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ABSTRACT

Current state-of-the-art solar cell technology converts incident solar to
electrical power with a conversion efficiency that has reached values of up to
~22.8 % when operating at Standard Test Conditions (STC) (i.e., 1000 W/m?
irradiance, cell temperature 25 °C). These conditions though are rarely met in
practice, where the module temperature significantly rises, reaching values
even >20 degrees higher than 25 °C, especially in the Summer. The relative
photovoltaic (PV) efficiency drops by ~-0.3 to -0.5 %/°C (depending on solar
cell’s architecture). Additionally, providing no further cooling approaches
may accelerate PV’s thermally activated power degradation significantly.
Important parameters for the temperature rise in solar cells are the solar
irradiation level, increased ambient temperature and low wind speeds in
conjunction with the unoptimized cooling and heat dissipation.

Conventional strategies for solar cell cooling are mainly focused on non-
radiative heat transfer, i.e., through forced air flow or heat-pipe-based cooling
etc., most of which consume extra energy (usually for pumping) or water (if
water is utilized as the circulating cooling fluid) or increase system’s
complexity if the cooling structures are integrated into actual systems.
Recently, due to current advances in fabrication technology, studies
demonstrated for the first time passive (i.e., no extra energy input needed)
daytime photonic cooling in the form of radiative heat transfer, despite the fact
that the structures were exposed to direct solar irradiance. Interestingly, the
radiative cooling of an earth object is possible because when it faces the sky,
it has radiative access to the coldness of the universe (~ -270 °C), through the
atmospheric transparency window in the mid-infrared wavelengths (mid-IR —
8-13 um). By engineering, through photonics, the reflection properties of a
surface in the solar wavelengths (reflecting sunlight and reducing this way
heat generation), and providing selective (within the atmospheric window)
high amplitude thermal emission, efficient temperature reductions below the
ambient were demonstrated.

A photovoltaic, by necessity, faces the sky. Therefore, it is of great
importance to examine the requirements, constraints and impact for daytime
radiative cooling and other photonic heat reduction techniques to be
implemented in photovoltaic systems, where also the absorption of incident
sunlight is critical for their performance.

In the present thesis, to answer this question we develop an opto-electro-
thermal model that accurately describes the effects of the photonic cooling
strategies not only on the PV operating temperature but also on its efficiency



in power conversion. Applying the proposed modeling we identify the impact
of PV reflection/transmission/absorption properties on the PV temperature
and PV efficiency, and we identify the materials and design requirements for
maximum temperature-drop and efficiency-enhancement in PVs. Finally, we
propose realistic photonic coolers compatible with photovoltaics where a main
aim in the photonic coolers’ design was the reduced complexity and
fabrication feasibility. Particularly, fabrication simplicity and low cost are
very important factors in the PV industry, in order also for such cooling
structures and their associated efficiency and temperature gains to enter
rapidly into the market.

Our results demonstrate that radiative cooling and photonic heat reduction
techniques in general can lower PV temperature and enhance the output
electrical power when appropriate materials together with appropriate
photonic designs are effectively combined, even in the case of structures with
reduced complexity.
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INTRODUCTION

1.1 INTRODUCTION

According to the U.S. Energy Information Administration (EIA) [1], ~85 %
of the primary energy consumption in the world is sourced from fossil fuels
(crude oil, coal, natural gas etc.). Fossil fuels are excellent to use for the energy
base-load, since they are cheap (average cost around $0.05/kWh) and reliable
as well as well-developed. On the other hand, recognizing that fossil fuels are
finite and world energy consumption keeps increasing (see Fig. 1.1), it implies
that there are supply constraints of fossil fuels.
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Fig. 1.1: Primary (total energy demand — orange circles) and primary-projected (blue

circles) global energy consumption (in TWh) per year, extracted from [2,3], and their
linear-fitting lines.
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Based on British Petroleum’s (BP’s) Statistical Review of World Energy,
there is still around 1,000,000 Mtoe of proven reserves of fossil fuels. To give
a static (based on the current rate of production) indicative estimate of how
long we could feasibly consume fossil fuels for, we’d have about 115 years of
coal production and roughly 50 years of both oil and natural gas remaining.

The solar energy source is a promising alternative to fulfill our energy
needs since it is renewable and sustainable (one hour of earth’s solar energy
absorption would cover world’s entire energy demand for one year).
Additionally, the potential harnessing of solar energy in the terawatt-scale
could contribute to decarbonization, reducing greenhouse gas emissions such
as CO; or CHj4. In fact, examining the issue of CO2 emissions from the supply
side, and even if the contribution of the non-conventional fossil fuels is
excluded [4], studies have shown that the climate change is the more urgent
issue to face compared to the fossil fuel resource constraints.

Currently, the crucial factor for renewable solar energy technologies to
penetrate drastically into the market is the cost. Fossil fuel prices average
around $0.05/kWh ($0.03/kWh for natural gas). Until the past decade, no
alternative energy resource came close competing that prices. Surprisingly
though, in the last decade, electricity cost from conventional silicon-based
solar photovoltaics (PVs) has rapidly dropped by a factor of 10, largely due to
module cost reductions and the recent advances in solar technologies. In
particular, in 2014, the PV technology gained cost-competitive values
producing solar energy even for an average price as low as $0.05/kWh,
factoring in subsidies and incentives [5]. Record low solar energy prices were
achieved in 2016. That year, bids awarded in several tenders were as low as
$0.029/kWh unsubsidized (up to ~$0.0234/kWh in 2018, and up to
~$0.016/kWh in 2020), effectively leveling fossil fuels’ cheapest offerings.

PV’s technology recent cost-competitive values together with its higher
reliability compared to other renewable energy sources (like wind power)
made photovoltaics the fastest growing power generation source in recent
years [6]. Indicatively, in 2018, additions of renewable power capacity from
solar PVs accounted for 55% (~100 GW added, raising their cumulative
installed capacity to above half a Terawatt), followed by wind power (28%)
and hydropower (11%). In 2018, PVs have contributed to roughly 2.5% [over
550 Terawatt-hour (TWh)] of the world’s electricity generation (~23000
TWh). The current PV growth rate is on track to reach the levels envisioned
by the International Energy Agency (IEA) [2], which targets a 2030 global PV
generation of >2500 TWh, producing thus in the terawatt-scale and potentially
mitigating effectively the climate change in the future. As a consequence, solar
PV source has become a viable energy solution. Therefore, to enhance or even
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maintain the current rate of PV deployment, further advancements in the solar
PV industry are required. Innovations in nanotechnology and quantum physics
allow the levelized cost of electricity to keep dropping by increasing the
efficiency or the lifetime [7] of the solar panels or even modifying their
intermittent nature [8]. Specifically, the field of photonics, which explores the
use of light molding techniques in the range of visible and infrared, is an
important candidate to optimize further the interaction of PVs with light.
Current advances in fabrication technology allow to control the geometry of
various materials and decrease their size down to the light scale, i.e., micro-
or even nano-scale regime (< 1 pm), in a practical manner, for large scale
production. As a result, novel ways to tailor the flow of light become available,
compatible with PV requirements, such as optimized performance by
effectively maintaining fabrication simplicity.

Despite though the recent advances, there is still plenty of space for
improvements in the PV-related technologies. In this study, we are interested
in one of the limitations of the technology, which is related to the high
temperatures that are developed in the PV systems when exposed under the
sun. Although the sunlight is the source of energy to be converted to the
desired electric one, it comes always and inevitably with an unwanted
conversion to heat. Just like any energy conversion device, PVs are subject to
waste heat. The reason that heat turns out to be a problem is clearly shown in
Fig. 1.2.
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Fig. 1.2: Operating temperature dependence of the PV yield, for various PV technologies
available in the market: crystalline silicon- (blue), multicrystalline silicon- (orange),
cadmium telluride- (gray) and amorphous silicon-based (green). Results extracted from
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Dr. Abu-Zaid at Masdar, tested in UAE field conditions. Cases at the right of the vertical
line correspond to PV’s temperature in Summer.

As operating temperature increases the PV yield decreases. The lifetime of the
PVs reduces as well [9]. This can be quite severe especially in countries where
temperatures can reach very high values. Indicatively, for a crystalline silicon
solar cell, every 1 K temperature rise leads to a relative efficiency decline [10]
of about 0.45 %. Moreover, the aging rate of a solar cell array doubles for
every 10 K solar cell temperature increase [9]. Although there are a number
of cooling techniques that help reducing the temperature, they nevertheless
come at an energetic cost and thus there is a compromise in the gain from the
increased PV efficiency against the energy expended for the cooling.
Conventional strategies for cooling are mainly focused on non-radiative heat
transfer via conduction or convection, like forced air flow [11], water cooling
[12], heat-pipe-based systems [13], etc., most of which consume extra energy
or increase system’s complexity.

In this thesis, we are interested on the heat energy transfer in the form of
electromagnetic radiation. Radiative energy transfer may provide an
alternative to dissipate heat at the environment, it is passive (i.e., no extra
energy input needed), and thus achieves energy-cost-free temperature
reduction in PVs, and can be used in conjunction with conventional non-
radiative cooling techniques. As shown in Fig. 1.2, PV operating temperatures
can reach high values, higher than ambient temperature, ~300 K, due to the
increased heat load arising by the sunlight absorption (sun temperature ~5778
K). From the second law thermodynamics, there must be a net radiative/non-
radiative power outflow at the atmosphere. Furthermore, when an earth object
faces the sky, it has radiative access to the coldness of the universe (~3 K),
through the atmospheric transparency window in the mid-IR (8-13 pm).
Therefore, a terrestrial surface may additionally dissipate waste heat
radiatively to outer space, of a much lower temperature (~3 K) than that of the
atmosphere (~ 300 K). This approach, i.e., to exploit the lower temperature of
the outer space through radiative heat transfer at the atmospheric window, is
known as the Passive Radiative Cooling (PRC) strategy and it is an appealing
cooling approach to be examined in the case of PVs. Exploiting this approach,
one can further tune the radiative properties of a device, i.e., reflection,
transmission, to reduce the non-useful absorption from the sun and thus
decrease the thermal load.

In the current thesis we intend to explore the use of light molding
techniques to enhance the radiative cooling of highly-efficient and mainstream
crystalline silicon-based PVs that are available in the market. To examine the
physical mechanisms of how heat affects PVs’ operating temperature and
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energy conversion efficiency, as well as the requirements and potential for
reducing the temperature and increasing the efficiency radiatively, by means
of photonics, we develop an opto-electro-thermal modeling, which accurately
describes the outdoor operation of selected PV architectures. A significant
advantage of the proposed modeling, compared to literature, is that it further
validates how much the absorption efficiency of the PV cells, i.e., the
absorption inside the active layer where the conversion of the incident solar
power to electricity takes place, is affected by the requirements for radiative
cooling. This is a key factor to definitely conclude whether radiative cooling
techniques can enhance the PV yield. In parallel and in order to further
increase the overall performance of photovoltaics, we intend to enhance the
useful absorptivity in the PV cells using solutions involving nano- or micro-
patterning of the top PV surface as to lower its reflectivity.

Concluding, this work aims at developing new optimizations of the PV
device-parameters that would include thermal criteria in addition to the optical
and electrical ones.

1.2 OUTLINE

This thesis is organized as follows: In Chapter 2 we discuss the main photonic
concepts relevant with passive radiative cooling and absorption enhancement
in photovoltaics.

In Chapter 3 we exploit the principles of passive radiative cooling and we
examine when a material can be considered as a radiative cooler. We further
discuss the requirements for cooling radiatively photovoltaics.

In Chapter 4 we describe the features of solar cell operation as well as the
physical mechanisms of how heat affects PVs’ operating temperature and
conversion efficiency. Specifically, the optical, electrical and thermal
properties of commercial crystalline silicon-based photovoltaic modules are
outlined. Moreover, we develop a coupled thermal-electrical modeling to
address how a radiative cooler affects the overall efficiency of commercial
photovoltaic modules operating outdoors and how the radiative cooling
impact is compared to other photonic strategies for reducing heat generation
within PVs, such as harmful ultraviolet and sub-bandgap (i.e., beyond the
absorption band of the active layer, for silicon ~1.1-4.0 um) radiation
reflection.

In Chapter 5 we describe the electrical mechanisms and theoretical
potential for reducing PVs’ operating temperature and increasing the
efficiency radiatively, i.e., by employing optimized radiative cooling or other
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radiative techniques for reducing heat generation, like filtering sub-bandgap
and detrimental UV radiation (the main power degradation factor in PVs, that
degrades their performance, lifetime and reliability).

Subsequently, in Chapter 6 we propose some realistic photonic designs
that fulfill the radiative cooling requirements and we evaluate (exploiting the
proposed modeling described in Chapter 4) their impact on the overall
efficiency of a realistic PV system operating outdoors.

Finally, in Chapter 7 we summarize our work and present an outlook.

1.3 PUBLICATIONS IN THE FRAMEWORK OF THIS
THESIS

1. Perrakis, G., Tasolamprou, A. C., Kenanakis, G., Economou, E. N.,
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PHOTONIC CONCEPTS

2.1 INTRODUCTION

Photons are everywhere around us and are involved in most of the aspects of
our everyday life. Photonic applications aim to control the flow of light,
mostly in the range of visible and near-infrared, and extend from energy
production to information detection and processing. Some examples are the
regulation of the light intensity passing through certain routes, light
confinement in space, light emission, amplification and detection by optical
elements, including laser devices and other light sources, optical fibers and
electro-optical devices.

The behavior of electric and magnetic fields is governed by Maxwell
equations [14]. In Sl units, they are

V-D=p, (2.1)
V-B=0, (2.2)
VxE+dB/dt=0, (2.3)
VxH—09D/ot =], (2.4)

where E and H are the electric and magnetic field in V/m and A/m,
respectively, D and B are the electric displacement field and magnetic
induction, in Cb/m? and Wh/m? respectively, and p and J are the volumetric
external charge and current density, in Cb/m® and A/m?, respectively. The
charge and current density are the sources of the electromagnetic field and
they are usually localized in space, such as the current in an antenna.

The relations of E with D and of H with B, often called constitutive
relations, specify the response of matter, specifically the response of bound
charge and current, to the applied fields. In a linear, homogeneous and
isotropic medium, E and D and H and B are related by
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D = gyeE, (2.5)
B = popH, (2.6)

where g0 and uo are the vacuum electric permittivity (£0=8.85x10"? Farad/m)
and magnetic permeability (Lo=4nx10"" Henry/m), respectively, and &, x, the
relative permittivity and permeability, respectively.

Assuming a freely propagating, monochromatic, i.e., of certain angular
frequency, o, EM wave with harmonic time dependence of the form E(r)e”",
propagating in a homogeneous medium, its electric field profile, E(r), fulfills
the time-independent vector wave equation which follows from the Maxwell
equations [14]. For n = v/ being the constant refractive index of the medium
(and x=1), this equation reads as

VXV x E(r) — (kyn)2E(r) = 0, (2.7)

where ko=w/co, and ¢, = 1/./5o1o is the speed of light in vacuum. If we

identify the left term of the wave equation as an operator @ = (1/n?)V x V x
(dividing also by n?) acting on E(r), Equation (2.7) is written as a traditional
eigenvalue equation:

OE(r) = (w/cy)*E(r), (2.8)

The eigenvectors E(r) are the spatial patterns of the harmonic modes. For a
homogeneous medium they are of the form E(r)=Eoe ™", where Eo is a constant
vector; the eigenvalues are proportional to the squared frequencies of those
modes (w/co)?=|k|*/n?, yielding the well-known dispersion relation

w(k) = cok/VE, (2.9)

Equation (2.9) implies that photons travelling in a higher refractive index
medium have larger momentum (the canonical momentum of a photon, p,
follows the expression p=h|k|/2x, where h is Planck’s constant) as |k| depends
linearly on the refractive index.

Note that the spatial dependence of a mode EM field profile is affected by
its environment, resulting to a different dispersion relation for a non-
homogeneous medium. For simpler cases, the eigenfield profiles are
analytically known, in most cases, though, they need to be solved numerically.

The main interest of this study is on energy harvesting in PVs. In this case,
one needs to reduce, sufficiently, the heat arising by the absorption of the
unwanted incident solar radiation and at the same time enhance device’s
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absorption at the beneficial wavelengths. I.e., the utilization of photonics aims
to control the flow of light in two main ways: by selectively reflecting or
coupling with incident radiation, thus selectively decreasing or increasing the
absorption of the device, respectively.

Aside from improving in-coupling, one can utilize photonic structures to
enhance the emission properties of PVs. The thermal radiation emission
enhancement of PV devices at the thermal wavelengths, inside the
atmospheric transparency window (8-13 um), together with the reduction of
the thermal load (through proper reflection) may result to efficient passive
(i.e., no extra energy input needed) radiative cooling, thus lowering the
operating temperature of the device and increasing the PV yield [15,16].

To reflect unwanted sunlight, photonic structures known as Photonic
Crystals (PCs) may be utilized that reflect incident radiation as a consequence
of their photonic bandgap, where radiation propagation is forbidden (Section
2.2). To increase the absorption and the thermal emission, the utilization of
other appropriate photonic structures (besides PCs) aims to increase the
number of photons reaching the appropriate layer and their interaction time
with matter. This could be achieved by confining light in space either through
non-propagating localization or restricting light to propagate confined in space
along a desired route, known as confined or guided propagation (Sections 2.3,
and 2.4).

2.2 BASIC PHOTONIC CRYSTAL CONCEPTS AND
BANDGAP ORIGIN

Photonic crystals (PCs), the optical analogue of semiconductor crystals in
guantum mechanics, have been extensively examined in the framework of
solar cell applications and in passive radiative cooling due to their undeniable
potential of controlling completely the light propagation. In PCs the atoms or
molecules of semiconductor crystals are replaced by macroscopic media with
differing dielectric constants, and the periodic atomic potential is replaced by
a periodic dielectric function (or, equivalently, a periodic index of refraction)
(see Fig. 2.1).
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Fig. 2.1: Simple examples of one-, two-, and three-dimensional photonic crystals. The
different colors represent materials with different dielectric constants. The defining feature
of a photonic crystal is the periodicity of dielectric material along one or more axes. Image
adopted from Ref. [17].

The refractions and reflections of light from all of the various PC interfaces
can produce for photons (light modes) many of the phenomena that the atomic
potential produces for electrons, like gaps, known as photonic bandgaps, i.e.,
frequency regions where radiation propagation is forbidden. If, for some
frequency range, a photonic crystal prohibits the propagation of
electromagnetic waves of any polarization traveling in any direction, we say
that the crystal has a complete photonic band gap, implying that any incident
radiation upon the photonic crystal is reflected. By choosing the appropriate
materials, dimensions, and periodicity of the PC, one can control over wave
propagation and tune the spectral position and size of the bandgap, hence,
selectively reflect or couple with incident radiation.

To explain the physical origin of the photonic bandgap, we take advantage
of the simplicity of the one-dimensional (1D) PC (see left 1D PC in Fig. 2.1).
If we consider waves that propagate entirely in the z direction (k= 0 along x-
, y-axis), crossing the sheets of dielectric at normal incidence, only the k; wave
vector component is important and we can abbreviate it by k. For this system
(the 1D PC) that repeats in the z-direction with period «, we gradually increase
the component materials dielectric index contrast starting from an isotropic,
homogeneous dielectric material slab. For a homogeneous dielectric medium,
the speed of light is reduced by the index of refraction and the modes lie along
the light line, given by Equation (2.9). As shown in Section 2.1, the
eigenmodes of such a homogeneous system of constant refractive index are
actually freely propagating waves with /¢ reduced speed, compared to co, and
with their propagation vector conserved; thus, the electric field, E, in such a
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medium has the form (omitting the time dependence), E(z)=Eo-e™?, where Eg
(in V/m) is a constant vector.

Upon introduction of 1D periodicity in the z-direction (1D PC in Fig. 2.1),
the Bloch theorem states that the energy eigenstates can be written as Bloch
waves that is planewaves [e?] multiplied by a periodic function [uk(z)] with
the same periodicity (o) as the unit cell of the system due to the coherent
scattering by the periodic index of refraction [17]. Such modes, in analogy
with the atomic crystals, constitute the electromagnetic modes sustainable by
the crystal and can travel through it without scattering (although they will be
scattered by defects and impurities). For 1D periodicity along z, uk(z) can be
expressed as Fourier series,

+ oo

w,(z) = Z Cm i - €™k6Z, (2.10)

—00

where the ¢’s are expansion coefficients to be determined by explicit solution,
ke=2m/a is the reciprocal lattice vector and m is an integer. From Equation
(2.10), there would be modes that differ by the term exp(imks-z) in their
wavefunction due to the addition of reciprocal lattice vectors. The Bloch
theorem dictates that, due to the discrete translational symmetry along z-axis,
such modes are physically identical [17]. As a result, looking at the first
Brillouin zone (BZ) (-n/a<k<m/a) [17] in Fig. 2.2(a), and arbitrarily assigning
a periodicity of a, effectively folds the dispersion diagram [e(k), see Equation
(2.9)] of the modes back into the zone when they reach an edge.

(a) Bulk (b)  mutilayer (€)  mutilayer
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Fig. 2.2: (a) The photonic band structures for on-axis propagation [along z-axis, see 1D
PC in Fig. 2.1], for three different multilayer films. In all three cases, each layer has a
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width 0.50. (a) Every layer has the same dielectric constant €=13, (b) layers alternate
between ¢ of 13 and 12 and (c) layers alternate between ¢ of 13 and 1. Image adopted from
Ref. [17].

The center plot, which is for a nearly-homogeneous medium, looks like the
homogeneous case with one important difference: there is a gap in frequency
between the upper and lower branches of the lines. There is no allowed mode
in the crystal that has a frequency within this gap, regardless of k. We call such
a gap a photonic band gap. The right-hand plot shows that the gap widens
considerably as the dielectric index contrast is increased. Specifically, for k =
m/a, the modes are standing waves that have a wavelength of 2, twice the
crystal’s spatial period. The modes of this type can have the nodes either in
each low-¢ layer, as in Fig. 2.3(a), or in each high-¢ layer, as in Fig. 2.3(b).
Any other position would violate the symmetry of the unit cell about its center.
It is now clear that the mode just under the gap has more of its energy
concentrated in the high-¢ regions, as shown in Fig. 2.3(a), giving it a lower
frequency than the next band, most of whose energy is in the low-¢ regions as
shown in Fig. 2.3(b). This difference in frequency that increases with
increasing the dielectric index contrast provides the energy gap in the photonic
dispersion relation.

(a)

(b)

Fig. 2.3: The modes associated with the lowest band gap of the band structure plotted in
the center panel of Fig. 2.2(b), at k = /0. (a) Electric field of band 1, (b) electric field of
band 2. Image adopted from Ref. [17].

In several applications, to achieve a high contrast in the refractive index,
the use of metallic scatterers, which possess huge values in their dielectric
function, is often preferred rather than dielectric ones. However, care must be
taken, since metals are very absorptive, especially at optical frequencies, and
also there is a strong frequency dispersion in their refractive index, which
complicates the presented physical picture of the photonic bandgaps.

We note that omnidirectional reflection is not a general property of 1D
PCs, since, for off-axis propagation (along x-, y-axis), there are no periodic
dielectric regions to coherently scatter the light and open a gap. However, the
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layered dielectric medium can still be designed to reflect external waves that
are incident from any angle [18,19].

2.3 GUIDED MODES OF LIGHT

Confining light in space through guided propagation along the desired
material could favor solar cell applications due to the enhanced interaction of
incident photons with matter hence increasing the absorptivity/emissivity of
the device. One of the most well-known phenomena in classical optics that
forces light to guided propagation is the total internal reflection (TIR). The
familiar description of TIR is that light rays within a high index medium that
strike the interface with a lower-index material at too shallow angles are
totally reflected.

TIR results from the necessity the parallel to the interface wavevector
component, ky=|k|sind (|k|=+/cw/co) to be identical at both sides of the
interface, arising from the continuity of the tangential components of the
electric, E, and the magnetic, H, fields when there are no free surface charges
or currents. Assuming a high-index (esia) slab of a finite thickness, if k; of the
wave that strikes from the high-index medium is higher than the allowed
momentum of propagating plane waves at the low-index cladding material
(IKelad|= Veclad.-/Co), then the wave is “index-guided” along the in-plane
direction (Fig. 2.4) bouncing back and forth between the two interfaces.

wal2nc,

00 1 1 1 1 1 1
00O 05 10 15 20 25 3.0 35
Parallel wavevector ka/2n

Fig. 2.4: (a) Mode frequencies for a slab of finite thickness and n,=\esia» as shown in the
inset (the slab extends much further in the x and y directions than in the z direction). Blue
lines correspond to modes that are localized in the slab. The shaded blue region is a
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continuum of states that extend into both the glass and the air (n1=Vegad) around it. The
orange line corresponds to the light line w=coky. This plot shows modes of only one
polarization, for which H is perpendicular to both the z and k directions. Image adopted
from Ref. [17].

To understand the dispersion of the EM modes in such a system, i.e., the
frequency w versus the wavevector ky, we first consider the modes that are not
confined to the higher-index slab, and extend into the lower-index medium,
assuming it is air (ecad=1), and out to infinity. Far away from the slab, these
modes must closely resemble free-space plane waves with w = ¢ylk| =

Co /k/z/ + k% for some perpendicular real wavevector component k. For a

given value of ky, there will be modes with every possible frequency greater
than coky, because k| can take any value. Thus, the spectrum of states is
continuous for all frequencies above the light line w=coky, which is marked
with an orange line in Fig. 2.4. The region of the band structure with w>coky
is called the light cone (see shaded blue region in Fig. 2.4).

In addition to the light cone, the slab introduces new electromagnetic
solutions that lie below the light line (see discrete blue curves in Fig. 2.4).
Because ¢ is larger in the slab than in air, these modes have larger wavevectors
relative to modes of the same frequency in free space, falling below the light-
line; there, the only solutions in air are those with imaginary k|, =

+i /k/z/ + w?/cé, corresponding to fields that are confined within the slab

and decay exponentially (are evanescent) away from it. We call these the
index-guided modes, and we expect that for a given ky they form a set of
quantized discrete frequencies, because they are localized in one direction
[14]. Consequently, we obtain the discrete bands wm(ky) below the light line
in Fig. 2.4.

Instead of relying on index-guiding there are also other ways to guide
light. For instance, defects at the periodicity of the 1D PC, shown in Section
2.2, may permit localized modes to exist, with frequencies inside the photonic
band gap. The multilayer films on both sides of the defect behave as 1D PCs
with a gap; then if a mode has a frequency in the gap, it must stay confined in
the defect and exponentially decay once it enters the PCs [Fig. 2.5(a)].
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Fig. 2.5: Possible waveguiding structure examples: (a) A defect in a multilayer film,
formed by doubling the thickness of a single low-index layer. Note that this can be
considered to be an interface between two perfect multilayer films. The curve indicates the
electric-field strength of the defect state associated with this structure (for on-axis
propagation). (b) The electric field strength associated with a localized mode at the surface
of a multilayer film.

Just like in planar waveguides, if we include off-axis wave vectors, any z-
propagating light of such a frequency will be guided in the “defect
waveguide”.

Likewise, guided modes can be localized at the surface of a PC instead of
a defect region. Previously, the mode was bound because its frequency was
within the photonic band gap of the films on both sides. But at the surface,
there is a band gap on only one side of the interface. The exterior medium (air,
in our case) does not have a band gap. In this case, light is bound to the surface
if it is index-guided, a phenomenon discussed earlier, which is a generalization
of total internal reflection [Fig. 2.5(b)] [17].

Principally, surface guided waves can exist at any interface, i.e.,
dielectric-dielectric or metal-dielectric. However, there are surface waves that
exist only at metal-dielectric boundaries. One example of this is the Surface
Plasmon Polariton (SPP) modes that originate through the sustained coupling
of photons with the conduction electrons at the metal surface (see Section 2.4)
[20]. SPPs have been investigated for an abundance of applications [21-23]
like the recently proposed SPP-based perfect absorbers exploiting the field
enhancement at the metallic-dielectric interface [24-26].

Apart from planar 2D SPP guiding (i.e., SPP waves on an infinite planar
metal/dielectric interface), many different 3D SPP guiding systems (multiple-
interface systems) can be found. For instance, step and gradual index (V-
groove), 3D plasmonic-slot-waveguides featuring lateral confinement in the
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plane perpendicular to the propagation direction [27]. In such configurations,
the lateral confinement can be achieved through an effective index contrast
[28].

For the plasmonic-slot-waveguides, it is shown that for shorter
wavelengths the mode is confined at the groove bottom, forming Channel
Plasmon-Polariton (CPP) modes [29], while as wavelength increases the
fundamental CPP mode shifts progressively toward the groove opening. It
ceases to be guided at the groove bottom and becomes hybridized with Wedge
(tightly confined at the groove edges) Plasmon-Polariton (WPP) modes.

Other important types of SPP interface modes are the plasmonic Surface
Lattice Resonances (SLRs) arising from the coupling between the Localized
Surface Plasmon Resonances (LSPRs) (see also Section 2.6) of periodically
placed metal particles, with enhanced local field due to the high surface charge
accumulation, and Rayleigh Anomalies (RASs), that is waves diffracted in the
plane of the array [30]. Such diffractive states arise from arrays satisfying the
Bragg scattering condition, i.e., the array period a and wavelength 1o obey the
equation [31]:

a(Ve £ sinf) = ma,, (2.11)

where ¢ is the dielectric constant of the optical medium of the incident light,
m is the order of the RA and @ is the incident angle. SLR hybrid modes are
flexibly tunable and can still have a strong near field enhancement just like the
LSPRs, due to the forced resonance arising from the coupling of the scattered
in-plane wavevectors with the LSPRs associated with individual particles
[32].

2.4 BULK AND SURFACE PLASMON POLARITON

As mentioned in the previous section, SPPs are surface modes arising from
the coupling of incident photons with the free charges of a conducting
medium. In fact, the incident photons excite and couple to the collective
oscillating modes supported by the free charges; such collective oscillations
are called plasmons. Plasmons play a large role in the optical properties of
metals essentially determining their optical response. For instance, the
dispersion of silver’s permittivity (eag), as a function of frequency, was
calculated by modeling the metal as a free-electron gas (Drude model):
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where ¢, is the high frequency permittivity of the material corresponding to
the background from interband transitions, y is the collision rate (in rad/s), and
wp=Ne?/(m"eo) is the plasma frequency, i.e., the resonant frequency of the
free electrons, where e(wp) is approximately zero and N, e, m", & are the free
electron density, electron charge, effective mass and the permittivity of
vacuum, respectively. Equation (2.12), with &, wp and y obtained from Ref.
[33], is plotted in Fig. 2.6(a). Silver’s data (circles), obtained from Palik [34],
are also drawn for reference. When a plane wave, with a frequency lower than
wp, 1S incident upon a metal surface, the free carriers coherently oscillate in a
direction opposing the incident EM field. As shown in Fig. 2.6(a), this results
to a negative real part of permittivity (shaded area), i.e., the material does not
“permit” the incident radiation. Above the plasma frequency, however, the
external field oscillates too fast for the free carriers to follow and the metal
losses its reflectivity. We note that for silver, the effect of interband transitions
becomes clearly noticeable above ~750 THz (< ~0.4 um) [see circles versus
solid lines in Fig. 2.6(a)]. In this case, the Drude model is not sufficient to
describe the actual metal permittivity and Lorentzian terms are typically
incorporated to model the impact of interband transitions on the permittivity
[35].

(a) (b)
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Fig. 2.6: (a) Dielectric function calculated from Equation (2.12) (solid lines) with data

from Ref. [33]. Silver’s data (circles), obtained from Palik [34], are also drawn for

reference. (b) Silver's dispersion curve. The solid lines indicate the bulk plasmon polariton

branch and the plasma oscillations (longitudinal volume density fluctuations) at

eigenfrequency, wp, respectively. The dashed line corresponds to the light line.

Wavevector

From Equation (2.9), it follows that if an electromagnetic wave is
propagating in such a medium, it will have the characteristic dispersion curve
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shown in Fig. 2.6(b) (calculated through Equation (2.12) and data from Ref.
[33]). This dispersion curve, denotes the interaction of collective oscillations
of the free electron gas density with the incident electromagnetic wave. Such
coupled states, resulting from coupling between an elementary excitation
(plasmon) and a photon are called polaritons. Bulk plasmon polaritons [solid
line, circles in Fig. 2.6(b)] are associated with purely transverse
electromagnetic (TEM) waves, with the electric and magnetic fields
perpendicular to the direction of propagation, and can only exist for w>wp
(above the shaded area) [36]. Substitution of Equation (2.12) in (2.9),
assuming no losses and e.=1, yields k=\(w?-wy?)/co. Hence, when w<ewp, the
wavenumber becomes imaginary (k=ix) and the waveform becomes e™%'!,
Thus, the transverse electromagnetic waves do not propagate and the
disturbance damps (see w<wyp in Fig. 2.6). At the eigenfrequency, wp, only
longitudinal waves can be supported, i.e., the fundamental mode of the plasma
is an oscillation that does not propagate [36].

The situation can be different though at the interfaces, such as, e.g. a
metal-dielectric interface. EM radiation can be incident on the interface at an
angle. If polarized parallel to the plane of incidence (TM-polarized), the
electric field and incident wavevector can be decomposed into two
components, parallel and perpendicular to that interface. The parallel
wavevector component can then couple to a surface plasmon because it is now
a longitudinal wave. Assuming appropriate coupling conditions (same
frequency and wave vector of the photon and surface plasmon), a surface wave
propagating along the interface is formed called Surface Plasmon Polariton
(SPP). Such guided waves can exist at the interfaces between conductors and
dielectrics and are tightly bound to the interface [see Fig. 2.7(a)].

The SPP mode is an eigenmode of the EM wave equation. In Fig. 2.7(b),
the well-known dispersion relation for SPPs guided on planar metal-dielectric
interfaces [see Fig. 2.7(a)], is plotted [20]. This relation, kspp versus w reads
as

& &Em(w)

—Ss T e, (@) (2.13)

kspp = CU/Co

where e is the metal dielectric constant, and &s the one of the dielectric (e.g.
superstrate).
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Fig. 2.7: (a) XZ cross-section, |E| of the SPP at the metal (gray)-dielectric interface and
the electric field distribution (real part of E; component) (inset). (b) Plasmon polaritons at
metals. The dispersion curves of the uncoupled surface plasmon and photon (light line,
k=wlco assuming air on top of metal) are shown by the dashed lines and those of the bulk
(black) and the surface (red) plasmon polaritons by solid lines.

The dispersion curves of the uncoupled surface plasmons (at eigenfrequency
w=wsp, the corresponding limiting frequency of SPPs, which satisfies the
requirement: em(w)+e4=0 = ~wp/\2 assuming an air superstrate [see Equation
(2.13)]) and photons (w=cok) are indicated by the dashed lines, and those of
the surface plasmon polaritons [calculated from Equation (2.13)] by the red
solid line. SPPs show a significant dispersion; they can be viewed as hybrid
modes, i.e., mainly TEM waves in dielectrics coupled to plasma oscillations
in metals, which are primarily longitudinal. In the limit of low w, the SPP
dispersion curve approaches the light line, ~(w/co)eq, but remains higher. The
associated fields have a more of a light-like behavior, i.e., they are not tightly
confined at the interface, but they are nonradiative since the SPP is a guided
mode, indicating that appropriate coupling mechanisms are required to
outcouple it (see Section 2.5). At large wavevectors, the SPP dispersion curve
becomes asymptotic to the surface plasmon frequency, wsp, Which is the
frequency of non-propagating collective oscillations of electron plasma near
the surface, the surface plasmons [37].

2.5 LEAKY GUIDED MODES

Since the dispersion relation of SPP modes and, in general, guided modes is
below the light-line (w<coky), they are evanescent in the direction
perpendicular to the propagation plane (see Section 2.3). Due to their large
wavevectors, such modes cannot be excited by the impinging radiation and
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appropriate coupling techniques, which provide sufficient momentum, are
required. One such technique is to incorporate in the system a periodic lattice.

N
I

k

Fig. 2.8: (a) SPP guided mode dispersion relation (blue) and the light line w=cok
(orange). Inset: xz cross-section of the E; electric field component of the SPP guided mode
propagating in the x-direction on a flat metal-dielectric interface. (b) Periodicity effect on
the SPP guided mode dispersion.

As described in Section 2.2, the Bloch theorem dictates that due to the
discrete translational symmetry, assigning a periodicity effectively folds the
dispersion diagram [w(k)] of the modes when they reach an edge. For this
reason, appropriate crystal lattices can provide the sufficient momentum
needed for a guided mode to couple with incident radiation, by effectively
folding their dispersion curve into the radiative zone (i.e., inside the light cone,
@>Coky). We note that when the coupling of a guided mode with radiation is
allowed, the term "guided” no longer strictly applies. However, such modes
that can maintain their light-confinement and field-profile properties,
sufficiently, are usually called “leaky”- or ‘“quasi’-guided modes or
resonances. Examples of realizing waveguiding by providing sufficient
momentum are shown in Fig. 2.9.
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Fig. 2.9: (a) Coupling of incident radiation to guided modes by providing sufficient
momentum with (a) single particle and (b), (c) periodic scattering structures.

Among the examples of Fig. 2.9, the latter one [Fig. 2.9(c)], where the planar
interface is replaced by a grating, is preferred in solar cell applications to
ensure a spatially homogeneous device/performance. Such grating structures
[Fig. 2.9(c)], also known as photonic-crystal slabs, are not “one- or two-
dimensional” photonic crystals, despite the resemblance: the finite thickness
in the vertical (z) direction introduces qualitatively new behavior. Although k;
is not conserved, the crystal still has translational symmetry parallel to the
surface. Another important advantage of such periodic patterns is that they are
much easier to fabricate and can be experimentally realized using standard
lithographic techniques for example.

Returning to the SPPs case, in the planar interface limit the SPP
wavelength can be calculated from kgpp = k,, + mkg, where ky is the parallel
component of incident radiation, m is an integer and kes=2n/« is the reciprocal
lattice vector due to the introduced lattice with periodicity a. This condition is
often called Bragg condition, and employing it the SPPs dispersion relation
[see Equation (2.13)] for normal incidence (ks=0) leads to

(w/co)\[sssm(w)/(ss+em(w)) =mk; . As shown in Fig. 2.8(b), the

introduced periodicity folds the SPP dispersion above the light line and hence
radiative coupling of incident light to the SPP may now be achieved. We note
though that even if there is no momentum restriction on coupling to radiation,
radiative coupling may still be unallowed or inefficient [38].
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2.6 LOCALIZED SURFACE PLASMON RESONANCE

In metallic nanoparticles, unlike the SPPs in a flat surface, the closed
geometrical boundaries can sustain a localized oscillation (see Fig. 2.10) of
the charge density as they generate extra restoring forces up on an EM wave
incidence [39]. The resonant coupling of this localized oscillation to the
external field is commonly referred to as Localized Surface Plasmon
Resonance (LSPR).
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Fig. 2.10: (a) Electric field and charge distribution (sketch) of a localized surface plasmon
resonance (LSPR) excited by an incident plane wave coming from the top. (b) |E| field plot.

0

The optical response of the LSPRs in a metallic particle can be described
through particle’s polarizability, «, that relates the incoming electric field, Eo,
with the induced electric dipole moment p=aEo. Assuming spherical particles
with radius, r, smaller than the incoming wavelength, i.e., in the quasi-static
approximation, the incoming field can be considered constant and the
retardation effects do not play a role. Particle's dipole polarizability in this
limit can be approximated by the static polarizability, given by

Em — €
— 3 m d
a = 4meyr (—€m+ 2€d>, (2.14)

Generally, as seen in Equation (2.14), « is a frequency-dependent quantity that
depends on the dielectric constant of the metallic sphere, em, and of the
surrounding medium, 4. The LSPR resonance is associated with a pole of
as a function of frequency, i.e., is obtained by the condition Re[em(w)]=—2¢u.
Assuming that em is given by Equation (2.12) and the surrounding medium is
air, the resonance frequency is obtained as wres=wp/\3.

An important feature of plasmonic nanoparticles is that they behave as
light nano-antennas associated with strong scattering at the LSPRs, and strong
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local fields in their vicinity (due to the high surface charge accumulation). For
spherical particles with radius smaller than the incoming wavelength,
assuming no absorption from the surrounding medium, the scattering, Cscat,
and the absorption cross-sections, Cans, as a function of polarizability are given
by [20,39]

Cocar = k*/6m|al?, (2.16)
Caps = kIm(a), (2.17)

where k=w/co (air host). Hence, (when losses are small) a pole in the

polarizability (wresswp/N3) implies a maximum in scattering and absorption
(see Fig. 2.11).
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Fig. 2.11: (a) Real &' and imaginary &" of a Drude-like dielectric function as a function of
frequency normalized to the plasma frequency wp. (0) Normalized scattering and
absorption cross-section of a small sphere. 4 damping of 0.2, has been used in both cases.
The resonances are not maximum at the same frequency exactly, but for small damping,
both are located close to a)res=wp/\/3.

In the case of solar cells, the strong far-field scattering offered by plasmonic
nanoparticles can increase the absorption efficiency in thin film solar cells also
by exploiting the effect of total internal reflection (see Sections 2.3 and 2.5).
This has been already demonstrated in amorphous-silicon-based thin-film
solar cells [40], in organic solar cells [41], and in perovskite solar cells [42].
Moreover, the high local fields in the vicinity of plasmonic nanoparticles
overlap not only with metal but also with the surrounding absorbing material
resulting in increased beneficial absorption, A. (This follows directly from
Poynting’s theorem for power dissipation [14] [A~|E|].)

Metal spheres of higher radius (or particles of different shape) may
support LSPRs of higher-order. By solving the Laplace equation (replacing
Helmholtz equation in the quasi-static approximation [14]) and exploiting the
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spherical symmetry, with the use of an expansion in spherical harmonics of
order |, the frequency of the I-polar mode is given [for es=1 and em given from

Equation (2.12)] by [43]
w; = : w,, (2.14
! 2l+1°77 (214)

When the size of the particle becomes larger or as the wavelength becomes
shorter, quasi-static approximation is insufficient to approximate the solution.
Then one has to solve the full-wave EM problem, usually using Mie theory,
including both electric and magnetic modes [44].



PASSIVE RADIATIVE COOLING

3.1 INTRODUCTION

Passive (i.e., no extra energy input needed) radiative cooling (PRC) is an
appealing approach to radiatively dissipate waste heat from a terrestrial
surface to outer space. This is possible since the thermal radiation of earth
objects, with typical temperatures of ~300 K, overlaps with the atmospheric
transparency window (8—13 um) (see Fig. 3.1).
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Fig. 3.1: Thermal wavelengths (~ >3 um). Infrared transmission of the atmosphere (black
line), normalized blackbody spectrum for 300 K (blue line) from 1-27 microns [45] and the
absorption bands (range of electromagnetic radiation that had been absorbed by an atom
or molecule).

Therefore, a device facing the sky has radiative access to the coldness of the
universe, through this atmospheric transparency window, and therefore can
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use the universe as a heat sink, with much lower temperature (~3 K) than that
of the atmosphere (~300 K). During nighttime, earth objects could potentially
reduce their temperatures much below the ambient temperature. Their cooling
power could be limited by the blackbody radiation limit [46], the non-radiative
heat transfer (e.g., through convection) and the weather conditions (clouds,
humidity, etc.) [47]. The significance of radiative cooling and its potential
applications were already emphasized a few decades ago and practical cooling
during the nighttime operation was also demonstrated [48,49]. Bulk materials
comprising mid-IR emissions at the thermal wavelengths (~ >4 um, see Fig.
3.1) (see also Section 3.3) lowered device’s temperature below ambient.
Daytime cooling though below the ambient temperature was not achieved at
that time, as the absorbed solar energy exceeded the emitted energy by thermal
radiation.

Recent advances on daytime radiative cooling have revived the interest in
this field. Sub-ambient radiative cooling of objects during daytime under
direct sunlight has recently been achieved by utilizing nanophotonic coatings
[50,51]. Raman et al. [51] in 2014 developed a passive radiative cooling
system based on a photonic crystal. The photonic crystal was designed to
reflect the solar heating power (~0.28-4 um) and at the same time allow
radiative cooling through thermal emission in the mid-IR, at the atmospheric
transparency window of 8-13 um. With this approach Raman et al. [51]
demonstrated an impressive cooling, up to 5 K below ambient under direct
sunlight, where the photonic crystal had a cooling power of 40.1 W/m? at
ambient air temperature. Subsequently, appropriate passive radiative coolers,
like multilayer thin film stacks [51], 2D photonic crystals [15] etc. as coating
structures were designed, offering substantial cooling that could potentially
reduce energy consumption significantly, for various applications.

Compared to nighttime, daytime radiative cooling is much more
appreciated since it matches better with end-user’s peak cooling load, in the
case of cooling buildings for example [52]. More specifically, ~12% of
building energy consumption in the US is for space cooling [53]. Building
radiative cooling can be employed either in a passive way (with no energy
input), having the advantage of simplicity and economy, or in a more active
way, i.e., in conjunction with air- or water-based systems. Conventional
passive systems utilizing regular roofing materials such as black or white
shingle and paints [54] exhibit low solar reflectance though. Active systems
such as cooling of a heat transfer fluid require a small percentage of energy
input for pumping but their cooling power can be more easily regulated. Other
applications that could benefit from daytime radiative cooling are photovoltaic
(PV) applications. PVs operating under the sun inevitably generate heat, apart
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from electrical power, easily exceeding 325 K on a sunny summer day; this
has significant adverse consequences both for their performance [10] and
lifetime [9]. A photovoltaic, by necessity, faces the sky. Therefore, it is of
great importance to examine whether daytime radiative cooling could be
incorporated in photovoltaic systems and the effects of such a cooling
approach in the PV performance.

In the present chapter, we describe the principles of passive radiative
cooling and we examine and discuss the requirements for cooling radiatively
solar cells (Section 3.2). We further examine when a material can be
considered as a radiative cooler (Section 3.3).

3.2 PASSIVE RADIATIVE COOLING PRINCIPLES AND
REQUIREMENTS

When a structure (a cooler in our case) is exposed to a daylight sky, it is subject
to both solar irradiance over solar wavelengths (~0.28-4 um) [see Fig. 3.2(a)]
and atmospheric thermal radiation (corresponding to ambient air temperature)
[see Fig. 3.2(b)].
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Fig. 3.2: (a) ) A reference AM 1.5 solar irradiance spectra (air mass (AM) 1.5 [55]) and a
distribution of a 5525 K blackbody. (b) Atmospheric irradiance at an ambient temperature
of 300 K and a 300 K blackbody for reference.

Along with the effect of the incoming radiation, the cooling performance of
such a structure/cooler depends on other factors too, such as, the nonradiative
(conductive and convective) heat gain from the surrounding media and the
thermal radiation emission profile. The net cooling power, Pretcool, Of the
structure can thus be determined by summing the total power into and out of
the device:
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Pnet,cool(T' Tamb) = Prad,cooler (T) - Patm (Tamb) + Pcond,conv (Tr Tamb)
- Psolar,heat' (3'1)

In Equation (3.1), Pradcooler is the power density (in W/m?) radiated from a
surface, in our case from the surface of the cooler (mainly in the mid-IR,
offering cooling to the device), Pam is the power density absorbed from the
atmospheric emission, Pcond,conv(T, Tamb)=he(T — Tamb) [51] is the power density
related to the nonradiative heat transfer, where Tamb IS the ambient temperature
and he = heond + heonv IS @ combined nonradiative heat transfer coefficient that
captures the collective effect of conductive and convective heating owing to
the contact of the cooler with external surfaces and the air adjacent to its top
surface. Psolar heat 1S the absorbed solar power density that dissipates into heat.

Since the work of Kirchhoff (1860), Wien (1896), and in particular Planck
(1906) thermal radiation is well accounted for [46]. The radiation emitted
through a perfect thermal emitter into a hemisphere is black-body radiation
and its spectral irradiance at temperature T is

2hc? 1
(PBB(/L T) = A5 . ehc//lkBT — 1, (32)

where h is Planck’s constant, ks is Boltzmann’s constant, ¢ is the speed of
light. With Kirchhoff's law this expression may be extended to the emission
of thermal radiation from non-black bodies in terms of the absorptivity,
a(1)<1, assuming no dependence of the absorptivity on temperature:

®(1,0,T) = a(2,0) - pgp(A,T), (3.3)

Hence, the power density radiated from the surface of the cooler is given by
Pragcooter (T) = f d[)cos@f @A, T)e(A,0)dA, (3.4)
0

Here, de:J’o”lzdesin ejozﬂd(p is the angular integral over a hemisphere, and

by using Kirchhoff’s radiation law we replace the structure’s spectral-
directional absorptivity a(/,0) by its spectral-directional emissivity ¢(4,6) [56].
The emissivity is the most important parameter in Equation (3.4), and it is
assumed independent of temperature because its variation in the temperature
range of radiative cooling applications is negligible. Therefore, ¢(4,6) has only
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a spectral and angular dependence. To specify radiator's capability, the
integrated average emissivity in the range 8<1<13 um is often examined. The
total hemispherical emissivity € is also used, defined as the total energy
emitted from a surface over all wavelengths and in all directions (for most
materials the emissivity remains relatively stable and high for polar angles ~0-
60°):

[ dfcosd fooo 0z (1, T)e(A,6)dA
AoT* ’

£ =

where ¢ is the Stefan—-Boltzmann constant, and A is the view factor (~1 for
terrestrial, i.e., no tilting, solar modules). Based on the total hemispherical
emissivity, Equation (3.4) can be rewritten as the Stefan—Boltzmann law:

Prad,cooler(T) = gAoT*, (3.6)

The absorbed by the cooler thermal radiation emitted from the atmosphere at
ambient temperature (Tamb) IS given by [15,51]

[ee)

P (Tyry) = f dfcost j 0us (L Tor Ye(h, )eaen (4, 8)dA, (3.7)
0

where eam(2,0) = 1 — t(1)Y is the angle-dependent emissivity of the
atmosphere that incorporates the atmospheric transmittance [t(1) is the
atmospheric transmittance in the zenith direction]. The last term in Equation
(3.1), Psotar,heat, is given by [15,51]

o)

Psolar,heat = .I- S(/L esun)(pAMl.SG (A)Cosesundﬂ': (3-8)
0

where the solar illumination is represented by the measured sun’s radiation
oamisc(4), the AMLS5 spectrum [55], and &(4,0sun) is the cooler’s
absorptivity/emissivity. In Equation (3.8) we assume that the structure is
facing the sun at a fixed angle Gsun. Thus, the term Psolar,heat dO€S Not have an
angular integral, and the cooler’s absorptivity/emissivity &(4,0sun) IS
represented by its value at Gsun.

Equation (3.1), in general, relates the cooling power of the cooler’s
surface, that is, the net power outflow of the surface, to its temperature. If there
is a net positive power outflow at T=Tamp under direct sunlight, that is, if the
thermal emission rate is higher than the absorption rate, such a surface
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becomes a daytime cooling device. In the absence of net outflow, a radiative
cooler’s temperature should reach a steady-state temperature below ambient.
The solution of Equation (3.1) with Pnet,cool(T, Tamn)=0 defines the steady-state
temperature T.

In practice, to achieve meaningful daytime radiative cooling, below
ambient temperature, more than 94% of sunlight must be reflected, especially
given the variation in atmospheric conditions across different geographic
regions [51]. The parasitic heat due to convection and conduction should also
be reduced. Additionally, the device must emit selectively and strongly only
at 8-13 um, where the atmosphere is transparent, and must reflect at all other
wavelengths. These constraints are fundamentally thermodynamic in nature,
meaning that the incoming non-radiative/radiative power rates that tend to
achieve a steady-state thermodynamic non-equilibrium at higher temperatures
than ambient, must be reduced.

The application of radiative cooling at PVs alters the above-mentioned
requirements significantly. Here, the radiative cooler should be transparent at
the beneficial solar wavelengths for the incident radiation to reach the cell,
where the conversion of sun light to electricity takes place (see Fig. 3.3).
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Fig. 3.3: Optimum reflectivity (R), at 0.28-4 um, and emissivity (¢), at >4 um, spectra
(point-solid lines) for sub- (blue) and above-ambient (green) radiative cooling, together
with the AM 1.5 solar irradiance spectra (orange shaded area — air mass (AM) 1.5 [55])
and the infrared transmission of the atmosphere (blue shaded area) [45]. The green line
corresponds to above-ambient radiative cooling in case of commercial silicon-based
photovoltaics with a bandgap of Asg~1.107 zm.
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Moreover, a PV, unavoidably, has an increased thermal load. As it was
explained by Shockley and Queisser in their seminal paper [57] in 1961 (see
also Chapter 4), the highest fraction of the absorbed sunlight to be converted
to electrical power remains unexploited. For a single-junction solar cell, the
theoretical upper limit for incident solar to electrical power conversion
efficiency is around 33% (assuming that it operates at a constant temperature
equal to 300 K). In practice, the residual power dissipates mainly into heat
[58,59], at the various parts of the PV, highly exceeding the 6% of sun’s
absorbed radiation that is vital for achieving meaningful daytime radiative
cooling. In the absence of net outflow (Pretcooi=0), @ PV’s radiative cooler
should reach a steady-state temperature much higher than ambient
temperature. Such a structure cannot become a daytime radiative cooling
device as defined in Ref. [51]. However, a net positive power outflow could
be achieved at lower temperature if one enhances the thermal radiation
emission and reflects the PV detrimental solar spectral regimes. Since for PVs
T>Tamn, to further enhance radiative cooling, the structure’s emission
spectrum should also be broadband (>4 um) and not selective (8-13 um) (see
green line at >4 pm in Fig. 3.3). In this way, a PV (T~325 K) can additionally
exhibit significant radiative heat transfer to the atmosphere of lower
temperature (Tamb~300 K).

Owing to the differences of application requirements and ideal
absorptivity/emissivity spectra, the radiative coolers can be classified into
three major types: (i) those designed for sub-ambient nighttime cooling, i.e.,
mainly comprise selective mid-IR emissions at 8-13 um (the atmospheric
window), (ii) radiators designed for sub-ambient daytime cooling i.e., highly
efficient sunlight reflectors (see blue line in Fig. 3.3). Such coolers may be
utilized for cooling buildings for example. (iii) Coolers operating above
ambient temperature, designed purely for heat dissipation; i.e., broadband
(~>4 um) thermal radiators, mostly solar transparent, e.g., for cooling PVs
(see green line in Fig. 3.3).

3.3 POLAR MATERIALS’ BULK AND SURFACE PHONON
POLARITONS

In reality, there is no body that produces no emission. However, for significant
radiative cooling, the emission rate inside the atmospheric transparency
window (8-13 um) should be high enough. This is possible even with bulk
(i.e., not structured) materials, acting as radiative coolers, such as polar
dielectrics. In polar crystal media, an applied EM field can excite and couple
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with strong transverse lattice vibrations (transverse optical phonons) resonant
in the far- to mid-infrared, the so-called phonon-polariton excitations. This
coupling results to strongly mixed vibrational/electromagnetic modes known
as phonon-polariton modes, which propagate through the medium increasing
the emissivity of the material. The large dipole moments, though, associated
with the strong lattice vibrations, also result in the typically large splitting
between longitudinal and transverse optical (LO and TO, respectively) phonon
resonance frequencies, as a result of the long-range nature of the Coulomb
interactions, i.e., charged particles [60], where electromagnetic propagation is
forbidden, known as the polariton gaps, decreasing the emissivity [15].

The choice thus of a bulk homogeneous material as a radiative cooler
depends on its emissivity profile associated to the coupling strength between
the incident mid-IR photons with transverse lattice vibrations. There are also
practical limitations, i.e., resistance to the outside conditions, optical
properties, cost, etc. Silica, in particular, which is the main material employed
in the current work has been extensively employed in passive radiative cooling
applications. In its bulk form, it acts as a fairly acceptable broadband radiative
cooler material due to its bulk phonon-polariton resonance, which also
overlaps with the atmospheric transparency window (8-13 pum), and high mid-
to-far-infrared absorption, resulting to a hemispherical emissivity estimated to
be around ~0.73 [61]. It is also utilized in the case of PVs in the form of
tempered glass (contains 70—80% silica and other additives, created by
thermal or chemical means), acting as a transparent top surface that protects
the bare cell and offers rigidity, providing also access to radiative cooling.

Utilizing conservation laws of energy and momentum, one can predict the
resonance frequency of the phononic vibrational modes of a material in a
Raman scattering experiment [62]. This resonance should also appear in the
extinction spectrum. In addition to experimentally, the study of such media
has also attracted great attention theoretically, due to the unique and well-
understood frequency-dependent dielectric function. For fused silica, in the
mid-IR (< ~11 pum), the coupling of the modes can be well-described by means
of a single Lorentzian oscillator model that corresponds to the real system of
the Si-O-Si antisymmetric stretching vibration, that is silica’s strongest
stretching vibration, with the TO phonon resonance frequency
©10=2.004-10% rad/s and oscillator strength Ae=0.663 (proportional to the
vibrational dipole moment and related to the TO-LO splitting) [63]. Through
wTo and Ag, the silica frequency dependent dielectric function can be written
as
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2
Adewty

e(w) = ep + — ——

T (3.7)

where &.. denotes the asymptotic value of the dielectric function at very high
frequencies (i.e., ®>>wLo0). The magnitude of the losses is represented by 7,
the phonon damping. When damping is ignored, the dielectric response
function has poles at wro and zeros at wro, the frequency of the LO phonon
in the bulk [62]. The latter condition [¢(w)=0] gives the Lyddane-Sachs-Teller
(LST) relation, wio?/wro®=eoles, Where e is the low-frequency dielectric
constant and Ae=eo-g.. From LST, when go=¢. the LO and TO modes are
degenerate and we have no resonance (Ae=0). This is the case of non-polar
crystals. The maximum of the imaginary part of the negative inverse dielectric
function, 3(—1/¢), or the energy-loss function, defines wio [62].

Figure 3.4(a) shows the real and the imaginary part of fused-silica’s
permittivity (esioz) as a function of frequency (in THz), calculated from
Equation (3.7) (solid lines), with wr0=2.004-10%* rad/s, Ae=0.663, and
I'=1.413-10% rad/s [63]. Corresponding experimental data (circles), obtained
from Palik [34], are also drawn for reference, verifying very good agreement.
To better understand Fig. 3.4(a), silica's characteristic phonon—polariton
dispersion properties are plotted in Fig. 3.4(b). The dispersion curves of the
uncoupled phonons (at w=wro) and photons (w=cok/e.) are indicated by the
dashed lines, and of the LO phonons [w=wLo, &(w)=0] and the polaritons
(calculated from w=cok/esioz, See Chapter 2.1) by solid lines.
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Fig. 3.4: a) Polariton dielectric function calculated from Equation (3.7) (solid lines) with
data from Ref. [63]. Fused-silica’s infrared data (circles), obtained from Palik [34], are
also drawn for reference. b) Phonon-polariton dispersion curve. The solid lines indicate
the upper and lower polariton branches and the LO phonon. The dashed lines describe the
optical dispersion at high frequencies and the uncoupled phonons, respectively. The lower
branch is primarily electromagnetic in character at low wavevectors, and primarily
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mechanical at high wave vectors. We also observe the LO-TO split [60] that arises from
long-range transverse electromagnetic fields driving longitudinal vibrations.

Polaritons show a significant dispersion, i.e., there is a significant admixture
of electric field and mechanical displacement in the mode, due to the strong
coupling of the, transverse in nature, light with the transverse optical phonons
[62]. As a consequence of the strongly coupled TO-phonon-photon mode, the
degeneracy is lifted resulting to the LO-TO splitting or silica’s characteristic
gap at ~32.2-37.3 THz. This region is also known as the Reststrahlen band.
In this spectral regime, the dielectric function has negative values [see blue
line in Fig. 3.4(a)], i.e., the material does not “permit” the EM radiation, but
it rather reflects it. In relation to metals (see Chapter 2.4), this reflectivity is
connected to the coherent oscillations of the vibrating bound charges. In
particular, as seen in Fig. 3.4(a), silica is a fairly acceptable broadband
radiative cooler material due to its bulk phonon-polariton resonance, which
results to high absorption at the thermal wavelengths [see orange line in Fig.
3.4(a)]. However, the polariton gap overlaps with the atmospheric
transparency window (~37.5-23.1 THz or ~8-13 um) increasing its reflectivity
in that regime [see blue line in Fig. 3.4(a)] and lowering significantly its
performance.

The infrared reflection spectra of a fused silica (data from Palik [34]) slab
obtained by unpolarized incident light at different angles of incidence, 6,
together with the atmospheric transparency window, are shown in Fig. 3.5.
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Fig. 3.5: Infrared transmission of the atmosphere (shaded area) and reflection spectra of
a fused silica glass slab (lines). The data obtained from Palik [34] for silica slab of semi-
infinite thickness at different angles of incidence by means of unpolarized incident light.
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wLo and wro denote the frequencies of the transverse and longitudinal phononic modes,
respectively.

The reflection band near 9.3 pum is referred to as the main TO mode in the
infrared range [63]. At near-normal incidence, the electric field vector is near-
parallel to the sample surface. In this case, only a small part of the LO mode
is excited as a result of its longitudinal nature [64]. At oblique incident
radiation both TO and LO phonons are excited. These reflectivity peaks
coincide with the transparency window of the atmosphere (shaded area in Fig.
3.5), and hence reduce silica’s cooling capability. Therefore, eliminating them
is of high importance.

Comparing Equation (2.12) (Fig. 2.6) and Equation (3.7) (Fig. 3.4), one
can see that the optical response function, &(w), for plasmon polaritons is the
same with that of phonon polaritons in the limit wro=0, where wp=wLo (i.€.,
considering a simple case of no restoring force [33]). Therefore, polaritonic
materials, for frequencies between wto and wro, exhibit optical properties
similar to those of metals below the plasma frequency, without free carriers,
like high reflectivity, but with reduced damping rates and vastly different
electronic properties [65]. Similar to SPPs, Surface Phonon Polaritons
(SPhPs) are collective excitations of the dipoles on the polar material surface
coupled with the electromagnetic radiation [66]. Their dispersion relation [see
Equation (2.13)] can only be satisfied in the Reststrahlen band (within
wTo<w<wiro) because the dielectric function of a polar dielectric crystal is
negative in this region (see Fig. 3.6).

Frequency (THz)

Parallel wavevector
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Fig. 3.6: Surface phonon polariton at polar media. The dispersion curves of the uncoupled
surface phonon and photon (air light-line: w=cok) are shown by the dashed lines and of
the surface phonon polariton by the red solid line within wto<w<w.o.

Such states that exist within polar-materials’ polariton gap are associated with
high local field values and thus seem promising for enhancing their cooling
capability. By ruling a grating on the surface of the polar material, the
localized SPhP modes can be coupled to propagative waves in the far-field,
hence enhancing the thermal radiation emission. We note also that polar
particles, like polar spheres, may support localized surface resonances,
equivalent to LSPRs, known as Frohlich resonances [67]. These surface
phonon modes appear in a sphere with a radius smaller than the wavelength
of the electromagnetic radiation. They are vibrational modes that have an
homogeneous polarization throughout the spherical volume and a frequency,
between the longitudinal wLo and transverse wro resonance frequencies; such
as Re[em(w)]=—2¢s (see also Section 2.6). Polar spheres of higher radius may
support Frohlich resonances of higher-order, including both electric and
magnetic modes [68].

Aside from silica, the IR absorption bands of numerous materials have
been found to match the atmospheric window. A classification of those
materials as radiative coolers in the scheme described in the last paragraph of
Section 3.2, is not straightforward though. Their radiative properties
(absorption, reflection, transmission) may be controlled by their size or
design. Moreover, materials utilized for daytime radiative cooling may often
utilized for nighttime radiative cooling successfully. In general, radiative
cooling materials that have been investigated as candidates for nighttime
radiative coolers mainly comprise selective mid-IR emitters, within the
atmospheric window (~8-13 pum), and can be categorized into the following
groups [69,70]: (i) polymer-based [Polyvinyl chloride (PVC), polyvinyl
fluoride (PVF), polymethyl pentene (TPX), polymethyl methacrylate
(PMMA), modified polyphenylene (PPO) resin], (ii) oxides [silicon monoxide
(Si0), silicon dioxide (SiO2), magnesium oxide (MgO)], (iii) nitrides [silicon
nitride (SisNa4), silicon oxynitride (SiOxNy)], or even (iv) gas slabs [ammonia
(NHs), ethylene (CzH4), ethylene oxide (C:HiO)]. During nighttime,
temperature reductions even higher than ~15 K below ambient were reported,
that were also enhanced (up to ~2 K) compared to a blackbody cooler [48].

Daytime radiative cooling materials are primarily oxides and carbonates
of titanium, aluminum, calcium, and zinc, due to their high reflectivity in the
solar spectrum. Materials that could be employed effectively in photonic
radiative cooler designs, e.g., photonic crystals, for operation during daytime
at both above- and below-ambient temperatures are those with very low or no



Chapter 3 39

solar absorption, like polymers [polydimethylsiloxane (PDMS), PMMA],
oxides [SiO, aluminum oxide (Al203), zinc oxide (ZnO), titanium dioxide
(TiO2), hafnium dioxide (HfO2)], nitrides [silicon nitrides (SisNa4, SiN)],
ceramic materials [lithium fluoride (LiF)] or other inorganic thin-films [SiO,
silicon carbide (SiC), magnesium fluoride (MgF2)]. In particular, for daytime
operation above ambient temperature, glasses such as Silica, Quartz or low
iron Soda-lime silica (window glass) are often utilized [15,71-74], mainly,
because of their ability to act as optically transparent and fairly acceptable
blackbody-like thermal radiators, offering simplicity and reliability compared
for example to the highly-efficient polymer, i.e., PDMS, radiative coolers [75—
78]. We note that in cases where sunlight optical transmission should be
blocked the transparent radiative cooling materials are usually placed on top
of silver or aluminum substrates which do not add significant unwanted
absorption in the visible or outside the atmospheric window.

Composite material coolers consisting of two or more different materials,
as an alternative to bulk and gaseous material radiative coolers, were also
reported. For instance, it was found that the two IR absorption bands of SiO>
and SiC nanoparticles match the atmospheric window and are complementary
to each other [50,79]. When SiO, SiC nanoparticles are mixed in a
polyethylene (PE) binder, a 25 K temperature drop below ambient can be
achieved if there is limited non-radiative heat transfer and no sunlight [79].
Moreover, paints based on a polymeric binder with various pigments [TiOz,
zinc sulfide (ZnS)] [80,81] or carbon-based nanomaterials in an acrylate (AC)
emulsion [82] are some examples of above-ambient radiative coolers with
composite materials. Appropriate polymeric binders are PVF, PE, PVDF,
PMMA and especially TPX due to its excellent solar transmittance.

Even though the energy benefits from daytime radiative cooling are
obvious, there are many important challenges such as reliability,
manufacturing scalability and cost. Apparently, manufacturing scalability is
an important factor for which polymers and paints show advantages [68,77].
However, a polymer's degradation reduces a cooler’s reliability. Ultraviolet
(UV) radiation, specifically, is a critical degradation factor. A common
approach for blocking UV light is employing UV absorbers, having though
finite lifetimes and resulting also in significant heat dissipation at ~0.3-0.4 um
that is disadvantageous, especially for below-ambient radiative cooling.
Glasses as alternatives increase cooler’s reliability. Additionally, their high
transparency in the optical regime is vital for effectively adding radiative
cooling in the case of solar energy harvesting applications (solar cells,
thermophotovoltaics, etc.). However, just like polymers, in applications where
optical reflection is required, they are often placed on top of metallic
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substrates, which are prone to oxidation by oxygen and moisture. Moreover,
the solar absorption at wavelengths 0.3-0.4 pum is still high due to the
absorption in metal (e.g. for silver reflectors). A way to avoid the metal layers
and at the same time to strongly reflect sunlight, including UV radiation, has
been proposed recently [77,83]. Through a phase inversion method, a porose
poly(vinylidene fluoride-co-hexafluoropropene) [P(VdF-HFP)] coating was
prepared with light-scattering pores on the micro- and nanoscale [83].
Cooler’s reliability though related to dust or moisture should be examined.
Alternatively, our proposed UV reflector described in Ref. [84] is a one-
dimensional multilayer film stack that is relatively simple in fabrication,
composed of common non-absorbing materials in the optical regime that are
already widely utilized, i.e., in the solar cell industry, offering reliability.



COUPLED OPTO-ELECTRO-THERMAL
MODEL FOR PHOTOVOLTAICS

4.1 INTRODUCTION

Increased heating in photovoltaic devices has significant adverse
consequences on both their efficiency and life-time. Daytime radiative cooling
may provide an alternative to the common approaches to dissipate waste heat,
and thus achieve temperature reduction in PVs [15,16,72,85-87], having the
important advantage that it is passive, i.e., no input energy is required for its
operation. Most of the existing studies examining radiative cooling in PVs,
though, treat them as solar absorbers and not as quantum devices, i.e., they do
not consider the effect of the electrical power generation [15,16,72,85]. In
particular, most present studies take advantage of the well-known linear
temperature-PV-yield relation to calculate the output power change as a
function of the operating temperature change. Optimizing radiative cooling in
PVs though, unavoidably results in changes in the optical response of the
system; for example, a radiative cooler placed at the top surface of a PV may
affect the system transparency at solar wavelengths considerably and, hence,
the efficiency. Consequently, the critical interplay between the requirements
for transparency in the optical spectrum (0.28-4 um) and the enhanced,
broadband thermal emission in mid-IR cannot be weighed.

The few existing studies treating PVs as quantum devices [86,87], in their
radiative cooling examination do not incorporate all the major temperature-
dependent recombination mechanisms of the photon-generated carriers that
reduce the current output. Doing so, the temperature dependence of the PVs
performance is not well-established. Depending on the operation conditions,
this may lead to an underestimation of the efficiency increase related to the
temperature reduction that could be provided by a radiative cooler.
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To overcome these problems, we developed and present in the current
chapter a coupled thermal-electrical model, which takes into account all the
mayjor intrinsic processes affected by the temperature variation in a PV device,
to examine the physical mechanisms on how a radiative cooler affects the
overall efficiency of commercial photovoltaic modules. The impact of a
photonic cooler in each spectral regime, either over solar (0.28-4 pum) or
thermal wavelengths (~4-33 um), and the resulting final PV performance
enhancement, can now be distinguished and quantified, as well as the
contribution of each principal mechanism (see Section 4.2), on the
temperature sensitivity and PV performance.

4.2 ELECTRICAL PROPERTIES

To convert sunlight to electricity there must be firstly a generation of electron-
hole pairs (opposite charges) at the expense of absorbed photons. With an
appropriate mechanism, these generated carriers should be separated and
forced to recombine only through an external circuit to produce current. In
most solids, though, various (radiative or non-radiative) mechanisms of
electron-hole recombination, before carriers being able to contribute to an
external current, limit the current output. Moreover, for a device to produce
significant power, even if it generates current, the output voltage, affected by
the energy each carrier has as it goes to the external circuit, should be high
enough. In most solids, high energy carriers would quickly lose their energy
as heat (lattice vibrations or phonons) due to collisions with their
surroundings. This process, often called thermalization, occurs in a very short
timescale (0.1-10 ps), and could limit the voltage output of a solar cell as the
charge carriers would be left with a lower potential energy.

These two requirements (ensuring carrier separation and sufficient
voltage) can be met by appropriate semiconductor structures. The energy loss
in semiconductor materials would be lower as carriers would fall to the bottom
of the conduction band. However, care must be taken since a much higher
energy bandgap would forbid photons of lower energy to excite carriers,
resulting to lower current. Additionally, a semiconductor p-n junction can be
utilized to achieve charge carrier separation. These features and possibilities
made semiconductor-based solar cells a popular option.

In the present chapter we mainly focus on highly efficient mono-
crystalline silicon-based solar cells such as the ones that are currently on the
market of solar cell technology [88]. Selected PV technologies were preferred,
on the one hand to simplify the theoretical model, without the study to lose its
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physical significance, and on the other hand to exploit the impact of passive
radiative cooling on optimized photovoltaics that are close to a performance
saturation level [89].

Crystalline silicon-based solar cells are basically p-n-homojunction
diodes, that is a junction of a n-type and p-type doped silicon which possess
an excess of free electrons and holes in their carrier concentrations,
respectively. The importance of the p-n junction arises by the carrier
separation and the selective transport needed for the photo-generated electron
and hole carriers to reach the appropriate contact to produce an electrical
current. The forces acting on the photo-generated electron and hole carriers
are the gradients introduced by the quasi-Fermi energy level splitting (qV) in
both the n- and p-type material [90] under steady-state non-equilibrium
illuminated conditions, since the free electron (n) and hole (p) carrier
concentrations strongly depend upon illumination. These, however, are not
sufficient to cause selective carrier transport. Functional separation and
selective transport of electrons and holes to different contacts in real solar cells
is only possible (if not an external voltage is present) via an additional
property, i.e., by establishing different conductivities for each of them
required in the different regions of the device [90]. Otherwise, both increased
recombination of electrons and holes reaching the same contact, known as
surface recombination, as well as bulk recombination of photogenerated
carriers within the bulk of the p- and n-type materials before reaching the
appropriate contact, result to decreased efficiency of the solar cell structure.

To better understand the electronic behavior of an electrically
homogeneous solar cell, we depict in Fig. 4.1 an electrically equivalent one-
diode circuit model based on discrete ideal electrical components.

Photovoltaic cell

Fig. 4.1: Equivalent circuit model of a photovoltaic cell with load, discussed in the main
text.
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The solar cell can be modelled by a current source that represents the current
of the photo-generated carriers (Jpn), in parallel with a diode (D) that
represents the p-n junction, and an ohmic resistor called series or contact
resistance, Rs, that considers how efficiently the contacts collect the carriers.
A shunt resistance, Rsn, is also added and represents the adverse alternate
current path due to the manufacturing defects. V represents the output voltage,
arising by the separation of the quasi-Fermi levels of the p-n junction under
illumination that also takes into consideration the voltage drop due to Rs. A
resistive load (Ricad) is varied between short circuit (Ricas=0) and open circuit
conditions (Rieas—0), while measuring the voltage (V) across the solar cell
terminals and the current density (J) out of these terminals. The characteristic
internal resistance of a solar cell is its output resistance at its maximum power
point, i.e., at max(JV)=JmpVmp. Thus, if Riag equals this characteristic
resistance, then the maximum power is transferred to the load. The
characteristic internal resistance is a property mostly related to the materials
out of which the solar cell is made. However, it has not a fixed value; it is
affected by several variables, including temperature and the amount of light
incident on the solar panel [91]. Consequently, when examining passive
radiative cooling in solar cells, identifying which of the above parameters (Rs,
Rsh, surface or bulk recombination, etc.) are mostly affected by the
temperature variations and how is of great importance to accurately describe
PVs’ temperature sensitivity.

Two of the main assumptions of the theoretical modeling developed in
this work are that we neglect the effect of how efficiently the contacts collect
the photo-generated carriers and the impact of the PV defects. Such
assumptions are quite valid for calculating the absolute efficiency, 7, of mono-
crystalline silicon-based solar cells, since their internal quantum efficiency
(IQE) (i.e., number of charge carriers collected versus the number of incident
photons absorbed) is near-unity [92]. Primarily, since we are mostly interested
on the efficiency changes owing to the operating temperature variations,
studies have shown that the decrease of # with increasing temperature is
mainly controlled by the reduction of Voc with T, where Voc is the output
voltage at open circuit conditions (Ricad—0), #=JmpVmp/Pinc and Pinc is the total
incident power density of the incoming sun radiation. For relatively highly-
efficient cells the Voc change usually constitutes the 80 to 90% of the
change, with a rather small dependence on Rs [93,94]. Moreover, for
photovoltaic cells with relatively high current densities the effects of shunt
resistance can also be neglected [95]. Therefore, the temperature impact on
both the contact and shunt resistance, as well as on Jsc is neglected in the
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present study, thus leaving the efficiency dependence with temperature to be
mainly controlled by the intrinsic material properties of the semiconductor of
the solar cell. In our model, besides radiative recombination, we further take
into consideration the only fundamental nonradiative loss mechanism in
mono-crystalline silicon (assuming no defects in the crystalline structure), the
Auger recombination. Regarding the impact of the PV defects and the defect
originated recombination, in the case of PVs with high surface passivation the
prevailing defect-based recombination mechanism is the bulk-defect
recombination. Thus, in the case of low bulk defect concentrations [high
Shockley-Read-Hall (SRH) life-times] the Auger recombination becomes
dominant [96,97]. Hence, in highly-efficient cells with minimum power-
temperature coefficients the Auger recombination mechanism prevails over
the other possible non-radiative recombination mechanisms [98], justifying
the assumptions of our modelling.

The detailed balance method described by Shockley and Queisser [57]
which governs the solar cell operation relates the current density, J [in A/m?],
in ideal (and electrically homogeneous) solar cells, i.e., in the radiative limit
assuming full collection of all generated carriers, to the output voltage, V [in
V], by balancing the particles entering and exiting the device. To this extent,
the limiting efficiency, for every temperature, of such solar cells is due to the
balancing of the number of photons absorbed by the solar cell with the number
of carriers exiting the cell either to produce electrical power or to result to
emission through radiative recombination of electron-hole pairs. As described
above, in the present work, we further take into consideration the non-
radiative-Auger recombination loss mechanism. Following Shockley’s and
Queisser’s method, the current density obtained in an -electrically
homogeneous mono-crystalline silicon-based solar cell under illumination can
be calculated by

JW,T) = Joraa(T)(e?/*8T — 1) + J,(V,T) — Js¢, (4.1)

where q is the elementary charge of an electron, kg is Boltzmann's constant [in
eV/K], T is the operating temperature [in K] and Ja is the nonradiative
recombination current density due to Auger recombination. The term

1.107 um
Is¢c = Qf et (A, Osyn) Pay156 (DdA, (4.2)
0

28 um

is the current density flowing at short-circuit conditions under the illumination
of the sun. @awmu sc is the photon flux density [in photons-m=2.st.nm™*] of the
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“AM 1.5G” standard sunlight spectrum [55] reaching the Earth’s surface,
which is universal when characterizing solar cells. This term is simplified to
equal the photocurrent since in Equation (4.2) the external quantum efficiency
(EQE) of the solar cell (i.e., number of charge carriers collected versus the
number of incident photons) is replaced by its absorptivity, ocen(4,6sun), 0Wing
to the near-unity internal quantum efficiency in mono-crystalline silicon-
based solar cells [92]. Osun is the solar incidence angle. The first term in
Equation (4.1) represents the voltage-dependent radiative recombination
current density in the dark. It is a product of the energy distribution of carriers,
at a specific operating temperature of the solar cell, that have enough energy
to flow through the junction, in the opposite direction from the photogenerated
current, and recombine [90]. The energy distribution of carriers and
consequently the dark current density follow the Fermi statistics, which, if the
Fermi level is lying within the band gap (as in our case), corresponds to
Maxwell-Boltzmann statistics. The term gV characterizes the quasi-Fermi
energy level splitting, i.e., the difference in the quasi-Fermi levels of electrons
and holes [the term “quasi” is due to the non-equilibrium (i.e., under-solar-
illumination) steady state]. Lastly, Jorad IS the saturation radiative current
density which is independent of bias and it is determined by the thermal
excitation level of carriers quantified by the temperature-dependent blackbody
(BB) spectrum (®gg, See Equation 4.4):

1.107 um

]O,rad (T) =q f Acenl (ﬂ., Hsun)d)BB (/1: T)d/L (4-3)

0.28 um

Following Planck’s formulation, the photon flux (®gg) of a blackbody at a
temperature T can be well accounted by

27c 1
Ppp(A,T) = ( T )-ehC/MBT — (44
where h is Planck’s constant and c is the speed of light.
The Auger recombination rate, which is specific to the chosen
semiconductor material, under Boltzmann’s approximation and assuming
equal electrons, holes number (n = p) and np > > n?, is given by [99,100]

Ja(V,T) = q - 24,(T) - n}(T) - 30V /2K8T . W/, (4.5)

where W is the thickness of the silicon layer. In Equation (4.5), the
temperature-dependent Auger coefficient, A«(T), is extracted from Ref. [101]
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and it describes solar cells with lowly doped silicon base, such as today’s
optimum crystalline silicon solar cells [96,102]. The temperature-dependent
intrinsic carrier concentration, ni(T), is the commonly accepted value, by Refs.
[103,104]. As proven in Ref. [104], at 300 K, at lower doping densities (<10%°
cm’3, relevant for the optimum crystalline silicon solar cells) and low carrier
injection levels (as in solar cells of typical resistivities), the impact of silicon
bandgap narrowing with temperature-increase is not significant; hence it is
neglected in our study.

Equation (4.1) assumes that the dark current density remains the same
during illuminated conditions and the net current density is driven to negative
current direction by the short-circuit current Jsc (that flows in the opposite
direction from the dark current) which, at least for silicon-based solar cells, is
independent of the bias [105]. In such cases, the superposition [see Equation
(4.1)] of the dark and illuminated JV characteristics of a diode is valid. The
efficiency, », of the solar cell is given by

— Pele,max =]SCV0CFF =]mmep
Pinc Pinc Pinc

, (4.6)

where Pele, max = max(-JV) = JmpVmp is the electrical power density output of a
solar cell operating at the maximum power point [91], Pin is the total incident
power density of the incoming sun radiation and FF = JmpVmp / JscVoc is the
fill factor. The term Voc is the maximum voltage, usually referred as the open-
circuit voltage, and results from Equation (4.1) by setting the total current J =
0 and solving for V.

As discussed above, the limiting efficiency of a solar cell depends upon
balancing of particles entering and exiting the device for a specific operating
temperature of the system. More specifically, assuming only radiative
recombination, if the cell operates at high temperature (thus the current Jo,rad
becomes higher) the quasi-Fermi energy level splitting (qV) must be reduced
to maintain a balance between the number of absorbed photons and the
number of the emitted photons (see Fig. 4.2) [94,106]. This results to lower
Voc and Vmp and lower efficiencies.
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Fig. 4.2: Simplistic photovoltaic cell under open-circuit conditions, showing energy band
diagrams and the path of carriers through a pn-junction under illumination and different
device temperatures (T); T1 in (a) and T,>T; in (b). Voltage is lower in (b) case compared
to (a) to maintain a balance between the number of absorbed photons and the number of
recombined photons, where n is the energy distribution of carriers that depends on the
thermal excitation, and Jrc is the recombination current density.

Regarding the nonradiative Auger recombination process, Ja scales with the
intrinsic carrier concentration cubed [see Equation (4.5)]. Therefore, at
elevated temperatures the Auger recombination rate is higher, due to the
increased thermally generated carrier concentrations, as a result of the
“multiple-particle-interaction” nature of the Auger effect [101].

Typically, any recombination process has a dual impact: it results both to
a current loss, because some excited charges don’t make it to the external
circuit, and to a voltage loss, because the generation-recombination balance is
diminished. Still, the energy losses (upon energy conversion) in a solar cell
are distinguishable. Even though all energy loss mechanisms stem from the
same physical process, i.e., carrier recombination, they are distinguished to
those that reduce the current and those that reduce the voltage [94]. Such a
distinction is important when examining the temperature effect on the
efficiency. Improving the generation-recombination balance, for example,
implies improved temperature sensitivity of the device. Open-circuit voltage
is a good indicator of the generation-recombination balance (see Fig. 4.2).
Therefore, the energy loss mechanisms that limit open-circuit voltage should
be identified.

Following a thermodynamic analysis of losses in ideal solar cells [107],
the open-circuit voltage generated by the usual p-n junction cell is limited on
account of entropy generation in the conversion process. In the ray optics limit
and assuming full collection of all generated carriers, qVoc is smaller than the
bandgap energy Eg4 according to
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T,
Vo = £ (1-7)

Vs (Eg’ TS) Demit 4n?
— kgT, l— In <—Yc(Eg; Tc)> +1In (_ﬂabs ) +In <T>
- ln(QE)l, 4.7)

The first term describes the Carnot limit for conversion of thermal energy into
work, where T¢ and Ts are the temperature of the cell and the sun, respectively.
The second term results from the mismatch between Boltzmann distributions
at Tc and Ts. Specifically, the first and the second term describe the entropy
generation by “photon cooling”, from temperature Ts to temperature T, due to
the thermalization of photogenerated electron-hole pairs by the interaction
with lattice. Energy loss due to thermalization represents one of the two
fundamental losses in the Shockley-Queisser theory of ideal solar cell
efficiency [57]. Aside from heat, entropy is also transferred to the lattice, in
this cooling process, decreasing the entropy of the excited carrier population,
recoupling some of the loss [108]. The third term is the voltage loss due to the
entropy generation as a result of a mismatch between the emission solid angle,
Qemit, Of the cell and the absorption solid angle, Qaps. This term declines by
focusing the incident sunlight to maximum concentration, for example [109].
The fourth term describes the effect of incomplete light trapping inside the
solar cell, where n is the refractive index (of Si in our case) and 1 is the light
concentration factor [110]. Finally, the last term is the voltage loss owing to
the non-radiative exciton recombination, where QE=Rag/Rrad+Rnrad IS the
quantum efficiency and Rrad, Rnrad are the radiative and non-radiative
recombination rates, respectively. The last two terms can be enhanced through
optical means by increasing the local density of optical states, which in turn
leads to an improved Rrag outcoupling and an improved light incoupling or
light trapping [111]. However, although crystalline silicon has a relatively
large absorption coefficient at ~0.28-0.8 um (~6000-800 cm™ at ~0.55-0.8
um), yet the absorption coefficient is ~10* times weaker at its indirect band
edge (~1.1 um). The probability of emission at open circuit is also very low.
Indicatively, its probability for internal emission is well-below 10% compared
to a high-quality direct-bandgap GaAs material for example with a probability
of internal emission that has been experimentally tested to be 99.7% and 72%
externally [112]. This highly-quenched internal emission, as a result of the
indirect bandgap property, prevents crystalline silicon-based PVs from
achieving an enhanced external fluorescence to reduce voltage loss and hence
approach the SQ limit, despite the high Jpn [89].
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The previously discussed energy losses impact the balance between
absorption and emission rates, therefore are often called balance losses [94].
Equation (4.7) indicates their temperature dependence, resulting to the
temperature sensitivity of the cell. We plot this temperature dependence in
Fig. 4.3, in the case of a crystalline silicon-based PV with E4=1.12 eV,
constant QE=5% (in practice Rrad, Rnrad depend on T, V [113]), assuming 90%
light-trapping and Ts=5525 K.

—V,
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02 — Angle mismatch
—— Non-radiative recombination
—— Carnot

-0.3¢ Incomplete light-trapping

Normalized energy losses

—— Photon cooling

4 1 1 1 1 1
270 300 330 360 390 420
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Fig. 4.3: Temperature-dependent balance losses [see Equation (4.7)] for a realistic
crystalline silicon-based PV (i.e., E;=1.12 eV, QE=5 %, 90% light-trapping). The different
lines show the contribution of different terms of Equation (4.7). The green line corresponds
to the resulting temperature dependent Voc output.

In this simplistic case, the “balance losses” are shown to be sensitive to
temperature and vary approximately linearly (see Fig. 4.3). This explains the
generally observed linear temperature-PV-yield relation. For that reason,
temperature sensitivities of solar cells are often described by a single value of
temperature coefficient and are usually normalized at Standard Test
Conditions (STC), i.e., 1000 W/m? irradiance, AM 1.5G, T.=298.15K),
expressed in %/K (see Section 4.3). Typically, because of this normalization,
any mechanism affecting the efficiency of the cell modifies its output-power-
temperature coefficient. Moreover, the “balance losses” result to a negative
temperature impact on the Voc output (see green line in Fig. 4.3). This implies
that the temperature sensitivity may improve by eliminating them. For
instance, modifying the radiative/nonradiative recombination rates or
optimizing the light in/out-coupling, may decrease the adverse temperature
effect in PVs [111]. This can be seen, in Fig. 4.3, by the near-zero, negative-
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valued slope of the orange line, corresponding to the penultimate term in
Equation (4.7) for the case of optimized crystalline silicon-based PVs, i.e.,
assuming 90% light-trapping.

4.3 POWER— AND VOLTAGE-TEMPERATURE
COEFFICIENT

To evaluate/validate our approach, of properly determining the temperature
sensitivity of a solar cell, we initially calculated the efficiency and the open
circuit voltage changes with respect to the operating temperature variations.
Then, we compared our calculated power-temperature and voltage-
temperature coefficients (i.e., the slopes of the Peiemax-T, Voc-T curves) with
those of commercial PVs measured and provided by the manufacturers (the
slopes of the Peiemax-T, Voc-T curves are normalized at % compared to a PV
operating at Standard Test Conditions (STC) [i.e., 1000 W/m? irradiance,
AML1.5G, Te=298.15K]). In particular, we calculated, for our theoretical PV
(with silicon data obtained from Refs. [101,103], see Section 4.2), a constant
power-temperature coefficient equal to -0.293%/K and a voltage-temperature
coefficient equal to -0.244%/K, confirming that the efficiency changes with
temperature are linear. As expected, the above values of power-temperature
and voltage-temperature coefficients, despite being lower compared to the
mainstream, multicrystalline silicon-based modules (with power-temperature
coefficients around -0.45%/K to -0.40%/K), they match the data of well-
optimized and highly-efficient IBC PVs, such as the SunPower's Maxeon Gen
IIT or LG’s IBC solar cells (see Fig. 4.4) [114-116].
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Fig. 4.4: (a) Steady-state efficiency and (b) Voc change normalized at %, compared to a
PV operating at STC, and plotted against temperature, in comparison with the power-
temperature, Voc-temperature curves plotted from the temperature coefficients (i.e., slopes
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of the normalized Peemax-temperature Voc-temperature curves) obtained from
manufacturers [114,115].

For highly efficient PVs (#~22.8 %) our calculations showed that the
efficiency changes are mainly controlled by the voltage changes with
temperature; as shown in Figs. 4.5 and 4.6, this is a consequence of the
increased carrier concentrations, n;, at elevated temperatures and hence
increased carrier recombination in the bulk [96,117], further supporting the
validity of our assumptions. Consistent with Refs. [59,96], Fig. 4.5(b) shows
that the impact of the radiative recombination current density, Jrad, IS much
lower than the non-radiative, Jnrag, [first two terms in the r.h.s, of Equation
(4.1)], a consequence of the indirect bandgap property of c-Si.
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Fig. 4.5: (a) Intrinsic carrier concentration, n;, dependence on temperature. As the
temperature increases n; increases leading to increased recombination current, Jrec, as
shown in (b). (b) Nonradiative, Juad, (green line) and radiative, Jrag, (blue line)
recombination current density vs. temperature, for an IBC PV described in Chapter 4.

The open-circuit voltage, Voc, is limited on account of entropy generation in
the conversion process (see Section 4.2). As seen in Fig. 4.5(b), as the
temperature increases, the nonradiative Auger recombination increases which
in turn reduces the quantum efficiency [see Fig. 4.6(a)], defined as
QE=Jrad/(Jrad+JInrad). The entropic factor, ksTINn(QE) [last term in Equation
(4.7)], gains a steeper slope, compared for example to the case corresponding
to a fixed QE value of ~2.23%, [see Fig. 4.6(b)], arising by the temperature
dependent QE, which in turn increases the voltage losses with temperature or
the voltage-temperature coefficient. Since we assume no other nonradiative
recombination process to be present in the device, the voltage-temperature
coefficient sets at ~-0.244 %/K due to the Auger recombination effect,
matching the temperature coefficients obtained from manufacturers of IBC
solar cells (see Fig. 4.4).
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Fig. 4.6: (a) Quantum efficiency, QE, dependence on temperature for an IBC PV described
in Chapter 4 (solid line), compared to a PV of fixed QE~2.23% (dashed line). (b)
Temperature-dependent recombination energy loss calculated by ksTIn(QE), and the
resulting normalized (to Voc2es15 k) temperature dependent Voc output, for a fixed
QE~2.3% (dashed lines) and for the QE shown in (a) (solid lines).

In general, the minimum power-temperature coefficients imply that only the
intrinsic radiative and the Auger recombination mechanisms [98] are
considerable. Indicatively, assuming only radiative recombination, the power-
temperature and voltage-temperature coefficients are reduced almost down to
the half (-0.168%/K, -0.117%/K), implying a significant underestimation of
the efficiency increase related to the temperature reduction that could be
provided by a radiative cooler. Alternatively, as one optimizes the PV
performance, the temperature coefficients reduce, implying enhanced PV
yield, since Standard Testing Conditions are rarely met in the field. The
excellent agreement of our theoretical calculations with the experimental data
of Refs. [114-116] provided by the PV manufacturers allow us to examine the
radiative cooling impact on the efficiency assuming PVs which operate
outdoors.

4.4 THERMAL ANALYSIS

To consider the effect of heating in solar cells, and thus to be able to calculate
the extracted electrical power or efficiency in respect to the operating
temperature at typical outdoor conditions, we perform a thermal analysis. The
SQ efficiency limit assumes a solar cell operating at a constant temperature,
usually at 300 K. In reality, the solar cell heats up considerably above the
ambient temperature. The operating temperature of the cell of a photovoltaic
module can be accurately described by treating the PV as a uniform device by
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using appropriately combined conduction-convection heat transfer
coefficients. A thermal analysis for the PV can thus be performed by balancing
the total power into and out of the device following Planck’s blackbody
formalism and Kirchhoff’s law, i.e., the spectral-directional absorptivity
equals the spectral-directional emissivity. This strategy (passive radiative
cooling strategy), described in Section 3.2, was firstly proposed by Fan [50,51]
for calculating the radiative cooling of solar absorbers and has been shown to
exhibit highly accurate results [15]. According to Fan, when a structure
operates outdoors exposed to a daylight sky, it is subject to both solar
irradiance and atmospheric thermal radiation (corresponding to ambient air
temperature Tamb) (See Fig. 4.7).
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Fig. 4.7: Schematic of the material stacking of the encapsulated crystalline silicon-based
PV and power “into” and “out of” the device. The different power terms shown are
described in the text. The different PV layers and their role are analyzed in more detail in
the next section.

In the case of a PV instead of a solar absorber, the operating temperature or
the steady-state temperature (T) is calculated by employing a non-equilibrium
steady-state power-balance described by Equation (4.8), which is determined
by summing the total power “into” and “out of” the cell [106]:

Prad,cooler (T) - Patm (Tamb) + Pcond,conv (T: Tamb) + Pground (T’ Tamb)
- Psolar,heat V,T) =0, (4'8)

In Equation (4.8), Pcond,conv(T, Tamb)=hc(T — Tamb)=hctop(T - Tamn) + hepottom(T -
Tamb) is a power density loss (since in our case T>Tamn) due to conduction and
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convection owing to the contact of the cooler with external surfaces and the
air adjacent to its top and bottom surface. Prad,cooler(T) [See Equation (3.4)] is
the power density (W/m?) radiated from PV’s surface and PV’s cooler, and
Pam(T) [see Equation (3.7)] describes the absorbed by the cooler thermal
radiation emitted from the atmosphere. Pground(T,Tamb)=Pradbottom(T) —
Peartn(Tamn) represents the cooling due to radiative energy transfer to the
ground from the back-side. The ground temperature is assumed to be the same
as the ambient temperature (in practice, it could be slightly lower than Tamb).

The last term, Psolarneat(V,T), is the absorbed solar power density that
dissipates into heat which incorporates the electrical part and formulates as
follows:

Psolar,heat (V' T) = Psun - Pele,max (V; T) - Prad,cell (V, T): (4-9)

The first term in Equation (4.9), Psun, is the total solar absorption power
density by the cell [see Equation (3.8)] that either dissipates into heat or results
to beneficial electrical power (calculated using the method of detailed balance
by Shockley and Queisser [57] described previously) or radiated power by the
cell (via radiative carrier recombination). The power radiated by the cell is
given by

1.107 um

Pragcen(V,T) = f dQcosh f @A, T, @Vinp ) ecen(DdA, (4.10)

0.28 um

where the angular integration is over a hemisphere. Prad.cen(V,T) is also known
as the non-thermal radiation emitted by the solar cell as a consequence of the
bandgap of the semiconductor material [118]. Consequently, it depends on
both the quasi-Fermi energy level splitting (qV), and the operating
temperature. Following generalized Planck’s law [118], the emitted spectral
irradiance, ¢(V,T,A), under the applied bias voltage V (for E —qV >> kgT, where
E is the photon energy in eV), is given by:

o(V,T,2) = @gp(T,1)edV/ksT, (4.11)
where ¢ga(T,A) is the spectral irradiance of a blackbody at a temperature T:

2hc? 1
ppp(T,A) = ) SR T (4.12)
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In Equation (4.10) we assume that the solar cell is operating at the maximum
power point (V=Vmp). Finally, ecen(l) = acen(4,6sun) is the emissivity of the
silicon layer that is assumed independent of polar angle 9, even if the front
surface of silicon is flat, because of its high refractive index that refracts the
incident light very close to perpendicular inside the solar cell.

In this way, the electrical power of a PV exposed to the outside at a
corresponding operating temperature (defined as the steady state temperature
or operating temperature) is self-consistently determined by obtaining the
solution of Equation (4.8) [combined with Equation (4.9)] for a PV operation
at the maximum power point (V=Vmp). We note that in cases that PV’s optical
response, within the absorption band of silicon, is not affected by the
incorporation of a top coating/cooler for example, the power-, voltage-
temperature coefficients given from PV manufacturers can be incorporated in
Equation (4.8) in addition to the absorption properties of PV’s architecture in
the last term of Equation (4.8) [although less information is extracted related
to the current-voltage (J-V) PV characteristics]. Equation (4.8) then reduces
to:

Prad,cooler (T) - Patm (Tamb) + Pcond,conv (T, Tamb) + Pground (T’ Tamb)
— Py + Pele,max(T) =0, (413)

where Peiemax(T) IS given by:
Poiemax(T) = Psrc(298.15 K) X [1 + 8 x (T — 298.15 K)], (4.14)
where Pstc(298.15 K) is PV’s output power at Standard Test Conditions and

S=dP/dT(%) is the power-temperature coefficient normalized at % compared
to the PV operating at STC.

4.5 OPTICAL PROPERTIES

In the present work we focus on crystalline silicon-based solar cells such as
the ones that are currently on the market of solar cell technology [88]. A
typical state-of-the-art silicon-based photovoltaic module along with each
interlayer is shown in Fig. 4.8(a).
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Fig. 4.8: (a) Schematic of the cooling approaches for the radiative thermal management of
PVs and material stacking of the encapsulated crystalline silicon-based solar cell. The
thickness and role of the different layers of the PV module are discussed in the main text.
(b) Absorptivity of the bare cell (red line), encapsulated cell (green line), and of a 0.46 mm
thick EVA wafer (purple line). Data are extracted from Refs [16,34,119]. (c) Emissivity
spectra in the thermal wavelengths (mid-IR) of a 3.2 mm thick glass (fused Quartz) layer
(blue line), compared to the emissivity of the encapsulated cell (green line).

These cells utilize thick Si wafers, reaching around 200 um in the case of
typical commercial c-Si cells. We assume that our cell involves a mono-
crystalline silicon wafer with interdigitated state-of-the-art type back contacts
(IBC) responsible for collecting the photogenerated carriers [120]. Highly-
efficient IBC cells, besides being available in the market, match well the
electrical-thermal analysis of our modeling (see Chapter 4.2) due to their
highly crystalline structure, better surface passivation, relatively low base
doping density and intrinsic carrier concentration [96]. All remaining layers,
other than the cell, are required for its stable operation. More specifically, the
transparent top surface, most often a 3.2 mm thick glass (contains 70—80%
silica in addition to other materials like Al.O3, Na;O, CaO, etc.) protects the
exposed solar cell system from the outside conditions and provides
mechanical strength and rigidity. The most common encapsulant, the EVA
(ethylene-vinyl acetate), is used as a 0.46 mm thick joint that provides
adhesion between the cells, the top (glass) and the rear (substrate: made of a
0.5 mm thick Tedlar: polyvinyl fluoride) rough surfaces of the PV module.
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The main requirements of both the glass and the encapsulant are stability at
elevated temperatures and high UV exposure, low thermal resistivity and
optical transparency for the incident radiation to reach the cell.

A basic schematic of light propagation through a solar panel is shown in
Fig. 4.9.

Glass

Cell
EVA
Tedlar

Fig. 4.9: A cross section of a solar panel showing 8 different cases of light propagation.
This diagram is reproduced from Ref. [119]. The arrows indicate the path of incident light
and the dots the absorbed rays.

Multiple layers with various optical properties and thickness affect the
incoming light differently. For each wavelength and angle of incidence, the
final light absorption inside the cell is affected by several optical mechanisms
such as reflection at the interfaces (cases 1, 3, 6, 8), transmission and
absorption in each layer (cases 2, 4, 5, 7) and the light-trapping effect (cases
3, 6, 8). Reflection at 6 and 8 (EVA—cell, EVA-Tedlar interface, respectively)
is often modified in conventional solar cells to being diffuse to increase the
light-trapping effect inside the cell, while antireflection (ARC) coatings at the
cell’s surface further reduce reflection at the EVA—cell interface. Glass ARCs
are often utilized usually made of MgF2 or porous glass thin layers (~100 nm).

Despite the high optical transparency of both glass and EVA, inevitably
the solar absorption spectrum of the encapsulated solar cell [structure shown
in Fig. 4.8(a)] differs from that of the bare cell, including unwanted absorption
losses, as shown in Fig. 4.8(b), where the absorption for a bare cell (red line),
an encapsulated cell [16] (green line) and a single 0.46 mm EV A wafer [119]
(purple line) is shown. It is clear that EVA strongly absorbs UV radiation (~<
0.375 um) reducing thus the available photo-carriers reaching the cell at this
regime, while for the wavelength range within the absorption band of silicon
(indirect bandgap of ~1.107 pwm) the absorption is slightly reduced mainly due
to the reflection (~0.04) introduced from the top surface of the glass.
Moreover, unexploitable sub-bandgap absorption, beyond 1.107 um, up to 4
um, is still very high, for both the bare and the encapsulated cell, despite that
intrinsic silicon does not absorb in this regime. The reason is the non-zero
absorption from the highly doped silicon regions, the metal contacts, the EVA
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and the thin antireflection layers (usually made of SiN or SiO2) usually placed
on top of silicon, together with the light-trapping effect [15,16]. Consequently,
sub-bandgap and UV radiation (of intensity ~150 W/m? according to our
calculations) not only remain unexploited but also dissipate into heat, which
further reduces the efficiency of the solar cell.

In the mid-IR/thermal wavelength range (4-33 um), where we require the
solar cell to emit (reducing thus the cell temperature), the emissivity spectrum
of the encapsulated cell is mainly determined by the 3.2 mm thick top glass
layer (see Chapter 3.3). This emissivity is shown in Fig. 4.8(c) for the
encapsulated IBC cell (green line) and is compared with that of a flat fused
quartz (blue line) with permittivity data as given by Palik [34]. We see that
both cases of Fig. 4.8(c) exhibit strong phonon-polariton resonances at ~9 um
and ~21 pum that allow to achieve relatively strong absorptivity/emissivity in
the thermal wavelength range of 7-27 um. On the other hand, around the
wavelengths of the phonon-polariton resonances (in the ranges of 8-13 um and
19-30 um) there is a strong impedance mismatch between glass and air leading
to large reflectivity, associated with dips in absorptivity/emissivity. These
emissivity dips coincide with the transparency window of the atmosphere [see
Fig. 4.8(c)], and as a result they lead to reduction of the cooling capability of
the system. Therefore, eliminating them is of high importance and has been
extensively studied nowadays.

Comparing the two cases of Fig. 4.8(c) (blue vs. green line) considering
that the encapsulated cell emissivity comes almost exclusively from its top
glass layer, we see that the emissivity of the typical PV glass is slightly
enhanced compared to that of quartz. To take into account quartz’s inferior
thermal emission and, since for the cover glass of the encapsulated IBC cell
[green line in Fig. 4.8(c)] there are no available emissivity data with polar
angle (note that the realistic radiative cooling through the atmosphere is
affected by both the glass real spectral emissivity and by the decline of glass
emissivity with polar angle), the soda-lime glass permittivity data are obtained
from Ref. [121] (similar to the realistic soda-lime glass cover at passivated
emitter and rear cells (PERC) or with Al-back-surface-field (Al-BSF) back
reflectors [98,121,122]).

In the current work, we calculate the absorptivity/emissivity, (4,6), of a
top-coating/radiative-cooler (formed on the flat PV glass [see Fig. 4.8(a)
right]), as well as the reflectivity, r(1), by performing full-wave
electromagnetic simulations, using the commercially available software CST
Microwave Studio, for wavelengths from 4 up to 33 pum with a 5° angular
resolution for &(4,6), and from 0.28 up to 4 um for r(1). Moreover, the
absorptivity/emissivity, of the cell, ecen(4), is determined by r(4) and the data
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deduced from Fig. 4.8(b) from Refs [16,34,119]. We note that ecei(1) =ocen(4,
Osun) s the emissivity of the silicon layer that is assumed independent of polar
angle 8, which is clearly valid for a randomly textured surface like that of
commercial solar cells.



OPTICS-BASED COOLING METHODS AND
HEAT GENERATION REDUCTION

5.1 INTRODUCTION

As highlighted in Refs. [16,98,123,124], there are currently two major
photonic approaches for the thermal management of PVs, focusing on
controlling either (i) the solar absorption by reflecting parasitic UV, sub-
bandgap radiation and further enhancing the beneficial optical absorption, or
(i) the thermal radiation emission. In the present chapter, employing the
thermal-electrical modeling approach described in Chapter 4, we examine
how a photonic cooler on top of a realistic PV system operating outdoors
affects its overall efficiency and we distinguish and evaluate the impact of
each of the previously mentioned photonic approaches [16,98] on the PV
efficiency. In particular, in Section 5.2 we examine the physical origin of
heating and power losses in commercial PVs. In Section 5.3 we analyze the
radiative cooling potential and evaluate the gains [i.e., temperature reduction,
relative efficiency increase, 4n(%re)] from improving the emissivity in the
thermal wavelengths in mid-IR assuming the PV as a blackbody emitter
(broadband, ideal thermal radiator). We further analyze the physical
mechanisms of the efficiency enhancement related to the temperature
reduction in PVs. In Section 5.4 we examine the potential and effects of
mitigating thermal losses by either filtering sub-bandgap radiation (~1.107-4
um), for different PV back-reflector technologies, or reducing the texture
steepness at the front and rear surfaces of the cell. Finally, in Section 5.5, we
evaluate in detail the total effect of the UV radiation on the operating
temperature and PV efficiency.

The investigation presented in this Chapter is performed for two state-of-
the-art encapsulated solar cells: a mono-crystalline silicon-based cell with
interdigitated state-of-the-art type back contacts (IBC) [120], with an
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electrical-power-temperature coefficient of ~-0.29 %/K, and a screen-printed
silver front and aluminum rear contacts cell with Al-back-surface-field (Al-
BSF) reflector technology [125], with an electrical-power-temperature
coefficient of ~-0.45 %/K (which is the dominant technology in present
production), with data obtained from [16,34,123].

5.2 PHYSICAL ORIGIN OF HEATING AND POWER
LOSSES

In the present section, we discuss the opto-electro-thermal behavior of
commercial, highly efficient, mono-crystalline silicon-based PVs with
interdigitated state-of-the-art type back contacts (IBC) [120] that operate
outdoors, by utilizing the theoretical model described in Chapter 4. Figure 5.1
shows the calculated steady-state [by solving Equation (4.8)] reflected,
absorbed, in each layer of the encapsulated IBC cell, and electrical-output light
fractions (power density and spectra). (Corresponding environment conditions
are described in the caption of Fig. 5.1.)
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Fig. 5.1: Absorbed, reflected light results and power output for the IBC solar cell examined
here, assuming operation under the AM1.5G spectrum, Tamp=300 K, hcp=10 W/m?/K
(v10p~1.25 m/s wind speed [126]), hepotom=5 WIM?K  (vpotom~0.75 m/s wind speed). Since,
the wavelength-dependent emissivity of the back sheet is not available,
Pground(T, Tamb)=0&TediarA(T* — T4amy) Was calculated using the Stefan-Boltzmann law, where
eTedlar=0.85 is the hemispherical emissivity of Tedlar [123], ¢ is the Stefan—Boltzmann
constant, and A~1 is the view factor. (a) Spectral density reflected (green) or parasitically
absorbed by the encapsulant-EVA (violet) and the cell (gray), as well as that thermalized
(orange) or extracted in the form of electrical power (blue) at steady-state conditions. (b)
Power density spectra of (a) integrated, acting as heat sources and the reflected, electrical
power density output.
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We assume that the parasitic absorption inside the absorption bands of c-Si
(0.28-1.107 um) stems only from the encapsulant-EVA [since there is no front
side metallization in IBC cells — see vertical dashed line in Fig. 5.1(a)]. Hence,
cell’s parasitic absorption [see gray area in Fig. 5.1(a)] is related only to the
sub-bandgap parasitic absorption, i.e., ~1.107—4 um (plotted till 2.5 pm
because ~99% of solar irradiance is between 0.28-2.5 pm). Sub-bandgap and
UV parasitic absorption (see Section 4.5) account for ~13.7% and ~3.4% of
PV’s absorbed solar power, respectively, acting as a heat source. In addition
to the sub-bandgap and parasitic absorption losses, there are also
thermalization recombination losses to consider, constituting ~54.8% of the
total absorbed power.

For the previously described environmental conditions, we find (applying
the model described in Chapter 4) that the increased thermal load results to a
module’s steady-state temperature of ~320 K (typical PV operating
temperature under peak solar irradiance [123,127]), ~20 K above ambient. In
the case of an IBC solar cell (with a power-temperature coefficient of ~0.3
%/K [114,115]), such a temperature rise results to a ~6.6 % power drop
compared to a PV operating at Standard Test Conditions (~298.15 K). Finally,
about ~5.2 % of reflection losses inside the absorption band of c-Si further
decline the power output of the device.

Results of Fig. 5.1 indicate the worthiness of further optimizing both PVs’
optical and the thermal response, even in the case of highly-efficient
commercial PVs. In the next parts of Chapter 5, we seek to address these issues
by utilizing photonic concepts, and we examine their potential on PV’s.

5.3 RADIATIVE COOLING

Although a PV cover glass, the traditional protective and cooling PV layer, is
highly emissive in mid-IR, it is still not perfect especially within the
atmospheric transparency window (8-13 um). To illustrate that we calculate
and plot in Fig. 5.2 the spectral and average emissivity between 8 and 13 um
as a function of polar angle, 6, for the soda-lime glass (3.2 mm thick, —
considered herein as the conventional radiative cooler) in comparison with
fused quartz (3.2 mm thick), the bare cell (for two cases: the highly efficient
IBC cell and a cell with screen-printed silver front and aluminum rear contacts
with Al-back-surface-field (Al-BSF) back reflector technology [125], being
the dominant technology in present production, with data obtained from
[16,98]) and a blackbody cooler (ideal).
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Fig. 5.2: (a) Emissivity spectra of the soda-lime glass (blue) in comparison with fused
quartz (orange), a bare IBC cell (gray), a bare screen-printed silver front and aluminum
rear contacts cell and AI-BSF back reflector technology (red) and a blackbody cooler
(green) over the thermal wavelength range in mid-IR and (b) the average emissivity for the
structures of (a) between 8 and 13 pum (the atmospheric transparency window) as a function
of polar angle, 6.

As seen in Fig. 5.2(a), an encapsulated solar cell provides enhanced radiative
cooling compared to the bare cells, since both soda-lime and fused quartz
glasses in their bulk form act as fairly acceptable broadband (above-ambient)
radiative coolers, the most the soda-lime PV glass due to its weak bulk
phonon-polariton resonance compared to fused quartz. This is mainly because
of the additives in the raw material that produce increased absorption
especially in the atmosphere transparent wavelength range at the bulk phonon-
polariton resonance [128]. Thus, soda-lime glass is a good reference to
elaborate with radiative cooler designs considering also its reliability and
technological impact (solar cells, windows, etc.). The emissivity of soda-lime
glass remains higher for all angles below ~60° [see Fig. 5.2(b)], while for both
glasses the emissivity reduces rapidly beyond ~60°. Overall, the averaged
emissivity (over 8-13 um — at #=0°) of soda-lime glass equals to ~0.86 [very
close to a commercial solar glass (£€~0.84) [129], also in agreement with Ref.
[72] (i.e., £~0.85)] compared to the less efficient fused quartz emitter ~0.77
[very close to Ref. [130] (é~0.73)], i.e., both have room for improvements.
When considering the entire thermal IR spectrum (~4-33 um), the soda-lime
and fused silica glasses have a considerable averaged thermal emissivity of
~0.88 and ~0.83, respectively.

Following Equation 4.8, we present, in Fig. 5.3 the radiative cooling
results (i.e., operating temperature and efficiency) for the same structures as
in Fig. 5.2 and for typical environmental conditions, described in Fig. 5.1, as
a function of the heating power, i.e., assuming constant -Psyn+Pele max Values
in Equation (4.13). The efficiency is calculated by Equations (4.6) and (4.14)
at steady-state temperature.
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Fig. 5.3: Operating temperature (a), (c) and efficiency (b), (d) of IBC (a), (b) and Al-BSF
(c), (d) solar cells with the thermal emitters in Fig. 5.2, as a function of heating power. We
assume operation under the AM1.5G spectrum, Tamp=300 K, hctop=10 W/m?/K (01op~1.25
m/s wind speed [126]), hepottom=5 W/M?/K (Dbottom~0.75 m/s wind speed), &tediar=0.85.

Without any glass on top, the bare cell heats up considerably above ambient
temperature (Tamp=300 K). On a clear day, under peak (unconcentrated) solar
irradiance 1000 W/m?, corresponding approximately to a heat output of 650-
750 W/m? (depending also on PV’s architecture), the bare cells operate at
~24.1 K (IBC), ~25.8 K (Al-BSF) above ambient. We note that in the case of
the bare “Al-BSF” cell, despite its higher hemispherical emittance compared
to IBC’s (see Fig. 5.2), the increased operating temperature is a consequence
of the increased parasitic absorption at 0.28-4 um. The effect of the increased
heat load in AI-BSF cells can be seen in Fig. 5.3 by the increased difference
in temperatures in the case of the encapsulated cells (assuming conventional
soda-lime glass covers) that operate at ~21.4 K (IBC), ~24.1 K (Al-BSF)
above ambient. Moreover, As can be concluded from Fig. 5.3, the impact of a
radiative cooler linearly scales up with the solar heating power. Thus, the
radiative PV cooling is expected to play a significant role in thermal
management of concentrated PV systems (more than 1 sun).
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By taking into account the steady-state heating power, i.e., by solving
Equation (4.8), for non-concentrated systems, the solar cell with the ideal
cooling layer operates at ~5.2 K and ~4.3 K lower temperature compared to
the bare IBC and Al-BSF cells, respectively, ~2.4 K (IBC), ~2.6 K (Al-BSF)
compared to the encapsulated cells with a fused quartz glass cover, and ~1.8
K (IBC), ~1.9 K (Al-BSF) lower temperature compared to encapsulated cells
with the conventional soda-lime glass cover. Corresponding calculated
relative efficiency increase An(%rer) equals to ~1.6% compared to the bare—
IBC (bare-1BC), ~2.2% (bare—Al-BSF), ~0.8% (quartz—IBC), ~1.3% (quartz—
Al-BSF) and ~0.6% (soda-lime—IBC), ~1.0% (soda-lime—AI-BSF). For the
“Al-BSF” cell, increased efficiency gain, for almost the same temperature
reduction with IBC, arises due to the higher fai.ssF=-0.45%/K (the standard
value for the mainstream crystalline silicon cells) compared to fisc=-0.29%/K
(corresponding to commercial IBC solar cells).

The weather conditions are included in our model by considering different
combined conduction-convection nonradiative heat transfer coefficients, hcop,
in the Pcond,conv term of Equation (4.8) and different Tamp in the Pam term. For
example, in windy conditions hetop increases. Figure 5.4 shows the outdoor
PV operating temperature as a function of Tamp and heop (Nepottom=5 W/M?/K,
vbottom~0.75 m/s [126]), as well as the thermal gains [temperature change, AT,
and relative efficiency increase, 45(%re)] arising by the implementation of a
blackbody cooler (ideal) compared to the conventional case, i.e., PVs with
soda-lime glass covers. The dashed vertical lines in Fig. 5.4 correspond to the
most common occurring natural convection conditions that is a wind speed of
0.75to0 4.3 m/s.
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Fig. 5.4: Encapsulated (with EVA, Tedlar and soda-lime glass cover) IBC- (a), (c), (e), Al-
BSF-based (b), (d), (f) cells’ operating temperature (a), (b), and the corresponding
temperature, A7, (c), (d) and relative efficiency, 4n(%re), change (e), (f) with the
implementation of a blackbody cooler (ideal), as a function of the combined conduction-
convection nonradiative heat transfer coefficient, hcop, and the ambient temperature, Tamb.
The dashed vertical lines indicate the most common occurring natural convection
conditions that correspond to wind speeds of 0.75-4.3 m/s (where hcpotom=5 W/m#/K,
vbottom™~0.75 M/s [126]).

It is clear that at severe environmental conditions (high ambient temperature,
and low wind speed levels) the PV temperature is expected to reach values
even higher than ~330 K [see Fig. 5.4(a) and (b)]. We note that the long-term
damage to the polymer EVA-encapsulant during its useful life often occurs at
temperatures above 323 K [131]. Providing no further cooling approaches
may accelerate EVA damage and thus PV’s power degradation significantly.
For instance, from Figs. 5.4(c) and 5.4(d), it is also clear that adding radiative
cooling with the implementation of the blackbody (ideal) cooler may be
particularly important in the case of severe environmental conditions. The
positive cooler impact on PV’s operating temperature increases as outdoor
temperature increases and further increases in a nonlinear manner as hc
decreases. With the ideal cooler the PV temperature reduction may reach
values up to ~2.8 K. Indicatively, as discussed in Refs. [132,133], every
degree of temperature drop can delay PV module failure, due to thermally
activated degradation, by 5-15% depending on the conditions (temperature,
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UV light absorption, etc.). Interestingly, efficiency gains are always observed
[Fig. 5.4(e) and 5.4(f)], in particular when convective cooling tends to be
inadequate. When adding radiative cooling, the efficiency gains reach values
of ~0.44 to ~1.6% and ~0.26 to ~0.88% for the Al-BSF and the IBC cell,
respectively.

The detailed role of the blackbody cooler in silicon PV modules, was then
demonstrated through current-voltage (J-V) calculations [see Equations (4.1)—
(4.5)], and is shown in Figs. 5.5, 5.6 and 5.7.
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Fig. 5.5: (@) Nonradiative (nrad), radiative (rad) recombination current density (Jrec) and
the (b) output current density vs. output voltage of IBC PVs that incorporate a fused quartz
glass cover (orange) and a conventional soda-lime glass cover (blue) (both 3.2-mm-thick),
in comparison with the bare cell (gray line) and the ideal case assuming a blackbody cooler
(green line). The circles denote the nonradiative (Auger) recombination current density at
the maximum operating power point, Vip, of the solar cell.

In particular, the recombination current density [first two terms in the r.h.s, of
Equation. (4.1)] is shown in Fig. 5.5(a), and the output current density in Fig.
5.5(b), for an operating temperature equal to the steady-state temperature
arising by solving Equation (4.8), assuming Tamb=300 K and a nonradiative
heat transfer coefficient equal to he=hc top*he bottom=10+5=15 W/m?/K to mimic
typical outdoor conditions. The corresponding thermal power radiated by the
cooler and the output electrical power are presented in Fig. 5.6(a) and Fig.
5.6(b), respectively. Notice that as the electrical power, of each case, increases
the thermal power radiated drops due to heating reduction and the
corresponding temperature reduction [see Fig. 5.6(b)]. The lowest radiated
power of each case occurs at the maximum power point of the PV. Moreover,
at the steady-state the blackbody cooler, as expected, results in operating
temperature reduction compared to the bare cell and the two photovoltaic
modules, with quartz and soda-lime (conventional) glass covers.
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Fig. 5.6: (a) Electrical power output, thermal power radiated and (b) the operating
temperature of the device vs. output voltage of IBC PVs that incorporate a fused quartz
glass cover (orange) and a conventional soda-lime glass cover (blue), in comparison with
the bare cell (gray line) and the ideal case assuming a blackbody cooler (green line). Both
(@) and (b) are calculated for the steady-state by solving Equation (4.8). Maximum
operating point Vs are marked with circles.

As seen in Fig. 5.6(b), the temperature reduction provided by a blackbody
cooler, at the maximum operating point of the PV (Vs marked with circles in
Fig. 5.5 and Fig. 5.6), is equal to 5.0 K, 2.3 K and 1.7 K compared to the bare
cell, the quartz-covered and the soda-lime glass covered, respectively. This
results in the increase of the open-circuit voltage, Voc, by 1.27%, 0.6% and
0.43%, respectively. The reason behind the Voc enhancement is the higher
quantum efficiency, QE=Jrad/(Jraa+JInrad), (€€ Fig. 5.7). As the temperature
decreases, i.e., with the implementation of each cooler, nonradiative (Auger)
recombination (Jnrad) decreases [see Fig. 5.5(a)], leading to an enhanced Voc
and efficiency.
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Fig. 5.7: Quantum efficiency, QE, dependence on the output voltage at steady-state [by
solving Equation (4.8)] for IBC PVs that incorporate a fused quartz glass cover (orange)
and a conventional soda-lime glass cover (blue), in comparison with the bare cell (gray
line) and the ideal case assuming a blackbody cooler (green line). Maximum operating
point Vs are marked with circles.

Notice also that the impact of the radiative recombination current density (Jrad)
is much lower than the non-radiative in all cases, in consistence with Refs.
[59,96], further validating our assumptions in Section 4.2. We note that any
recombination process has a dual impact (see Section 4.2). It results both to a
voltage loss (see circles in Fig. 5.5 and Fig. 5.6), because the generation-
recombination balance is diminished, and to a current loss (see Fig. 5.5). For
this reason, the fill factor FF also increases by 0.30%, 0.13%, 0.10%, when
we optimize the cooling capability of the PV by employing the blackbody
cooler instead of the bare cell, quartz and soda-lime glass cover, respectively.
Eventually, the corresponding conversion efficiency is increased by 1.57%,
0.73% and 0.53% in relative terms [see circles in Fig. 5.6(a)].

5.4 FILTERING SUB-BANDGAP RADIATION

Aside from the mid-IR spectral regime, the choice of a cell’s architecture has
an impact on PV’s radiative properties also in the optical sub-bandgap regime,
1.e., beyond semiconductor’s absorption band ~>1.107 um, as it is clearly
shown in Refs. [16,98,122]. Absorbed sub-bandgap energy photons (from the
other than c-Si parts of the cell) increase the thermal load of the device
significantly, reducing the efficiency. For c-Si-based PVs, the main factors
that affect PV’s sub-bandgap reflection is cell’s back reflector technology
[Fig. 5.8(a)] [98] and the texture steepness both at the usually textured front
and rear surfaces of the cell [Fig. 5.8(b)] [122]. Ways for minimizing sub-
bandgap absorption are its direct reflection by incorporating photonic
structures for example, or the texture steepness reduction. In the second case
though, care must be taken since the beneficial absorption in silicon also
declines.
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Fig. 5.8: (a) Spectral sub-bandgap absorption of current state-of-the-art solar cells with
four different back reflectors [AI-BSF (red), ITO-Ag (blue), PERC (green), MgF;-Ag
(orange)] compared to the IBC cell. Data obtained from [98]. (b) Dependence on the
texture steepness (texture angle: 0-60°) of both front and rear cell surfaces for the first
case (Al-BSF) in (a). Data obtained from [122].

To investigate the detailed impact of sub-bandgap radiation we consider state-
of-the-art PV cells and we reduce the heat load firstly by reflecting sub-
bandgap radiation and calculate the gain 4z (%re) With respect to the operating
temperature reduction at typical outdoor conditions (see Fig. 5.9). The results
shown in Fig. 5.9 concern the two extremes, i.e., IBC and Al-BSF cells, where
we assumed encapsulation with EVA, Tedlar and soda-lime glass covers. The
thickness of each of those layers is as discussed in the caption of Fig. 4.8 and
in Section 4.5 also shown in Fig. 5.11(a).
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Fig. 5.9: Encapsulated (with EVA, Tedlar and soda-lime glass cover) IBC (a), (c), Al-BSF-
based (b), (d) cells and the corresponding operating temperature, AT, (a), (b) and relative
efficiency , 4n(%re),change (c), (d) with the addition of sub-bandgap reflection (1.107-4
um) (compared to the conventional case without filtering sub-bandgap radiation), as a
function of the combined conduction-convection nonradiative heat transfer coefficient,
hcop, @nd the ambient temperature, Tamp. The dashed vertical lines indicate the most
common occurring natural convection conditions that correspond to wind speeds of 0.75-
4.3 m/s (where hepottom=5 W/M?/K, vbottom~0.75 m/s [126]).
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It is clear that the reflection of sub-bandgap radiation is a highly efficient
approach for reducing the operating temperature in crystalline silicon-based
PVs, due to the relatively high parasitic absorption from the PV modules at
that regime, consistently with Refs. [16,98,134]. Specifically, the temperature
reduction and gain reach values of ~3.2-6.4 K and ~1.0-1.9%, respectively,
for the IBC cell case, and ~4.3-8.7 K, ~2.1-4.1%, respectively, for the Al-BSF
cell. These results indicate that there is still room for improvements in the solar
cell technology, taking into account that STC conditions (T=298.15 K) are
rarely met in the field. Therefore, the decreasing PV module efficiency with
higher temperatures needs to be taken into account when calculating its
performance, especially, when considering new technologies like the
promising passivated emitter and rear cells (PERC) [135].

Interestingly, contour plots of Fig. 5.9 depict an opposite tendency
compared to that of Fig. 5.4 (showing the impact of a blackbody cooler). The
impact from adding sub-bandgap reflection slightly declines with increasing
ambient temperature. Reflecting sub-bandgap radiation increases the intercept
term —Patm(Tamb)—Psolar,neat (@ssuming a constant Psolarneat) in Equation (4.8).
When hc increases, the impact of temperature reduction and gain decreases in
a non-linear manner, which is consistent for both cases.

Reducing the texture steepness resulted to a device temperature reduction
by ~1 to 10 K but the absolute efficiency also declines by ~0.1 to 2.4% due to
the absorption degradation also at the beneficial spectral wavelength range
(~<1.107 um). The related results are shown in Fig. 5.10.
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Fig. 5.10: (a) Temperature, (b) efficiency dependence on the texture steepness (texture
angle: 0-60°) of both front and rear cell surfaces for the encapsulated Al-BSF cell case at
Tamb:300 K

5.5 FILTERING ULTRAVIOLET RADIATION

Photovoltaics are currently the fastest-growing solar technology [6]. Still, to
be economically viable, they need to operate consistently at outdoor
conditions and to be reliable for at least 25 years [136,137]. A commercial
PV’s degradation is mainly attributed to the degradation of the eminent
polymer encapsulant ethylene-vinyl-acetate (EVA) copolymer, employed as
adhesion layer/layers between the cells [see Fig. 5.11(a)]. The photochemical
processes caused by light, such as photodegradation, lead to the alteration of
the primary structure of the polymer, due to the breaking of the chemical
bonds in its main chain, initiating unwanted reactions [131]. Such
photochemical processes are a major material-degradation factor resulting
even to reduced transmission from the EVA (yellowing) and thus harming
PV’s performance significantly [138]. As with most photochemical processes,
the reaction rates depend on the wavelength, intensity of incident light, as well
as the temperature.

Ultraviolet (UV) radiation has been identified as the most critical factor
for the degradation of photovoltaics [131,138,139]. High energy UV photons
(0.28-0.4 pum) can break chemical bonds in the main chain of the EVA-
polymer as well as cause damage to the front surface of the silicon layer (i.e.,
defects, acting as recombination traps). As such, UV-originated cell and
encapsulant degradation comprise the highest fraction (up to an even ~70%)
of the 25-year power degradation [139] of PVs (assuming a standard 25-year
warranty of less than 20% power loss).
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Moreover, high energy UV photons (~0.28-0.4 um) result in significant
heat dissipation (often called thermalization losses [94], see also Section 4.2)
that increases the PV temperature and thus decreases its efficiency, at least for
silicon-based PVs; this is due to the excess of the UV photon energy relative
to the semiconductor’s bandgap energy.

Therefore, several approaches have been emerged for blocking UV light.
The most common approach is employing UV absorbers which are either
photoactive chemicals (having though finite lifetimes due to photothermal
oxidative degradation), or low iron (Fe) glasses [140] doped with cerium (Ce)
(which are subject to oxidation, leading to absorption also of other beneficial
parts of the spectrum and thus to PV performance reduction [131]). A more
direct solution, by Kempe et al. [140] and Li et al. [16], is the utilization of
antireflection coatings to reflect UV light.

However, reflecting UV light leads also to reduced light transmission
inside the cell resulting in less photocurrent and thus to a negative impact on
the PV efficiency. Given the above, it is essential to examine and evaluate the
currently unexplored total impact of the UV spectrum (wavelengths from
~0.28-0.4 um) on the efficiency of a solar cell considering all UV associated
and competing effects, i.e., the increase of the photocurrent and the increase
of the temperature (due to the high thermalization losses in the cell and the
high parasitic absorption from EVA encapsulant).

In this respect, in the present study we consider realistic commercial
crystalline silicon IBC PVs (among the ones that are currently in the market
of solar cell technology [88]) and evaluate in detail the total impact of the UV
radiation on the PV efficiency, as we have thoroughly discussed also in Ref.
[84]. For this evaluation we employ the thermal-electrical co-model described
in Chapter 4, which calculates the solar cell steady-state temperature (for a
given incident power, materials, and environmental conditions), as well as its
efficiency as a function of temperature, taking into account all the major
intrinsic processes affected by the temperature variation. These processes
include the material-dependent radiative and non-radiative-Auger
recombination of electron-hole pairs, which is a major cause for the voltage
decline and the subsequent efficiency decrease of PVs operating at elevated
temperatures. Employing our model, we explore the impact of the UV
radiation (on the PV temperature and efficiency) by gradually reflecting it (by
100%), starting from a wavelength equal to 0.28 um - where the highest
thermalization losses occur, up to a given, critical wavelength 4, and we
evaluate the critical wavelength Ar as to achieve maximum temperature
reduction and maximum efficiency.
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Fig. 5.11: (a) Schematic of the silicon-based PV module investigated in this work showing
the different layers along with their thickness. The material parameters and the
absorptivity/emissivity data of the PV module in the optical spectral range are the same as
in Ref. [141]. (b) PV temperature and (c) efficiency change associated with the reflection
of the incident UV radiation for the system of (a), for a reflection wavelength range from
0.28 um to Ar. For all cases, the ambient temperature is equal to 298 K. To mimic typical
outdoor conditions, we assume an irradiance level (Irrl) of 40% (of the “AM 1.5G”
standard sunlight spectrum [55]) and a combined nonradiative heat transfer coefficient,
he, equal to 20 W/m?/K (black lines), lrrl=100%, h.=20 W/m%K (blue lines), and
Irrl=100%, hc=10.6 W/m%K (red lines). The green dashed line in (c) indicates the EVA
absorption. The two black/red dashed vertical lines correspond to two different A of
0.363/0.37 wm and 0.375/0.393 um, where we observe the maximum efficiency
improvement and the limiting point, where the efficiency remains unharmed for the
conditions of the black/red curve case. The orange and blue filled areas in (b) and (c)
correspond to the normalized “AM1.5G” standard sunlight spectral irradiance and photon
flux, respectively.

Figure 5.11 shows the PV temperature change [Fig. 5.11(b)] and the PV
efficiency change [Fig. 5.11(c)] resulting from total reflection of the solar
energy from 0.28 pum to a parameter (critical) wavelength A, as Ar varies from
0.28 um to 0.45 um, i.e., covers all the emitted by the sun UV spectrum. For
the temperature and efficiency calculations, we assumed that the PV operates
at outdoor conditions, with T.my=298 K. To capture the effect of the variant
environmental conditions we assume three different cases, (i) an irradiance
level (Irrl) of 40% (of the “AM 1.5G” standard sunlight spectrum [55]) and a
combined conduction-convection nonradiative heat transfer coefficient, he,
equal to 20 W/m?/K (black curves), a value corresponding to strong wind
climates, (ii) Irrl =100%, hc=20 W/m?/K (blue curves), and (iii) Irrl =100%,
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hc=10.6 W/m?/K (red curves), i.e., weak wind climates. The orange and blue
areas in Fig. 5.11(b) and Fig. 5.11(c) correspond to the normalized “AM1.5G”
standard sunlight spectral irradiance and photon flux respectively and the
green dashed curve in Fig. 5.11(c) indicates the EVA absorption.

As seen in Fig. 5.11(b), reflecting incident radiation always leads to a
temperature reduction (compared to the primary PV, i.e., without UV
reflection), as expected. Interestingly though, reflecting UV radiation up to a
specific wavelength leads to an increase (~0.1%) rather than a decrease of the
PV efficiency, despite the reduction of potential carriers. For instance, in Fig.
5.11(c), for 0.28-0.39 um, the efficiency change obtains positive values in the
red curve case. In other words, the detrimental impact of the high EVA
absorption [green dashed line in Fig. 5.11(c)] in this regime and of the
thermalization losses seem to overcompensate the positive impact of the
additional potential carriers generated by the UV [see the blue area in Fig.
5.11(c)].

Moreover, the impact of reflecting certain UV wavelengths on the
device’s temperature and efficiency varies for each of the different cases
depicted in Fig. 5.11, due to the alteration of the environmental conditions that
affect the power-temperature relation and thus the steady-state operating
temperature (see Section 4.2) [141]. Climates with lower wind speeds, e.g., hc
<13 W/m?/K, are expected to allow higher cut-off wavelength A and hence
higher temperature reduction. For instance, assuming a broader reflection
wavelength range, with A, =0.393 um [see right vertical red line in Fig. 5.11(b)
and Fig. 5.11(c)], the PV could operate at an up to ~2.3 K lower temperature
compared to Ar =0.37 pum, but its performance is not sacrificed only for the hc
=10.6 W/m?/K, Irrl =100% case [where the efficiency change remains positive
as seen in Fig. 5.11(c) - red curve]. In implementing a practical approach,
though, to cut parts of the UV spectrum, given that A can be specified only
during the manufacturing procedure, it is essential to calculate a Ar which will
be robust in respect to the variant environmental conditions as well as the
various characteristics of commercial PVs.

Next, we calculate such a constant/fixed cut-off reflection wavelength, 4,
for Tamp=298 K, he =20 W/m?/K, and a lower irradiance level (40% ofthe “AM
1.5G” standard sunlight spectrum [55]), which is the worst-case scenario
studied (black curves of Fig. 5.11). Calculating Ar by requiring maximum
temperature reduction (without harming efficiency) we obtain Ar =0.375 um;
requiring the maximum possible efficiency increase (for the above-mentioned
environmental conditions) the resulting cut-off reflection wavelength is A
=0.363 pm.
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Figure 5.12 presents the impact of the UV reflection on temperature [Fig.
512(a)] and efficiency [Fig. 5.12(b)] for a PV operating outdoors for different,
typical environmental conditions, i.e., as a function of the combined
conduction-convection coefficient. The UV reflection is the total reflection
(i.e., 100%) in the wavelength range from 0.28 pum up to the two cut-off
reflection wavelengths A specified above (solid curves correspond to 4, =0.363
um, assumed for maximum efficiency, and dashed-dotted curves correspond
to Ar =0.375 pm, assumed for maximum temperature reduction). Additionally,
in Fig. 5.12 we examine the impact of the UV reflection on the PV temperature
and efficiency for thicker silicon layer (W=500 um — black), higher Tamp (313
K - purple), and an irradiance level 100% (Irrl=100% — red) and a much lower
one (Irrl=40% — orange).
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Fig. 5.12: (a) PV temperature reduction and (b) efficiency increase associated to the
reflection of the incident UV radiation for a wavelength range from 0.28 um up to 2,=0.363
um (solid lines) and 2,=0.375 um (dashed-dotted lines) for ambient temperature Tamp=298
K, in respect to the nonradiative heat transfer coefficient, h, for the system of Fig. 5.11(a).
The figures show the impact of the UV reflection for an irradiance level (Irrl) 100% (UV
— red lines), and a much lower one (Irrl=40% — orange lines), and for different PV
characteristics, like higher silicon thickness (W=500 um —black lines), Tams=313 K (purple
lines).

As seen in Fig. 5.12, reflecting UV radiation up to A =0.375 um leads to an
efficiency increase by up to ~0.15% [dashed-dotted red in Fig. 5.12(b)].
Additionally, the temperature reduction compared to the primary PV, i.e.,
without UV reflection, can reach values up to ~2.2 K [dashed-dotted red in
Fig. 5.12(a)]. Assuming a narrower reflection wavelength range (4 =0.363
pum) results in slightly higher efficiency [compared to the Ar =0.375 um case -
see solid and dashed-dotted lines in Fig. 5.12(b)] for more windy climates (hc
>13 W/m?/K), but with slightly (up to ~0.5 K) higher operating temperature
[see solid and dashed-dotted curves in Fig. 5.12(a)]. Moreover, as seen in Fig.
5.12, the results are robust, even for different PV or environment
characteristics met in commercial PVs operating outdoors. The PV operating
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temperature can be reduced by up to ~2.2 K [see Fig. 5.12(a)], taking into
account all cases, due to the UV reflection, without decreasing the efficiency
[see Fig. 5.12(b)]. We expect an even higher impact from UV reflection in
PVs with high electrical-power - temperature coefficients (common value of
~-0.45 %/K), as well as in top contact solar cells, where there is additional
parasitic absorption from the metallic top contacts (thus higher room for heat
elimination), in concentrated systems and space photovoltaics, and in PVs
with lower than unity internal quantum efficiencies [142] (collected carriers -
absorbed photons ratio) in UV.



TOWARDS REALISTIC
IMPLEMENTATIONS

6.1 INTRODUCTION

Following the first demonstration of photonic daytime radiative cooling, by
Raman et al. [51] in 2014, appropriate passive radiative coolers were designed
compatible with PV systems, mainly Si-based PVs, that allowed above-
ambient radiative cooling through enhanced thermal emission in the mid-IR
[15,71-73], but at the same time increased the visible light transmission
towards the PV cell. Zhu et al. [73] theoretically examined a relevant
microphotonic design; a two-dimensional (2D) square lattice of silica
pyramids (20 um depth, 4 um periodicity) and a 100-pm-thick uniform silica
layer, on top of a bare undoped silicon wafer. This photonic thermal emitter
nearly approached the maximal radiative cooling capability for solar cells,
resulting to a temperature reduction of 17.6 K compared to the bare silicon
and 4.5 K compared to a silicon covered by a 5-mm-thick uniform silica.
Moreover, due to its small thickness compared, e.g., to the 5-mm-thick silica
cooler, the pyramid does not reduce solar absorptivity in silicon (related to the
non-negligible amount of absorption in the solar wavelength range for a
realistic thick glass). Later, Zhu et al. [15] fabricated a 2D photonic crystal
(PC) on top of a solar absorber (with a structure that emulated the behavior of
a real silicon solar cell) which consisted of periodically placed air holes (~10
um depth, ~6 pum periodicity — using photolithography) of non-vertical
sidewalls in silica. The nonvertical sidewalls of the holes resulted in a gradual
refractive index change which provided effective impedance matching
between silica and air over a broad range of thermal wavelengths that persisted
even for large angles of incidence. Moreover, this visibly transparent thermal
black-body led to the increase of the absorbed solar power in silicon due
mainly to the enhanced transparency from the top surface. A temperature
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reduction of 1.3 K was reported compared to the flat silica. Assuming no
increase of solar absorption with the implementation of the photonic cooler,
the temperature reduction could reach values of ~2.8 K on average.

Both photonic coolers described above demonstrated remarkably
enhanced emissivity in the mid-IR compared to flat silica; still, their
manufacturing scalability may be an issue. Jaramillo-Fernandez et. al [72], in
2019, proposed an inexpensive solution for the cooling of buildings, helping
to reduce the global-energy consumption due to refrigeration. A novel method
of sedimentation based on vertical deposition was used to grow a scalable,
thin, 2D colloidal cooler comprised of silica microspheres (~8 um diameter)
self-assembled on a soda-lime glass. This above-ambient radiative cooler on
top of a silicon slab was placed inside a polystyrene box to minimize
conduction losses and lateral convection, and temperature measurements were
conducted outdoors. The temperature of the silicon wafer was found to be 14
K lower during daytime when covered with the cooler, reaching an average
temperature difference of 19 K when the structure is backed with a silver layer.
In comparison, the soda-lime glass reference used in the measurements
lowered the temperature of the silicon by just 5 K. The results of Ref. [72]
indicate the significance of passive radiative cooling and the potential for
reducing the global-energy consumption by utilizing scalable radiative
cooling approaches; however, despite the use of silicon, they are not directly
related to solar cells where air convection is vital due to the increased thermal
load. In addition, the reflection introduced by the closely packed silica spheres
slightly reduced the transparency in the optical range, implying reduced
photocurrent and hence potentially deteriorated efficiency in the case of solar
cells.

To address this issue, Linshuang Long et. al [74] proposed a photonic
cooler comprising of well-designed silica pillar-micro-gratings with a
simplified structure as solar-transparent and radiatively cooling thin coating
for solar cells. The well-designed grating, with a total thickness of 3.1 um (2.3
um pillar height — fabricated with plasma-enhanced chemical vapor
deposition, photolithography, and reactive ion etching processes) when placed
on top of a doped silicon wafer increased Si absorptivity through anti-
reflection, yielding a ~18.7 % absorption enhancement in the optical regime.
Additionally, spectrometric measurements showed that the SiO, micro-
gratings atop doped silicon wafer could remarkably enhance the infrared
emittance within the atmospheric window. The maximum temperature
decrease provided by the micro-grating coating compared to the bare doped
silicon was approximately 2 K, despite the increased solar absorption, and
~0.5 K compared to the silicon covered with a flat silica film case. Recently,
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Cho et al. [143] proposed a scalable, on-chip, thin radiative cooler. To achieve
high and broadband thermal emission, they fabricated hexagonally arrayed (8
um pitch) holes (7 um deep, 6 um diameter), realized by submicron-thick
(0.5/0.3 wm) SiO2/AlOx double shells resulting to a hollow cavity film. When
placed on top of a silicon wafer, the film exhibited a large emissivity, of ~0.8
at omnidirectional incidence (0—80°), as well as >0.73 Si absorptivity,
yielding a ~19 % solar absorption enhancement compared to a bare Si wafer.
Finally, Wei Li et al. [16] proposed a 1D photonic crystal consisting of 45
alternate AlO3, SiN, SiOz, TiO> thin-film layers that could be implemented
as a retrofit to current photovoltaic modules. This photonic coating layer was
designed to be placed on top of a PV and simultaneously reflect part of the
solar spectrum that does not contribute to the photocurrent, i.e., the UV, sub-
bandgap parasitic absorption, and further enhance the beneficial optical
absorption and the thermal emission in the mid-IR. This combined approach
is particularly important, since the infrared performance of common
antireflection coatings that only increase PV’s transmissivity [122], and hence
do not provide sub-bandgap reflection, may have detrimental thermal effects
[123]. With the structure of Wei Li at al., the perspective of PV-coolers with
a double-role has been demonstrated; both increasing the solar cell optical
absorptivity and also reducing the operating temperature of the device up to
~5.7 K [16].

As concluded from the above, despite the fact that radiative cooling
strategy seems appealing to lower the PV temperature, still its impact on
realistic PVs is not clear and quantified. Previous studies described examine
solar absorbers emulating the behavior of a silicon solar cell rather than actual
commercial PVs, where also the transformation of part of the solar energy to
electrical energy or its loss via other mechanisms or in other PV encapsulants
has to be taken into account. Moreover, the enhanced thermal emittance of
soda-lime glass (often utilized as a cover glass in PVs) compared to silica is
not taken into account, neither a photonic-cooler’s impact on the efficiency
rather than on only the temperature of a commercial PV. Several studies
conclude that the key to achieve economically feasible radiative cooling and
performance enhancement in PVs is to pursue additional improvements, e.g.,
to employ cost-friendly materials with high hemispherical emittance and
optical transparency [16,61,144]. Yet, not many studies examine this direction
and provide quantitative results [145,146], i.e., towards efficiency
enhancement in realistic commercial solar cells. Additionally, most currently
proposed radiative coolers consist of a micro-structuring that is often sub-
optimal for other spectral regimes besides 8-13 pum, such as 0.3—1.1 pm, where
a much smaller structuring size is required.
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In this chapter, we apply the theory presented in previous chapters in the
case of realistic photonic coolers to evaluate their impact on realistic
commercial crystalline silicon-based PV architectures. In doing that,
exploiting the proposed coupled electro-thermal modeling described in
Section 4.2, we quantify and distinguish the thermal and optical efficiency
gains and the negative heat impact on PVs’ efficiency by implementing each
of the proposed radiative coolers. The main aims of the photonic coolers’
design optimization process were the reduced complexity and fabrication
feasibility on one hand, and on the other hand to enhance the cooling gain that
arises by the photon management both at the optical regime (i.e., by reflecting
sub-bandgap and UV radiation and further enhancing beneficial optical
absorption) and at the thermal mid-IR wavelengths (~4-33 um).

With the above goals in mind, in the first part of this chapter (Sections 6.2
and 6.3), we seek to improve the radiative cooling through the utilization of
2D photonic crystal (PC) slabs (i.e., 2D periodic structures of finite height -
see Chapter 2). This way, the complexity of the experimental realization may
be reduced (compared for example to more complex 2D or 3D PCs) as well as
a variety of fabrication techniques (i.e., photolithography and reactive ion
etching processes, direct ultrafast laser nano/micro-structuring, plasma-
enhanced chemical vapor deposition) may become available, providing
structures even with an increased durability [15,73,74,85,147,148]. Both of
these requirements (reduced complexity and increased durability) are essential
for the potential implementation in PVs. The 2D PCs employed here consist
of three promising radiative cooling materials, namely fused silica, soda-lime
glass and polydimethylsiloxane (PDMS).

In the second part of this study (Section 6.3), we incorporate at the PV
systems one-dimensional PC (i.e., multilayer) solar (UV/sub-bandgap)
reflectors, which also enhance the beneficial optical absorption by increasing
the visible light to go through and reach the PV cells at ~0.367-1.107 um. To
maintain simplicity, the maximum 1D PC layers’ number is <20,
demonstrating even an efficient radiative cooler/reflector consisting of only
10 layers. An advantage of the 1D PCs is that they can be implemented as a
PV coating and hence do not require any modification of the standard
encapsulated cells. The chosen materials comprising the 1D PCs are common
non-absorbing materials in the optical regime (~0.367-2.5 um), already
utilized in solar cell applications, with a high index contrast (see Section 6.3).

Finally, in the last part of this chapter (Section 6.4), we demonstrate a thin,
simple, single-material (glass), scalable photonic scheme/cooler design,
comprising of properly superimposed 2D micro- and nano-gratings. This thin
radiative cooler when placed on top of a doped Si wafer results to both
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enhanced solar absorption efficiency and enhanced thermal radiation
emission, considerably larger compared to that achievable through the
previously reported approaches in literature. Cooler’s impact on realistic solar
cells was also examined, surpassing any previously reported results in the
literature.

6.2 PHOTONIC/PHONONIC BACKGROUND: THE ORIGIN
OF THE EMISSIVITY ENHANCEMENT

The aim of this section is to study the physical mechanisms related to the
emissivity enhancement that can be provided by the periodic patterning of the
glass surface of the encapsulated cell, i.e., the formation of a grating. As
already discussed in Section 3.3, for bulk polar materials the electromagnetic
propagation inside the polaritonic bandgap (between wio and wto) is
forbidden. Taking advantage of the flexible tunability of the lattice resonances
in gratings (for the appropriate choice of the grating’s periodicity [see
Equations (2.12) and (2.14)]), surface states at frequencies within polar-
materials’ polariton gap (surface phonon polaritons) can couple to propagative
waves in the far-field, hence enhancing the thermal radiation emission.

To analyze and illustrate the emission enhancement by periodic gratings
imprinted on glass we employ gratings of 1D periodicity for simplicity. The
simplest grating case that can be considered is a surface with a pure sinusoidal
modulation, that is f(x) = hsin(k,,x) (see Fig. 6.1), where h is the
amplitude (or height) of the modulation, and kg, = 2m/a is the primitive
reciprocal lattice vector. Following the dispersion relation of SPhPs (surface
phonon polaritons) [for the unperturbed case (in the planar surface limit), see
Equations (2.12) and (2.14)] and RAs (Rayleigh anomalies) the optimal
periodicity was set at 8 um for which the surface states, i.e., the resonances
provided by the periodic patterning/grating, were located inside the polariton
gap. (We note though that even if there is no momentum restriction on
coupling to radiation, radiative coupling may still be unallowed or inefficient
[38].) Figure 6.1(a-e) shows the emissivity for TM-polarized light (incident
electric field perpendicular to the grooves) for varying amplitudes of 0 (flat
case), 0.3, 0.6, 0.75 and 1.0 um of the sinusoidal grating, respectively, as a
function of incident photon frequency and of the component of the wavevector
parallel to the surface in the x-direction (see top left inset of Fig. 6.1). The
parallel wavevector is given by k,, = (2m/2,)sin® where 6 is the angle of
incidence from the normal. To elucidate the emissivity changes when we
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apply the surface modulation, we also plot the dispersion relation of the SPhP
(white dashed lines — m=x1,2, where m is the number of the relevant spatial
harmonic) and RA modes (red dashed lines — m=%1), given by Equations
(2.12) and (2.14).
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Fig. 6.1: (a) Calculated emissivity for (a) h=0 um (flat), (b) h=0.3 um, (c) h=0.6 um, (d)
h=0.75 um, (e) h=1.0 um as a function of frequency in THz and in-plane wavevector. The
top-left inset shows the picture of the grating that is a surface with a pure sinusoidal
modulation.

For the case of flat silica [Fig. 6.1 (a)] there is no coupling to any surface
mode, as it is expected, since, there is not enough momentum. For h=0.3 um
up to even h=0.75 um [Fig. 6.1(b-d)], the grating can be considered a slight
perturbation of the planar interface. This can be verified by the electric field
distribution (real part of E; component) shown in Fig. 6.2(a) where the
characteristic SPhPs’ electric field oscillations parallel to the interface are
depicted. As a result, the resonant SPhP wavelengths that manifest as an
absorptivity/emissivity peak inside the polariton gap are very close to those
calculated from Equation (2.13).
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Fig. 6.2: (a) Scattered field at 10=9 um and 6=0° for the h=0.6 um case in Fig. 6.1. (b)
Normalized (relative to the incident field, Eo) distribution of the squared amplitude of the
electric field, at 20=9.3 um and 6=0° (left), 10=9.0 wm and 6=0° (right) for the h=1.0 um
case in Fig. 6.1.

We note that the required scattering of the second order (m=+2) SPhPs must
be a 2-kgx event. On purely sinusoidal gratings, which possess no 2-kgx Fourier
component in their grating profile, this scattering process is mediated by
multiple scattering events, which are very weak. Since this scattering
amplitude is so weak, no emissivity enhancement (compared to the flat) takes
place for the +2 scattered SPhPs. Furthermore, as the grating’s amplitude
gradually increases, the coupling of the localized edge modes associated to the
individual microgrooves [see the localized fields at the microgrooves edges in
Fig. 6.2(b) (right)] to the two RAs yields the left and right resonances (see red
lines in Fig. 6.1). (We note that the amplitude dependence is also related to
the conducting substrate influence which may introduce coupling between the
microgrooves, suppressing both LSPhRs and RAs [149].)

The results in Figs. 6.1, 6.2 highlight the existence and hybridization of
two types of resonances in silica gratings, which have been identified in the
literature for the case of the similar in behavior metallic gratings in the optical
regime [150]. One type of resonance is primarily an SPhP with the E-field as
shown in Fig. 6.2(a) for example. The second type concerns localized
resonances with fields confined at the array elements' edges [see Fig. 6.2(b)
(right)]. When these resonances are tightly confined and do not hybridize with
the SPhP-type resonances, they are characterized by flat (dispersionless)
bands in the (ki, ®) photonic band diagram of the periodic structure [150]. In
other words, the position of the corresponding spectral emissivity feature does
not depend on the incidence angle. Intermediate scenarios where the localized
modes hybridize with the SPP-type resonance leading to dependence of the
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emissivity peak on the incidence angle are seen in Fig. 6.1(c-e) for example.
As a result, the low emissivity at ~8-9.5 um (polariton gap), associated to
silica’s phonon-polariton excitation [see, e.g. Fig. 6.1(a)], is significantly
suppressed even with a simple sinusoidal modulation due to the multi-
resonance excitation and coupling of the surface modes [see Figs. 6.1(d-e)].
Aside from periodic patterns that sustain waveguide-type modes, deep
subwavelength periodic structures may also be important for passive radiative
cooling, depending also on the material properties. The main reasons are that:
1) they sustain localized modes associated with high local fields in the vicinity
of the array elements, resulting in increased absorptivity/emissivity (see also
Section 2.6). This follows directly from Poynting’s theorem for power
dissipation [14] [A~|E|?]. ii) Localized modes are characterized by flat
(dispersionless) bands, i.e., they show no dependence on polar angle (note that
the realistic radiative cooling through the atmosphere is affected by both the
glass real spectral emissivity and by the decline of glass emissivity with polar
angle). iii) Lossy localized modes may provide broadband wavelength
coupling (many radiative loss routes, i.e., scatter light to various directions).

6.3 COMPARATIVE STUDY

In this section, we propose and evaluate realistic photonic coolers and examine
how close the realistic implementations can come to the maximum potential
of the radiative thermal management in commercial solar cells, i.e., how close
to the ideal implementation of simultaneously all the cooling approaches
described in previous chapters. Several photonic cooler designs suitable to
solar cell applications have been analyzed. Here, for our comparative analysis
we discuss the five most promising ones, which we name as S1 (S: silica), G1
(G: soda-lime glass), P1 (P: PDMS), S2 (S: UV, sub-bandgap), U2 (U: UV),
and we highlight and distinguish the gain that arises in one case mostly by the
photon management at the mid-IR [i.e., case (1): S1, G1, P1] and in the other
case at the optical regime [i.e., case (2): U2, S2].

S1 cooler is a 2D photonic crystal slab on top of the PV [i.e., on top of the
encapsulated cell with the EVA (0.46-mm-thick) and glass (3.2-mm-thick)
wafers] which consists of 2D periodically placed stripes in silica (2.2 um
depth, 2.0 um width, 8 um periodicity) [see left top structure of Fig. 6.3(a)].
The 2D crystal lattice diffracts the SPhPs into the far field for both TM and
TE polarizations (see Section 6.2), resulting to a high emissivity window at 8-
13 um [see Fig. 6.3(c)] that persists even for large angles of incidence [see
Fig. 6.3(d)]. This visibly transparent thermal black-body leads also to a slight
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increase of the absorbed solar power in silicon due mainly to the reduced
reflectivity from the top PV surface [see Fig. 6.3(b)]. Moreover, the sparse
periodic placement of silica stripes suppresses detrimental scattering effects
that could increase PVs reflectivity in the optical range.

G1 cooler consists of deep-sub-wavelength periodically placed cylindrical
pillars in soda-lime glass on top of the PV (2.2 um depth, 65 % filling factor,
1.2 um periodicity) [see right top structure of Fig. 6.3(a)]. The high local fields
associated to the sub-wavelength pillars in conjunction with soda-lime glass
enhanced absorption result to an almost ideal emissivity enhancement and to
a much better angular response than S1. The optical response is also improved
compared to S1 [see red versus green line in Fig. 6.3(b)]. The presence of the
micron-pillars induces a gradual transition of the effective index from air to
soda-lime glass that yields an improved impedance matching [147,151].

P1 is a two-layer polymeric structure that could potentially constitute a
very promising PV radiative cooler due to its simplicity [see bottom structure
in Fig. 6.3(a)] [145]. A thicker polymeric layer (~100 to 200 um thickness) is
responsible for the thermal emission in mid-IR and is made of PDMS, a very
efficient radiative cooling material [75]. Its impact on the thermal wavelengths
in the mid-IR was demonstrated in Ref. [145]. To enhance the optical impact
of the cooler on the cell efficiency, we place on top of PDMS (n~1.429) a
second layer, that is a thin-film polymeric layer (~0.12 pum thickness) with a
refractive index of n~1.39, acting as an antireflection layer in the optical
regime [see gray line in Fig. 6.3(b)]. A common inorganic material with a
similar refractive index (n~1.38) is MgF2, however, its utilization results to a
slightly lower emissivity in mid-IR, which is attributed to material’s polariton
gap at ~>16 um. We note that discovering rigid polymeric thin-films of lower
refractive index would result to a more efficient antireflection property.
Indicatively, for PDMS or glass covers the optimal refractive index for the
thin index-matched layer is n~1.225 and the optimal thickness is ~0.12 pm.
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Fig. 6.3: (a) lllustrations of a 2D-PC-slab cooler (S1) consisting of silica (top left), a
subwavelength cooler (G1) consisting of soda-lime glass (top right) and a two-layer
polymeric cooler (P1) consisting of PDMS (n~1.43) and a thin antireflection layer on top
(n~1.39) (bottom middle). (b) PV reflectivity spectra of the S1 (green line) and G1 (red
line) photonic coolers in comparison with the polymeric cooler, P1, (gray line) and the
conventional case (soda-lime glass - blue line) (Jec noted vertical dashed line indicates Si
absorption band edge) and (c) their emissivity spectra over the thermal wavelength range
in mid-IR. (d) Average emissivity between 8 and 13 um (the atmospheric transparency
window) plotted as a function of polar angle, & (°), for the S1 (green line) and G1 (red line)
photonic coolers in comparison with the polymeric cooler, P1, (gray line) and the
conventional case (blue line).

The other two cases considered here (S2, U2) concern PV devices covered
by UV and/or sub-bandgap reflectors, which are one-dimensional photonic
crystals (PCs) [see Fig. 6.4(a)]. These 1D PCs consist of alternating thin layers
of common, i.e., already utilized in solar cell applications, non-absorbing
materials in the optical regime (~0.367-2.5 um), with high index contrast; such
reflectors can be placed on top of the PV without requiring further
modifications in the standard encapsulated solar cell geometry. Following the
pioneering works of Refs. [16,134], layer thicknesses and materials are
applied with aperiodic arrangement, since aperiodicity compared to periodic
structures effectively suppresses reflection oscillations at the beneficial
spectral wavelengths, which is vital for solar cells. Specifically, S2 consists of
9 alternating SiO> — TiO- thin layers and a single Al>Os layer on top for anti-
reflection purpose. As shown in Fig. 6.4(b) (see cyan versus blue line), this
1D PC acts as an efficient antireflection coating at ~0.36-1.107 pum, providing
also significant UV and sub-bandgap reflection. This approach is particularly
important, since the common antireflection coatings that only increase PV’s
transmissivity, and hence do not provide UV or sub-bandgap reflection, may
have detrimental thermal effects [123]. Moreover, the materials selected for
S2 maintain higher emissivity compared to the conventional soda-lime glass
at the atmospheric window [Fig. 6.4(d)].
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The last photonic cooler discussed here [U2 — see Fig. 6.4(a) right] was
designed also taking into account that a properly designed UV reflector may
also provide PV gains and temperature reduction (see Section 5.5) [84].
Effectively reflecting (i.e., up to a certain wavelength) UV radiation may be
particularly important for conventional PVs with UV-absorbing encapsulants
[see Fig. 4.8(b)], since the UV reflection increases considerably the lifetime
of the PV, which is one of the main goals of the photonic cooling studies. UV-
reflector coolers may also be particularly important for 2" and 3" generation
solar cells consisting of sensitive materials like perovskites, polymers, etc.,
and for solar cells that exploit the sub-bandgap radiation, like tandem solar
cells or up-conversion layer-solar cell systems. The proposed UV reflector
(U2) [84] consists of 18 alternating SisN4 — MgF thin layers, of 13-105 nm
thickness, respectively, and a single top layer of MgF. with 155 nm thickness
for antireflection purpose. The materials selected maintain higher emissivity
compared to the conventional soda-lime glass at the atmospheric window [Fig.
6.4(d)] and optimal UV reflection, increasing at the same time PV’s
transmissivity at the beneficial wavelengths [see orange versus blue line in
Fig. 6.4(b)].
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Fig. 6.4: (a) lllustrations of two 1D photonic crystals for reflection of UV and sub-bandgap
radiation. S2 (left structure, in a cyan rectangle) consists of alternating SiO, — TiO; thin
layers and a single layer of Al,Os; on top. U2 (right structure, in an orange rectangle)
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consists of 19 alternating SisNs — MgF, thin layers. (b) PV reflectivity spectra when
integrating S2 (cyan line) and U2 (orange line) on the top surface of the PV, in comparison
with the conventional case (flat soda-lime glass on top PV surface - blue line) and (c) their
emissivity spectra over the thermal wavelength range in mid-IR. The two black dashed
vertical lines correspond to two different ) 0f 0.363/0.375 um where we observe the
maximum efficiency improvement and the limiting point, where the efficiency remains
unharmed (see Section 5.5). (d) Average emissivity between 8 and 13 um (the atmospheric
transparency window) plotted as a function of polar angle,  (°), for the S2 (cyan line) and
U2 (orange line) in comparison with the conventional case (blue line).

As seen in Figs. 6.3(c), (d) and 6.4(c), (d) the 1D PCs exhibit lower emissivity
than the 2D PC (S1), the subwavelength (G1) and the polymeric (P1) coolers
at the thermal mid-IR wavelength range for all polar angles. On the other hand,
the 1D PCs provide a direct heat extraction, calculated as ~94.4 W/m? (~49
%) (S2), ~18.9 W/m? (~65%) (U2) out of ~192.9 W/m?, ~29.2 W/m?,
respectively, through the reflection of the parasitic UV and sub-bandgap solar
absorption in optical [see Fig. 6.4(b)].

Further, we investigate the impact of the above discussed photonic
“cooling” structures on the efficiency of the encapsulated silicon PV modules;
this is done through current-voltage (J-V) calculations [see Equations (4.1),
(4.2) and (4.6)]. To illustrate this impact, we present here the thermal, optical
and total gains for the structures of Fig. 6.3 and 6.4, calculated from
Aﬂthermal(%rel) =A7]Voc(%rel) +A77FF(%rel) ) Ai’lopti cal (%rel) =A7]JSC (%rel) )
Anrotal(Yore) =Anthermal(Yorer) +An optical(Yorer), respectively. The calculation was
done by solving Equation (4.8) assuming Tamp=273, 300, 318 K and
corresponding wind speed of ~4.3, 1.25, 0.25 m/s, to mimic mild, common
and severe environmental conditions, for the PV operation, respectively. The
impact of each cooler on the thermal, optical and total gain is shown in Fig.
6.5, in comparison with an ideal cooler (11) for case (1) (see first paragraph of
current Section).
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Fig. 6.5: PV gain [47otal(Yorel) =Athermal(Yore) +Anoptical(%orer)], relative to the conventional
PV (with a flat soda-lime glass on the top surface), arising by the implementation of the
photonic coolers described in Figs. 6.3, 6.4, for three different environmental conditions
(denoted by the dots — see main text). The gains are decomposed into thermal
[4ntherma(Yorer)] @nd optical components [A#opiical(%rer)], by solving Equation (4.8) [see also
Equations (4.1), (4.2) and (4.6)]. The diagonal lines show contours of equal total gain. The
higher thermal gain corresponds to the higher Tam, and lower wind speed case.

Despite the increased solar absorption provided from the photonic structures
relative to the conventional flat glass (and hence the associated increased
thermalization losses that result to higher heat dissipation in the structure), due
to the increased top surface transmissivity in the wavelength range within the
absorptive band of silicon, the operating temperature can still be reduced
significantly (compared to the conventional PV), up to ~3.9 K (~-2.8 K to -
3.9 K), ~0.3 K (-0.2 K to -0.3 K) for S2, U2, respectively, and ~0.5 K (0 to -
0.5 K), ~0.9 K (0 to -0.9 K), 1 K (~-0.2 K to -1.0 K) for S1, G1, P1,
respectively. Thermal together with optical gains (due to solar transmission
enhancement) can reach values of up to ~+3.7 % (~+2.6 to +3.7 %), ~+1.8 %
(~+1.7 to +1.8 %) for S2, U2, respectively, and ~+0.6 % to +0.9 %, ~+1.9 %
to +2.4 %, ~+1.4 % to +1.8 % for S1, G1, P1, respectively, leading to higher
absolute efficiency values by ~0.6 % (S2) and ~0.4 % (G1) with respect to the
conventional PV. Interestingly, aiming primarily for an enhanced thermal-
emitter-cooler compared to an optical-reflector-cooler leads to an ~0.2 %
absolute efficiency decrease. We note that the ideal implementation of both
reflecting UV, sub-bandgap radiation and further enhancing the beneficial
absorption in optical and the emissivity in mid-IR results to gains of ~+5.6 to
+10.2 %, taking also into account the different environmental conditions (+1.2
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to +1.7 % in absolute values) and temperature reductions of ~4.0 to 10.6 K,
implying sub-optimal cooling, heat dissipation and absorption efficiency in
commercial photovoltaics.

From the results shown in Fig. 6.5, it is clear that the most efficient
approach for PV efficiency enhancement is the reflection of the sub-bandgap
radiation, due to the relatively high parasitic absorption from the crystalline
silicon-based PV modules at that regime (see also Section 5.4). Moreover, we
see no detrimental effects (no negative gains) for all cases discussed here,
despite the increased PV absorptivity with the implementation of the radiative
coolers, due to the improved thermal effect. Comparing S1, G1, P1and I1 [i.e.,
ideal case (1)], shows that enhancing mid-IR radiative cooling in conjunction
with increasing PVs’ optical transmissivity is beneficial. In fact, many studies
examining radiative cooling for solar cells note that a photonic cooler should
also provide an increased transmissivity in optical, for this cooler to be
economically feasible. Additionally, the cooler’s hemispherical emittance
must well-exceed that of conventional glasses [61]. Here, comparing the
vertical “stretching” of the lines of Fig. 6.5 corresponding to S1, G1, P1, I1,
we provide evidence that these requirements can be achieved by utilizing
appropriate materials in conjunction with appropriate photonic designs. For
instance, in Fig. 6.6, we depict the impact of material’s enhanced
hemispherical emittance, by assuming for S1, G1, I1 cases conventional
transmissivity in the optical regime (prefix H: hybrid coolers — this way PV’s
thermal enhancement is exclusively due to the enhanced thermal radiation)
and also adding a new polymeric cooler (HSP1) by applying at the highly
efficient PDMS radiative cooling material the same photonic patterning as S1.
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Fig. 6.6: (a) Temperature change and (b) thermal gain [4#therma(%re)] arising from the
photonic coolers of Figs. 6.3 and 6.4 assuming for all cases conventional transmissivity in
the optical regime (prefix H: hybrid coolers). An additional polymeric cooler is added,
which is a structured PDMS cooler (HSP1) with the same patterning as S1. We assume
three different environmental conditions (denoted by the dots) same as in Fig. 6.5. (c)
Emissivity spectra and (d) average emissivity between 8 and 13 um plotted as a function of
polar angle, 6 (°), for the S1 (green line) and G1 (red line) photonic coolers in comparison
with the photonic/polymeric cooler, HSP1, (assuming the same patterning as S1, see inset)

(gray line).

Apparently, polymeric coolers show advantages towards this direction, i.e.,
providing increased hemispherical emittance [see Fig. 6.6(d)] (and potentially
solar transmissivity) due to their low refractive index, in addition to the
manufacturing scalability that is an important factor in PV technology [68].
Employing chemical additives or coatings [152] may also improve their
outdoor performance, although, already thin polymer films with extended
outdoor lifetime are available [153].

6.4 THIN NANO-MICRO-GRATING COATING FOR SOLAR
CELLS

As already discussed in Section 6.1, due to the increased thermal load in solar
cell devices, studies aim to further enhance materials' emissivity in the thermal
wavelength range, usually by applying a photonic patterning resulting in a
surface structuring in the micro-scale. Although most of the proposed
structures in literature exhibit an almost perfect blackbody emissivity, their
implementation in the solar cell industry depends also on their fabrication
feasibility and cost-effectiveness. Manufacturing scalability is also an
important factor. A way to achieve economically feasible radiative cooling is
to pursue of additional improvements, e.g., to employ radiative coolers with
enhanced transparency in the optical range and radiative cooling at the same
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time [144]. However, most of the proposed radiative coolers are too thick
(>100 pum) with a micro-structuring that is often sub-optimal for other spectral
regimes besides 8-13 pm, such as 0.3-1.1 um, where a much smaller
structuring size is required.

In this section, aiming to address the aforementioned issues, we propose
a scalable, few-micron-thick, and simple, single-material (glass) radiative
cooler based on the superposition of properly designed in-plane nano- and
micro-scaled periodic patterns on glass (see Fig. 6.7). We show that such a
cooler can result to enhanced PV device performance (optical, thermal,
electrical), arising from the combination of optimal surface nano- and
microstructures for each spectral regime of interest (i.e., 0.3-1.1 um and 8-13
um). The combined efficiency gain is because the micro-grating's response in
the mid-IR is not affected by the nano-grating (which controls the optical
response) and vice versa.

In the first part of our studies we assume that the thin glass nano-micro-
structured cooling grating, which is a two-dimensional grating (for achieving
polarization insensitive response), is placed on top of a Si wafer [see Fig.
6.7(a)]. The silicon wafer is assumed p-type heavily-doped with a dopant of
boron and resistivity of 0.0013 Q cm [154]. (This way we take into account
the substantial emissivity of crystalline silicon solar cells in the mid-IR
[16,74].) For such a structure a variety of fabrication techniques are available
[24,74,143,147,155]. To achieve enhanced mid-IR emissivity, our grating is
imprinted in soda-lime glass, a common encapsulant material in solar cell
applications, with permittivity as given in [156]. The microstructured grating
has a pitch of am=8 pum, a height of hm=2.2 um, a width of wn=2 pum, and a
thickness of t=1.5 um, as shown in Fig. 6.7(a).
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Fig. 6.7: (a) Schematic of the nano-micro-structured glass grating coating atop of a doped
Si layer, and a vertical cross-section of the micro-unit-cell. (b), (c) Normalized (relative to
the incident field, Eo) distribution of the squared amplitude of the electric field at .=8.7
um, 6=0° in (b) for a flat 3.7-um-thick glass film on top of Si (left), the microstructured
glass grating on top of Si (middle), and the nano-micro-structured glass grating on top of
Si (right) cases, and 2=0.58 um, =0° in (c) for the flat Si (left), flat 1.5-um-thick glass film
on top of Si (middle), and the nano-micro-structured glass grating on top of Si (right) cases.

The resulting emissivity at the atmospheric transparency window (8—13 um)
is shown in Figs. 6.8(a) and 6.8(b), where a significant enhancement compared
to bare Si and a flat glass film is demonstrated, which is maintained even for
larger incidence angles (e.g. larger than 60°). This enhancement is related both
to the excitation of localized resonant modes in the pillars of the grating as
well as to the lattice effect that excites collective in-plane surface states [see
Fig. 6.7(b)] for both s- and p-polarization. Such states arise from arrays
satisfying the Bragg scattering condition, i.e., the array period « and the free
space wavelength /o obey the Equation (2.11), a(Ve £ sinf) = 11, where ¢
is the dielectric constant of the optical medium, | is an integer, and @ is the
angle of incidence.
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Fig. 6.8: Absorptivity/emissivity spectra of the radiative cooler shown in Fig. 6.7(a), in (a)
thermal and (c) solar wavelengths, compared to a bare doped silicon and a Si covered by
a 3.7-um-thick glass film. (b) Angular dependence of the average emissivity at 8-7/3 um
(averaged over wavelength) for the systems of (a). (d) Absorbed fraction of solar radiation
at 0.3-1.1 um weighted by the AM1.5G spectrum [55].

On top of the microstructured grating, and in order to achieve an enhanced
transparency in the optical wavelengths compared to a flat-glass film, we
superimpose a two-dimensional nanostructured grating with a pitch of «,=0.5
um, a height of h,=0.21 pm, and a width of w,=0.13 pm. (Such structures may
be quite easily realized by laser induced nanostructuring [147,155,157,158];
therefore their potential for light harvesting in solar cells is worthy to be
examined.) The resulting broadband transparency (anti-reflectivity),
compared to bare Si [see Figs. 6.8(c), 6.8(d)], arises from two main effects.
Firstly, the presence of the glass film (even flat glass) reduces the reflection at
the air/Si interface. This is verified in Fig. 6.7(c). This reduction comes from
interferences within the thin film implied by the oscillations of the
corresponding absorption curve [see Fig. 6.8(c), green lines] [74]. Secondly,
the resonant response of the nanostructured grating and the associated strong
scattering result also to reduced reflection at the air/glass interface and thus to
further absorption enhancement in Si [see Fig. 6.7(c) and Fig. 6.8(c—d)]
[147,151,159] (note that glass practically does not absorb at those
wavelengths).

The optimized nano- and microstructured gratings indicate that each
case's optimum size differs by over an order of magnitude. Moreover,
comparing the E-field intensity in Fig. 6.7(b) middle and right indicates that
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the impact of the micro-grating in mid-IR is not affected by the nano-grating.
Both results validate the idea of superimposing nano-micro-structured
gratings for enhancing device performance. Overall, the nano-micro-
structured grating exhibits a high mid-IR emissivity of >0.85 [at 0—60° — see
Fig. 6.8(b)] as well as >0.79 (0—60°) Si optical absorptivity [see Fig. 6.8(d)],
yielding a ~25.4 % solar absorption enhancement (at 0.3-1.1 um), compared
to a bare Si wafer. The Si absorption enhancement in the optical wavelengths
provided by the proposed nano-micro-structured grating is considerably
higher than that of the scalable thin radiative coolers proposed in the literature,
with values of ~19.0 % (compared, e.g., to the coolers proposed in Refs.
[74,143]).

The enhanced emissivity provided by the nano-micro-grating at the
atmospheric window implies improved device thermal response. The change
in the bare Si wafer's steady-state temperature (A7) when we incorporate the
glass nano-micro-grating radiative cooler is calculated [by solving Equation
(3.1) for Pnet(T)=0] and plotted in Fig. 6.9(a). The nonradiative heat-transfer
coefficient, he, was taken in the range of 5.5-12 W/m?/K, corresponding to
wind speeds of 1-3 m/s [74,143], and the ambient temperature in the range of
0-44 °C.
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Fig. 6.9: (a) Calculated steady-state temperature change, 4T(°C), with the implementation
of the nano-micro-structured grating on top of a bare doped silicon wafer, as a function of
the conduction-convection coefficient, h,, and the ambient temperature, Tamp. (D)
Calculated steady-state temperature of Si with nano-micro-structured grating (red), and
bare silicon (blue)] versus the solar heating power, for he = 12 W/m?/K (corresponding to
natural convection) and 30, 50 W/m?/K (corresponding to forced convection or actively
cooled systems).

The temperature decrease provided by the nano-micro-grating coating (of
equivalent/average thickness 2.46 um) compared to the bare doped silicon is
approximately up to 5.8 °C, and up to 0.2 °C compared to the flat 3.7-um-thick
glass film case, despite the augmented solar absorption by 164.8 W/m? and
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36.1 W/m?, respectively. Indicatively, for silicon-based solar cells, a
temperature decrease by 1 °C could increase the efficiency by ~0.45 %ye,
while the aging rate doubles if the temperature increases by 10 °C [10]. As
shown in Fig. 6.9(a), the positive impact of the nano-micro-grating coating on
device temperature increases as outdoor temperature increases; it further
increases (in a nonlinear manner) as hc decreases, indicating the greater
importance of radiative cooling in severe environmental conditions (e.g., high
temperatures with low wind speeds), in particular when convective cooling is
not adequate.

Another evaluation of the nano-micro-grating cooler is given in Fig.
6.9(b), where we plot the device temperature in the case of the nano-micro-
grating atop of doped silicon (red) compared to bare Si (blue), as a function of
the solar heating power of the device ranging from 250 to 2200 W/m? [to
roughly estimate the cooler impact also in concentrated PV systems (CPVs),
where the absorbed solar power reaches values higher than 1000 W/mZ].
Indicatively, depending on the conditions (clouds, humidity), the expected
heat output of a crystalline solar cell under peak unconcentrated solar
irradiance (1000 W/m?) can reach values higher than 250 W/m? up to
approximately 730 W/m2. We observe that the temperature reduction, coming
from the implementation of the radiative cooler, scales up almost linearly with
the solar heating power. Even in the case of low-concentration systems and
high he, i.e., 30 and 50 W/m?/K, which correspond to actively cooled systems,
the temperature reduction can reach values of ~6.2 °C and ~2.9 °C,
respectively. Results in Fig. 6.9(b) demonstrate also the increased impact of
passive radiative cooling in CPVs, due to their higher absorbed solar powers
and high device temperatures that develop (>80 °C) [16]. (Temperature
reductions due to radiative cooling have been reported already in CPVs by
using a conducting surface area larger than the cell itself [146].) Despite their
high operating temperatures, CPVs constitute promising candidates for
efficient and cost-effective energy harvesting due to their high efficiencies,
induced by incorporating low-cost concentrator lenses, and the associated
lower electrical-power-temperature coefficients compared to conventional
PVs. Our results demonstrate that radiative cooling can play a significant role
in the case of CPVs, given that it can be employed efficiently in conjunction
with other nonradiative cooling techniques, such as backside finned heat
exchangers with/or forced air convection.

In the second part of our studies regarding the nano-micro grating cooler,
we examine its impact on both the temperature and the efficiency of a realistic
encapsulated IBC-PV system [see Fig. 6.10(b)] by solving Equation (4.8).
Comparing the optical absorptivity and the mid-IR emissivity of the
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encapsulated IBC cell without and with the nano-micro-grating cooler [see
Figs. 6.10(a), (c), (d)], one can see already the high impact of the grating on
the absorption and emission properties of the PV. This impact, as shown
below, is translated to lower PV operating temperatures and enhanced
efficiencies.
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Fig. 6.10: (a) Absorptivity spectra of the encapsulated IBC cell (green, see main text) and
of the encapsulated cell with the glass nano-micro-grating on top of it (red). (b)
Conventional material stacking of the encapsulated crystalline silicon-based IBC solar
cell. (c) Emissivity spectra of a 3.2-mm-thick PV glass (green) and of the proposed nano-
micro grating cooler assuming a semi-infinite glass substrate (red), and (d) angular
dependence of the average emissivity at 8-13 um.

In Fig. 6.11 we depict the impact of the glass nano-grating, the glass micro-
grating, and the glass nano-micro-grating when applied on the encapsulated
IBC cell [Fig. 6.10(b)], on the operating temperature and efficiency change
(comparing to the conventional cell - with the flat-glass). Additionally, we
compare with two common glass antireflection coatings (glass ARCs), which
are a 99 nm porous SiO layer (ARC;:) and a thin low-index MgF2 layer
(ARCy), with data extracted from Ref. [160]. The PV is assumed to operate
under the following environment conditions (from Ref. [145]): illumination
under the AM1.5G spectrum (1000 W/m?), Tamp=30 °C, hciop=10 W/m?/K
(~1.2 m/s wind speed), hepottom=5 W/m?/K (~0.8 m/s wind speed).
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Fig. 6.11: The change in the operating temperature (a) and efficiency (b) of the IBC PV of
Fig. 6.10(b) resulting from the implementation of the only nano-, only micro- and nano-
micro gratings of Fig. 1(a), compared also to that of two conventional antireflection
coatings (glass-ARCs). The parameters shown in the legends are explained in the main
text.

As seen in Fig. 6.11(a), the operating temperature increases with the
implementation of ARC1, ARC,, and glass nano-grating. This temperature
increase is due to the enhanced optical absorption associated with the
increased heat dissipation within the Si absorption band range (0.28-1.107
um), often called thermalization losses, as well as the increased unwanted
absorption at the sub-bandgap range (1.107—4 pm). On the other hand, the
glass micro-grating results in a temperature reduction of ~0.6 °C due to the
improved thermal response in the thermal wavelength range in the mid-IR.
Interestingly, the implementation of the combined nano-micro-grating still
results in an operating temperature reduction (~0.1 °C) rather than an increase,
despite the increased optical absorption [at 0.28-4 um — red line in Fig.
6.11(a)]. (Note that if one assumes zero optical absorption enhancement, the
temperature reduction would be slightly higher.)

In Fig. 6.11(b), we plot the relative efficiency increase (gain), An(%rel),
with the implementation of each radiative cooler. Namely, we calculate the
optical gain, Azoptical(%rer), assuming conventional (flat glass) PV emissivity
in the thermal wavelengths in the mid-IR. Accordingly, we calculate the gain
due to the emissivity enhancement in the mid-IR, Anmid-ir(%rer), by assuming
flat glass absorptivity in the optical. For the total gain, A#ntota(%rer), We take
into account both the optical and the mid-IR responses from each cooler. As
seen in Fig. 6.11(b), substantial optical gains arise for the cases of the glass
nano- and nano-micro-structured gratings, considerably higher than those of
conventional glass ARCs. Indicatively, the glass nano- and the glass nano-
micro-structured grating achieve optical gains of ~2.8 % compared to ~1.0 %
and ~1.4 % of ARC; and ARC:, respectively. Moreover, the glass nano-micro-
grating provides additional gain due to the enhanced emissivity in the mid-IR
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[see Fig. 6.10(c),(d)], resulting to total gain of ~3.1 %. Examining different
environmental conditions (different he and Tamb), we found that the efficiency
increase, An(%re), compared to the conventional case, is always higher than
2.96 %.

In conclusion, in this last section of Chapter 6, we have demonstrated that
the superposition of properly designed in-plane nano- and micro-scaled
periodic patterns in a thin, glass radiative cooler on top of a Si-based solar cell
can significantly enhance solar cells’ performance. The microscale patterning
enhances cooler’s performance in the atmospheric transparency window (8—
13 um) while the nanopatterning further enhances the optical radiation
absorption (i.e., in the Si absorption band: 0.3-1.1 um). The combined
enhancement is possible because the emissivity enhancement provided by the
micro-grating in the thermal wavelengths is not affected by the nano-grating
and vice versa. We evaluated the impact of the proposed nano-micro-
structured grating on the temperature and absorption efficiency of a
commercial PV and we found a relative efficiency increase higher than 3.0 %,
performance surpassing any previously reported results in the literature. Thus,
our findings in the present section can significantly impact the PV industry, as
well as other radiative cooling applications. Moreover, the proposed combined
double- or multi-periodic patterning approach is a simple, single-material and
scalable approach, suitable for all devices affected by photon management at
different wavelength ranges/scales.
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CONCLUSIONS

7.1 CONCLUSIONS AND OUTLOOK

In this work we examined and discussed the physical mechanisms and
requirements for cooling radiatively selected state-of-the-art silicon-based
photovoltaics (PVs). Besides radiative cooling, common photonic strategies
for reducing radiatively heat generation within the PV cell, such as ultraviolet
and sub-bandgap reflection, were also examined and their detailed impact on
the PV temperature and efficiency was evaluated. This was done by deriving
and employing an opto-electro-thermal modeling which takes into account all
the major intrinsic processes affected by the temperature variation in a PV
device. The accuracy and applicability of our model was tested through
comparison with experimental data provided by PV manufacturers concerning
highly-efficient cells with interdigitated state-of-art type back contacts (IBC).

Employing our model, we showed that the main reason of the efficiency
decrease due to the heating in crystalline silicon-based PVs is the increased
electron-hole nonradiative recombination at elevated temperatures, which in
turn reduces the quantum efficiency, QE, defined as QE=Jrad/(Jrad+JInrad) With
Jrad/nrad the radiative/non-radiative recombination current density, resulting to
decreased open-circuit-, and maximum-point-voltage. To reduce this effect
realistic photonic coolers were designed and their impact on the operating
temperature and PV efficiency was evaluated and compared with “ideal”
structures, i.e., perfect thermal emitters and UV/sub-bandgap reflectors. The
main conclusions of this task are that one-dimensional (1D) photonic crystals
(PCs) acting as UV/sub-bandgap-reflecting coolers may improve the thermal
effect in PVs considerably, increasing this way the PV yield and lifetime.
Considering the impact of harmful UV radiation on the lifetime of PVs, we
showed that implementing a photonic approach to effectively (i.e., up to a
certain wavelength) reflect it, may provide an effective alternative to the
existing costly techniques for screening UV, without sacrificing PV
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performance or even increasing it. Interestingly, the proper design of the
reflectors-coolers, even without requiring a high number of layers in the case
of 1D PCs (i.e., ~10), provides further efficiency gains, arising by the
increased photocurrent due to the improved transmissivity at the beneficial
wavelengths in the optical regime.

Regarding the impact of radiative cooling in mid-IR we found that
enhancing radiative cooling is an efficient approach for enhancing PVs
performance if combined with cost-friendly materials and sophisticated
photonic designs that simultaneously enhance the hemispherical emittance
and the transparency in optical range. Polymeric coolers show advantages
towards this direction due to their low refractive index, in addition to the
manufacturing scalability. Their reliability though related to dust or moisture
should be examined. Moreover, we demonstrated that 2D PC slabs seem to be
promising candidates for the realization of cost-effective radiative cooling in
solar cells. Important advantages of these photonic designs are their simplicity
compared for example to the more complex 2D or 3D photonic crystals as well
as the high hemispherical emittance that arises from the photonic patterning
of the materials. Additionally, because of the lattice effect, the 2D PC slabs
are both shape- and material-independent further facilitating this way the
fabrication process considerably. Our study also demonstrated that the
utilization of double-periodic, thin radiative cooling coatings can significantly
enhance solar cells’ performance. The combination of properly designed in-
plane nano- and micro-scale periodic patterns on top of thin glass films or on
top of realistic photovoltaics can result to an optimum transparency in the
optical and an optimum emissivity in the mid-IR, simultaneously.
Specifically, the microscale patterning enhances cooler’s performance in the
atmospheric transparency window (8—13 um) while the nanopatterning further
enhances the optical radiation absorption (i.e., in the Si absorption band: 0.3—
1.1 um). These findings pave the way for cost-effective radiative cooling in
solar cells and therefore can significantly impact the PV industry, as well as
other radiative cooling applications.

Utilizing photonic approaches for the thermal management in PVs
constitutes a quite robust strategy to increase the PV efficiency, in respect to
the varying operating conditions and the various characteristics of crystalline
silicon-based PVs. Gains were always present especially when convective
cooling is not adequate. Moreover, for all cases (all realistic photonic coolers
examined), we report no detrimental thermal effects despite the increased
optical absorption associated with increased thermalization losses.

The main advantage of radiative cooling and heat reduction techniques
compared to conventional cooling approaches is the passive operation.
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Temperature reduction can reach values of ~2.8 to 3.9 K (~-4.0 to -10.6 K
ideally) with no extra energy input and without increasing the complexity of
the PV design significantly. Nowadays, a hybrid photovoltaic/thermal (PV/T)
solar system is one of the most common methods for cooling the photovoltaic
panels [12,161]. It consists of photovoltaic panels combined with a cooling
system and it actually combines the solar cell technology, i.e., solar to
electrical energy conversion, and solar thermal technology, i.e., solar to
thermal energy conversion. The cooling agent, water or air for example, is
circulated around the PV panels for cooling the solar cell, and the warm water
or air leaving the panels may be used for domestic applications such as
domestic heating. The integrated cooling systems such as backside finned heat
exchangers with/or forced air convection (active cooling) or active water
cooling have shown to decrease the solar cell temperature by even more than
~10 degrees [161]. It is also shown in the literature that using water as a
coolant is more effective than using air. Hence, the goal is to minimize the
amount of water and energy needed for cooling the solar panels. This
practically means that there is a compromise between the output energy from
the PV panels and the energy needed for cooling [12]. It could be possible to
integrate radiative cooling in PV/T systems for harnessing electrical and
thermal energy simultaneously. For instance, the fluid used for cooling returns
to a water tank that is often buried into the ground to avoid solar heating.
Incorporating fluid cooling panels that harness radiative sky cooling may
result in a significant reduction of the energy consumed in the case of PV/T
systems [162].

Finally, it is important to note that the radiative cooling effect may
potentially play a significant role in thermal management of concentrating PV
systems (CPVs) (more than 1 sun), since its impact linearly scales up with the
solar heating power. In CPVs, higher temperature reductions than in
conventional PVs due to radiative cooling, have already been reported, by
using a conducting surface area larger than the cell itself [146,163]. Therefore,
radiative cooling may be employed efficiently in conjunction with other
nonradiative cooling techniques for the case of CPVs [16]. Moreover, other
optoelectronic devices such as thermoradiative cells, thermoelectric
generators (TEGS), thermophotovoltaics or automobiles can also benefit from
radiative cooling due to the asymmetric radiative heat exchange of the device
with the environment.

The modeling technique proposed in the present study can be extended
and describe any other state-of-the-art solar cell system, i.e., multi-, mono-
crystalline silicon solar cells, as well as the emerging thin-film PV
technologies like the organic or the organic-inorganic-perovskite solar cells
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consisting of sensitive materials. This can be done by arbitrarily modifying
cell’s quantum efficiency (ratio of the radiative recombination rate to radiative
and non-radiative) appropriately, independently of the nature of the
recombination process. Properly applying the radiative cooling strategy could
pave the way towards commercialization of different novel solar cell
technologies and materials.
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SUPPLEMENTARY RESEARCH:
PLASMONICS-INDUCED ABSORPTION IN
THIN-FILM DEVICES

9.1 INTRODUCTION

Lastly, in the general context of light-matter interaction enhancement, we
explore light control via plasmonic resonances. The plasmonic resonance-
induced strong scattering or electromagnetic field enhancement in the active
layer can counteract the short interaction time with the incoming wave in thin-
film devices and thus improve the absorption efficiency for various
applications.

In the present thesis, aside from conventional silicon-based PVs, we
additionally explore emerging PV technologies such as the highly efficient
metal halide perovskite-based thin-film solar cells, which are promising routes
for reducing the levelized cost of electricity [7]. As we show in the appended
publication entitled “Efficient and environmental-friendly perovskite solar
cells via embedding plasmonic nanoparticles: an optical simulation study on
realistic device architectures”, the short interaction time of the incoming light
in perovskite thin-films can be counteracted via plasmonic-induced light-
trapping schemes. For instance, confining light in space, or inducing strong
scattering of light, providing access to guided modes, are promising routes to
enhance the absorption efficiency in perovskite thin-film solar cells.

Finally, we demonstrate that sensing applications can also be benefited
from plasmonic enhancement. Structuring metal surfaces on the nanoscale has
been shown to alter their scattering response, inducing, e.g., strong absorption
peaks, own to the excitation of surface plasmon resonances. Consequently, we
conduct a thorough numerical analysis to gain physical insight on how the key
structural parameters affect the optical response and identify the designs
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leading to strong absorption resonances with broad/narrow spectral and
angular bandwidths, both of which are highly desirable in practical
absorber/sensing applications. The details of the pertinent research are given
in the appended publication entitled “Perfect optical absorption with
nanostructured metal films: design and experimental demonstration”.
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Abstract: Structuring metal surfaces on the nanoscale has been shown to alter their
fundamental processes like reflection or absorption by supporting surface plasmon
resonances. Here, we propose metal films with subwavelength rectangular nanostructuring
that perfectly absorb the incident radiation in the optical regime. The structures are fabricated
with low-cost nanoimprint lithography and thus constitute an appealing alternative to
elaborate absorber designs with complex meta-atoms or multilayer structuring. We conduct a
thorough numerical analysis to gain physical insight on how the key structural parameters
affect the optical response and identify the designs leading to broad spectral and angular
bandwidths, both of which are highly desirable in practical absorber applications.
Subsequently, we fabricate and measure the structures with an FT-IR spectrometer
demonstrating very good agreement with theory. Finally, we assess the performance of the
proposed structures as sensing devices by quantifying the dependence of the absorption peak
frequency position on the superstrate material.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic surfaces waves coupled to free
electron oscillations [1-4]. They propagate along a metal-dielectric interface and exhibit an
exponential decay of the field components away from it [1,2,4]. Free space radiation cannot
couple directly to propagating SPPs due to the wavevector mismatch between them, i.e., the
dispersion relation of SPP waves lies on the right of the light line. Thus, the excitation of SPPs
exploiting corrugated metal-dielectric surfaces which can satisfy momentum conservation has
been a subject of continuous research.

Following the seminal work of Raether [1], metallic corrugated surfaces and gratings have
been investigated for an abundance of applications. Besides efficient coupling to propagating
SPPs [5-7], metallic gratings can be used as Bragg reflectors to route propagating signals in
guided wave circuits [8-11] or form wavelength-selective components [12-14]. In addition,
they can serve as diffractive optical elements deflecting free-space beams to the desired
direction [15,16]. Finally, they have been examined for demonstrating SPP-based sensors
exploiting the field enhancement on the metallic-dielectric interface [17,18].

In this work, we focus on a different application, that of perfect absorption. Recently-
proposed metamaterial-based perfect absorbers require elaborate designs with precisely
structured metal inclusions and/or multilayer topologies [19-25]. Achieving efficient
operation with simpler structures that do not involve elaborate fabrication techniques is thus
of high importance, as highlighted in [23]. Here, we design metal films with rectangular
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nanostructuring (i.e., binary metallic gratings with subwavelength pitch) that can perfectly
absorb incident radiation without any reflections. The structures are designed to operate in the
visible region. We propose broadband and wide-angle designs that are suitable for practical
perfect absorption applications. We subsequently fabricate selected samples using
nanoimprint lithography: a low-cost process that is particularly advantageous for producing
large scale samples, something not possible with other fabrication techniques. We measure
their optical response using Fourier-transform infrared spectroscopy and find excellent
agreement between measured and simulated data. We are thus able to demonstrate
experimentally an optical perfect absorber that offers excellent performance in terms of
absorption efficiency and angular bandwidth and at the same time is a very simple structure
that can be fabricated with a low cost fabrication technique. In addition, we find that the
spectral position of the absorption peak is sensitive to the superstrate material. As a result, we
highlight the possibility of utilizing our structures for sensing applications, thus allowing for
multiple functionalities with the same structure by properly selecting the geometrical
parameters in the design stage.

Other routes to simple and efficient absorber designs have been proposed in the literature.
One prominent example is high-impedance structures, such as the mushroom
structure [27,28]. Their main characteristic is wide-angle absorption, achieved by suppressing
the spatial dispersion (angular dependence) of the surface input impedance. Fabricating
mushroom structures for the microwave frequency regime is straightforward by means of
plated through vias on standard printed circuit boards. However, this is not the case in the
optical regime we are targeting. Another prominent example is planar, uniform multi-layer
structures comprising lossy dielectric and metal layers [29,30]. In these cases, it becomes
necessary to process different materials for covering different frequencies of operation [30].
Having a structure made of a single material that can tune its operation frequency by means
of the geometrical parameters of the patterning is thus beneficial from a fabrication standpoint.

The remainder of the paper is organized as follows: The structure under study is presented
in Section 2 along with the relevant geometrical and material parameters. In Section 3 we
conduct a thorough numerical analysis to gain insight on how the key structural parameters
affect the optical response and identify practical designs with broad spectral and angular
bandwidth. Section 4 discusses the fabrication details and presents the experimental
measurements verifying the numerical simulations. Finally, in Section 5 we quantify the
dependence of the absorption peak position on the superstrate material.

2. Geometric and material parameters

The structure under study is the binary (i.e., rectangular) grating depicted in Fig. 1. It consists
of metallic ridges of width S and height h on top of a metallic substrate with thickness t . In
the remainder of the paper we assume t =200 nm meaning that for the wavelengths of interest
(400-1200nm) the structure is opaque and no transmission is allowed. The periodicity (pitch)
is denoted by a. It is set to 400 nm (or lower) meaning that in the said wavelength range only
the zeroth diffraction order is propagating (normal incidence). For the material parameters,
the metal is silver and the relative permittivity, &, , is given by a Drude model,

& :1—a)r2) I(&” +i@y) , with plasma frequency @ =13.2-10" rad/s and collision rate

7/=43.33‘1013 rad/s [31]. The relative permittivity of the superstrate material is & and is
initially set to 1 (air).

In what follows, we assess the optical response by illuminating the structure with a plane
wave of TM polarization, H=H,Z , impinging at an incidence angle ¢ (Fig. 1). We calculate

or measure the reflection coefficient and subsequently determine the absorption through
A=1-R since transmission through the structure is zero.
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t I
Fig. 1. Binary metallic grating illuminated by a TM polarized plane wave impinging at an

incidence angle @ . All relevant geometric parameters (pitch a, ridge width s, and ridge height
h) are included. t = 200 nm throughout the paper.

3. Optical response: perfect absorption in the visible regime

For calculating the optical response we conduct full-wave electromagnetic simulations using
commercially available software (CST Microwave Studio, Computer Simulation Technology
GmbH, Darmstadt, Germany). We start from normal incidence (#=0) and vary the ridge
height, h, while keeping the width, S, constant at 250 nm. The results are depicted in Fig.
2(a). The presence of a surface corrugation results in the excitation of SPPs on the metal-
dielectric interface. This manifests as a reflection dip which translates into an absorption peak.
For h=10nm, the grating can be considered a slight perturbation of the planar interface. This

can be verified by the electric field distribution (real part of E, component) which is included
in Fig. 2(a) as an inset. As a result, the wavelength of the absorption peak is at 432 nm, very

close to 424 nm calculated from the Bragg condition, Kspp =k0\/gsin f+m(2z/a) , and
the well-known dispersion relation for SPPs on metal-dielectric interfaces [1], which for

normal incidence (¢ =0) lead to:
27 gen(w) 27
kspp =—3k0 L=_; (1)
a \j &+en(w) a

where ky =@/ ¢, is the wavenumber in vacuum and &, =1 for an air superstrate.

By increasing the ridge height the position of the absorption peak redshifts [Fig. 2(a)]. In
addition, the maximum absorption increases reaching 100% for h =20 nm, indicating that the

radiation reflected directly from the surface (the zeroth diffraction order) and the radiation
out-coupled (scattered back to the radiation zone) from the propagating SPPs are equal and
exactly out of phase. For h>30nm the absorption peak starts decreasing again since we

deviate from the condition of perfect destructive interference leading to nonzero reflection. In
addition, tuning the ridge height results in a strong variation of the absorption linewidth.
The increased absorption bandwidth observed for h=50nm in Fig. 2(a) is beneficial for

perfect absorption applications. We thus retain this height value and vary the ridge width (i.e.,
the second design parameter) aiming to increase the absorption efficiency. The results are
depicted in Fig. 2(b). Indeed, as the ridge width increases we observe an increase in the
absorption efficiency. To reveal the origin of this increase we plot the E-field norm
distribution for three characteristic values of s: 250, 350, and 375 nm. As can be seen in Fig.
2(c), as s increases the field becomes tightly confined in the slot region between adjacent
ridges. The field enhancement compared to the incident amplitude increases accordingly: 30,
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40, and 45 in the three cases, respectively. The excitation of localized slot modes in metallic
gratings has also been reported in [17,32]. The increased field enhancement associated with

squeezing the field into a smaller slot volume leads to stronger absorption (A~| E|2). We
note that for s>375nm the absorption peak starts decreasing again (not shown) as the fields

cannot be accommodated inside the nanoscale gaps.

In Fig. 2(d) we plot the maximum value of the absorption spectrum for any parameter
combination in the entire (s, h) parametric space and in Fig. 2(e) the corresponding
wavelength where it is observed. These plots can serve as a design guide for achieving perfect
optical absorption with 100% efficiency at different wavelengths by properly tuning the
geometrical parameters of the structure under study.
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Fig. 2. (a) Absorption vs wavelength when varying the ridge height, h, while keeping the width
constant at s=250 nm. (b) Absorption vs wavelength when varying the ridge width, s, while
keeping the height constant at h=50 nm. (c) Electric field amplitude at the absorption peak (red
denotes high values and blue low values). With increasing s the field becomes tightly confined
in the slot and the field enhancement increases. (d) Maximum value of the absorption spectrum
for any parameter combination in the entire (s, h) parametric space and (e) the corresponding
wavelength where it is observed.

We are now interested in the performance of the proposed structure under oblique
incidence, since this is important for practical perfect absorption applications. We first focus
on the structure with a=400nm , h=50nm , and s=375nm that featured 100%

absorption efficiency in Fig. 2(b). The incidence angle is varied up to 65° and the results are
compiled in Fig. 3(a). The absorption remains quite high; however, the position of the peak
moves to higher wavelengths and the absorption linewidth decreases. Note that as the
incidence angle increases the onset of the first diffraction order approaches the wavelength of
the main absorption peak and extra features are introduced in the absorption spectrum (lower
wavelengths). Markers in Fig. 3(a) denote the analytically calculated onset of the first
diffraction order, taking place when the respective reflected wavevector (normal component)
becomes real. It should be noted when higher diffraction orders become propagating the
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relation between reflection and absorption coefficients is modified to Azl—zm Ry, , where

index m runs through the propagating diffraction orders. In analogy with the sharp features in
the absorption spectrum when a higher reflection diffraction order becomes propagating
observed here (Fig. 3), sharp features in the transmissivity from a grating of cylindrical
particles have been associated with the emergence of a higher refraction diffraction order
in [33].

In Fig. 3(b) we alter the design: we retain the s/ a ratio constant at the optimum value
(375/400=0.9375) found in Fig. 2(b), but modify the grating pitch, a, to 275 nm. This way,
higher diffraction orders do not approach the vicinity of the perfect absorption peak near
~600nm even for very steep angles of incidence. As a result, the absorption peak shows
exceptional robustness with incidence angle: the efficiency, position and linewidth of
absorption remain unchanged for incidence angles up to 65°.

The results in Figs. 2 and 3 highlight the existence and hybridization of two types of
resonances in metallic gratings, which have been identified in the literature [32]. More
specifically, one type of resonance is primarily an SPP with the E-field located mainly on the
top surface of the ridges [see inset in Fig. 2(a) for example]. The second type concerns
localized resonances inside the metal slots. When these resonances are tightly confined and
do not hybridize with the SPP-type resonances, they are characterized by flat (dispersionless)
bands in the (k,,®) photonic band diagram of the periodic structure [32]. In other words,
the position of the corresponding spectral absorption feature does not depend on the incidence
angle, which is the case seen in Fig. 3(b). Intermediate scenarios where the localized modes
hybridize with the SPP-type resonance leading to dependence of the absorption peak with the
incidence angle are seen in Fig. 3(a) for example.
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Fig. 3. (a) Absorption vs wavelength for varying incidence angle (TM polarization) when
a=400 nm, h=50 nm and s=0.9375a=375 nm. The absorption remains high but the position
and linewidth of the peak change. (b) Absorption vs wavelength for varying incidence angle
when a=275 nm, h=50 nm and s=0.9375a= 258 nm. The efficiency, position and linewidth of
absorption remain unchanged for incidence angles up to 65°. Markers denote the analytically
calculated onset of the first diffraction order. Field distributions (real part of E, component)
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for three characteristic points: (c) At 536 nm on the 20-degree curve in panel (a). The first
diffraction order has just become propagating and is leaving the structure at grazing angle. (d)
At 621 nm on the 20-degree curve in panel (a).(e) At 625 nm on the 60-degree in panel (b).

To recapitulate, we have investigated how the key structural parameters (a, h, s) affect the
optical response of our nanostructured metal film. Observing the results in Figs. 2, 3 one sees
several opportunities for perfect absorption with the simple structure of a binary metallic
grating. However, one should be careful in selecting the optimum design taking into account
the absorption bandwidth and the robustness with incidence angle. The design in Fig. 3(b)
satisfies both of these requirements by adopting a narrow slot region for confining the fields
with increased enhancement and by opting for a short pitch value to avoid higher diffraction
orders becoming propagating in the spectral vicinity of the absorption peak.

4. Experimental verification of perfect optical absorption

Next, we fabricate and measure two different samples in order to verify our proposed
approach. Our structures were realized by means of ultraviolet nanoimprint lithography (UV-
NIL). First, typical silicon (Si) master molds were realized by electron beam lithography and
reactive ion etching steps. Each Si master mold was treated with an anti-adhesion coating to
enhance the release properties of the mold during replication steps. Subsequently a soft PDMS
(Sylgard 184, Dow Corning, USA) replica was fabricated by casting the PDMS pre-polymer
against the relief structure of Si master molds. A 10:1 ratio (precursor: curing agent) was
mixed and cured for 12 hours at 60 °C. The final PDMS mold was used as our working mold
in the UV-NIL process. A thin layer of Ormocomp resist material (micro resist technology
GmbH, Germany) was spin coated (3000 rpm for 1 min) on a silicon substrate while the
PDMS mold and substrate were brought into physical contact. Once the cavities of the PDMS
molds were filled, the assembly was exposed to soft air pressure (5bars) followed by a UV
light (365 nm) exposure for 5 sec. Subsequently, our replicated structures were coated with a
thin (200 nm) Ag layer by means of evaporation.

For the experimental electromagnetic characterization we performed FT-IR measurements
using a Bruker Vertex 70v spectrometer with a collimated beam, attached to a Bruker
HYPERION 2000 FT-IR microscope, and two calcite based Glan-Thompson linear
polarizers, providing a >500:1 degree of polarization in a spectral range of 450nm. The above
instrument was equipped with a Quartz beamsplitter and a room temperature RT-Silicon diode
detector, in order to get both transmission and reflection measurements in a spectral range of
400-900 nm (25.000 — 11.100 cm™). A total of 100 scans were acquired with a scanner
velocity of 10 kHz at a resolution of 8 cm™. The scans were coadded, apodized with the
Blackman-Harris three-term function, and fast Fourier transformed with two level of zero
filling to produce spectral data encoded at 0.2 cm™ intervals.

The measured data are presented in Fig. 4 (solid curves) for two different designs and
compared with the respective simulations (dashed curves). More specifically, Fig. 4(a)
concerns the design (a, h, s) = (400 nm, 50 nm, 375 nm) and Fig. 4(b) the design (a, h, s) =
(400 nm, 20 nm, 200 nm). In both cases, very good agreement between theory and experiment
is observed, indicating the figh quality of the fabricated samples and validating the numerical
simulations. Deviations in the absorption peak position are minimal and a slight discrepancy
in the absorption linewidth can be attributed to sample roughness. The ripple in Fig. 4(b) is
due to measuring near the limit of the FT-IR spectrometer’s range. The surface morphology
of the samples was studied by means of a field emission scanning electron microscope (FE-
SEM, JEOL JSM-7000F). The SEM image appearing as an inset in Fig. 4(b) demonstrates
that the actual dimensions of the fabricated sample are in excellent agreement with the
nominal values.
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Fig. 4 Simulated and measured reflection and absorption spectra for (a) the design (a, h, s) =
(400 nm, 50 nm, 375 nm) and (b) the design (a, h, s) = (400 nm, 20 nm, 200 nm). Excellent
agreement between simulation and experiment is observed. The SEM image inset in panel (b)
demonstrates that the actual dimensions of the fabricated sample are in excellent agreement
with the nominal values.

5. Effect of superstrate material

In this section, we investigate the effect of the superstrate permittivity on the optical response
of our proposed structure. We are interested in assessing the potential of the structure as a
sensing platform. In Fig. 5 we examine different analytes (amines, acids, etc.) relevant for
sensing applications. We focus on the design with a=400nm, h=20nm, and s=200nm

examined in Fig. 4(b) since a smaller linewidth is preferable for sensing applications. As the
superstrate permittivity changes (increases) the absorption peak experiences a significant shift
towards higher wavelengths. More specifically, the absorption peaks shifts from
App =440 nm for air, to App =700 nm for C4H1iN (&, =3.6), App =793 nm for CHCls (

& =4.8), and App =900 nm for HCI (&, =6.35). Importantly, the absorption efficiency is

retained at 100%. As a result, tracking the position of the perfect absorption peak, appearing
as a reflection dip in actual measurements, allows for identifying the permittivity of the
material covering our binary metallic grating structure.
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Fig. 5 Response of metallic binary grating with (,h,s) = (400 nm, 20 nm, 200 nm) for

different superstrate materials. The absorption peak is significantly shifted towards higher
wavelengths while maintaining 100% absorption efficiency.
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6. Conclusions

We have demonstrated, both theoretically and experimentally, perfect optical absorption
using simple metallic films with a subwavelength rectangular nanostructuring. Such
corrugated films can be easily fabricated with low-cost nanoimprint lithography and thus
constitute an appealing alternative to elaborate absorber structures. We have conducted a
thorough numerical analysis to identify the design that results in both broad absorption
bandwidth and angle-independent performance, both of which are essential traits for an
efficient absorber structure. To verify the theoretical results, two samples were fabricated and
subsequently measured with an FT-IR spectrometer; very good agreement with the numerical
simulations has been observed. Finally, we have assessed the potential of the proposed
structures as refractive index sensing devices by examining the effect of the superstrate
material on the absorption spectrum.
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Abstract: Solution-processed, lead halide-based perovskite solar cells have recently
overcome important challenges, offering low-cost and high solar power conversion
efficiencies. However, they still undergo unoptimized light collection due mainly to the thin
(~350 nm) polycrystalline absorber layers. Moreover, their high toxicity (due to the presence
of lead in perovskite crystalline structures) makes it necessary that the thickness of the
absorber layers to be further reduced. Here we address these issues via embedding spherical
plasmonic nanoparticles of various sizes, composition, concentrations, and vertical positions,
in realistic halide-based perovskite solar cells. We theoretically show that plasmon-enhanced
near-field effects and scattering leads to a device photocurrent enhancement up to ~7.3%
when silver spheres are embedded inside the perovskite layer. An even further enhancement,
up to ~12%, is achieved with the combination of silver spheres in perovskite and aluminum
spheres inside the hole transporting layer (PEDOT:PSS). The proper involvement of
nanoparticles allows the employment of much thinner perovskite layers (up to 150 nm)
reducing thus significantly the toxicity. Providing the requirements related to the design
parameters of nanoparticles, our study establishes guidelines for a future development of
highly-efficient, environmentally friendly and low-cost plasmonic perovskite solar cells.

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

Emerging halide Perovskite (CH3NH3PbX3, X= CI, Br and 1) based thin-film Solar Cells
(PSCs) have attracted significant interest over the recent years due to their remarkable
photovoltaic performance (incident solar to electrical power conversion efficiency of 23.7%).
Some of their main characteristics are the high absorption coefficient of perovskite along with
its direct band-gap property [1] and, high power conversion efficiency [2, 3] (PCE) combined
with fabrication simplicity using solution-processing techniques at room temperature [4, 5].
However, despite their high performance, there are still two major issues that must be
addressed. Firstly, a further improvement of the light collection of the PSCs should be
achieved [6, 7]. Additionally, a reduction of the PSCs’ toxicity [8], due to the presence of pure
lead (Pb) in the perovskite materials, should be attained for their further commercialization.
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A possible solution to reduce the amount of the lead is to employ perovskite absorbers thinner
than the optimum thickness [9] of about ~350 nm. However, there is a main drawback using
this approach, which is the small interaction time of the incoming wave with the very thin
perovskite layer, resulting to an unoptimized light collection and thus a reduced absorption.

One of the most promising approaches to increase the light/matter interaction time and as
a result to improve light collection in thin-film solar cells is the use of the plasmonic effect
[10]. Surface plasmons are collective oscillations of conduction electrons of metallic
nanoparticles that are excited by light at the nanoparticle interface with the surrounding
dielectric medium. Important features of the surface plasmons are that they are associated
with high local-field amplitudes and strong far-field scattering at the resonances of the
oscillations. Strong far-field scattering can increase the absorption efficiency in thin film solar
cells also by exploiting the effect of total internal reflection. This has been already
demonstrated in amorphous-silicon-based thin-film solar cells [11] and in organic solar cells
[12]. Moreover, the high local fields in the vicinity of plasmonic nanoparticles overlap not
only with metal but also with the surrounding absorbing matter resulting in increased
absorption, A. This follows directly from Poynting’s theorem for power dissipation [13]
[A~|E]]. To benefit from the above features, the parameters determining the resonance
characteristics of the plasmonic nanoparticles, i.e. the size, position or the material of the
nanoparticles and their hosting environment [14], must be carefully chosen to properly match
the plasmon resonance to the spectral properties of the solar cell’s material. Otherwise, ohmic
losses or coupling between the nanoparticles [15] can lead to increased parasitic absorption
in metal turning into heat, a behavior not desirable in solar cells.

Other routes to enhance perovskite solar cell efficiencies have recently proposed in the
literature. One prominent example is light focusing structures, such as microlens arrays
attached to the top (glass) side of the solar cell [16]. Their main characteristic was the
nanoscale light focusing from the microlens within the absorber layer by the formation of
vertical standing waves that resulted to enhanced absorption. Another prominent example is
inverted vertical-cone photonic-crystal PSC architectures that trap incident sunlight due to
parallel-to-interface refraction into slow-light modes over a broad angular range from 0 to 70
degree for both TE and TM linear polarizations [17]. These cases provided significant
absorption enhancement even up to 6% compared to the Lambertian limit; however, they
require elaborate designs and future commercialization depends on the simplicity of the cell
processing.

Already, several studies have explored the plasmonic enhancement in perovskite thin-
films [18, 19]. An additional reason for this is that metal particles dispersed inside a solution
preserve the simplicity of the PSC at processing without increasing its cost [20]. In fact, the
cost reduction caused by thickness reduction is greater than that caused by incorporating metal
particles. The main finding of the existing studies was that metal particles could improve
considerably the beneficial absorption inside the perovskite material [21]. Interestingly,
parasitic absorption in metal particles does not surpass the enhancement they provide. More
specifically, both N.K. Pathak et al. [22] and Roopak et al. [23] explored Mie theory [24] and
showed that silver, gold and aluminum nanoparticles, embedded inside a perovskite matrix,
support plasmonic resonances of high magnitude with tunable resonance frequency and width
by varying the size, shape or material of the nanoparticles. These results are very promising
since plasmonic nanoparticles can induce light incoupling to the perovskite near its band edge
(~650-800 nm) where it shows inferior photo response due to lower absorption in conjunction
with increased reflection from the perovskite at that regime [6, 7]. In this respect, broadband
absorption enhancement (>600 nm) was reported in PSCs that incorporated plasmonic gold-
silver alloy popcorn-shaped nanoparticles especially around the band-edge, between 720-820
nm. Since the excitation of plasmonic resonances is closely related to the shapes and
composition of the metal materials, irregular alloy nanoparticles with many fine structures are
conducive to support panchromatic plasmonic resonances [18]. Moreover, Carretero-Palacios
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S. etal. [25, 26] theoretically examined the effect of plasmonic enhancement by incorporating
metallic nanoparticles of different shapes, sizes, concentrations and composition in methyl
ammonium lead iodide perovskite (CHsNHsPbls) absorbing layers assumed to be supported
on a glass substrate and coated by a hole transporting material. Notably, it was shown that the
conditions for plasmonic enhancement are not very stringent, and ample ranges of sizes,
shapes and concentrations of the metallic nanoparticles give rise to an important degree of
improvement. In addition, the main conclusion was that the improvement was neatly the result
of the near optical field enhancement at longer wavelengths within the absorption band of
perovskites (~550-800 nm).

The above-mentioned studies demonstrate the possibility of improvement of perovskite
film absorption with the employment of metallic nanoparticles; it is still of great importance,
though, if they can be successfully implemented to realistic PSCs. In a real solar cell one has
to consider the interplay of metal particles with several optical mechanisms; for instance the
effect of the asymmetric environment of the PSC on the localized surface plasmon resonances
of the nanoparticles compared to a homogeneous perovskite matrix, coupling with fabry-
perrot (FP) resonances (i.e. modes that are supported by the absorbing layer due to its finite
thickness) and guided modes of the absorbing layer, interference effects and reflections
introduced by the multilayered structure of the PSC, etc., which give rise to a more complex
optical system in the neighborhood of the nanoparticles. All those effects are highly
unexplored and need careful examination as to definitively conclude on the impact of
plasmonic nanoparticles on the performance of realistic PSCs and to be able to optimize this
impact.

In this respect we aim in this paper to clarify the effect of the plasmonic nanoparticles on
the absorption properties and enhancement of realistic PSCs, with further aim to improve the
optical performance of such PSCs. We achieve this by incorporating metal nanoparticles of
different size, concentration and material (among the most standard ones, namely silver, gold
and aluminum) at different positions into the perovskite absorber or inside different layers of
the PSC (see Fig. 1). Moreover, the combined effect of nanoparticles embedded inside
different layers at the same time is examined. The aim is to (i) achieve an enhanced absorption
efficiency compared to the conventional (nanoparticles-free) PSCs and (ii) reduce the amount
of lead by either replacing perovskite material by nanoparticles or by employing thinner
perovskite absorbers, without deteriorating the absorption. The perovskite material that we
deal with in this work is the most common halide perovskite, the methyl ammonium lead
iodide perovskite (CHsNHsPbls), which has been extensively examined for solar cells. One
of its main advantages is the fabrication simplicity, while its direct band-gap of ~1.55 eV
(~800 nm, i.e. at the onset of the optical range), very close to the ideal compared to other
perovskites in which another halide is present, leads to high efficiencies. Improving further
its already good performance without increasing the fabrication cost is of high importance.

9. PSC geometrical and material parameters - Modeling approaches

Here we investigate the common inverted [27] planar heterojunction PSC geometry (see Fig.
1) where the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and the
phenyl-C71 -butyric acid methyl ester (PCBM) serve as the hole transporting layer (HTL) and
the electron transporting layer (ETL) respectively. The planar inverted (upside down
fabrication, possibly on top of flexible substrates [27]) PSC adopts the structure of organic
solar cells to fulfill the requirements of high performance as well as low-cost and easy
fabrication, where all the device layers could be deposited at room temperature through a
solution-process [4]. Additionally, since the most efficient two-terminal monolithic
Si/Perovskite tandem solar cells are based on inverted heterojunction device architectures,
their fine optimization towards the beyond 30% efficiency target is of significant importance.
The structure of the device investigated here is as follows: SiO; (1.1 mm) /ITO (100 nm)
/PEDOT:PSS (40 nm) /CH3sNHsPbl; /PCBM (50 nm) /Al (100 nm) (see Fig. 1), where the
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numbers indicate the thickness of each layer. The transparent conducting oxide (ITO: indium
tin oxide) and the aluminum back-reflector serve as the electrical contacts.

In our study the thickness of the perovskite absorber is varied among the standard lengths
of PSCs, regarding efficient absorption and photocarrier collection [9], from 150 nm to 400
nm. We note that the optimized perovskite thickness in PSCs is in the range of 280 to 350 nm
[28, 29]. Larger perovskite thicknesses suffer from long transport distance, which inevitably
intensifies adverse recombination, while smaller thicknesses are difficult to demonstrate
experimentally due to challenges involved with device fabrication and degradation in
electrical properties. However, devices with perovskite thicknesses of ~200 nm have been
realized [28] and, as mentioned above, their inadequate light absorption could be sufficiently
enhanced.

To simulate the performance of our structures the material parameters used for the
perovskite [see inset of Fig. 2(b)] and the materials of the other layers have been obtained
from Ref. [4], while those of silver, gold and aluminum from Palik [30]. Despite the
“inverted” fabrication sequence of the PSC layers, we will refer as top layers the layers at
which the sun is incident on, i.e., following this order from the top to bottom:
Glass/ITO/PEDOT:PSS/Perovskite/PCBM/AL.

PCBM 2

Perovskite x 4

PEDOT:PSS' i
ITO
Glass

Fig. 1. Geometry of the inverted planar heterojunction perovskite solar cell. The thickness and
role of the different layers of the cell are discussed in the main text.

Due to the complexity of the solar cell geometries investigated here, which include
metallic nanoparticles and highly absorbing multilayered materials, a numerical methodology
is required. To evaluate the optical performance of the plasmonic PSCs, we performed three-
dimensional full-wave electromagnetic simulations using the commercially available
software CST Microwave Studio (Computer Simulation Technology GmbH, Darmstadt,
Germany) based on the finite element method. Briefly, we assess the optical response of the
system by illuminating the structure with a plane wave source at two perpendicular linear
polarizations, TE and TM. The simulated structure consists of a semi-infinite SiO (glass)
slab, which serves as a substrate for the device fabrication, on top of the multilayered PSC.
The simulated region is terminated by unit cell (Floquet) boundary conditions at the bounded
planes perpendicular to the surface of the PSC, to investigate the effect of the periodically
placed nanoparticles, and by open-boundary (matching) conditions realized by Floquet modes
at the unbounded planes parallel to the PSCs’ surfaces. Finally, in order to obtain the angular
performance, broadband simulations were also performed for each angle of incidence varying
from 0 to 70 degrees with a step of 10 degrees.

Finally, we quantify the optical performance of the device with and without the metallic
nanoparticles by obtaining numerically the absorption in the perovskite material from which
we determine the generated current density inside the solar cell, called the illumination or
photocurrent density (Jon), given by:

Jon = 0 [ A, Pass 56D, M
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In EQ. (1) ®amisc is the photon flux density [in photons-m 2:s1-nm™] of the “AM 1.5G”
standard sunlight spectrum [31] reaching the Earth’s surface, that is considered universal
when characterizing solar cells, and A4p, q are the absorption of the perovskite material and the
elementary charge [in C] of an electron respectively. The integration takes place at 300<1<800
nm that corresponds to the range within the pass-band edges of the perovskite material.
Throughout this work, Jon is considered the most critical parameter for the performance
evaluation of the PSCs. Increasing Jpn leads to an increased current density under short circuit
conditions (Jsc) and hence increased extracted electrical power and efficiency, as long as the
approach chosen for the Jy, enhancement does not have a negative influence on the electrical
properties of the device.

In fact, the incorporation of metal nanoparticles in PSCs has been shown that not only is
not negative but under certain conditions it can act in favor of the electrical properties of the
cell. For instance, as concluded in Ref. [32], the incorporation of metal nanoparticles may
preserve or even enhance the diode characteristics of the PSC, like the open-circuit voltage or
the fill factor, due to improved transport and collection of charge carriers, as long as a more
careful design implementation is applied. Moreover, in plasmonic PSCs larger than the
expected photocurrent enhancement was found with the incorporation of core-shell
(Au@SiO,) nanoparticles [19]. However, in our study, to ensure that the involvement of
nanoparticles will have the smallest possible impact on the electrical properties of the cell, we
choose carefully the size and concentration of the nanoparticles when placed close to the
carrier transporting layers where an energy barrier for the transportation of the photo-
generated carriers can be formed; moreover, the effect of coating layers on the surface of
metal nanoparticles, which can cause electrical isolation at metal-semiconductor junctions, is
also examined and evaluated.

10. Results and discussion

In the current section we discuss the effect on the PSC photocurrent density (Jpn) of plasmonic
nanoparticles of spherical shape and of different sizes, concentrations, positions and materials,
embedded in different parts of the PSC, for the cell shown in Fig. 1. To gain insight on the
mechanisms that lead to the unexploited absorption losses, which decline the absorption
efficiency of the solar cell, and to employ a common reference system we investigate and
discuss first the pristine PSC, i.e., the cell with no metallic nanoparticles (see subsection 3.1).
Next, we discuss the effect of plasmonic spheres inside the perovskite layer of the PSC
(subsection 3.2) and demonstrate and analyze the associated increase of photocurrent density.
In subsection 3.3 we examine the effect of plasmonic nanoparticles (not only spherical but
also cylindrical ones) if placed inside the carrier transporting layers and not in the perovskite
layer. This way there is no competition between the volume occupied by the metal particles
and the perovskite material. Finally, in subsection 3.4 the combination of nanoparticles placed
simultaneously inside more than one layers of the PSC is examined, to demonstrate the full
potential of plasmonic nanoparticles if combined with realistic PSCs.

10.1 Pristine PSC

To fully understand the PSC optical response and set appropriate references, we firstly
calculate the absorption for each layer of the pristine PSC for a device as shown in Fig. 1 with
perovskite layer thickness equal to 350 nm. The result is shown in Fig. 2(a). As can be seen,
absorption in perovskite remains high along the entire optical spectrum, due to its high
absorption coefficient [see inset in Fig. 2(b)]. Interestingly, high absorption in perovskite
persists even at longer wavelengths (~750 nm), close to its band-gap edge (~750-800 nm), as
a result of its direct band-gap property. The absorption peak at A~610 nm is a FP mode arising
from the finite thickness of the perovskite slab while the second absorption peak, at A~750
nm, is a FP mode induced by the aluminum back reflector. Specifically, perovskite absorbs
75% of the maximum achievable current density (Jphsun, Obtained from Eq. (1) with Ap=1,
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integrated at 300<A<800 nm), while all the other materials of the device absorb 8%
(absorption in PCBM is almost zero along the entire spectrum). The highest fraction of the
unexploited sun spectrum is lost due to reflection and equals 17%.

1.00 1.00
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Fig. 2. (a) Absorption in each layer of the PSC. (b) Total absorption (red solid line) of the PSC,
absorption in perovskite due to the first reflection only (green dashed-dotted line). Inset:
refractive index (black line), n, and absorption coefficient (blue line), k, of perovskite
CH3;NH3PBI;.

To reveal the origin of the reflection losses we calculated both the total absorption
(perovskite absorption and the parasitic absorption that occurs at the several layers of the
device) of the pristine PSC and the absorption (Ais: = 1 —Ruq) arising from the “first” reflection
(R1st) Of the top layers of the structure. More specifically, Ris is calculated for the PSC shown
in Fig. 1 but assuming a semi-infinite perovskite layer along the z-axis without the back-
aluminum reflector and the PCBM layer. This way, the “first” reflection from the top layers
can be computationally isolated from the total reflection of the device since waves that are
not absorbed and reach the bottom surface of the structure are lost. The result is shown in Fig.
2(b), together with the refractive index and absorption coefficient of the perovskite (see inset
— data from Ref. [4]). The red line corresponds to the total absorption (both perovskite
absorption and the parasitic absorption that occurs at the several layers of the device) of the
pristine PSC (as shown in Fig. 1), which is subject to both multi-pass phenomena and
interference effects arising by the multilayer device, and the green line corresponds to the
absorption (A1 = 1 —Rig) arising from the “first” reflection. As can be seen there, the
absorption spectrum of the system is divided into two spectral regimes of different behavior.
For 2<550 nm, the total absorption of the pristine PSC follows the absorption arising from the
“first” reflection (i.e. it occurs in the first pass of the wave into the perovskite) due to the very
high absorption coefficient of the perovskite material for the corresponding wavelengths [see
inset in Fig. 2(b)]. For 2>550 nm, where the absorption coefficient of the perovskite material
is much lower, interference effects introduced by the several layers of the device of finite
thickness are now present, leading to an overall reduced absorption due to higher reflection
losses relative to the “first” reflection. These results confirm that further improvement of the
PSC could be achieved in agreement with other studies [6, 7], at the range of ~650-800 nm
where perovskite material shows inferior absorption that results to higher reflection losses
from the PSC, as well as at the range of ~350-650 nm by minimizing further the reflection at
the PEDOT:PSS-Perovskite interface. Such an improvement can be achieved by adoption of
efficient light trapping strategies, which will forbid light from escaping. As we show in this
article such a strategy is the proper incorporation of metallic nanoparticles.

Before proceeding to the incorporation of the nanoparticles we evaluate our pristine PSC
calculations by comparing with experimental data for the same device [20]. The Jy of our
simulated pristine device was calculated at 20.40 mA/cm?, very close to the experimentally
obtained current density under short circuit conditions (Jsc), equal to 20.55 mA/cm?. This
indicates that the experimental device achieves near-unity quantum yield for the generation
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and collection of charge carriers [33]. In addition, any mismatch between the simulated
sunlight and the AM1.5G standard is negligibly small. The excellent agreement of our
theoretical calculations with the experimental measurements allows us to continue with the
examination of the plasmonic PSCs while using the Juh of the pristine PSC as a reference.

10.2  Plasmonic nanoparticles inside perovskite

In what follows, we aim to investigate and clarify the effect of plasmonic nanoparticles on the
optical response of the PSC for different nanoparticle parameters and configurations. This
will allow an efficient understanding and optimization of the PSC performance. In particular,
we examine the effect of metal spheres embedded inside the perovskite layer for different
metal-material (subsection 3.2.1), sphere size and vertical position (along z-axis, see Fig 1)
(subsection 3.2.2), and sphere lateral-spacing/concentration (subsection 3.2.3), including
investigation of features which are likely to be present in a dispersion of metal particles in a
realistic PSC, i.e., random particles location and clustering, and other aspects like lattice
effects (subsection 3.2.3). Finally, in subsection 3.2.4 the consequences of shielding metal
particles with a dielectric coating or covering with organic ligands, an approach commonly
employed in realistic systems, are also assessed. In all those studies we assume a constant
perovskite layer thickness of 350 nm that is considered optimum regarding the PCE of the
PSCs [9]. The spherical shape of nanoparticles was preferred when they are embedded inside
the perovskite layer because it is associated with: (i) broadband extinction (scattering and
absorption) cross-sections of high magnitude, according to Mie theory [22], for an ample
range of diameters, along the entire spectral region near perovskite’s band edge (~650-800
nm) where it shows inferior photoresponse; (ii) significant field intensity enhancement in the
vicinity of the nanoparticle [23]; (iii) preservation of the PSC fabrication simplicity due to its
symmetric nature [34].

3.2.1 PSCs efficiency versus nanoparticle material

Optimization of plasmonic light trapping in solar cells is a balancing act in which several
physical parameters and competing factors must be taken into account. For instance, regarding
nanoparticle size, very small particles suffer from significant ohmic losses according to Mie
theory [24] whereas larger particles, while show larger scattering and smaller ohmic losses,
come at the expense of the useful host material (if their spacing is kept constant). Regarding
nanoparticle spacing, smaller spacing, associated with larger nanoparticle coupling, may favor
absorption (as it may create collective modes propagating in the perovskite), but again comes
at the expense of the active perovskite material (if particle size is kept constant). Moreover,
one has to take in to account the coupling of nanoparticles with the guided modes supported
by the perovskite layer of finite thickness and with the FP resonances induced by the
multilayer structure. Thus, the question of optimum size and spacing as to achieve higher
nanoparticle-induced PSCs efficiency does not have a trivial answer. Although the above
issues will be discussed in more detail in the next sections, while here the aim is to investigate
the effect of the nanoparticle metal/composition, it is of great benefit to start our investigation
from a nearly optimized size and periodicity setup. For that we performed a “blind”
optimization (using the global optimizer of the CST software, employing the “Particle Swarm
Optimization” algorithm), requiring maximum photocurrent density enhancement for the
plasmonic PSC relative to the pristine PSC (reference system), i.e. maximum #(%) =
((Jph,plasm=Jph.ref)/Jpn.rer)- 100, for spheres of three different metals, namely silver, gold and
aluminum. The spheres were forming a square lattice and were located exactly at the middle
of the perovskite layer along z-direction (see inset of Fig. 2b). In the optimization the
enhancement # was calculated for radius, r, varying from zero to 90 nm and lateral spacing,
L (in the x-y-plane), varying from 200 nm to 500 nm. The optimization regarding silver and
gold spheres gave larger enhancement, #, for r=40 nm, while for aluminum for r=60 nm. The
optimum lateral spacing was in all cases L~300 nm.
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To elucidate the origin of the enhancement and of the above-mentioned optimum
parameters, we calculated and plot in Fig. 3(a) the scattering and absorption cross-section for
a single silver, gold and aluminum sphere, embedded in perovskite matrix (considering here
zero absorption in perovskite). As can be seen in Fig. 3(a), in the region 700-800 nm, where
the perovskite shows inferior absorption, the silver and gold spheres (especially silver) present
much larger scattering compared to aluminum, indicating their favorable role as plasmonic
scatters in plasmonic PSCs. Indeed, this is confirmed by relevant simulations, as those
presented in Fig. 3(b).

Fig. 3(b) illustrates the absorption inside the perovskite for plasmonic PSCs that contain
silver, gold and aluminum spherical particles located exactly at the middle of the perovskite
layer with the size and periodicity for which the photocurrent density was found maximum.
As can be concluded from Fig. 3(b), the highest absorption and thus photocurrent
enhancement is obtained for silver nanoparticles. Moreover, the absorption enhancement for
the case of silver and gold nanoparticles takes place at a wider spectral range compared to
aluminum and coincides with the 2" spectral region (4>550 nm) mentioned in section 3.1,
where the absorption coefficient of the perovskite is lower.
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Fig. 3. (a) Scattering (solid lines) and absorption (dashed lines) cross-sections (Qscatt., abs) OF @
silver sphere (orange line — sphere radius 40 nm), gold sphere (blue line- sphere radius 40 nm)
and aluminum sphere (green line - sphere radius 60 nm) inside a homogeneous perovskite
matrix (here the matrix is considered with no losses and the absorption cross-section represents
only ohmic losses inside the spheres); (b) Absorption in perovskite for plasmonic PSCs with
silver (orange dashed-dotted line), gold (blue line) and aluminum (green dashed line) spheres
placed at the middle of the perovskite layer (see inset) compared to the pristine case (black
line). The radii of spheres are as in (a), and they are placed in square lattice with spacing L=300
nm.

In all cases, the origin of the absorption enhancement was that the plasmonic nanoparticles
behaved as light nano-antennas that led to strong scattering (thus to increase of the interaction
time of the field with the perovskite material) and to strong local fields (common to plasmonic
antennas) in their vicinity, inside the absorptive perovskite layer. These strong local fields are
demonstrated in Fig. 4, where the normalized distribution of the squared amplitude of the
electric field, |E|%/|Eo|? is plotted for an incident plane wave of =779 nm, at which the
maximum absorption enhancement takes place (Eo is the incident electric field). Fig. 4
demonstrates the higher local fields around the sphere for the case of silver and gold
nanoparticles compared to the aluminum case. Both high local and scattered fields make the
silver nanoparticles the optimum plasmonic material choice for the solar cell absorption
enhancement, justifying their corresponding larger enhancement factor [obtained from the
data of Fig. 3(b)], which is 3.36%, compared to 2.80% for gold and 0.25% for aluminium.
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Fig. 4. Normalized (relative to the incident field, E,) distribution of the squared amplitude of
the electric field, at A=779 nm for silver, gold and aluminum (left, central, right figures
respectively) spheres with optimum radius and periodicity for each case.

3.2.2 Vertical position and nanopatrticle size effect on the PSCs performance

Another important parameter affecting the optical response of the PSC is the depth at which
the nanoparticles are embedded inside the perovskite layer. In a homogeneous perovskite
absorbing matrix the effect of nanoparticles’ vertical position is related basically to the
absorption depth of the wave into the perovskite [25]. For a more complex environment like
in PSCs, the effect of nanoparticles’ position is not so straightforward and further analysis is
needed, given also the fact that in a realistic solar cell device the vertical distribution of
nanoparticles is difficult to control. Therefore, in this section, we vary the vertical position
(along the z-axis; see Fig. 1) of silver spheres placed in a square lattice in the x-y plane with
spacing L=300 nm (spacing for which we have found maximum solar absorption enhancement
- see subsection 3.2.1), for two radii; a smaller one, of 40 nm, and a larger, of 70 nm, to take
as well into consideration the size effect as the vertical position of nanoparticles varies. Fig.
5(a) shows the enhancement factor # (%) as a function of particles’ position along the z-
direction for r=40 nm (blue line) and r=70 nm (orange line), where Z denotes the distance of
the center of the metallic nanoparticle from the top perovskite surface. Fig 5(b) shows the
associated absorption spectrum for the case of r=40 nm for vertical distances Z;=70 nm,
Z,=175 nm (exactly at the middle of the perovskite layer), Zs=245 nm, Z,=270 nm (see right
panel in Fig. 5), compared to the case with r=70 nm and Z=Zs=100 nm, and with the pristine
PSC.
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Fig. 5. (a) n (%) as a function of Z which denotes the distance of the center of the metallic
nanoparticle from the top perovskite surface, for a periodic (in the x-y plane) system of silver
spheres with radius r=40 (blue line) and 70 nm (orange line), and periodicity 300 nm. Dashed
lines indicate the averaged # (%) for all positions for each case. (b) Absorption of perovskite
for the plasmonic PSC with silver spheres of r=40 nm placed at different vertical positions
(Z:=70 nm — orange line, Z,=175 nm — blue line, Z;=245 nm — green line, Z,=270 nm — red
line) inside the perovskite layer, as depicted at the right panel, compared to the case with silver
spheres of r=70 nm at Zs=100 nm (orange dashed line) and the pristine case (black line).
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As can be seen, the optimum vertical position is close to the top surface of the perovskite,
while the decrease of absorption efficiency going from top to bottoms is not monotonic. In
addition, silver spheres of higher radius (r=70 nm) provide higher absorption in most of the
vertical positions, and thus higher average # (%) [see dashed lines in Fig. 5(a)].

To reveal the origin of this puzzling non-monotonic behavior as we change the vertical
position of the metal nanoparticles inside the perovskite layer, we examined the electric field
intensity, |E|¥/|Eof?, for the r=40 nm case and the vertical positions shown in Fig. 5(b),
including the case of the pristine PSC. This intensity for 1=673 nm, where a substantial
absorption enhancement is observed, is plotted in Fig. 6.

For the case without nanoparticles, shown in Fig. 6(a), we see that the electric field forms
a standing wave inside the perovskite layer which arises from the fabry-perrot resonance
induced by the aluminum back reflector of the device. Analyzing the plots shown in Fig. 6,
we see that we have larger enhancement in the cases where the vertical nanoparticle position
coincides with field maxima of the standing wave, and minimum or no enhancement where
the sphere position is in the nodes of the electric field. This is easy to understand taking into
account that both the local field around the nanoparticles and the scattered field (main factors
of the absorption enhancement) are directly proportional to the input field. Thus, nanoparticles
at the field maxima experience the largest possible input field associated with the largest
resulting local and scattered fields.
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Fig. 6. Normalized distribution of the squared amplitude of the electric field, |[E/|Eof?, at
A=673nm, for the pristine PSC (a), and for a PSC with spherical silver nanoparticles placed at
the four different vertical positions shown in Fig. 5, i.e. at Z; (b), Zz (c), Z5 (d), and at Z4 (e).
Inall cases the nanoparticles radius is 40 nm and their lateral spacing 300 nm. Ey is the incident
electric field.

We noticed the same vertical position dependence when spheres of larger size, i.e., with a
radius equal to 70 nm, are placed inside the perovskite layer. Moreover, since larger spheres
are associated with smaller ohmic losses and larger scattered and near-field enhancement (as
they exploit also the quadrupole besides dipole mode), they seem to be more robust regarding
their performance associated to their vertical position [see Fig 5(a)]. Therefore, r~60-70 nm
seem to be the optimum sphere size for PSC absorption enhancement.

Interestingly, as observed in Fig. 5(a), the largest absorption enhancement for both the
r=40 nm and r=70 nm cases is observed when the spheres are placed close to the top surface
of the perovskite. The basic reason is that spheres close to the top of the perovskite behave
also as antireflection layer, directing the scattered light towards perovskite. Close to the top
of the perovskite, the larger scattering offered by the larger size particles seems to lead to
larger enhancement [see Fig. 5(b)]. We note though that if placing large metal spheres at the
top positions in perovskite, close to the interface with PEDOT:PSS, there is the risk of
increasing the interface transport resistance, and therefore a coating layer causing electrical
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isolation may be needed [35]. The presence and optical response of such a layer is discussed
in subsection 3.2.4.

3.2.3 Nanoparticles concentration effect on the PSC performance

In the current section we aim to elucidate the effect of the concentration of metal particles at
the expense of the perovskite material. Concentration is considered a critical parameter in
plasmonic solar cells since it is a parameter that can be easily controlled externally at
processing, while, e.g. the precise control of position is not possible, resulting in a more
randomized environment. To predict the effect of the concentration on the solar cell
performance and to optimize it, it is not a straightforward task, as this effect is not expected
to be monotonic. Small concentrations are expected to give small plasmonic impact while
larger concentrations come at the expense of the highly absorbing perovskite material. Here
we omit the case of very-closely spaced nanoparticles which requires removal of much of the
active perovskite material.

In our numerical study, we change the nanoparticles concentration by changing the lattice
constant, i.e., the interparticle distance, maintaining a constant sphere radius (r=70 nm) and
vertical position (Zs position — see Fig. 5), values/conditions which were found as optimum
according to the analysis of our previous sections. The results are shown in Fig. 7, where we
plot the absorption versus wavelength for different lattice constants [Fig. 7(a)] and the
resulting photocurrent density [Fig. 7(b)].

As was expected and mentioned above, the effect of concentration on the photocurrent
density is not monotonic. Here lattice constants around 300 nm seem to give the optimum
performance, while both smaller and larger lattice constants lead to a decline of the achieved
photocurrent. This is not unexpected, as mentioned also above, as small concentrations are
equivalent to small impact of the plasmonic particles, while larger concentrations are
associated also with interparticle coupling and the possible formation of collective modes in
the perovskite, which facilitate absorption. Since though the enhancement of concentration
goes in conjunction with decrease of the active perovskite material, the effect of the plasmonic
enhancement is expected to be overwhelmed above a critical concentration.

The achievement of optimum performance in our case for L=300 nm, where on one hand
no very strong interparticle coupling is expected (due to the relatively large interparticle
distance) and on the other hand it is still subwavelength compared to the region of 650-750
nm where the plasmonic enhancement has considerable impact, indicates that the effects of
deviations from the periodicity of the particles system are expected to be relatively small. This
is indeed verified by additional simulations, where we introduced deviations from the
periodicity (changing the lateral spheres position) in the system of Fig. 7(a), preserving the
concentration of the L=300 nm periodic case; we found a relatively small decrease of the
efficiency compared to the periodic case [see green rhombus in Fig. 7(b)]. As was already
mentioned examination of non-periodic systems is particularly important in our case, since in
realistic solar cells the precise control of the position of nanoparticles is not possible at
processing, resulting to a rather random plasmonic system.
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Fig. 7. (a) Absorption of perovskite versus wavelength for different lattice constants (160 nm
— blue line; 200 nm — orange line; 300 nm — green line; 400 nm — red line; and 500 nm —
magenta line) compared to the pristine case (black line) and (b) the resulting photocurrent
density for the different concentrations investigated, assuming silver spheres with a constant
radius of 70 nm, and vertical position Zs as shown in Fig. 5. The simulations to examine
randomness were conducted assuming a periodicity of L=2x300=600 nm (along x-, and y-
axis), due to the optimum L=300 nm case of the square lattice, keeping this way the same
concentration. Random deviations to the particles lateral position were induced (their spacing
in the lateral direction varies randomly thus it is not equal to 300 nm) two times, showing here
the results of their average. The result is depicted as the green rhombus. The simulations to
examine clustering were conducted assuming again a periodicity of L=2x300=600 nm (along
x-, and y-axis), assuming four spheres per unit cell (without altering this way the particles
concentration), where we decreased gradually their inter-particle distance going from particles
to particle tetramers. The result is depicted as the blue square.

Attempting to be as close as possible to the experimentally realizable plasmonic PCSs, in
our simulation study we examined also other features which are likely to be present in a
dispersion of metal particles in such PSCs, like the effect of clustering. (Although we aim for
the precise control of the concentration of nanoparticles inside the perovskite layer, clustering
formation during the actual preparation of the films cannot be entirely discarded.) Therefore,
we performed simulations assuming a periodicity of L=2x300=600 nm (along x-, and y-axis)
with four spheres per unit cell, without altering this way the particles concentration, where we
decreased gradually their inter-particle distance going from equally spaced particles to particle
tetramers. The impact of clustering for silver spheres of r=70 nm at Zs (see Fig. 5) is depicted
as the blue square in Fig. 7.

Examining additional concentrations besides the optimum one, we see that although the
formation of clustering in general results to a decrease of the solar cell efficiency its effect is
not capable to override the plasmonic enhancement. Corresponding field plots showed that
the hot spots created inside the inter-particle gap occupy a very small volume that the effect
on the perovskite absorption is much less significant than that when particles are separated.
However, this balance is better in the case of larger spheres due to the higher scattering,
especially when placed close to the top perovskite surface, due to their antireflection property
at that position, leading to substantial enhancements even if clustering is present.

3.2.4 Coatings and organic ligands effect on PSCs performance

The preparation of metal (silver, gold, aluminum) nanoparticle dispersions in most fabrication
techniques gives nanoparticles covered with ligands (PVP, CTAB, PEG Hexadecylamine)
(although there are techniques giving bare nanoparticles, e.g. ultrashort pulsed laser ablation
[20]). Moreover, the nanoparticles often are prepared on purpose with dielectric coatings [19,
35], e.g. silica, to prevent the direct contact of metal with semiconductor and avoid
recombination of the excited charges at the metal/ semiconductor interface. Therefore, it is
important to consider also the optical effect of dielectric nanoparticle covering, given the fact
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that a large part of the plasmon-induced absorption enhancement occurs in the close vicinity
of the nanoparticles, i.e. in the area occupied by the coating.

Since, the refractive index of most common organic ligands is almost the same with that
of silica, a common dielectric coating, in our optical simulation study the covering of
nanoparticles will be presumed as silica coating (metal@SiO;) and can be well accounted for
both organic ligands covering and dielectric coating effects.

In Fig. 8 we show the photocurrent enhancement factor # (%) of PSCs containing r=40,
70 nm, L=300 nm silver spheres placed both close to the top perovskite surface (Z; for r=40
nm and Zs for r=70 nm — see right panel in Fig. 5) and at the middle (Z2), covered by silica
shells of different thicknesses.
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Fig. 8. Photocurrent enhancement factor # (%) of PSCs containing r=40 (lines with squares),
70 nm (lines with circles), L=300 nm silver spheres placed both close to the top surface of the
perovskite layer (Z; for r=40 nm and Zs for r=70 nm - see right panel in Fig. 5) (orange lines)
and at the middle (Z2) (blue lines) as a function of silica shell thickness, compared to the
pristine case. Right panel: Spatial distribution of the normalized electric field intensity at
A=779 nm for silica coated silver spheres (Ag@SiOy): r=40@10 (middle), r=70@10 (right)
compared to the uncoated r=40 nm case (left).

It can be seen that, although the overall light harvesting by the perovskite film is always
larger for the uncoated particles case, the presence of a dielectric coating does not necessarily
prompt the total collapse of the plasmonic enhancement effect, as long as (i) larger spheres
are employed and shell’s thickness is not too large, and (ii) especially if the larger spheres are
placed close to the top surface of the perovskite layer.

An analysis of the spatial distribution of the calculated electric field intensity (|E|%/|Eo|?)
reveals a strong localization of the optical fields inside the shell, in which no absorption takes
place (see right panel in Fig. 8). However, for larger spheres this effect seems to be
overwhelmed by their enhanced scattering, leading to maintenance of a high photocurrent
enhancement, especially for smaller shell thicknesses (<15 nm). The inferior performance of
the coated spheres is related also to another effect of the dielectric coating: it presents a low
index environment for the spheres, resulting (especially for thick coatings) to a blue-shift of
their plasmonic resonance compared to bare spheres in perovskite. Thus, for spheres showing
a plasmonic resonance close to perovskite band edge the coating causes a shift of the
resonance towards the high-absorption region of the perovskite where the presence of spheres
is not that essential, especially for spheres deeply inside perovskite.

Nevertheless, as mentioned also above, although for most cases shell thicknesses higher
than 20 nm should eventually cancel any plasmonic enhancement of the PCS efficiency, this
is not the case for the r=70 nm Ag@SiO, spheres when placed close to the top of the
perovskite surface. This is due to their antireflection property/effect, which is important not
only close to the perovskite band-edge but also at lower wavelengths.

3.3 Plasmonic nanoparticles inside different than the perovskite layers of PSC
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Due to the manufacturing procedure of the inverted PSC, the embedding of solution-processed
metallic nanoparticles at different layers of the device other than the perovskite, e.g. inside
the PEDOT:PSS and the PCBM carrier transporting layers, is possible without increasing the
cost [20] as well as maintaining the planar architecture [36]. This way, plasmonic
enhancement could be exploited without reducing the perovskite material, albeit at the price
of reduced local field enhancement in the absorbing perovskite layer.

Furthermore, placing nanoparticles at the carrier transporting layers may facilitate other
internal processes related to the electrical properties of the device. For instance, resonant
metallic nanoparticles have been shown to be able to favor the electrical properties of the
system too [20, 36, 37]. Increased exciton generation and dissociation (photocarrier
generation, separation) due to the localized surface plasmon resonance oscillating fields that
also extend inside the perovskite layer [12], improved carrier transport and extraction due to
lower series or contact resistance [20, 37] of the solar cell and stability [38] are some examples
of the additional impact of plasmonics in PSCs.

In this work we aim first to examine and improve the optical absorption of the PSC by
incorporating metal nanoparticles inside the hole-transporting layer, PEDOT:PSS; this way
we hope to minimize the reflection at the PEDOT:PSS-Perovskite interface. In the previous
discussion we have revealed the importance of the reflection minimization, especially at the
PEDOT:PSS-Perovskite interface. Particularly, we showed that the reflection from the
multilayered device is the main reason resulting in decreased absorption in perovskite [Fig.
2(b)] along the entire spectrum (300<A<800 nm), especially for 1<550 nm. Interestingly, the
low refractive index of PEDOT:PSS (n~1.41) tunes the plasmonic resonances of metal
nanoparticles at lower wavelengths (compared to the case of perovskite host) which coincide
with this spectral region. The main restriction in the introduction of nanoparticles in the
HTL/ETL is the small thickness of those layers (40, 50 nm) that limits the size of nanoparticles
able to maintain the simplicity of the planar architecture. Employing small spheres, though,
results to increase of the ohmic losses, as for small spheres absorption dominates extinction.
Indeed, embedding spheres of radius r~18 nm in the PEDOT:PSS enhancement was achieved
only for the case of aluminum, with maximum achievable photocurrent J,»=21.22 mA/cm?
[see Fig. 10(a)], corresponding to an enhancement of ~4% (assuming a perovskite layer
thickness of 350 nm, and a spheres period of 65 nm). The photocurrent enhancement by
embedding the nanoparticles in the PEDOT:PSS layer indicates the possibility to reduce the
thickness of the perovskite layer, reducing thus the toxicity of the device (due to the lead
content reduction), maintaining though its efficiency. Indeed, as is verified by related
simulations, calculating the photocurrent for different perovskite layer thicknesses [see Fig.
9(b)], the thicknesses of about ~270 nm generate the same Jpn With that of the conventional
(pristine) PSCs with the optimum thickness of ~350 nm. (The step-like behavior of Jyn as a
function of perovskite thickness at around 275 nm, as observed in Fig. 9(b), is attributed to
the appearance of a prominent FP resonance (at A~750 nm for the 350 nm thickness) as we go
from 200 to 300 nm thickness. We have to note that such a step-like response is not present
in PSC device architectures with different carrier transport layers [16, 39].)
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Fig. 9. (a) Absorption in perovskite for the pristine (black line) and the plasmonic PSC (green
line) assuming aluminum spheres with radius equal to 18 nm and a period of 65 nm placed
inside the PEDOT:PSS carrier transporting layer. The origin of the absorption enhancement is
depicted at the right inset where the scattered field, due to the presence of the aluminum
nanoparticles, is plotted for =517 nm. (b) Jp» of the pristine (black line), plasmonic PSC (green
line) as a function of the perovskite thickness.

The origin of the absorption enhancement in the case of nanoparticles embedded in the
PEDOT:PSS is the re-distribution of the incident light with enhanced scattering in the forward
direction (towards the perovskite layer) along with the high local fields which are also
extended inside the perovskite layer [see inset in Fig. 9(a)], in conjunction with the low
parasitic absorption in aluminum nanoparticles.

Summarizing, we have to note that the antireflection property in PSCs with plasmonic
nanoparticles placed in PEDOT:PSS offers a quite prominent absorption enhancement
approach, especially at lower wavelengths (<550 nm), because there is no competition
between the volume occupied by the metal particles and the absorptive perovskite material.
Employing this approach allows employment of thinner perovskite layers, and thus reduction
of the structure toxicity, without sacrificing the PSC performance. Placing nanoparticles in
PEDOT:PSS is considered a reliable strategy regarding the enhancement of the overall
efficiency of the solar cell, since studies have been shown it to favor the electrical properties
of the system too [20, 36]. In addition, in this case we do not have a decline of the efficiency
by coating the particles by a dielectric, i.e. employing AI@SiO,. This is due to the low
refractive index of the PEDOT:PSS matrix, like that of the coating layer.

Regarding incorporation of nanospheres inside the electrons transporting layer (PCBM),
we found no enhancement, given the already known nanoparticle size restrictions owing to
the small thickness of the ETL, as well as the impossible exploitation of antireflection at lower
wavelengths (where the plasmonic resonance of nanospheres in PCBM, with n~2, occurs) in
such depth of the PSC, given the highly absorptive nature of perovskite.

An approach to utilize the higher wavelengths (>500 nm) to achieve an efficiency
enhancement is to utilize nanoparticles of different shape or different aspect ratio [40] to tailor
their localized surface plasmon resonances and tune them at higher wavelengths. The most
suitable candidates seem to be the nanorod-shaped particles, because they are synthesized in
a wide range of aspect ratios [41] showing two localized dipole resonant modes (aligned with
their “short” and “long” axis) and the mode aligned with the axis parallel to the PCBM layer
(where no significant size restrictions exist) is highly tunable. The incorporation though of
nanorod particles in the ETL layer of our system showed very limited absorption enhancement
(due to increased near-field intensity at the vicinity of the nanorods that also extended inside
the perovskite material), which was polarization dependent and it is questionable if can be
observed in realistic systems (where disorder in the nanoparticle parameters is unavoidable).

Therefore, we conclude that utilizing plasmonic nanoparticles inside the PCBM is not
recommended for improving the optical response of the PSCs. Other techniques should be
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exploited here, i.e., nanostructuring on the back-reflector [42] as long as the interface transport
resistance does not increase. Lastly, we note that nanoparticles can be placed inside the ITO
layer too with a less harsh size constriction (ITO thickness ~100 nm). However, there they
cannot contribute to the increase of the local fields inside the perovskite (since they are far
from perovskite), thus their basic role will be to act as antireflectors. For that, nanoparticles
of more complex geometry [43] or different shape [36] seem to be more appropriate than the
spherical ones.

3.4 Optimizing PSC performance by combining plasmonic particles in different PSC
layers

In this last section of our paper we aim to exploit the full potential of plasmonics in PSCs
following our conclusions at earlier parts. This way, an enhanced absorption efficiency,
compared to the conventional PSCs (with optimum thicknesses of about ~350 nm) could be
achieved as well as the amount of the lead could be further reduced, using thinner perovskite
absorbers or replacing perovskite by the nanoparticle material, without deteriorating the
absorption.

The first step to explore the possibility of PSCs with reduced lead and high absorption
efficiency is to examine and exploit the additive-like absorption behavior of spectrally
separated resonances originating from nanoparticles at different PSC layers. For that reason,
we utilize the combined effect of both aluminum nanospheres placed inside the PEDOT:PSS
layer and of silver spheres located inside the perovskite. Aluminum spheres in PEDOT:PSS
provide absorption enhancement at the range of 400</<700 nm while silver spheres placed
inside the perovskite layer, provide absorption enhancement at the region of 650<A<800 nm.

Figure 10(a) shows the absorption in perovskite of the combined case compared to the
“individual” cases assuming a perovskite layer thickness of ~350 nm. Interestingly, a definite
“additive” response is depicted, which is preserved for the whole range of perovskite layer
thicknesses, from 400 up to 150 nm [see Fig. 10(b)], confirming the robustness of this
approach. Indeed, the enhancement of the combined case equals the sum of the enhancements
for only silver (in perovskite) and only aluminum (in PEDOT:PSS) spheres. We have to note
here that the parameters used in this calculation have been obtained from the optimization
studies discussed in the previous sections, but have been modified as to accommodate
simulations, to minimize the probability to affect the electrical properties of the PSC and to
ensure optimized combined case (i.e. with spheres in both PEDOT:PSS and perovskite
layers). Thus, silver spheres of r=40 nm or r=30 nm, placed either in the middle or close to
the bottom (position Z4 of Fig. 5) of the perovskite layer have been employed (minimizing
thus the interaction of the spheres in perovskite with those in the PEDOT:PSS), and the silver
spheres periodicity in the combined case was considered 325 (i.e. 5x65) nm.
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Fig. 10. (a) Absorption in perovskite with thickness equal to 350 nm for the following cases:
pristine device (black dashed line), aluminum spheres placed inside the PEDOT:PSS (green
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line — sphere radius 18 nm, period 65 nm), silver spheres inside the perovskite in the middle
(orange line — sphere radius 30 nm, period 325 nm) and their combined case (blue line). Inset:
Spatial distribution of the normalized electric field intensity for the combined case at =517
nm (left), 2=790 nm (right) verifying the “additive” response of spectrally separated
resonances originating from nanoparticles at different PSC layers. (b) Jpn as a function of the
perovskite thickness for the plasmonic PSCs. The green line corresponds to the case when only
aluminum spheres (radius 18 nm, period 65 nm) are placed inside the PEDOT:PSS, the orange
line corresponds to the case when only silver spheres are placed in the middle or close to the
bottom (position Z, of Fig. 5) of the perovskite (with sphere radius of 40 nm and 30 nm
respectively, and a period of 300 nm), the blue line shows the effect of the combination of
aluminum spheres inside the PEDOT:PSS and silver spheres inside the perovskite in the
middle or at Z, (with silver sphere radius of 30 nm, and a period of 325 nm); all results are
compared to the pristine case (black line).

From Fig. 10(b) one can see that for a perovskite layer thickness equal to 150 nm the
photocurrent reaches the record value Jp»=20.45 mA/cm?. This result indicates that the lead
content reduction can reach values up to 43% (taking into account only the thickness
reduction), reducing this way the toxicity of the PSC by a great amount without reducing the
photocurrent efficiency compared to conventional pristine PSCs with optimum perovskite
thicknesses of about ~350 nm. Regarding the PSC of perovskite thickness 350 nm we found
a maximum Jpn=21.80 mA/cm?, corresponding to an enhancement of 6.8% relative to pristine
PSC.

We have to note here, that the calculated J,n was even higher than the values shown in
Fig. 10(b), and equal to the champion 22.11 mA/cm? (~8.4% increase compared to pristine),
assuming large silver spheres, with r=70 nm, placed close to the top surface of the perovskite
layer (Zs see right panel in Fig. 5) with a thickness equal to 350 nm. The results in Fig. 10(b)
though correspond to smaller spheres (r=30 nm), owing to the risk of increasing the interface
transport resistance employing the larger ones.

Another parameter that is important for solar cell operation is the cell ability to absorb
sunlight at off-normal incidence over a wide angular range (without requiring an expensive
solar tracking system). To assess the robustness of the optimum parameters concluded in our
study for different incidence angles, we calculated the dependence of Jp, on the incident angle
for some of the above discussed optimum configurations and for the pristine case. The result,
averaged over both TE and TM polarizations, is presented in Fig. 11.
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Fig. 11. Dependence of Jg, on incident angle averaged over both TE and TM polarizations for
the plasmonic PSCs compared to the pristine case. The green line corresponds to the case when
only aluminum spheres (radius 18 nm, period 65 nm) are placed inside the PEDOT:PSS, the
orange line corresponds to the case when only silver spheres are placed in the middle or close
to the bottom (position Z, of Fig. 5) of the perovskite (with sphere radius of 40 nm and 30 nm
respectively, and a period of 300 nm), the blue line shows the effect of the combination of
aluminum spheres inside the PEDOT:PSS and silver spheres inside the perovskite in the
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middle or close to the bottom (position Z, of Fig. 5) (with sphere radius of 30 nm, and a period
of 325 nm); all results are compared to the pristine case (black line).

As can be seen from Fig. 11, the Jpn of all plasmonic cases has no substantial degradation for
incident angles up to 40 degrees. Moreover, for almost all the angular spectrum all plasmonic
cases retain higher Jon compared to the pristine.

11. Conclusions

We examined and discussed here the effect of plasmonic nanoparticles in realistic perovskite
solar cells. Placing spherical nanoparticles in different layers of the PSC we examined the
possibility to achieve enhancement in the light absorption and thus enhanced photocurrent
density, Jpn, as well as the related conditions regarding nanoparticle material, size, vertical
position and concentration, in particular for nanoparticles embedded in the perovskite layer.
Moreover, we examined features that are likely to be present in a dispersion of metal particles
in a realistic PSC, i.e. clustering formation and coating layers on the nanoparticles. Our study
showed optimum response for silver nanoparticles of radius of around 60-70 nm, especially
if placed close to the top of the perovskite layer, while the optimum nanoparticle distance was
found to be around 300 nm. The calculated enhancement was found to be quite robust against
nanoparticles randomness, polydispersity and angle of incidence. For silver spheres of r=70
nm an average photocurrent enhancement of 3.45%, corresponding to a Jpn equal to 21.11
mA/cm?, was found. The origin of the photocurrent enhancement in all cases was the high
local field wvalues associated with the plasmonic resonances (which maximized the
absorption), together with the enhanced scattering and antireflection properties of those
particles, especially if placed close to the top of the solar cell.

We found considerable photocurrent enhancement (up to 4.0% corresponding to Jyn=21.22
mA/cm?) also for nanoparticles placed in the hole transporting layer (PEDOT:PSS, on top of
the perovskite layer) despite the small thickness of that layer and the associated restrictions in
the nanoparticle size. The origin of the photocurrent enhancement there was the enhanced
scattering in the forward direction (towards the perovskite layer) along with the high local
fields which are also extended inside the perovskite layer. Here aluminum nanospheres (of
r=18 nm and distance ~65 nm) gave the optimum performance.

The combined effect of placing both aluminum nanospheres in PEDOT:PSS and silver
spheres in perovskite resulted at the champion 8.36% absorption enhancement (compared to
the pristine case), corresponding to Jp equal to 22.11 mA/cm?, confirming the additive like
absorption behavior of spectrally separated resonances originating from nanoparticles placed
at different positions of the solar cell.

The absorption enhancement offered by the plasmonic nanoparticles in PSCs indicates the
potential to employ PSCs with quite thin perovskite layers, e.g. 150 nm (thus with reduced
toxicity due to the reduced amount of lead), maintaining though the performance of the current
PSCs of optimum thickness 350 nm.

Summarizing, we found that embedding metal nanospheres inside realistic PSCs
architectures provides a great strategy to improve the optical performance of the device as
well as to decrease its toxicity without increasing the cost or the fabrication complexity.
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