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Abstract

Photovoltaics have become one of the low-cost options for electricity generation.
However, the lack of absorption of the near-infrared and infrared solar spectrum intrin-
sically limits its efficiency. Here, we present an approach for photothermal conversion of
solar infrared radiation in photovoltaic-thermoelectric systems using plasmonic nanoan-
tennas. Through numerical calculations-driven shape engineering we identified Ni di-
abolo nanoantennas as efficient solar infrared spectrum harvesters. Nanofabrication
with electron-beam lithography further revealed its impact on nanoantennas optical
properties at single-nanoantenna level. In the large-scale low-cost approach, however,
photothermal surfaces of nanocone plasmonic antennas, made with a simple and robust

fabrication process, still deliver a significant 6.1°C temperature increase under solar



infrared illumination. The reported results pave the way towards the development
of hybrid photovoltaic-thermoelectric systems with an optimal utilization of the solar

spectrum.
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One of the key issues at stake in a society full of energy-consuming devices is to design
and build self-sufficient energy systems. A winning strategy could be to make the most
out of ambient energy, including the most abundant energy source on Earth: solar. Solar
photovoltaics is one of the lowest-cost options for electricity generation.! However, no matter
the photovoltaic material, the conversion efficiency of a solar cell is fundamentally limited
by intrinsic losses.? As illustrated in Figure 1A, the efficiency of a single-junction solar cell
(with an energy bandgap E,) suffers from two main channels of losses, the thermalization of
photons with an excess energy (£ > E;) and the lack of absorption of near-infrared photons
(E < E,). Several approaches have been developed to tackle these losses and to optimize
the conversion of the solar spectrum by solar cells,® with the multijunction architecture for
example.?

An original strategy that has emerged in the last decade to boost the efficiency of the
single-junction solar cells is to construct a hybrid device combining photovoltaic conver-
sion with thermoelectric generation. Though several reported experimental photovoltaic-
thermoelectric (PV-TE) devices demonstrated they indeed produce more power than a sin-
gle solar cell,” the main factor limiting the global efficiency of such PV-TE devices is still
the low conversion efficiency of the thermoelectric generator (TEG) (below 8% at ambi-
ent temperature).® To overcome this limit, one key aspect needs to be considered and has
been largely overlooked until recently, namely the interface between the solar cell and the

TEG.%>% 2 Optimizing this interface is crucial in order to fulfill the PV-TE device two pri-
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Figure 1: Principle of a hybrid PV-TE device including a photothermal interface. (A) Spec-
trum of the AM1.5G solar irradiance at the earth’s surface showing the energy converted by
a GaAs solar cell with £, = 1.42 eV (green) and the intrinsic losses in the cell (thermaliza-
tion, blue; lack of absorption, red) with the corresponding loss processes schematized in the
inset. (B) Schematics of a hybrid photovoltaic-thermoelectric device, including a photother-
mal interface to convert solar infrared radiation into heat.

mary goals, i.e. to recover the waste heat from the solar cell and to convert the energy of
the near-infrared and infrared photons that are not absorbed in the solar cell. Park et al.
have shown recently that using a highly conductive thermal material such as boron nitride
at the PV-TE interface enables an efficient heat dissipation towards the TEG and, as a
consequence, cooling down the solar cell (—7.7°C under 1 sun).!® Furthermore, integrating a
photothermal conversion layer to harvest the solar infrared radiation and converting it into
heat allows to heat up the hot contact of the TEG and thus to boost its power output.?!°
Up till now, only a handful of works have investigated the use of a photothermal interface
in PV-TE devices and, to the best of our knowledge, none of them reported the specific
spectral design of a photothermal interface to match the solar infrared spectrum for optimal
light harvesting.

In this work, we propose a photothermal conversion layer with plasmonic nanoantennas
aimed at harvesting solar infrared radiation in hybrid PV-TE devices. Our approach focuses

on nanoantennas, that are designed and fabricated to achieve spectrally selective optical and

thermal properties, thereby offering the possibility for fine tuning subject to the photovoltaic



material at play. Plasmonic structures have been extensively used in the past to create highly

efficient and spectrally selective absorbers, in particular in the infrared range,!31°

as they
provide intense resonant optical properties at tunable frequencies. Photon absorption in
metallic nanostructures can subsequently result in heat generation through non-radiative
relaxation of hot carriers. Plasmonic nanostructured surfaces have thus been widely studied

1617 ipcluding direct

for photothermal conversion of solar radiation, with various applications,
solar-heat conversion in TEG devices.'®! These metasurfaces are in general tailored to
achieve perfect absorption in the visible spectral range (where the solar irradiance is the
highest), often at the cost of a limited infrared absorption.

Our original approach consists in the design of plasmonic nanoantennas for the specific
photothermal conversion of the solar infrared radiation transmitted through a photovoltaic
cell. The challenge is to design and fabricate simple nanostructures that exhibit optimal
matching with the solar infrared spectrum (Figure 1A), particularly in the spectral range
above the bandgap wavelength of the solar cell of interest (),), i.e. A;-2.5 um. Our study
thus used such spectral matching as a key figure of merit. Further, we chose the GaAs solar
cell (E,=1.42 eV, A\,=0.875 pm), for its high PV conversion efficiency and low sensitivity to
temperature. To validate our approach, cm-sized surfaces with nanoantennas are fabricated
and thermally characterized.

As a first step, we modeled with discrete dipole approximation (DDA)?" a single nanoan-
tenna by a cubic mesh of interacting dipoles (see examples in Figure 2A-E). The shape, size
and composition of the model nanoantennas are taken into account to calculate the absorp-
tion o4 and scattering o,.q; cross-sections in air, under two orthogonal linear polarizations
(for complex refractive indices, see Figure S1, Supporting Information).

This is followed by the performances estimates with two main figures of merit. First,
the power absorbed by a single nanoantenna under solar infrared illumination, noted P, is
calculated by weighing o,,s by the AM1.5G solar spectral irradiance (¢) and by integrating

over the range 0.875-2.5 pm:



Pas= | T (SN (1)

875 um

Note that we assume a perfect transmission through the solar cell over the range 0.875-
2.5 pym. However, this absorbed power is not always relevant for the performance of the
photothermal interface. When designing an absorbing interface, the main factor to consider
is the absorption per unit surface. For example, an array of small nanoparticles with low o
could in fact harvest more power than one larger particle for the same absorbing surface. So,
we define the absorbed power per unit surface P2, as the absorbed solar power normalized

by the area of the particle’s base Syp:

Pu
p5 = 2% 2
abs SNP ( )

A key parameter for the design of a photothermal interface, naturally, is the nanoantenna
material. We have investigated the impact of the nanoantenna composition on P, for
different geometries (Figure S2, Supporting Information) and have chosen Ni as the best
available, having in mind the value of the absorbed power and fabrication constraints, and
also the potential material abundance.

Identifying the optimal nanoantenna geometry for a given application is a challenging
task with a plethora of nanostructures from spheres and wires to complex star-like geometries
reported so far.?%?? Assessing the fitness for the solar infrared absorption, we scanned through
rather simple geometries: nanopads, nanodisks, nanorods and truncated nanocones (Figures
2A-D). We also investigated the diabolo geometry (Figure 2E), its elongated shape and sharp
angles being beneficial for high absorption in the near infrared region and its more complex
structure offering additional degrees of freedom. For all these investigated structures, the
lateral sizes varied between 50 nm and 600 nm, while the height was kept constant at
150 nm taking into account potential nanofabrication constraints. Indeed, for given lateral

dimensions, the height of the fabricated structures is limited by the lift-off process.
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Figure 2: DDA-based numerical simulations of the optical absorption of various nanoanten-
nas. (A-E) 3D representation of the models used for the DDA calculations: (A) pad, (B)
rod, (C) cone, (D) disk and (E) diabolo geometries, their varying parameters marked. (F)
Absorbed solar power per unit surface PS5, calculated for 150 nm-thin isolated Ni nanoan-
tennas with different shapes and dimensions.

Table 1: Optical performances of the best isolated Ni nanoantenna for each studied geometry,
calculated by DDA numerical simulations. The geometrical parameters are defined in Figures
2A-E.

Absorbed solar power  Absorbed solar power  Absorption/scattering

Geometry and dimensions per antenna (pW/)  per unit area (nW/um?) power ratio
Diabolo (L=400 nm; W=300 nm; (=300 nm; w=>50 nm) 46 1.42 1.81
Rod (L;q=400 nm; W, o= 50 nm) 25 1.23 1.03
Pad (Lpeq=300 nm) 29 0.32 0.35
Truncated cone (Deone=400 nm; deone=100 nm) 39 0.31 0.67
Disk (Dyigp—350 nm) 30 0.31 0.48

Figure 2F displays the calculated P35 from Equation 2 for Ni nanoantennas with the dif-
ferent geometries and dimensions, with the best performing summarized in Table 1. Clearly,
particles with a volume below 0.01 pm? have a better absorption per unit area due to, firstly,

blue-shifting the plasmon resonance with a size reduction, and eventually better overlaping



with the solar spectrum; and secondly, by increasing the absorption-over-scattering ratio
with decreasing size.?® However, volumes below 0.005 um? give poorer absorption efficiency.

The optical performances of nanoantennas are strongly influenced by their morphology
(Figure 2F). On one hand, nanodisks, nanopads and nanocones exhibit a very similar be-

havior: P25

5 < 18 not affected by their dimensions for volumes above 0.005 ym?. On the other

hand, PS5, shows a strong dependence on the dimensions of rod-like nanoantennas, reaching
a maximum value of 1.23 nW.um~2 for the antenna with L,,q—400 nm and W,,;— 50 nm.

An even higher P5

s 15 achieved with the diabolo shape, outperforming all other geometries

(Table 1).

The model nanoantennas evaluated so far (Figure 2) have perfectly smooth surfaces
and sharp corners. However, it is well established that nanofabrication introduces surface
roughness and often a divergence from the nominal shape and dimensions. We choose to focus
on the diabolo nanoantenna (L=540 nm, W=540 nm, (=300 nm and w=50 nm, Figure 3C) to
evaluate how these nanodefects affect the optical properties of a nanostructure. Figures 3A-
B show electron-beam lithography-fabricated 2D arrays of diabolo nanoantennas (period of
900 nm), where one directly notices, from the SEM and AFM measurements, the deviation of
nanoantennas sizes (L=570 nm, W=490 nm, [=270 nm, w=80 nm, Figure 3A) and roughness
(Figure 3B) from the nominal design. We thus create two 3D models, taking into account
either the deviation in size only (Figure 3D), or both the deviation in size and surface
roughness (Figure 3E), and quantify with DDA their absorption of the solar infrared radiation
(Figure 3F). The absorption spectrum of the Ni diabolo with the measured dimensions is
shifted to longer wavelengths compared to the nominal structure. As a result, the absorption
power drops from 75 pW to 66 pW, highlighting the need of control of the lateral dimensions
to reach the optimal absorption. Surface roughness, by contrast, has a moderate impact on
the absorption spectrum of the particle, similar to what was evidenced in previous works. 2425

In our case, adding surface roughness induces a slight increase of the absorbed power (67

pW).



F 0.45

== Nominal dimensions
r Measured dimensions
= |\|leasured dimensions and

0.35¢ surface roughness

o
~

0.25}

Absorption
cross-section (um)
o
w

o
N
T

015 ! L ! ! L ! ! L
08 1 12 14 16 18 2 22 24 26

Wavelength (um)

Figure 3: Impact of fabrication defects on the optical properties of Ni diabolo nanoantennas.
(A) SEM and (B) AFM images of diabolo-shaped Ni nanoantennas on Si substrate. 3D views
of (C) the smooth diabolo with nominal dimensions, (D) the smooth diabolo with measured
dimensions and (E) a realistic diabolo with measured dimensions and surface roughness. (F)
Calculated absorption spectra of the three structures.

While diabolo nanoantennas have superior absorption power, we further test the temper-
ature evolution upon solar infrared illumination on much simpler nanoantennas (truncated
nanocones) with yet reasonable optical performance (Table 1), that can be fabricated into
several cm? arrays. 2628 In this way, we are able to measure the temperature resulting from the
collective heating effect of a macroscopic array of interacting particles. We thus produced
short-range-ordered arrays of truncated nanocone antennas (base diameter of 200 nm) of
various metals on top of a glass/silver/alumina substrate (Figures 4A-B). The 100 nm-thick
silver layer is used as a mirror reflecting radiations towards the nanoantennas, while the
80 nm-thick alumina layer acts as a dielectric spacer, thus creating a metal-dielectric-metal
photonic stack. Using an infrared camera, we measure the temperature of the back side of

the substrates (glass) under illumination from the front (antennas).
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Figure 4: Large-scale photothermal interface. (A) Photograph of one of the fabricated cm?-
sized photothermal interfaces. (B) SEM image of the top surface of a photothermal interface
showing a quasi-disordered array of Ni truncated nanocones. (C) Schematics of a nanocone
antenna on Ag/alumina. (D) Infrared images of the back sides of the photothermal interface
with 200 nm-high Ni nanoantennas and the reference sample (no antennas), when illuminated
from the front side. The region across which the temperature is averaged is depicted by the
dashed line. (E) Temperature increase of the nanocone antennas surface under AM1.5G,
800-1500 nm, 254 W/m? illumination for various nanoantenna materials (dashed lines are
guides for an eye).

Nluminating surfaces covered with 50 nm-high cones with a simulated AM1.5G solar
spectrum, but limited to the 800-1500 nm range (Figure S4, Supporting Information), we
earn temperature increase from 2°C (for Ag) to 5°C (for Al). Furthermore, we demonstrate a
7°C temperature increase when illuminating a sample covered with 200 nm-high Ni truncated
nanocones (Figure 4C), which represents a noticeable temperature rise of 6.1°C compared
to the reference substrate without nanoantennas (Figure 4D). We believe that even higher
temperature could be achieved with 200 nm-high Al particles. For comparison, Park et
al. earlier demonstrated 5.1°C temperature increase with a broadband thermal interface
material (BN-rGO) integrated in a complete PV-TE device.!® Kim et al. used a 5 pm thick
acrylic film with low thermal conductivity that reached a temperature increase of 30°C under

illumination with the full solar spectrum.”



Taking into account the surface density of particles, we calculated the temperature in-
crease per particle (see Supporting Information for details). Our 50 nm-high nanocone
antennas deliver from 0.5 nK (Ag) to 3.8 nK (Al) increase, while 200 nm-high Ni nanocones
only show a 3.3 nK temperature raise. The superior macroscopic temperature achieved by
the 200 nm-high Ni nanoantennas is then attributed to a reasonably efficient heating of each
single nanoantenna combined with their high density on the surface.

In conclusion, we demonstrate a library of plasmonic nanoantennas for photothermal con-
version of solar infrared radiation. We identify diabolo nanoantennas as the most promising,
leading to the highest efficiency of infrared solar light harvesting. We highlight the im-
portance of taking into account the fabrication constraints in the design of the practical
nanoantennas. We further experimentally demonstrate a 6.1°C temperature rise (compared

2_sized surface of Ni

to a reference substrate) under solar infrared illumination with a cm
nanocone antennas. This demonstrates the viability of our plasmonic nanoantenna strategy
for the infrared radiation conversion by a photothermal interface. We intend to achieve
larger temperature increases with denser antenna arrays of diabolo-shaped nanoantennas
made using large-area replication techniques such as nanoimprint lithography. We foresee
such interface to be straightforwardly integrated in a complete photovoltaic-thermoelectric
device, eventually leading to self-sufficient microsystems that use hybrid conversion of solar
energy into electricity for power supply. The advantage of our nanoantenna-based approach,
as compared to the thin film interface previously used in PV-TE, !9 is the decoupling of heat
generation and thermal diffusion properties. Indeed, the heat sources are the nanoantennas,
which have a small height that renders their thermal resistance negligible, while the thermal
distribution in the hybrid system can be regulated by selecting the thermal conductivity
of the substrate and encapsulant. Moreover, the use of nanolithography techniques offers
control over the position of the particles, which could in the future be leveraged to design

systems in which the heat sources are located directly on top of the thermoelectric elements,

precisely where the temperature needs to be maximized. Alternatively, our photothermal

10



interface could prove useful for applications requiring direct solar-thermal conversion, as is
the case for solar nanoantenna radiator-based smart windows.?® We also believe that our
design (nanoantenna material, geometrical parameters) could be tuned to match other parts

of the solar spectrum, thus being suitable for a broad range of photovoltaic materials.
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