Friedl, L. Giiniat, W. Carter, V. Dubrovskii, and
A. F. i Morral, “Fundamental aspects to localize self-catalyzed III-V
nanowires on silicon,” Nat. Commun. 10(1), 869(2019).

[71 M. G. Donato, O. Brzobohaty, S. H. Simpson, A. Irrera, A. A. Leonardi,
M. J. Lo Faro, V. Svak, O. M. Marago, and P. Zemanek, “Optica ltrapping,
optical binding, and rotational dynamics of silicon nanowires in counter-
propagating beams,”Nano Lett. 19(1), 342-352(2019).

[8] M. A. Elrabiaey, M. Hussein, M. F. O. Hameed, and S. Obayya, “Light
absorption enhancement in ultrathin film solar cell with embedded dielectric
nanowires,”’Sci. Rep. 10, 17534 (2020).

[9] R. El-Bashar, M. Hussein, Salem F. Hegazy, Y. Badr, Mohamed Farhat.
O. Hameed, and S. S. A. Obayya, "Analysis of highly efficient quad-crescent-
shaped Si nanowires solar cell," Opt. Express 29, 13641-13656 (2021)

[10] X. Qin, Y. Wu, Z. Xia, J. Zhou, and Z. Zhang, “Beneficial effect of
reducing symmetry on the enhancement of optical absorption of nanohole
arrays, "Opt. Commun. 427, 90-94 (2018).

[11] A. Khaled, M. F. O. Hameed, B. M. A. Rahman, K. T. V. Grattan, S. S.
A. Obayya, and M. Hussein, “Characteristics of silicon nanowire solar cells
with a crescent nanohole,” Opt. Express 28, 31020-31033 (2020).

[12] A. Khaled, M. F. O. Hameed, M.. Hussein, K. T. V. Grattan, B. M. A.
Rahman, and S. S. A. Obayya, "Modeling and characteristics of a
nanostructured NiO/GeSe core—shell perovskite solar cell," J. Opt. Soc. Am. B
38, 3441-3447 (2021).

[13] Benyettou, F., Aissat, A., Benamar, M.A., Vilcot, J.P.: Modeling and
simulation of GaSb/GaAs quantum dot for solar cell. Sci. Direct Energy Proc.
74, 139-147 (2015).

[14] Kuan, C.A.W., Yuning, H.: Design and optimization of ARC less
InGaP/GaAs single-/multi-junction solar cells with tunnel junction and back
surface field layers. Superlattices Microstruct 119, 25-39 (2018).

[15] Joyce, H., Docherty, C., Gao, Q., Tan, H., Jagadish, C., Lloyd-Hughes,
J., Herz, M., Johnston, M.: Electronic properties of GaAs, InAs and InP
nanowires studied by terahertz spectroscopy. Nanotechnology 24, 214006
(2013).

[16] Zhang, Y., Gao, Q., Yu, Y., Liu, Z.: Comparison of double-side and
equivalent single-side illumination methods for measuring the I-V
characteristics of bifacial photovoltaic devices. IEEE J. Photovolt. 8, 397403
(2018).

[17] Ganjipour, B., Sepehri, S., Dey, A.W., Tizno, O., Borg, B.M., Dick,
K.A., Samuelson, L., Wernersson, L.-E., Thelande, C.: Electrical properties of
GaSb/InAsSb core/shell nanowires. Nanotechnology 25, 425201 (2014).

[18] “Lumerical Software Package.” [Online]. Available:
https://www.lumerical.com/.

[19] Sahoo, G.S., Mishra, G.P.: Efficient use of low-bandgap GaAs/GaSb to
convert more than 50% of solar radiation into electrical energy: a numerical
approach. J. Electr. Mater. 48, 560-570 (2019).

[20] M. Hussein, M. F. O. Hameed, N. F. Areed, A. Yahia, and S. S. A.
Obayya, “Funnel-shaped silicon nanowire for highly efficient light trapping,”
Opt. Lett. 41(5), 1010-1013 (2016).

[21] L. Wen, Z. Zhao, X. Li, Y. Shen, H. Guo, and Y. Wang, “Theoretical
analysis and modeling of light trapping in high efficicency GaAs nanowire
array solar cells,” Appl. Phys. Lett., vol. 99, no. 14, pp. 2009-2012, 2011, doi:
10.1063/1.3647847.

220





