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Abstract: Solar cells are important in the area of renewable energies. Since
it is expensive to produce solar-grade silicon [Electrochem. Soc. Interface
17, 30 (2008)], especially thin-film solar cells are interesting. However, the
efficiency of such solar cells is low. Therefore, it is important to increase
the efficiency. The group of Polman has shown that a periodic arrangement
of metal particles is able to enhance the absorbance of light [Nano Lett. 11,
1760 (2011)]. However, a quasicrystalline arrangement of the metal
particles is expected to enhance the light absorbance independent of the
incident polar and azimuthal angles due to the more isotropic photonic
bandstructure. In this paper, we compare the absorption enhancement of a
quasiperiodic photonic crystal to that of a periodic photonic crystal. We
indeed find that the absorption enhancement for the quasicrystalline
arrangement shows such an isotropic behavior. This implies that the
absorption efficiency of the solar cell is relatively constant during the
course of the day as well as the year. This is particularly important with
respect to power distribution, power storage requirements, and the stability
of the electric grid upon massive use of renewable energy.
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1. Introduction

Nowadays, renewable energies become more important due to the fact that several countries
decided to phase out nuclear power and fossil fuels for security as well as for climate change
reasons [1, 2]. Among the different kinds of renewable energies, solar energy has the
potential to become one of the most used sources [3]. However, solar-grade silicon is
expensive to produce [4]. Thus, the cost of solar cells requiring a large amount of silicon (Si)
is also huge. In order to lower the costs of solar cells, the amount of Si has to be minimized,
which can be achieved by reducing the Si layer thickness [4]. However, this results in a lower
efficiency due to the weak absorption of visible light by Si [5]. In order to enhance the
efficiency of thin-film solar cells, several approaches have been suggested. Most of the solar
cell designs use an antireflection coating in order to minimize the amount of light reflected at
the solar cell surface [6]. The efficiency can be further increased by using dye molecules [7—
9]. Other possibilities of enhancing the efficiency of solar cells are the use of nanohole arrays
[10], grating couplers [11], or plasmonic nanostructures [12-15]. The efficiency of LEDs,
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which work in the opposite direction than solar cells, was also enhanced by using less ordered
or quasicrystalline 2D grating structures [16-19]. Another approach is the use of a randomly
textured Zinc oxide layer on top of the Si layer [20]. Whereas some of the solar cell designs
are based on one-dimensional (1D) metallic photonic crystals [21, 22], others are making use
of the periodic arrangement of metal structures in two dimensions (2D) [14, 23]. Spinelli et al.
consider such 2D plasmonic structures on top of a thin-film c-Si layer [24]. Disordered [25—
27] and quasiperiodic [25, 26, 28] structures have also been introduced. Whereas the
quasiperiodic structures in the work of Ferry et al. [26] were mentioned only briefly, those in
the paper of Tseng et al. [28] were discussed in detail. The latter paper covers different
incident polar angles compared to an unpatterned solar cell. However, different azimuthal
angles incident on the solar cell have not been examined, which is important together with the
polar angle for the performance of the solar cell during the day as well as over the year.
Moreover, no theoretical predictions have been provided in order to optimize the solar cell
design. Here, we present predictions based on a Fano model for quasiperiodic plasmonic
structures compared to periodic structures on top of a silicon-on-insulator solar cell design.
We find that the enhancement factor for absorbed light in the quasicrystalline case is much
less dependent on the azimuthal as well as the polar angle and is thus more constant during
the day as well as over the year when compared to periodic structures.

2. Sample design

Fig. 1. Sample design with (a) a quasiperiodic arrangement as well as (b) a periodic
arrangement of gold disks on top of a SiO,/Si/SiO,-substrate.

The sample structure is based on the metallic photonic crystal design of Linden et al. [29].
The sample substrate of our modelled structures consists of silicon dioxide (SiO,) with a 30
nm thin crystalline silicon [30] layer on top. As a passivation layer serves SiO, of 30 nm
thickness, which is located between the Si layer and a layer of gold disks. The gold disks with
a diameter of 100 nm and a height of 50 nm are arranged in a quasiperiodic [on the vertices of
an 8-5-approximant structure to the original Penrose tiling, see Fig. 1(a)] as well as in a
periodic [see Fig. 1(b)] fashion in order to compare the individual enhancement factors. The
edge length of the Penrose tiling [Fig. 1(a)] as well as the period of the square lattice [Fig.
1(b)] is 425nm. The passivation layer is needed in order to reduce the strong damping of the
particle plasmon resonance, which takes place when a metal is directly placed on an
absorbing semiconductor [21]. Additionally, the more symmetric layer structure shifts the
cutoff energy of waves that can be guided in the Si layer to lower values [31].
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3. Results and discussion
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Fig. 2. S-matrix calculated (a) transmittance and (b) reflectance spectra (black solid lines) as
well as the corresponding Fano modelled spectra (red dashed lines) for a periodic gold disk
arrangement.

The predictions in this paper are based on the simulation model presented in [32]. In order to
use reasonable fitting parameters, the normal incidence spectra for the periodic gold disk
arrangement are simulated by using Scattering matrix (S-matrix) calculations. The
transmittance and reflectance spectra are shown as black solid curves in Figs. 2(a) and 2(b),
respectively. The broader resonance in the energy range between 2 eV and 2.25 eV
corresponds to a particle plasmon resonance, whereas the sharp resonances at about 1.5 eV,
1.9 eV, and 2 eV stem from waves that are coupled into the Si layer due to the grating
structure. In order to be able to model the optical properties of a metallic photonic
quasicrystal, a Fano model [33] for the transmitted and reflected light has to be used. The
transmission and reflection amplitudes t and r in this model are

Lo o0idh) ¢, Ti@Pi) 0

t=t,exp(ig)-t )
s expia) "E-E,+il, 4 “E-E +il,

Lo 00idh) e 5 L o0(id) 2

r=r,exp(ig )+r
s exp(ig,) "E-E, +ily, 4 “E-E +iT,

with the direct transmission and reflection coefficients

t, =1.3370—0.8147E +0.3420E * —0.0575E ?, A3)

r, =0.0325+0.7545E —0.2046E > +0.0053E °. 4)
ty and ry are fitted to the transmittance and reflectance spectra of the structure without the
plasmonic dots, respectively. The corresponding phases are given by ¢ =0.2697 and
@, =0.864~ . The spectral width, the phase, and the energy of the particle plasmon resonance

are set to I'; =0.1081eV, ¢, :%’ and E, =2.0722eV. The sum over all waveguide

#184553 - $15.00 USD  Received 31 Jan 2013; revised 23 Mar 2013; accepted 26 Mar 2013; published 2 Apr 2013
(C) 2013 OSA 6 May 2013 | Vol. 21, No. S3 | DOI:10.1364/0OE.21.00A363 | OPTICS EXPRESS A366



modes present in the energy range E is dependent on the spectral widths T", =0.01eV, the

amplitudes t, = ry, the energies E,, and the phases ¢y. Details of how to obtain the different
amplitudes, energies, and phases can be found in [32]. However, the phases of the
undisturbed waveguide modes are given by ¢ , =0.41047 and ¢, =0.70967 . The fitting

parameters in order to obtain the correct ratio between particle plasmon and waveguide
modes are tp = 0.1512, rp = 0.1668, and C = 0.01025. With these parameters the
transmittance and reflectance spectra are modelled, which are shown as red dashed curves in
Figs. 2(a) and 2(b), respectively. The agreement between the S-matrix simulations and the
Fano model is quite good. Note that the waveguide modes in the S-matrix spectra above 2.2
eV are damped due to the increased absorption coefficient of the silicon layer in this energy
range. This is neglected in the Fano model. However, due to the fact that the waveguide
modes cannot be excited above 2.2 eV, the absorption above this value should be about the
same for both structural arrangements. Therefore, the spectra in the following are only
considered in the energy region below this value. Moreover, an electron-hole pair in silicon
can only be excited above the band gap energy E; = 1.12 eV [34]. Therefore, only energies
above this value are utilized.

The important property for solar cells is the absorbance A of light instead of the
reflectance R and the transmittance T. It can be calculated by using A =1 - R - T. All
reflectance and transmittance spectra are calculated by using the parameters given above. It
can be assumed that each photon absorbed in the Si layer is able to create an electron-hole
pair [22]. However, the absorbance calculated above also includes the part of the light that is
absorbed in the gold disks. This is in the energy region where the particle plasmon is excited.
Therefore, the absorbance in the silicon layer is lower than calculated in the following.
However, the amount of absorbed light in the gold disks is expected to be independent of
their structural arrangement, thus being equal for the Penrose tiling and the square lattice.
Moreover, the excited waveguide modes are mostly concentrated within the silicon layer and
thus being primarily absorbed therein.
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Fig. 3. Polarization dependent absorbance spectra for (a) p- and (b) s-polarized light of a
Penrose tiling as well as (c) p- and (d) s-polarized light of a square lattice for an angle of
incidence 6 = 6°. The azimuthal angle ¢ was changed between 0° and 90°.

Since the angle of incidence as well as the azimuthal angle of sunlight incident on a fix-
mounted non-tracking solar cell change during the course of the day as well as the year, the
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angle dependent and the polarization dependent absorbance spectra have to be considered.
First, we have a look at the absorbance spectra dependent on the incident azimuthal angle [see
Fig. 3]. The p- and s-polarized absorbance spectra for a Penrose tiling at an incidence angle of
6° are displayed in Figs. 3(a) and 3(b), where the azimuthal angle is changed between 0° and
90° in the energy range of 1.12 eV and 2.2 eV. The absorbance is color coded in these plots.
As comparison, the polarization dependent absorbance spectra in p- and s-polarization for a
square lattice are shown in Figs. 3(c) and 3(d), respectively. One can recognize that the
absorbance maxima of the quasiperiodic structure stay at approximately the same energy
position, which is almost independent of the incident azimuthal angle. For the periodic
arrangement, however, these absorbance maxima strongly depend on the incident azimuthal
angle. This is even worse for larger polar angles. Therefore, the absorbance spectra of the
Penrose tiling are much less polarization dependent and thus more isotropic than those of the
square lattice due to the higher rotational symmetry of the quasicrystal. This means that
almost the same absorbance is expected for the quasiperiodic arrangement for any incident
azimuthal angle. This is desirable since the incident azimuthal angle varies for different times
during the day as well as the year.

@ (b)

Bandstructure, p-polarization, Penrose tiling Bandstructure, s-polarization, Penrose tiling
22, 22
2) 2
- 025 | 025

02

0.15.
0.1
05

»
)

o
o

-]
2 n
&
Absorbance

Absorbance

Energy in eV
Energy in eV

i N
_———
o o
o o

@

Wavevector k Wavevector k
£ W

—
O

~
—~
o
-

Bandstructure, p-polarization, Square lattice Bandstructure, s-polarization, Square lattice

~
i

>
T
(= a-
Bow
3

~

1N

\
T
(o
pow
@

Energy in eV
P
—
&

Absorbance
Energy in eV

Absorbance

i

[
Wavevector k

Wavevector k
W

Fig. 4. Angle dependent absorbance spectra for (a) p- and (b) s-polarized light of a Penrose
tiling as well as (c) p- and (d) s-polarized light of a square lattice. The part from I" to N

belongs to an azimuthal angle of 18° and the part from I" to M to ¢ = 45°. The part from I to X
belongs to an azimuthal angle of 0°.

For the other important parameter, namely the angle of incidence, the angle dependent
absorbance spectra were calculated, which is shown in Fig. 4 for a quasiperiodic [Figs. 4(a)
and 4(b)] as well as for a periodic gold disk arrangement [Figs. 4(c) and 4(d)] in p- as well as
in s-polarization. Normal incidence is denoted as I" and the (pseudo-)Brillouin zone edge for
an azimuthal angle of 0° is denoted as X [see right part in Figs. 4(a) — 4(d)]. The pseudo-
Brillouin zone edge of the Penrose tiling with an azimuthal angle of 18° is marked as N,
whereas the Brillouin zone edge of the square lattice with an azimuthal angle of 45° is
described by M [see left part in Figs. 4(a)-4(d)]. For the structure with the quasicrystalline
lattice much more waveguide modes are visible compared to the periodic lattice. The spectral
range for the Penrose tiling is much better covered than for the square lattice. Additionally,
the spectra in directions X and N for the Penrose tiling are much more similar to each other
than those in directions X and M for the periodic structure.
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Since the angle of incidence as well as the azimuthal angle on a solar cell changes during
the day as well as over the year, the efficiency should not vary much with 6 and ¢. Therefore,
the average absorption A, is calculated by using [35]

Aus = [ P (DS (D) 2 (5)

with S(A) as the direct solar and circumsolar spectrum, Amin = 1240/Epq, and Aq = 1240/E,.
The values for E; and En. are the above mentioned 1.12 eV and 2.2 eV, respectively. The
total absorption A(A) of Eq. (5) is obtained by averaging over the p- and s-polarized
absorbance spectra Ap.po and Ag por:

Ap—pol (/1) +As—p0| (ﬂ‘)

At ()= 2

(6)

Since S(A) is dependent on the air mass the sunlight is propagating through, S(A) varies for
different zenith angles of the sun and thus also for different incidence angles. The different air
mass irradiance spectra are calculated by using the Simple Model for the Atmospheric
Radiative Transfer of Sunshine (SMARTS2) [36]. The enhancement factor EF is obtained by
normalizing the average absorption of the enhanced structure Aagenn Dy that of the bare
substrate Aayggare [37]

A
EF — avg .enh , 7
Y (7

avg ,Bare

where the enhanced structure is either the structure with the quasiperiodic (Aaygpenrose) O the
periodic (Aavgsquare) g0ld disk arrangement. The bare substrate has exactly the same sample
design than the enhanced structures but without the metal disks on top. In order to obtain
Aavg,Bare; the S-matrix calculated absorbance spectra of the bare substrate are used in Eq. (6).
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Fig. 5. Enhancement factor versus day of the year and local time for (a) a Penrose tiling as well
as for (b) a square lattice. The colored lines in (a) and (b) show the cross sections of the
enhancement factor for specific local times, which is plotted versus the day of the year for (c) a
Penrose tiling and (d) a square lattice. The inset in (d) shows the course of the sun for three
different days of the year.
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Since the angle of incidence on the solar cell is dependent on the day of the year as well as
the local time of the day, it is more convenient to plot the color coded enhancement factor
versus the day of the year and the local time as shown in Figs. 5(a) and 5(b). These Figs. are
calculated by assuming an average latitude and longitude of Germany, which is
approximately 51° N and 9° E [38], and by assuming an average roof pitch of 35° [39] with a
solar cell directing to the south. The course of the sun in such a case is shown in the inset of
Fig. 5(d) for three different times of the year. The upper ellipse shows the course of the sun in
summer, whereas the central and lower ones belong to spring/fall and winter, respectively.
Sunrise is always in the back of the Fig. and sunset in the front.

In Figs. 5(a) and 5(b), one can see that the enhancement factor of the Penrose tiling [Fig.
5(a)] is much more constant during the day as well as over the year when compared to the
enhancement factor of the square lattice [Fig. 5(b)]. This is even true in the morning hours
and the late afternoons during summer [see bottom and top of Figs. 5(a) and 5(b)] as well as
during the whole year for local times around noon. The cross sections for local times of 8
a.m., 10:30 a.m., 12:30 p.m., 2:30 p.m., and 5 p.m. are shown as dark green, black, blue, light
green, and cyan solid curves in Figs. 5(a) and 5(b). These cross sections are plotted versus the
day of the year in the corresponding colors in Figs. 5(c) and 5(d) for a Penrose tiling and a
square lattice, respectively. The curves for the Penrose tiling and the square lattice at 10:30
a.m. and 2:30 p.m. show in principle similar enhancement factors with a value of about 15
during winter-time and a value of about 16 during summertime. However, the enhancement
factor of the quasiperiodic structure rises slightly faster and shows a nearly constant value
between 15.8 and 16.2 from the beginning of March to the mid of October, whereas the
enhancement factor of the periodic structure varies between 15.5 and 16.1 during the same
period of time. Only between the beginning of April and the mid of September the
enhancement factor of the periodic lattice is in the same region than that of the Penrose tiling.

The structure with the quasiperiodic arrangement for a local time around noon also shows
essentially the behavior as for local times at 10:30 a.m. and 2:30 p.m., but with a slightly
bigger enhancement factor in wintertime. In contrast, the structure with the square lattice
around noon is increased during summertime to a value of about 16.6, but it is also decreased
to a value of about 14.7 during wintertime. Moreover, the enhancement factor stays longer at
values around 15 when compared to the quasicrystalline lattice. However, it is desirable to
reach the same enhancement factors throughout the whole year and the whole day, which is
reached better in the quasicrystalline case. Especially in the morning and evening hours a
relatively high value is preferable since more energy is needed during these hours.
Nevertheless, the enhancement factors in the morning as well as in the late afternoon are
decreased for both structural arrangements. However, the maximum enhancement factor for
the Penrose tiling reaches a value of about 15.8, whereas that of the square lattice has only a
value of about 15.5. Only in wintertime in the morning and the late afternoon, the
enhancement factor is much lower for both structural arrangements due to the huge zenith
angle.

In summary, the enhancement factors during summertime range between 15.8 and 16.2
for the Penrose tiling as well as between 15.4 and 16.6 for the square lattice. Moreover, for
local times between 10 a.m. and 3 p.m., the enhancement factor during wintertime drops to a
value of below 15 for the square lattice and stays at values around 15 for a quite long period
of time, whereas the enhancement factor during that local time increases much faster and
stays most of the year at values between 15.8 and 16.2 for the Penrose tiling. Additionally, the
enhancement factor during summertime of the quasiperiodic lattice is larger in the morning
and the afternoon when compared to the periodic case. This indicates that the enhancement
factor is much more constant in the quasicrystalline case, leading to a more constant
performance of the solar cell during the day as well as over the year.

Furthermore, it is possible to integrate the average absorption over the local time t 1 as
well as the day of the year tg,y and to normalize the enhanced structure to the bare structure.
By doing so, a value of EF,,, = 15.573 is obtained for the quasicrystalline structure as well as
a value of EF, = 15.515 for the periodic structure with
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This means that even the total enhancement factor EFy is slightly increased for the Penrose
tiling. Even though the enhancement factor for the square lattice reaches a value of 16.6
around noon during summer, the total enhancement factor of the Penrose tiling is slightly
larger due to the more constant values during the course of the day as well as over the year.

: )]
dt,; dt,,

avg ,Bare

4, Conclusion

We have calculated the absorbance spectra for different polar and azimuthal angles for thin-
film silicon solar cells. Absorption enhancement compared to the bare silicon-on-insulator
substrate was reached by introducing a layer of gold disks placed on top of the Si layer in a
2D quasiperiodic as well as a 2D periodic fashion. The calculated absorbance spectra are
based on a Fano model with fitting parameters obtained from fits to the normal incidence S-
matrix simulations. We have shown that the structure with the Penrose tiling is much more
isotropic than that with the square lattice and also excites much more waveguide modes for
absorbance spectra dependent on the azimuthal angle as well as the angle of incidence. This
leads to a more constant enhancement factor throughout the day as well as over the year. The
variation during summertime ranges between 15.8 and 16.2 for the quasiperiodic lattice, even
in the morning and evening hours, whereas the value changes between 15.4 and 16.6 for the
periodic lattice. In the quasicrystalline case, this range is valid between the beginning of
March and the mid of October, at least for local times between 10:30 a.m. and 2:30 p.m. In
contrast, the enhancement factor varies for the square lattice during the same period of time
between 15.5 and 16.6. Additionally, the total enhancement factor is slightly larger for the
quasiperiodic lattice. Therefore, the performance of the solar cell with a quasicrystalline
arrangement is expected to be more stable than that with a periodic arrangement. In particular,
during morning and evening hours the Penrose lattice provides higher enhancement. This is
desirable as energy consumption is highest at that time. Also, a more evenly distributed solar
power feed is beneficial for the stability of the electric grid. The purpose of this paper was to
predict the absorption enhancement of a quasiperiodic compared to a periodic solar cell.
However, the design of the solar cell can still be optimized and the predictions should be
verified by experiments, what has to be done for future research. A higher density of the
plasmonic disks, i.e., a smaller period, shifts all waveguide modes to higher energies. In a
thicker Si layer more waveguide modes are expected for both structural arrangements.
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