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Abstract

Plasmonic Sierpinski nanocarpet as back structure for a thin film Si solar cell is investigated. We demonstrate that ultra-
broadband light trapping can be obtained by placing square metallic nanoridges with Sierpinski pattern on the back contact of
the thin film solar cell. The multiple-scale plasmonic fractal structure allows excitation of localized surface plasmons and
surface plasmon polaritons in multiple wavelengths leading to obvious absorption enhancements in a wide frequency range.
Full wave simulations show that 109% increase of the short-circuit current density for a 200 nm thick solar cell, is achievable
by the proposed fractal back structure. The amount of light absorbed in the active region of this cell is more than that of a flat
cell with semiconductor thickness of 1000 nm.
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1. Introduction

Thin film photovoltaic cells potentially have a lower cost compared to the conventional wafer-based cells [1, 2]. However, in
thin film cells most of the incident light is not absorbed, in particular, for the indirect-bandgap semiconductor Si [3]. Therefore,
light trapping structures have to be used to increase the absorptance.

A new method for absorption enhancement in thin film solar cells is the use of metallic nanostructures [2-7]. Metallic-dielectric
interfaces support surface plasmon polaritons (SPP), electromagnetic waves propagating along the interface. The incident light
can be coupled to these waves and also photonic modes of the structure by using periodic metallic structures [3]. So the optical
path, and consequently the absorption inside the semiconductor are significantly increased. Another mechanism for absorption
enhancement in plasmonic solar cells, is the coupling of the light to localized surface plasmons (LSP) which leads to the strong
local field enhancement around the metal nanoparticles. The near field enhancement increase absorption in a surrounding
semiconductor material. The nanoparticles then act as an effective ‘antenna’ for the incident light [3]. However, significant
absorption enhancement is usually occurred in a relatively narrow frequency range; since these modes (i.e. LSP and SPP) are
excited at a specific wavelength, the enhancement at other wavelengths is inconsiderable.

It is demonstrated that fractals are promising structures to achieve broadband electromagnetic responses [8-13]. Fractal is an
object replicates itself on successively smaller scales [14]. This multiple-scale property of fractal geometries leads to broadband
spectral response [8] and similar behavior in multiple wavelengths which is useful in broadband application such as multiband
antennas [15], extraordinary transmission in multiple wavelengths [9, 16], and multiple photonic band gaps [10].

In this work, we combine the wideband response of fractal geometries with the idea of surface-plasmon-assisted absorption
enhancement by using metallic gratings, to obtain broadband light trapping in a thin film Si solar cell. In particular, we focus on
a well-known fractal geometry, namely the Sierpinski carpet. Considerable absorption enhancement in a wide frequency range
is achieved by using the proposed structure. We demonstrate by full wave simulations that metallic back structure with
Sierpinski carpet pattern of square nanoridges attached to a thin-film solar cell can significantly increase the short-circuit
current density. The full wave simulations are performed using CST Microwave Studio [17].

2. Plasmonic Sierpinski back structure

Fig. 1 shows the construction of the Sierpinski carpet for the back structure of cell, it starts with a metallic square of side length
d (Fig. 1(a)). This square is then divided into a grid of 3x3, d /3-sided squares and a square metallic ridge is placed on the
central sub-square (Fig. 1(b)). The same procedure is then recursively applied to the remaining 8 squares. We stop the
procedure at the second level (Fig. 1(c)), because dimensions of the ridges are so small at upper levels that they are difficultly
realizable with current fabrication techniques.
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Figure 1. Sierpinski carpet: (a) zeroth, (b) first and (c) second fractal levels.
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Figure 2. One period of the silicon solar cell under study. Silver square nanoridges on the back contact construct a second order Sierpinski
carpet.

One period of the cell under study is illustrated in Fig. 2 which is consist of a back structure made of Ag, a Si layer with 200
nm thickness and a standard antireflection coating made of Si;N4 whose thickness is 80 nm. Square silver nanoridges whose
heights are 50 nm, with second order Sierpinski pattern are placed on the Ag back contact of the structure. The Drude model is
assumed for dielectric function of Ag with &, = 3.7, plasma frequency @, = 1.38x 10'® rad/s, and collision frequency y =
2.73x10" 1/s which is an excellent fit to experimental results [18]. The refractive index of SisN, is taken to be n = 2, and the
refractive index of Si is taken from [19].

3. Results

The absorption A(A) of the structure whose period is set to d = 350 nm, under normal incidence versus wavelength 4 of the
incident wave is plotted in Fig. 3. Zeroth order, first order and second order Sierpinski fractals are used on the Ag back contact
of the cell and their corresponding absorptions are depicted with dotted red, dashed green and solid blue lines, respectively.
The relation 4(4) = 1 — R(A) is used for computing the absorption in this simulation, where R(A) is the ratio of reflected power
to the incident power at each wavelength. It is clearly seen that when A>500 nm, the absorption is significantly enhanced,
especially for second order fractal. Interestingly, over a wide wavelength range (500 nm<A <750 nm) the absorption is almost
complete. It has been already demonstrated that the absorption enhancement is due to the coupling of light to the plasmonic
mode propagating at the interface of semiconductor and metal [4], however, the enhancement achieved in previous works was
narrowband. The broadband absorption enhancement obtained here can be attributed to the different length scales of Sierpinski
carpet that enables coupling of light at different wavelengths to the plasmonic modes.

It should be noted that in short wavelengths (smaller than 500 nm) the silicon layer act as a thick optical layer for the light.
Therefore the light cannot interact with the nanostructure at the back of the film. This would be the reason that most of the
absorption enhancement occurs for wavelengths more than 500 nm in Fig. 3.
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Figure 3. Absorption spectra for the Si solar cell with zeroth order (dotted red), first order (dashed green) and second order (solid blue)
Sierpinski fractal on its back contact.

Next, we calculate N,/N; which is defined here as the ratio of absorbed photons in the structure to the incident photons for solar
spectrum (AM1.5G). This parameter is obtained by using the following equation:
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where / is the Plank constant, c is the light speed and S(4) is the incident solar power density. Figure 4 shows calculated N/,
when the period is varied from 200 nm to 450 nm, it is seen that for d = 350 nm the ratio of absorbed photons is maximized. It
is worth noticing that the solar cell with second order fractal back structure can absorb more than half (58% for d = 350 nm) of
the incident photons while this ratio is less than 14% for the reference simple cell (zeroth order fractal).
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Figure 4- Ratio of absorbed photons versus the structure period for the Si solar cell with zeroth order (dotted red), first order (dashed green)
and second order (solid blue) Sierpinski fractal on its back contact.

It should be emphasized that only the photons absorbed in the semiconductor contribute to photo-current and those absorbed in
the metallic back contact are lost. The absorption power density in each layer can be calculated from the divergence of the
Poynting vector [20]:
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where o is the frequency, £” is the imaginary part of the permittivity, £ is the electric field, 4" is the imaginary part of the
permeability, and /7 is the magnetic field. For most materials, ;" =0 and the second term drops out. Figure 5(a) shows the

absorption spectra in each layer for the reference cell with flat back contact. It is obvious from this figure that the absorption in
metallic layer is negligible. Because the incident light cannot couple to the SPP mode and this is due to the momentum
mismatch between the incident light and the SPP mode. On the other hand, as it is illustrated in Fig. 5(b), in the case of the cell
with the proposed second order Sierpinski fractal on its back contact, significant part of the incident wave with A>~500 nm is
lost in the metallic region. This is due to the fact that in this range the main mechanism for absorption is the coupling of
incident wave to the plasmonic modes, and it has been shown that these modes at the Ag/Si interface suffers high plasmon
losses [3]. However, the absorption of the proposed fractal cell is still much higher than that of the reference flat cell.

We calculate the short-circuit current density to compare the performance of the proposed fractal cell with the reference cell.
The short-circuit current density is given by

1= [ S (2 ®)
he

where e is the electron charge, 4s; is the absorption in the Si layer and 7. is the collection efficiency [4]. For simplicity the
collection efficiency of Si material is assumed here to be a constant of 80%, which means that 80% of the incident light would
be absorbed to generate electron-hole pairs. With these assumptions and by using equation (3), the estimated short-circuit
current density for the reference flat cell and the cell with the proposed second order fractal back structure are 6.61 (mA/cm®)
and 13.83 (mA/cm®), respectively. This means that using fractal back structure enhances the short-circuit current by 109%
compared with the solar cell with flat back contact. The enhancement will be 67% if the first order fractal is used.
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Figure 5- Incident solar spectrum (AM1.5G) (blue) and calculated absorption spectra in silicon layer (red) and silver back contact (green) for
(a) the reference cell with flat back contact (zeroth order fractal) and (b) the proposed cell with second order fractal on its back contact.

4. Conclusion

In summary, we have proposed a novel light trapping scheme by using plasmonic Sierpinski nanocarpet on the back structure
of thin film solar cells. As a proof of concept, a Si thin film cell has been investigated. It has been shown that a back structure
made of square nanoridges whose geometry resembles second order Sierpinski carpet can enhance the short-circuit current
density by 109% compared with a cell with a flat back contact. The proposed fractal structure may be used for efficient light
trapping in other thin film technologies as well as organic solar cells.

It is worth mentioning that the amount of light absorbed in the 200 nm thick Si layer of the proposed structure with fractal
geometry is even higher than that of a flat cell with 1000 nm thick Si layer. Therefore, by using fractal geometry the cell
thickness can be substantially reduced and the thickness reduction translates into lower production cost, better collection
efficiency and higher open-circuit voltage.
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