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Abstract: The high-index all-dielectric nanoantenna system is a platform recently used for
multiple applications, from metalenses to light management. These systems usually exhibit low
absorption/scattering ratios and are not efficient photon harvesters. Nevertheless, by exploiting
far-field interference, all-dielectric nanostructures can be engineered to achieve near-perfect
absorption in specific wavelength ranges. Here, we propose — based on electrodynamics
simulations — that a metasurface composed of an array of hydrogenated amorphous silicon
nanoparticles on a mirror can achieve nearly complete light absorption close to the bandgap. We
apply this concept to a realistic device, predicting a boost of optical performance of thin-film solar
cells made of such nanostructures. In the proposed device, high-index dielectric nanoparticles
act not only as nanoatennas able to concentrate light but also as the solar cell active medium,
contacted at its top and bottom by transparent electrodes. By optimization of the exact geometrical
parameters, we predict a system that could achieve initial conversion efficiency values well
beyond 9% — using only the equivalent of a 75-nm thick active material. The device absorption
enhancement is 50% compared to an unstructured device in the 400 nm — 550 nm range and more
than 300% in the 650 nm — 700 nm spectral region. We demonstrate that such large values are
related to the metasurface properties and to the perfect absorption mechanism.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nanoparticles made of high-permittivity materials have attracted extreme interest in the context
of nanophotonics. These systems support multipolar geometrical Mie-like resonances and act
as nanoantennas, with electric and magnetic field enhancement within their volume. These
characteristics make all-dielectric nanoparticles a perfect platform for multiple applications,
such as lasing, metamaterials, flat lenses and photon up-conversion to name a few [1-7]. At the
same time, all-dielectric nanoantennas are often associated with low Ohmic losses and a clear
connection with light harvesting and solar cells has not yet been drawn: these research fields
have not yet strongly interacted.

The development of highly efficient thin-film silicon solar cells generally depends on approaches
aimed at maximizing the path length of light inside the absorber, which allow for the use of
thinner layers, reducing material cost and — in the case of amorphous silicon — the effects of light-
induced degradation [8—10]. State-of-the-art thin-film silicon devices rely on random [11-13]
or periodic [14, 15] textured substrates/superstrates to efficiently scatter light, thus increasing
absorption in the active layer of the solar cell. In single-junction configuration with hydrogenated
amorphous silicon (a-Si:H) as active layer, stabilized efficiencies up to 10.2% are achieved — using
a commercially available randomly-textured Sn,O-coated glass (Asahi-VU) as superstrate [11,12].
The performance of such devices is largely limited by the bandgap of the active medium —
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Fig. 1. (a) Sketch of the perfectly absorbing metasurface-on-a-mirror geometry. When
the phase difference between metasurface and mirror reflections is 180°, perfect absorption
can be achieved. (b) Absorption coeflicient of hydrogenated amorphous silicon (blue line)
together with the standard AM1.5 solar spectrum radiation (orange line). By engineering
the size of the nanoparticles, absorption between 550 nm and 708 nm (green area in b) can
be boosted.

Agap = 708 nm ~ 1.75¢eV, Fig. 1(b) — and by weak absorptivity of a-Si:H in the 550 — 708 nm
range (i.e. near and up to its bandgap). An alternative route is thus needed to enhance absorption
in this part of the spectrum, to better overlap with the solar radiation. A possible solution relies
on light trapping and consequent absorption enhancement through surface modulation [16] or
periodic nanostructuring [17-23]. For solar cells based on a-Si:H, initial efficiencies up to 10.2%
and 9.7% have been obtained, respectively [21,24,25].

Nanostructures made of all-dielectric nanoantennas have also been proposed and used to boost
and improve the efficiency of different types of solar cell [26-28], but they have been mostly used
as scatterers to increase the optical path length inside the absorbing material, or as anti-reflection
coatings. An alternative approach is to boost absorption inside the nanoantennas themselves and
harvest the generated electron-hole pairs. Despite all-dielectric nanoantennas generally showing
small absorption cross-sections in the red region of the visible spectrum, far-field interference
effects could be used to increase their absorption. This effect could in theory be used for photon
harvesting. In particular, if particles are arranged in a metasurface fashion, it is possible to reach
complete absorption in specific wavelength ranges [29]. In the past few years, several studies on
perfect absorbers have been reported, both for plasmonic and all-dielectric nanoantennas, and the
phenomenon has been used for phase-based sensing [30,31], terahertz absorption [32], strong
coupling [33], light harvesting [2,34], and photocatalysis [35].

In this article, we propose a novel type of solar cell where the concept of perfect absorption in
a particle-on-a-mirror geometry is employed to boost the efficiency of a-Si:H thin film solar cells.
The system under study consists of all-dielectric nanoparticle (nanodisk) arrays arranged in a
metasurface-like fashion and placed atop a thick mirror. In this configuration, sketched in Fig.
1(a), the mirror clearly prevents transmission. At the same time, the relative reflection phase
difference between the mirror and the metasurface can be controlled by varying the spacing
between the two. If the spacing and the particle geometry are chosen such that (i) the relative phase
shift between metasurface and mirror reflections is 180° and (ii) the respective amplitude is the
same, reflection is suppressed and 100% absorption inside the dielectric particles can be achieved,
at specific wavelengths. By careful design of the metasurface properties, resonant absorption
enhancement can thus be tuned to the spectral region where the intrinsic a-Si:H absorption is
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low — green region in Fig. 1(b) but the solar spectrum still contains significant energy. By
contacting the a-Si:H nanodisks at top and bottom, electron-hole pairs that are generated inside
the nanoparticles can be harvested. The concept of perfect absorption based on interference
has been used in a number of systems composed of plasmonic or semiconductor particles or
gratings [36,37]. However, up to date, harvesting the generated electron-hole pairs for photon
harvesting applications still remains the main concern. In this respect, the proposed structure
should not pose particular challenges when it comes to contacting, and surface recombination is
not expected to be an issue since the particles are embedded in a silicon-oxide layer — a material
commonly and effectively used to passivate silicon photovoltaic devices [38—41]. In this way,
issues of recombination and contacting commonly found in nanostructured solar cells can be
avoided.

In this work, after analyzing the simple case of a nanostructured metasurface on a mirror,
we propose a real device and optimize its geometrical properties via a rigourous 3D Maxwell
equation solver using experimentally-determined permittivity data. We predict a photocurrent
density Jpn > 14 mAcm~2 using 300-nm tall disks. This corresponds to a theoretical efficiency
beyond 9.5% for an equivalent active material thickness < 75 nm. The predicted photocurrent
value represents an enhancement of > 3 times with respect to absorption in thick flat layer with
the same total 300nm thickness in the 650 nm — 708 nm part of the spectrum, i.e. in the region
where the perfect absorption mechanism was optimized.

2. Methodology
2.1. Finite-difference time-domain particle-on-a-mirror simulations

The FDTD simulations for the metasurface-on-a-mirror system in Fig. 2 were performed using
FDTD Solutions (Lumerical Inc., Canada, [42]). The nanoparticle was modeled as a cylindrical
a-Si:H structure with D = 140nm and 4 = 300 nm, while the metasurface arrangement was
accomplished using periodic boundary conditions with a periodicity of P = 250 nm for Fig.
2(c) and 145nm < P < 350 nm for Fig. 2(d). The nanodisks were embedded in a dielectric
medium with the refractive index of SiO, (ng = 1.46). A semi-infinite silver substrate was placed
at varying distances below the nanoparticles: Snm < dg; < 500 nm for Fig. 2(c) and fixed at
dy = 100 nm for Fig. 2(d). Thus, in this model, the spacer between the metasurface and the mirror
has the same refractive index as the embedding medium (ng = 1.46). The meshing employed
on the nanostructure was dx = dy = dz = 2nm, which was deemed sufficient to capture the
spatial variation of the electromagnetic modes considered in this work. The (complex) dielectric
functions used were fitted to experimental data for both a-Si:H (internally measured) and the
silver mirror [43]. Absorption in a-Si:H — Figs. 2(c) and 2(d) was calculated by integrating the
total Poynting vector flow through a closed boundary enclosing the particle and normalized by
the injected plane wave power. The surface was placed such that it did not intersect the mirror
surface. Thus, the total integrated power flux through that surface corresponds exactly to the
power absorbed by the nanostructure.

2.2. Multipole decomposition

The multipole decomposition of the modes was performed by monitoring the internal electro-
magnetic fields in the nanostructure, as function of the wavelength of light. The fields were then
projected on a basis of spherical multipoles as outlined in [44]. The electric fields were converted
into polarization current according to

J = —iwep[easin(w) - n?]E, (1

where E is the total electric field inside the structure. Since the fields in the simulations (both the
FDTD simulations and the FEM simulations) were defined on a Cartesian grid, the conversion to
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spherical coordinates was made through:

Jr = sin(?) cos(¢)Jx + sin(}) sin(¢)Jy, + cos()J, ,
Jo = cos(}) cos(¢)Jx + cos(?) sin(¢)Jy, — sin()J; , )
Jp = —sin(¢)Jx + cos(p)Jy .

The multipole decomposition was subsequently calculated through integration on the Cartesian
grid, and the coefficients here relate to those in Eqs. (15) and (16) in [44] as

l 4
jac? = @0+ 1) Y lapCmP. (bl =@+ 1) Y law@mP . ()

m=—¢ m=—¢

2.3. Finite element method device simulation

Device simulations were conducted using ANSYS’s High Frequency Structure Simulator (HFSS),
a 3-dimensional Maxwell equation solver based on the Finite Element Method (FEM) [45]. The
software allows for the accurate modelling of thin-film solar cell structures with arbitrarily complex
geometries [46,47], provided that the input optical properties (wavelength dependent refractive
index, n and extinction coeflicient, «) of all materials are accurately characterized [48,49]. The
intensity of the electric field, obtained from the solution of the Maxwell equations, is used to
calculate the absorption of the device:

1
Ai = S0 Im(er) w f E(x,y, ) dV, @)
Vi

where A; is the absorption in the i layer of the solar cell and & the permittivity of vacuum.
Here, ; is the relative permittivity of the i layer, w is the angular frequency of light and (x, y, 7)
denote the coordinates inside the i™ layer of volume V;. Note that the wavelength (1) dependence
of A;, &;, w and E is not explicitly indicated. Reflection is computed from S-parameters (i.e.
elements of the scattering matrix S) as R = |s11|>. The integral — over the investigated spectrum
— of the product of A;(1) or R(1) and the photon flux of the standard AM1.5 solar spectrum
D anmi.5(4) [50] yields the implied photocurrent density generated (in the absorber) or lost (in
supporting layers or due to reflection):

A=900 nm
Jon-i = lql X(A)®ami5(2)dAa, %)
=300 nm

where |g| = 1.602 x 10719 C is the elementary charge, and X (1) can either be A;(1) or R(A).
Note that — in this work — only the spectral range 300 nm < A < 900 nm has been considered.

3. Results
3.1.  Perfect absorption in a particle-on-a-mirror geometry

To illustrate the concept of perfect absorption in a particle-on-a-mirror geometry the simplest
case possible was chosen, i.e. a periodic array of a-Si:H nanodisks on top of an infinite Ag mirror,
separated by a glass spacer with thickness d; and refractive index ng = 1.46 — c.f. sketch in Fig.
1(a). We first modelled the particle-on-a-mirror metasurface using FDTD methods [42]). The
nanodisks have a fixed height (A = 300 nm) and diameter (D = 140nm), and are arranged in
a square lattice configuration with period of P = 250 nm. For this value of the periodicity the
a-Si:H array essentially acts as a metasurface, since the distances and dimensions considered are
much smaller than the incident wavelength (no diffuse scattering is present). Optical absorption
in the nanodisk was calculated by integrating the Poynting vector on a surface enclosing the
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Fig. 2. (a) Absorption in a-Si:H as function of the distance from the mirror, at 4; = 630 nm
and Ap = 700 nm. (b) Absorption spectra for two specific mirror distances, dg; = 100 nm
and dgy = 200 nm. (c) Absorption spectra as a function of mirror distance, for P = 250 nm.
The vertical (red) and horizontal (green) colored lines are related to the data shown in
(a) and (b), respectively. (d) Absorption spectra as a function of the array periodicity, for
ds = 100 nm.

particle, but excluding the mirror (see Methodology for details). Light absorption in the active
material was thus decoupled from all other loss channels, such as any surface plasmons excited
on the mirror interface or other absorption in the silver. It was also verified that most (98%) of
the total absorption took place inside the metasurface, rather than in the silver mirror.

In Fig. 2(a), the absorption amplitude for this system at 4; = 630nm and 1, = 700 nm
is shown, as function of the mirror distance d;. The amplitudes oscillate with a period
A; = 4;/(2ns) = 210 nm and 233 nm, respectively (where i = 1,2). The differences in the period
of oscillations can be simply understood as a Fabry-Per6t like resonance, as the system setup
is analogous to a Salisbury screen perfect absorber [51] for specific wavelengths. Absorption
in such a screen is maximized when dy = 1/(4ns), i.e. when the reflections present 180° phase
difference. Indeed, for 1; = 630 nm a maximum in absorption can be observed at dg¢ = 105 nm —
see Fig. 2(a).

Interestingly, reflection and absorption at specific wavelengths (630 nm with the present
nanodisk dimensions) can thus be modulated from 40% to 100%, by simply modifying the spacer
thickness. Fabry-Per6t oscillations can also be seen in the absorption spectra versus wavelength,
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for fixed spacing of the mirror — see Fig. 2(b). In this case, however, they are modulating the
resonant behavior of the Si nanodisk array. The full absorption spectral dependence on the mirror
distance is shown in Fig. 2(c). The system response for varying array periods was also studied
— keeping the spacer distance constant at dg; = 100nm. Absorption as function of the period
P — Fig. 2(d) shows a rich dispersion and coupling of various modes. The data confirms that
the overall absorption is decreased at larger periodicities — as less active material is present —
and that the diffractive modes appear in the region of high absorption, i.e. 300 nm — 500 nm, i.e.
where A =~ ngP.

3.2. Design of an a-Si:H solar cell based on perfect absorption

So far, we have demonstrated that it is possible to achieve enhanced absorption in the very
simple case of a-Si:H nanodisks on top of a mirror, owing to Fabry-Per6t like interference
effects between the a-Si:H layer and mirror reflections. Shifting our attention to calculations
of a realistic device, we propose a nanophotonic metasurface consisting of a-Si:H nanodisks
embedded in a transparent lossless dielectric medium (SiO,). The nanostructures have a fixed
height of 300 nm. The particle diameter (D) and the period of the array (P) were varied in the
ranges D = 80 — 240nm and P = 100 — 500 nm, respectively. A commercially available 3D
Maxwell equation solver based on the finite element method (FEM) [45] was employed to model
the entire device structure.

A 20 nm thick (boron-) phosphorous-doped nanocrystalline silicon oxide (nc-SiO,:H) layer
is added on the (top) bottom of the absorber, to create an electric field that separates the
photo-generated charge carriers (electrons, e~ and holes, h*). The charge carriers are then
collected on opposite sides: e~ at the negative, n-contact and h* at the positive, p-contact. At
the front side (p-contact, top), a highly transparent conductive oxide (TCO) is selected, In,O5:H
(IOH, thickness: 100nm), thanks to its favorable optoelectrical properties [52,53]. At the
back (n-contact, bottom), a TCO-metal combination of ZnO:Ga (GZO [54]) and silver (Ag)
is selected, with thickness of 70 nm and 300 nm, respectively. Both values are typically used
in thin-film silicon photovoltaics [55-57]. The presence of GZO between semiconductor and
metal improves the reflectivity of the back side, and the thickness was chosen to allow efficient
electron collection at the metal contact. At the same time, the GZO layer serves as the spacer for
achieving destructive interference between the two reflections, thus maximizing absorption in the
SiO,-filled metasurface. Regarding the p- and n-type layers, two possible configurations can be
devised. First, they can be included in the metasurface structure (structure type A), i.e. being
a part of the a-Si:H nanodisks on each side. Alternatively, they can be deposited on the entire
device area (type B). Both possibilities were considered, and the respective device models are
depicted in the insets of Figs. 3(a) and 3(b).

The nanodisks are ordered in a 2D square lattice. However, similar results can be expected
using randomly dispersed particles and effective medium theories [29]. In Figs. 3(a) and 3(b),
the implied photocurrent density in the absorber (Jyp-asi:n) is shown — as a function of diameter
D and periodicity P — for device types A and B. For both configurations, two general trends
are observed. First, Jph.asi:q increases when the distance between disks is reduced. Second, a
better performance is observed for structures with larger diameter. Both effects correlate to the
total amount of absorbing material, which increases with both a decrease in P and an increase
in D. However, we observe the optimum response at (P; d) = (250 nm; 140 nm) which does
not correspond to the maximum amount of absorbing material within the solar cell. It is also

interesting to note that, for both configurations, the best performance (J;;?L}Si:H = 13.80 mAcm ™
and J(B), . = 14.14 mAcm™?) is achieved for the same (P; d) pair. In the following, it will be
ph,a-Si:H

demonstrated that it is the interference between metasurface and mirror reflection that maximizes
the solar cell performance. Considering state-of-the-art Vo, and FF values of substrate [58]
and superstrate [12] a-Si:H single-junction devices — deploying ~ 250-nm thick absorbers — our
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Fig. 3. Implied photocurrent density in the absorber (Jph-asi:), as function of nanodisk
diameter and distance, for device configurations A (a) and B (b). 3D sketches of the
simulation models are included in the insets (note that the SiO, filler has not been depicted
for clarity). The star symbol corresponds to the parameter combination providing the
maximum implied photocurrent. (c-d) Absorption spectra of the different materials in the
stack for the most efficient periodicity/diameter combination. The dashed black line indicates
absorption in an unstructured layer with the same thickness placed in the same environment.
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calculated best photocurrent densities would imply an initial conversion efficiencies between
8.1% and 9.6 % (for both configurations), albeit for an active material with equivalent thickness
< 75nm. To better outline the different performance between configurations A and B, we
analyzed the respective absorption spectra as function of the wavelength A — Figs. 3(c) and 3(d).
In both cases, distinct absorption peaks are observed for 4 > 600 nm. Device model B suffers
from higher parasitic absorption losses in the p-type nc-SiOy:H layer, due to the fact that it covers
the entire area rather than only the a-Si:H nanostructures. However, reflection is smaller in the
blue range, providing similar overall absorption and efficiency.

It is also instructive to compare the device absorption with a simple unstructured 300 nm thick
a-Si:H layer, which is a typical thickness in standard a-Si:H solar cells. The film is sandwiched in
the same environment as the metasurface (IOH/p/a-Si:H/n/GZO/Ag). The thickness of the GZO
layer was changed to 40 nm, which was found to be the optimum for the flat reference device.
The spectrum, overlayed as a black dashed line in Figs. 3(c) and 3(d) is also helpful to clarify the
absorption spectra of the metasurface itself. Fabry-Per6t modes — which depend on the layer
thickness — appears at around 4 = 560 nm and 4 = 620 nm for both the metasurface and the
unstructured layer. However, additional absorption appear both at shorter and at longer wavelength
for the metasurface. Close to the band gap, the system presents resonances that concentrate the
light within the active medium and increase absorption. The significant metasurface absorption
enhancement in the 350 nm — 550 nm is instead related to diminished reflection. This reason
is that the particle layer contains roughly four times less a-Si:H than the unstructured layer,
and so the effective refractive index of the metasurface is lower (nsj02 < Mmeta < Ma-si:H)- This
improved impedance matching between the layers reduces the parasitic reflections in the system
and enhances the absorption. The metasurface thus also acts as its own effective anti-reflection
coating in this spectral range.

We now turn our attention to the wavelength interval 600 nm < A < Agap = 708 nm, where
absorption in the metasurface is clearly enhanced compared to a homogeneous a-Si:H film. In
order to quantify the resonant absorption enhancement close to the bandgap, a multipolar analysis
of the EM field inside the amorphous silicon nanodisks was carried out for the most efficient type
A configuration. This allows for identification of the resonant modes excited in the nanodisks.
The multipolar response for the different electric and magnetic multipoles is plotted in Fig. 4,
for a system without Fig. 4(a) and with Fig. 4(b) mirror at the backside. The internal fields
were projected on a spherical multipole basis [44], and the individual particles’ mode amplitudes
for electric (a¢) and magnetic (b,) multipoles were calculated (see Methods for details). Note
that this decomposition assumes a homogeneous dielectric environment, which is not fulfilled
here. A precise decomposition requires knowledge of the Green’s function outside the particle.
However, the analysis carried out in this work is adequate for the purpose of showing the nature
of the modes and the absorption enhancement linked to them.

The decomposition of the internal fields shows a rich resonance structure in the spectral
region of interest. In particular, various multipolar responses (electric and magnetic dipoles and
quadrupoles) are overlapped. Nevertheless, the response of the nanodisk array is dominated by
electric and magnetic dipolar resonances, whose amplitudes are enhanced more than 4 times
close to the bandgap once the system is placed on top of the mirror. This behavior is clearly
related to scattering suppression due to destructive interference, which increases the lifetime of
the modes and thus the absorption. A different, but equivalent, way to see this is by looking at
the field enhancement inside the dielectric nanodisks — see Figs. 4(c) and 4(d). Absorption takes
place within these a-Si:H nanoantennas and is proportional to A cc Im(&,s;:11) f |E(r)|>dV, where
r is the position within the volume V. Simulations show that the fields are significantly larger
inside the nanodisks when a mirror is employed, explaining the enhancement observed in Figs.
4(a) and 4(b).

Figure 4 depicts all multipolar modes that are excited within each nanoantenna. The presence of
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Fig. 4. Multipolar analysis for solar cell (structure A), for parameters corresponding to
the maximum implied photocurrent density without (a) and with (b) back-mirror reflector.
The mode analysis shows a large increase in the modes amplitudes in the 550 — 700 nm
wavelength range, due to interference effect with the mirror. The increase amplitude is
accompanied by increased near field distribution inside the nanoparticles, shown in (c) and
(d) for the two cases (without and with mirror, respectively) at 4 = 700 nm.

high order spherical harmonic modes overlapped with the dipolar response is due to the complex
nature of the structure and the presence in it of highly dispersive layers. Nevertheless, it is possible
to study the real modes’ pseudo-dispersion by simply plotting absorption spectra as a function of
the particle diameters (Fig. 5). For 4 < 500 nm, where the absorptivity of a-Si:H is very high,
absorption is clearly almost independent of the diameter D. For 500nm < A < Agap = 708 nm,
several clear resonances are observed, which disperse almost linearly with the diameter. These
peaks in the absorption spectra red-shift when nanodisks with larger diameter are used, at a
different rate, providing an additional route to fine tune the absorption and the response of the
system. In particular, the geometrical optimum D = 140 nm was found to coincide with a balance
between the separation between these modes and convoluted with the absorption in a-Si:H.

4. Discussion

From a practical point of view, the particle-on-a-mirror system presented here is possible to
fabricate. A simple route would rely on patterning of the nanodisks using self-assembled large
scale nanoimprint methods [26, 59], followed by a planarization step and the deposition of the
top contact. Due to the departure from full planar deposition, and therefore not dealing with bulk
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Fig. 5. Absorption spectra in the a-Si:H metasurface, as a function of the particle diameter,
for device structure A and P = 250 nm (Agqp = 708 nm).

absorbers, it is also expected that such nano-structuring would help in quenching light-induced
degradation in thin-film a-Si:H solar cells [10].

The design proposed here is also general in the sense that it can be adapted to other types of
solar cell architectures, provided the active material possesses large permittivity values. For
example, Mie modes were already shown to be supported by both GaAs [60—62] and perovskite
nanoparticles [63,64]. This means that the particle-on-a-film geometry could be adapted to
standard crystalline thin film solar cells as well as thin-film devices based on direct bandgap
materials. In fact, the approach detailed in this work might suit such materials even better, owing
to their high absorptivity values for larger wavelengths range due to the smaller band-gaps [65,66].
The metasurface geometry and spacer thickness would then need to be optimized accordingly
and in different wavelength regions.

Clearly, one of the main limitations of the perfect absorption concept is that it relies on far-field
interference and only works at a single wavelength. While in this work we wanted to focus on
the lowest energy modes — as they provide a clearer picture for a proof of principle application
— current research in all-dielectric nanophotonics aims at realizing, via nanostructuring, new
eigenmodes [67,68]. For example, once particles of several hundreds of nm are used, several
multipolar resonances appear and can be engineered to overlap. This can broaden the effective
optical response of the system, or give rise to unusual response that can boost light-matter
interaction even further. Another problem of the particle-on-a-mirror system proposed in this
contribution is that the geometry has been optimized for normal incidence (i.e. perpendicular
illumination). However, the phase between the different reflections does not strongly depend on
the illumination angle; an incident angle of 30° gives a change in phase of around 10% — based on
the difference in optical path length: 2d/cos ¥, where 1, is the angle of refraction. This means
that the optimized wavelength of operation of the perfect absorption concept is quite robust to
changes in illumination conditions. In fact, this is shown in Fig. 6, where the device absorption
spectrum as function of the angle of incidence (Aol) of light is plotted. For 4 < 550 nm, it can
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Fig. 6. Absorption spectra inside the a-Si:H layer, as function of the angle of incidence of
light.

be observed that absorption is almost constant for values of Aol up to 40°. Only for Aol > 40°
a decrease of Aug;.y is observed. Of particular interest is the behavior that can be observed in
the spectral region between 550 nm and Ag,p. As already depicted in Fig. 3(c), three absorption
peaks can be observed: at 4 ~ 620nm, at 1 = 650 nm and at 4 * 690 nm. These three peaks
are also clearly visible in Fig. 6. While their intensity varies with Aol (except for 1 ~ 650 nm),
their position is not affected by the angle of incidence. This indicates that the wavelengths at
which confinement of the electromagnetic field within the nanodisks take place — which results
in resonances in the absorption spectra — is only dependent on their diameter and distance, as
previously shown in Figs. 3 and 5. The global performance, expressed in terms of Jph.asi:H»
remains almost constant for values of Aol up to 40° — Jph.asi:n(Aol = 40°) = 13.2 mAcm2.
For Aol > 40° the global performance drops significantly, mainly due to increased reflection
at the front side of the solar cell. Finally, using the same concept presented here, one could
imagine adapting the design to a photo-detector and, owing to the flexibility in the design of
all-dielectric nanoantennas, directional, chiral or other types of exotic efficient light harvesters
could be envisioned.

5. Conclusions

In this work, we discussed how all-dielectric nanoantennas can be adapted as solar harvesters.
The basic idea is that by exploiting far-field interference effects it is possible to increase the
absorption in regions were material generally present low absorptivity. We presented here a novel
and potentially attractive solar cell structure, employing an all-dielectric silicon metasurface as
an active layer in a traditional thin-film silicon solar cell architecture. The nanodisks composing
the metasurface can realize perfect (near 100%) absorption at specific wavelengths, due to
interference between light reflected by the nanostructures and by the underlying mirror. The
operational wavelength can be tuned by changing the system parameters and can boost absorption
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near the bandgap of the material, i.e. where the absorption coefficient is generally low. The
configuration displaying the best optical performance yields an implied photocurrent density of
14.14 mAcm~2, with the potential to achieve initial conversion efficiencies above 9.5%, in line
with current state-of-the-art amorphous silicon solar cells which employ significantly thicker
absorber layers. An in-depth analysis showed that the optical nanodisks have the multiple
function of acting as (i) cavities, trapping the electromagnetic field within, (ii) as the solar cell
active medium and (iii) as anti-reflective agents, strongly decreasing parasitic reflection in the
blue-green region of the visible spectrum. The perfect absorption concept is also shown to be
robust with respect to the angle of incidence of light. These results can thus be considered as a
proof-of-principle study where the advantages of all-dielectric nanoantennas have been adapted
to develop a solar harvester based on a new concept.
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