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Improving the photon absorption in thin-film solar cells with plasmonic nanoparticles is essential for the
realization of extremely efficient cells with substantial cost reduction. Here, a comprehensive study of
solar energy enhancement in a cadmium telluride (CdTe) thin-film solar cell based on the simple design
of a square array of plasmonic titanium nanoparticles, has been reported. The excitation of localized
plasmons in the metallic nanostructures together with the antireflection coating (ARC) significantly
enhances the absorption of photons in the active CdTe layer. The proposed structure attained super
absorption with a mean absorbance of more than 97.27% covering a wide range from visible to near-
infrared (i.e., from 300 nm to 1200 nm), presenting a 90% absorption bandwidth over 900 nm, and the
peak absorption is up to 99.9%. For qualitative analysis, the photocurrent density is also estimated for AM
1.5 solar illumination (global tilt), whose value reaches 40.36 mA cm™2, indicating the highest value
reported to date. The impact of nanoparticle dimensions, various metal materials, shapes, and random

arrangement of nanoparticles on optical absorption are discussed in detail. Moreover, the angle
Received 25th September 2019 . itivity | tiall lidated b ining the ab i f ith obli incid d
Accepted 21st October 2019 insensitivity is essentially validated by examining the absorption performance with oblique incidences an

it is found that the solar cell keeps high absorption efficiency even when the incidence angle is greater

DOI: 10.1039/c9ra07782k than 0°. Therefore, these findings suggest that the proposed broadband structure has good prospect in
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Introduction

Thin film solar cells are being researched extensively worldwide
due to their flexible structure, lower weight, simple fabrication
and integration procedures. These solar cells, despite having
many advantages, have a drawback of lower optical conversion
efficiency compared to its conventional counterpart ie. c-Si
solar cells. The lower efficiency is mainly due to small thick-
ness (1-2 pm), where most of the low frequency photons escape
from the cell." A number of techniques have been proposed to
trap the light inside the solar cell, which include photonic
crystals,? diffraction gratings,® anti-reflection coating (ARC),*
and metallic nanoparticles.>® These methods are used to reduce
the reflection of incoming light at the front surface and mini-
mize the transmission of light at the rear surface of the solar
cell. Among these techniques, the plasmonic nanoparticle
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attaining high power conversion efficiency while reducing the device cost.

approach is considered to be the best one as it utilizes surface
plasmons to enhance the absorption in the active layer of the
solar cell.””

Recently, it has been found that cadmium telluride (CdTe) is
the most promising candidate for the active layer among thin-
film solar cells due to its long-term stability and capability of
photon absorption in visible and near infrared region.*
Furthermore, it is a direct bandgap semiconductor with optical
absorption coefficient of 10° cm ™" and they are also commer-
cially available.”*> When the nanoparticles are deposited on
CdTe based solar cell, the absorption efficiency is improved in
greater amount. Y. Shao et al.,” proposed an efficient structure
for capturing light in CdTe solar cells. The transmission of
incoming light is maximized at the front surface by 73% in the
wavelength range 300-900 nm by depositing an array of gold
nanoparticles on the back surface of the absorber layer. D. Liu
et al.,** proposed a novel design for light management in CdTe
solar cells, where an array of spherical silver nanoparticles was
deposited at the bottom surface of the absorbing layer to ach-
ieve 50% absorption rate. The efficiency increase was observed
for light spectrum in wavelength range 300-500 nm. A. Araujo
et al.,”® worked on increasing light trapping in thin film solar
cells by depositing silver nanoparticles at rear surface of cells
thus increasing the absorption up to 90% in light spectrum
ranging 450-700 nm. Q. Luo et al.,” proposed the integration of
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gold on TiO, nanospheres in porous layers of TiO, as well as
perovskite to increase the power conversion efficiency to 18.24%
thus making an improvement of 44% over the reference model.
The absorption efficiency was measured for this model in the
wavelength ranging from 300 to 800 nm. N. Spalatu et al.,"
achieved 75% absorption efficiency by deposition of gold
nanoparticles on front surface of CdTe solar cells for efficiency
enhancement in the wavelength ranging from 500 nm to
850 nm.

In this paper, a simple CdTe solar cell is proposed, which
consists of cuboid titanium (Ti) nanoparticles on top of SiO,
ARC. Broadband absorption efficiency is achieved in the solar
spectrum with an average absorption of more than 97.27%. The
absorption resonance is improved by optimizing different layers
of the solar cell structure. Oblique incidences are also examined
to demonstrate the angle insensitivity of the solar cell.

Model

The schematic of the proposed structure is shown in Fig. 1,
which is made up of five different layers. The absorbing layer is
made of cadmium telluride (CdTe) material, which has high
absorption coefficient of 10° cm ™" and bandgap of 1.5 eV. This
material is also known for its cost effectiveness in terms of
manufacturing and fabrication process.” Indium tin oxide
(ITO) material is chosen as transparent conductive oxide (TCO)
for the back surface, which increases light trapping by

Sun

Fig. 1 Geometric sketch of the super broadband solar energy
absorber.
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providing resistance for low energy photons at back surface,
thus reflecting long wavelength light (600-1200 nm), and
reducing transmission losses significantly in solar cells.*® The
cell is coated with an anti-reflection coating (ARC) made of SiO,
to reduce reflection losses on the front surface."” The ARC is
further coated with cubic plasmonic titanium (Ti) nanoparticles
and is protected with a glass layer made of quartz. Nano-
particles increase energy of incident photons and scatter it into
substrate that has high refractive index.”* The reason of
choosing Ti material is that, it has high transmittance in visible
and ultra-violet light ranges in solar radiation spectrum and is
highly resistive to corrosion. The quartz glass layer is highly
resistive to thermal losses and has high transmittance in
ultraviolet to near-infrared light ranges.>*

The optimized model shown in Fig. 2(a) and (b) consists of
cuboid nanoparticles with dimensions (S, x ¢, X Sp) 90 x 90 X
50 nm® and a total volume of 405 000 nm>. The particles are
placed at a distance of g, = 120 nm from consecutive nano-
particles, which will enhance the absorption efficiency due to
coupling and interaction of surface plasmons. A unit cell of (,
x 1,) 400 x 400 = 1600 nm” having four Ti nanoparticles and
the cell structure shown in Fig. 2(b), is simulated in the RF
module of Comsol Multiphysics software. Two sides of the unit
cell, which are in the direction of the incident field polarization,
are made from perfect electric conductor (PEC), and the
remaining two sides are made from perfect magnetic conductor
(PMC). The solar cell is illuminated by light in the z-direction,
while polarization is set along x-axis. A perfectly matched layer
(PML) is also placed at the top and bottom of the unit cell,
whose job is to eliminate the back reflections from the bound-
aries. The Floquet periodic boundary conditions are used for
repetition of unit cell in both x and y-directions. The thick-
nesses of quartz glass, nanoparticles, ARC, absorber and ITO
back surface reflector are denoted by Zy1ass, tn, tares tabs aNd tpst,
respectively. The complex dielectric functions of CdTe, SiO,, Ti,
and ITO are taken from.?” The environment of the simulation is
selected as air and for further analysis, Matlab software is used.

Results and discussion

To investigate the effect of Ti nanoparticles on CdTe solar cell,
a 1000 nm CdTe absorber layer with 100 nm ITO as a back
surface reflector is taken as a reference cell. The ARC and
nanoparticle layers were added to the reference cell to analyze
the increase in absorption efficiency as shown in Fig. 3. The
reference unit solar cell is named as M1, while other models
were named as M2, M3, M4, and M5, presented by Fig. 3(a-e).

The absorption efficiencies of all the models are displayed in
Fig. 4(a). It is found that the reference cell M1 exhibits 60-70%
absorption efficiency in 300-500 nm wavelength range, which
increases to approximately 83% at 600 nm and 92% at 1120 nm
as indicated by the green curve. The slightly high absorption
efficiency is due to large absorption coefficient of CdTe mate-
rial. However, this efficiency is not enough for a generation of
electron-hole pairs for solar energy harvesting applications. In
other words, absorber layer with back surface reflector shows
lesser photon absorption capability if modeled without

This journal is © The Royal Society of Chemistry 2019
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Fig. 2

nanoparticles.” For minimizing such optical losses, a 40 nm
SiO, ARC layer is added on top of reference model M1 and is
labeled Model M2 as shown in Fig. 3(b). The absorption effi-
ciency of M2 is represented by the blue curve in Fig. 4(a), which
shows an average increment of approximately 10% in absorp-
tion efficiency. In this case, the response is almost flat as no
sharp dips are observed in the solar spectrum. The accumula-
tive absorption efficiency of model M2 becomes 70%.

The third model M3 is obtained by the deposition of cuboid
Ti nanoparticle with dimensions 90 x 90 x 50 nm® on M2, as
shown in Fig. 3(c). Fig. 4(a) shows the absorption efficiency of
M3 (red curve), which has a mean value of nearly 80%. The
improvement in absorption efficiency is observed due to scat-
tering of light using Ti nanoparticle excited at their surface
plasmon resonance. Thus, in comparison to M2, M3 shows
increase in absorption efficiency at lower wavelength range,
however no significant difference at higher wavelength range is
observed.

| fy1ses=20 N !
S,=
" 1t,.=40nm 90 nm
t,5,=1000 nm
| o= 100 nm
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(a) 3D view of the proposed structure in a unit cell, and (b) top view of the structure.

The model M4 represents iteration of M3, where a second
nanoparticle is added 120 nm away from the first nanoparticle
on ARC layer, as depicted in Fig. 3(d). The designed model
further improves the absorption efficiency due to coupling and
interference of plasmonic modes exhibited by the nanoparticles
and the modes of ARC, and CdTe layers. In this case, a broad
absorption mode with amplitude of near unity at 395 nm is
observed as shown in Fig. 4(a). To obtain super broadband
absorption efficiency, we added four nanoparticles on top of
M2, each at a distance of 120 nm from consecutive nano-
particles as shown in Fig. 3(e). A 20 nm quartz layer is also
added in M5 to protect the cell from UV radiations. Here, the
surface plasmons of all four nanoparticles strongly interact with
each other, which results in a super broadband absorption with
mean efficiency of approximately 97% from 300-1200 nm as
shown in Fig. 4(a) (sky-blue curve). The optical absorption
spectra is improved up to 30% as compared to reference model
indicated by difference shown between two dotted lines in

Anﬁ-Reﬂection Coating (Si02)

Fig. 3 Different designs of CdTe solar cells (a) reference solar cell of CdTe solar cell with ITO (M1), (b) unit cell consisting of M1 with ARC layer
(M2), (c) unit cell with addition of 1 nanoparticle (M3), (d) unit cell with two nanoparticles (M4), and (e) unit cell with four nanoparticles and quartz

glass on top of nanoparticle layer (M5).
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Fig. 4 (a) Optical absorption efficiency of models M1-M5, (b) optical absorption, reflection, and transmission of model M5.

Fig. 4(a). Moreover, the corresponding current density (Js) is
also estimated using eqn (1).**

Jsc =e JiA(A)IAM15(A)dA

e 1)

where A ranges from 300-1200 nm, e is the charge of an electron
equal to 1 eV (1.602 x 107*° C), & is Planck's constant (h =
6.626176 x 10" joule-seconds), Iany 5(A) is the solar irradiance
for broadband spectrum at AM1.5. The calculated value of J. for
the proposed model is 40.36 mA cm™ 2. To our knowledge, such
absorption features and high J,. value exhibited by the proposed
design is never reported before. The reflection and transmission
characteristics for the new design are also calculated where
average reflection losses are around 3% and the transmission
losses are less than 1% as shown in Fig. 4(b).

From the evaluation of M1-M5 given in Fig. 4, it is observed
that the deposition of multiple metallic nanoparticles on the
top surface of solar cell increases surface plasmon resonance
(SPR) when it is hit by an incident light, which further enhances
the absorption efficiency. Since the SPR depends on the mate-
rial of the nanoparticles, therefore, the influence of optical
absorption and flexibility of the proposed structure on material
selection is investigated as shown in Fig. 5(a). Numerical
simulation is executed for different types of materials show that
Ti based nanoparticles deposited on solar cell exhibits super
broadband optical absorption compared to the rest of the
materials. This may be due to destructive interference between

100
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Fig. 5

34210 | RSC Adv., 2019, 9, 34207-34213

incident and scattered radiations in case of Ti is very less
compared to other materials.”®

The optical absorption efficiency also changes with the shape
of nanoparticles.”” To assess this hypothesis, different geometric
configurations of nanoparticles such as cross shape, hollow
cylindrical and semi-circular shapes are simulated to evaluate the
absorption efficiency. The results are compared with the cuboid
nanoparticle model proposed in this study, as depicted in
Fig. 5(b). It is found that the proposed model possesses much
a better spectral performance than other simulated geometric
shapes of nanoparticles. This is because the total volume of the
cuboid shape nanoparticles are large due to which it supports
strong surface plasmon resonances compared to others, and
enhances the absorption efficiency in greater amount.

Since, the Ti cuboid nanoparticles deposited on solar cell are
found to be a best choice, therefore, to further optimize the
design for maximizing efficiency, the dimensions of the nano-
particle is varied and keeping other parameters constant. It is
has been observed in Fig. 6(a) that, as the thickness t, of
nanoparticles increases from 10-50 nm, the optical absorption
efficiency increases in visible as well as in near-infrared region
of the solar spectrum. This is because for small nanoparticles,
the excited SPR's energy generally lost within the nanoparticle
and the scattering becomes insignificant, hence no improve-
ment in absorption efficiency can be seen. However, for any
thickness value more than 50 nm, the nanoparticles show
a descending trend in photon absorption over shorter

100

g SO0

. N\
el B &
60 = v —v—v

50

300 450 600 750 900 1050 1200

Wavelength(nm)

Influence of the optical absorption over (a) different materials, and (b) different shapes of the nanoparticle.
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Fig. 6 Influence of optical absorption spectra over (a) thickness of the nanoparticles, (b) size of the nanoparticles, (c) different periods, (d)

different arrangement of nanoparticles, and (e) different incidence angles.

wavelengths, thus decreasing the overall efficiency. This is due
to the fact that for large nanoparticles, the scattering overcomes
the lossy absorption. So, the forward scattering becomes
predominant and mostly prevails at frequencies lower than the
SPR, thus letting more photon energy to enter into the absorber
layer, which ultimately leads to improved absorption efficiency
over the whole solar spectrum. Moreover, large nanoparticles
support higher order plasmonic modes, which also contribute
in the absorption characteristics of the solar cell. However, as
the size exceeds 50 nm, which in our case is the optimal value,
the absorption efficiency reduces because the backward scat-
tering overcomes the forward scattering due to the incoming

This journal is © The Royal Society of Chemistry 2019

light shielding engendered by the huge surface charge density
of Ti nanoparticles. In addition, for large nanoparticles, the
mismatch between the scattering light and the incident field
also increases, which restructures the entire absorption spec-
trum, particularly for wavelengths larger than the SPR. There-
fore, choosing proper size of the nanoparticles, the incoming
photons can be efficiently coupled into the absorber layer with
the absorption optimally matched with the solar spectrum.
Since experimentally, it is very challenging to fabricate all
dimensions of the nanoparticles same as modeled theoretically,
therefore, two random thicknesses of cubic Ti nanoparticles are
simulated to cover the possibility of variation in the software

RSC Adv., 2019, 9, 34207-34213 | 34211
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Table 1 Comparison of different kinds of solar cells

Light Optical

spectrum Bandwidths absorption Solar cell
Shapes Materials (nm) (nm) rate (%) material Ref.
Square Aluminum on top of 425-650 300 90 Si 29

polymethylmethacrylate (PMMA)
Triangular prism and Silver 300-700 400 90 a-Si 30
nanosphere
Ring Chromium 500-800 300 95 N/A 31
Circular nanocavity Silver 750-1000 250 60 c-Si 32
TFSC
Cuboid Ti 300-1200 900 98.98 CdTe Proposed
design

defined thickness. Both tests exhibit approximately same perfor-
mance as indicated by curves ‘Random 1’ and ‘Random 2’ in
Fig. 6(a).

The size S, effect on absorption efficiency is more or less the
same as t, as shown in Fig. 6(b). It is evident that as the size of the
nanoparticles increases from 40-90 nm, surface plasmon excita-
tion increases, which boost the optical absorption efficiency. At
90 nm, maximum interaction of surface plasmons is observed
with each other due to which the light absorption is improved.
However, if the size is further increased from 90-120 nm, the
efficiency decreases especially at longer wavelengths ie., from
600-1200 nm. This is again because, the phase mismatch between
the incident and the scattering light increases for large nano-
particles. Two random tests are also performed in this case, where
still higher absorption efficiency is achieved, which indicates that
the proposed design is highly suitable for practical applications.

In Fig. 6(c), the influence of varying dimensions of unit cell on
optical absorption efficiency is measured over the wavelength
range of 300-1200 nm while keeping all the other parameters
fixed. The results show that as the size of the period increases, the
absorption spectra at short wavelength gradually decreases. This
is due to increase of gap between two unit cells which causes
reduction in coupling strength of surface plasmons between two
unit cells. Since, coupling strength boosts the intensity of the
incoming photons, its reduction causes absorption spectra losses
at shorter wavelengths.”® Furthermore, we performed another
test by depositing the nanoparticles randomly as shown in
Fig. 6(d). It is observed that the random arrangement does not
affect the absorption profile of the solar cell, which proves that
the proposed structure is polarization independent.

Eventually, the absorption characteristics of the proposed
structure is tested for different incident angles of light, as shown
in Fig. 6(e). At 0° angle, i.e., when the direction of propagation of
light is perpendicular to the plan of CdTe solar cell surface,
maximum absorption efficiency is observed. This absorption
efficiency decreases with increase in angle of incidence and
becomes almost equal to 0 at 90° when the direction of propa-
gation of wave is parallel to the surface of solar cell. However, for
angles greater than 0°, the absorption profile is still acceptable as
its average value for longer wavelengths is approximately 80%.
This indicates that the CdTe solar cell presented in this study is
highly suitable for practical applications.

34212 | RSC Adv., 2019, 9, 34207-34213

The performance of the proposed CdTe solar cell structure is
compared with other plasmonic nanoparticle based solar cells.
The shapes of different nanoparticles along with the spectrum of
light and bandwidth and the percentage absorption efficiency in
that bandwidth region is presented in Table 1. The results indi-
cate that our suggested structure has greatest absorption peak
and covers broadband spectrum whereas other nanoparticles
cover specific regions in the solar spectrum. This indicates that
proposed design is much better than the previously reported light
trapping techniques for solar cells using plasmonic effect.

Conclusion

We have suggested a new thin-film CdTe solar cell, which is
based on comparatively cost-effective Ti nanoparticles. The
proposed structure exhibits almost unity absorption with
a mean absorption of 97.27% and 90% absorption bandwidth
over 900 nm from visible to near-infrared region. The broad-
band response and the high absorption typically result from the
strong electromagnetic resonance and overlapping of resonant
frequencies. The structure exhibit J;. of 40.36 mA cm ™2, which is
the highest value reported up to date. The effects of nano-
particle dimensions, different metal materials, shapes and
different random locations on the absorption patterns are
compared to analyze the characteristics of the proposed solar
cell. Moreover, it is found that solar cell possesses high
absorption efficiency even when the incidence angle is more
than 0°. Despite the relatively simple structure, such a design
exhibits high performance in both the bandwidth and absorp-
tivity and can be easily extended to other thin solar cell
technologies.
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