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Abstract

We suggest a novel concept of efficient light-trapping structures for thin-film solar cells based
on arrays of silver nanoantennas operating far from their plasmonic resonances. The exci-
tation of chessboard-like collective modes of the nanoantenna arrays with the field localized
between the neighboring metal elements allows the broadband enhancement of photovoltaic
absorption. We demonstrate theoretically that our light-trapping structure is advantageous
compared to an anti-reflecting coating.

1 Introduction

The extensive study of thin-film solar cells (TFSC) aims for the production of large-area panels
harvesting the solar energy. Prospective TFSC imply their implementation on flexible substrates
compatible with the so-called roll-to-roll processing. Such solar cells are characterized by a very
small amount of purified semiconductor per unit area which reduces the cost being useful for
ecology. To make efficient solar cells of a very small thickness, an anti-reflecting coating (ARC)
should be replaced by a light-trapping structure, since none of ARC can prevent the transmission
of light through an optically thin photovoltaic (PV) layer.

Many ideas of the efficient light trapping for TFSC are based on the use of plasmonic ab-
sorbers(see e.g. in [1]) which are planar arrays of silver or gold nanoparticles with plasmon res-
onances within the operation band of solar cells. Plasmonic absorbers for TFSC can be divided
into two classes: random arrays of nanoparticles and regular arrays of metal nanoelements called
nanoantennas. The first class corresponds to low fabrication costs but also low efficiency because
the dissipative losses at the plasmon resonance prevail the useful PV absorption. The second class
in principle allow the plasmonic hot spots to be shifted into the PV layer, however even for multi-
frequency nanoantennas the enhancement is achieved only in a part of the operation band because
the plasmonic resonance in this case is narrowband. In this paper, we suggest and study theoret-
ically a novel type of light-trapping structures based on arrays of nanoantennas excited far from
plasmonic resonances. We demonstrate that such weakly resonant grids can enhance substantially
the PV absorption in very thin (100-150 nm) layers of doped semiconductor.

2 Key idea

A schematic view of our light-trapping structure is shown in Fig. 1. This design employs the ad-
vantages of collective oscillations excited in the visible or infrared spectral range by an incident
plane wave in a lattice of Ag nanobar nanoantennas. The chessboard-like modes in our structure
are analogous to the collective oscillations discussed in Ref. [2] for arrays of parallel metal bar
operating in the far-infrared range and termed domino modes. Such modes exist at a number of
closely located wavelengths and can be excited by the component of the external electric field
orthogonal to the bar axis. They are characterized by the domination of higher multipole mo-
ments induced in every nanobar over its dipole moment. The main feature of such modes is the
advantageous distribution of the local electric field which is concentrated in the gaps between the
nanobars. The internal field in metal is small, and consequently these modes demonstrate low
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Fig. 1: (Color online) A schematic of thin-film solar cell with a light-trapping structure (left) and
a top view of the nanoantenna arrays (right).

losses in the metal. The collective modes can be excited also in the visible range [3] if the thick-
ness of the bar is within 50-100 nm and its length is larger than 200-250 nm. In several earlier
studies [2, 3], these modes were excited by an incoming beam with the grazing incidence. How-
ever, our simulations reveal that these modes are also excited for any angle of incidence (e.g. by a
normally incident wave) as well as in the presence of a substrate or without any substrate. When
these modes are excited in arrays of nanobar nanoantennas located in free space [3], the absorption
maxima at the wavelength of these modes are weak. Their excitation implies the electromagnetic
energy is stored between the nanobars without an impact on reflectance and transmittance. This
situation changes dramatically if the nanobars are located in the absorbing host or on an absorbing
layer. Then the electromagnetic energy of the near-field concentrated in between the nanobars is
absorbed by the host medium. In this way both reflection and transmission of the incident wave
can be suppressed in a range of relative width 60−70%.

The underlying physical mechanism of light trapping due to the excitation of low-loss chessboard-
like domino modes can be complemented by the effect of the Fabry-Perot cavity which can be
engineered in the adjacent frequency range with relative width 20−30%. We managed to achieve
this regime in our numerical simulations for the case when an underwear dielectric layer of rather
high permittivity (ε =3.5-4) is introduced between the substrate and photovoltaic layer. The sub-
strate of amorphous silicon (in simulations it is semi-infinite) can correspond to the underwear
layer of silicon monoxide, silicon or aluminium nitride, etc. In principle, in can be also a transpar-
ent conducting layer like Al-doped ZnO, whose permittivity in the inter-band range is nearly equal
ε ≈ 3.5+ i0.04. Combining the regimes of the local field enhancement and the Fabry-Perot cavity
we ensure the enhancement of the PV absorption over the whole operation band of the TFSC.

3 Results

Our numerical simulations are carried out using both Ansoft HFSS and CST Studio software pack-
ages. The meshing is refined so that the result would not depend on the computational grid, and
the convergence is carefully controlled. The gain in the short-circuit current due to the presence of
the light-trapping structure equals to the gain in the absorption of the incident wave with uniform
spectrum in the photovoltaic layer. The absorption is averaged over the operation band [ω1,ω2] of
the solar cell with a weight function f (ω) ≡ Is(ω)Rs(ω), product of the solar irradiance spectrum
and the PV spectral response tabulated for a given material. The total absorption has been calcu-
lated in two ways. First, through the coefficients of reflection and transmission using the energy
balance condition. Second, through the integration of the local electromagnetic power density of
the unit cell volume. These results coincided as well as the results of CST and HFSS simulations
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(both wave-port and plane-wave variants). The approach based on the integration of the power
density allows the separation of PV absorption and dissipative losses (integration over the volume
of the metal elements).
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Fig. 2: (Color online) Electric field amplitude for 370 THz illustrating the concept of the light-
trapping: (a) central vertical cross section; (b) horizontal plane P1 (upper interface of CuInSe2).
The incident wave has the amplitude of 1 V/m.

We have designed an interband (250-450 THz) TFSC whose PV layer (CuInSe2 with minor
carriers density 3 · 1018 1/cm3) is extremely thin h =110 nm (p- and n-layers of the thickness
55 nm). The light-trapping structure is formed by Ag nanoantennas covered with a polyamide
nanolayer of thickness d =270 nm (ARC optimized for the structure with nanoantennas) whereas
the thickness of the underwear (SiO) layer is c = 295 nm. The unit cell horizontal size is 870
nm, the nanoantennas in Fig. 2 are shown in scale. The required resolution for fabrication is 20
nm. Inspecting the field distribution in Fig. 2(a), we observe a practical absence of the transmitted
field. In both the cases shown in Figs. 2(a,b) we find that the field is concentrated beyond the
metal elements, and the harmful dissipation of the solar power inside the light-trapping strcture
is thus prevented. The presence of nanoantennas increases the power reflectance nearly by 30%
which equals (being averaged over the operation band) to R ≈ 0.21. However, this harmful effect is
overcompensated by the decrease of the averaged power transmittance through the PV layer which
decreases nearly triply. As a result, the light-trapping structure of nanoantennas gives the gain of
the averaged (with the weight function f ) PV absorption equal to 69% compared to the open PV
interface and 34% compared to the optimal ARC (blooming layer). In the case when nanoantennas
are absent the best blooming is performed by a layer of silicon nitride with thickness d =310 nm.
These results are illustrated by Fig. 3. Calculating the spectral absorbance A we assumed that
the normally incident plane wave has the electric field amplitude E0 =1 V/m at every frequency.
Since Is(ω) grows fast versus frequency the gain of the PV absorption granted by nanoantennas
when it is averaged over the operation band with the weight function f (ω) is nearly twice larger
than that obtained without the weight function.

Now, let us discuss possible technologies for the fabrication of suggested arrays of nanoan-
tennas with a dielectric superstrate in a way compatible with the roll-to-roll processing concept
for large-area TFSC panels. We suggest to fabricate the arrays of nanoantennas on a polymer film
using the replication technology [4] latter implies a quartz template prepared with the nanoimprint
lithography. Its surface repeats the profile of the nanoantenna arrays. Using the method described
in Ref. [4], with this template one can obtain a vast amount of plastic replicas with metal nanoan-
tennas reproduced with practically the same resolution as that of the template. Then the plastic
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Fig. 3: (Color online) Absorption in the inter-band photovoltaic layer for three cases: (i) solar cell
enhanced by LTS, (ii) solar cell enhanced by ARC, and (iii) uncoated solar cell.

sheet with printed nanoantennas is located under vacuum on the passivated solar cell surface where
the polymer will be fixed by molecular forces. Finally, the thickness of this superstrate can be re-
duced chemically to the needed submicron value.

4 Conclusions

We have suggested and analyzed a novel design of light-trapping solar-cell nanopatterned struc-
tures which allows a significant enhancement of the photovoltaic absorption in the layers as thin
as 110 nm. Our design is material-independent, and it can be applied to a variety of solar cells op-
erating in the visible, inter-band or infrared frequency range. More importantly, the light-trapping
functionality of our structures is broadband, since is not based on spectrally narrow resonances.
Here we concentrated on the interband TFSC which can be applied to the window glass. Prevent-
ing the transmission of the invisible part of the solar radiation which is converted into electricity, it
transmits the visible light. Really, the surface fraction of silver is modest and the thickness of the
PV layer is very small. The spectral transmittance of the structure in the visible range (450-800)
THz has been calculated. The averaged value equals nearly 75%. A drawback of our structure is
the resonant absorption in the range 500-600 THz where nanoantennas experience plasmon res-
onances. Besides the distortion of the light spectrum transmitted through the window it also will
lead to a harmful heating of the TFSC. To resolve this problem further studies are planned.
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