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Abstract

Passive radiative cooling (PRC) can be applied to solar cells, using the spontaneous emission of infrared (IR)
thermal radiation to dissipate heat into space continuously. The challenge is to enhance PRC while
simultaneously keeping the structure transparent in the visible wavelength range. In this thesis, we propose
two designs to optimize PRC: a close-packed monolayer of glass spheres as a coating for a bare silicon solar
cell, and a hexagonal array of silica cylinders etched in the top surface for a silica-based solar module. FDTD
simulations are used to optimize the geometry for maximum emissivity in the IR wavelength range. Next, the
optimized structures are fabricated using drop-casting for the spherical coating, and UV-lithography in
combination with reactive ion etching, for the patterning of silica. The emissivity of both samples is measured
using Fourier Transform Infrared Spectroscopy (FTIR), extended with an integrating sphere, and the
measurements compare well to the FDTD simulations. Both designs show a significant increase in emissivity
in the IR without reducing the incoupling of visible light. Finally, we measure the temperature in time at the
AMOLF rooftop under direct sunlight to determine the radiative cooling rate. A considerable variation was
observed in identical samples, but both our structures showed a temperature reduction with respect to bare
silicon. We have designed a PRC structure that can be applied to any solar cell, either with or without glass
encapsulation, and PRC, in general, could improve all outdoor devices that benefit from a lower operating
temperature.
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1 Introduction

In recent years, a lot of effort has been put into improving and optimizing the power conversion efficiency of
solar cells. From the detailed balance limit* we know the fundamental efficiency limit for every type of solar
cell, which is 29.7% for silicon-based solar cells?. Due to recent advances in the development of silicon solar
cells, a record efficiency is reached of 27.6%>. Efficiency measurements are done at constant conditions, i.e.,
illumination of 1 sun at an operating temperature of 25 °C. However, due to hot-carrier cooling and non-
radiative recombination, a silicon solar cell can reach operating temperatures up to 60 °C under direct
sunlight. These high temperatures reduce the solar conversion efficiency* and the lifetime of the cell®.

Figure 1.1 shows a linear relation between 7 /7y - the ratio of temperature-dependent efficiency to the
efficiency at reference temperature — for silicon-based solar cells and the operating temperature. A relative
efficiency drop is shown up to 0.45% for every 1K in temperature rise. Meaning that a silicon solar cell suffers
a 15.75% relative efficiency drop at an operating temperature of 60 °C. Furthermore, the lifetime will halve
for every 10 degrees in temperature rise >. Therefore, it is important to find a way to cool the module without
extra energy input. One way to do this is by passive radiative cooling.
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Figure 1.1: The calculated ratio of temperature-dependent efficiency to the efficiency at reference temperature (r]T/nTrEf) versus
operating temperature, for a silicon-based solar cell. 4

The concept of passive radiative cooling (PRC) is to use the thermal emission of an object to dissipate heat
continuously. According to the thermodynamic principle, two objects with different temperatures will
exchange heat via thermal radiation until an equilibrium temperature is reached. The amount of heat emitted
as thermal radiation scales with the temperature of an object, so effectively, heat is transferred from the
warmer object to the colder object. Thus, to cool a warm object with thermal emission, a colder object is
needed, which acts as the heat sink. The perfect heat sink is outer space due to the temperature of about 3 K
and the immense volume. The concept of emitting thermal radiation into outer space is the core principle of
PRC.



In the last decade, interest in PRC has grown in several applications, from dew collection in remote and dry
places® to the cooling of buildings’. In 2014, Raman et al. showed a 4.9 sub-ambient cooling using a thin-film
multilayer to optimize the radiative properties of the structure 8. The multilayer was designed to enhance PRC
while simultaneously exclude heating by reflecting all incident solar radiation. The high reflectance in the
visible makes it unsuitable for the application for solar cells since a solar cell wants to absorb all light with
higher energy than the bandgap.

Recently, the application of PRC for solar cells has gained interest, and it has been shown effective in several
ways. First of all, numerous materials can be used and secondly different methods. The most prevalent
techniques are multilayers 1, 2D structures ¥1¢, a combination of the two 18, or an effective medium 21,

Table 1.1 shows a complete outline of the recent advances in PRC for solar cells. To be able to compare
different reported temperature reductions, it is essential to know what they use as a reference. Often, two
temperature reductions are reported; one with respect to bare silicon and a second with respect to silicon
covered with silica, to resemble a solar module (shown in the table as Si or Si+Si02, respectively). In this thesis
we will see a significant difference between the radiative cooling ability of a bare silicon solar cell and that of
a silica-based solar cell.

Table 1.1: Advances of passive radiative cooling for solar cells in the last decade, with the used structure, the reference sample, and the
showed temperature reduction with respect to the reference sample calculated, in italic, or measured, in bold.

First Author (year) Structure Reference Temperature
sample reduction (K)
Perrakis (2021) Si0, square micro grating with nanopillars | Si 5.8
on top Si+ SiO, 0.2
Zhai (2021) ¥ PDMS layer with embedded SiO, nano- | PDMS 2.1
particles
Chen (2021)% TPX coating with embedded SiO, nano- | SiSC 5
particles
Zahir (2021) 1° Multilayer Ti0,/BK7 SiSC 18.4
Si+ Si0, 5.4
Gao (2020) V7 Multilayer of TiO,/Si0, with a pyramid | SiSC 15.6
structure
Ziming (2020) Polymer embedded with SiO, micro- | ambient 8.7
particles
Fernandez (2019)? Self-assembly of Si0, spheres Si 14
Si+SLG 9
Long(2019) 3 Si0, square lattice of micro-cylinders Si 20(2)
Lee (2019) ™ PDMS square lattice of pyramids Si SC 13
Zhao (2018) 8 Multilayer TiO,/Si0, with square lattice of | Si SC 12.0
air cylinders Si+ Si0, 8.3
Li (2017)° Multilayer of Al,03/SiN/TiO,/SiN on SiO, | Sisolar module | 5.7
Zhu (2015) ¥ Square lattice of air holes in Si0, Si 13
Si+ Si0, 1
Zhu (2014) Si0, square lattice of pyramids Si 17.6
Si+ Si0, 5.9




Furthermore, the temperature reduction can be calculated (italic) — using simulated or measured optical
spectra from the designed structure — or measured (bold) under direct sunlight. Most articles only report a
theoretical temperature reduction based on measured optical properties of their structures, but only a few
show a measured temperature reduction. The largest temperature reduction, both with respect to bare silicon
and to silicon covered with silica, is demonstrated by Fernandez et al.’> They measured an average
temperature reduction of 14 and 9 degrees, respectively, using a self-assembled monolayer of silica spheres
with a diameter of 8 um.

1.1 Outline

In this thesis, we propose a coating of resonant microstructures for PRC for solar cells that enhances the
cooling while keeping the structure transparent in the visible wavelength range. In Chapter 2, the general
theory of PRC is discussed, concluding with a general condition for the best optical properties for the PRC
enhancement for solar cells.

Subsequently, we will discuss several ways to tune the optical properties of a structure based on general light
theory and Mie resonances in Chapter 3. We will see that the radiative properties of a bare silicon solar cell
are poor and that by adding the module glass — often used to protect the solar cell — it is already significantly
increased. Therefore, we propose and optimize two designs to enhance PRC: a coating of close-packed silica
spheres for a bare silicon solar cell and a hexagonal array of silica cylinders etched into the surface of a silica-
based solar module.

In Chapter 4, we discuss the fabrication of both designs. First, a silicon substrate is coated with gold from the
back to exclude transmission, and this is used as a basis for both designs. Next, the coating of close-packed
silica spheres is made bottom-up, using drop-casting on the silicon substrate. The cylinders are etched into a
silica substrate and put on top of a silicon substrate using immersion oil as a refractive index matching fluid.
With optical measurements, the improvement of the radiative properties is shown using our structures in
Chapter 5, and the results compare well with the FDTD simulations in combination with TMM calculations.

Finally, we show a reduced measured temperature of the silicon substrate with a temperature measurement
on the AMOLF rooftop under direct sunlight in Chapter 6, and we end with a brief summary of the main
findings of this thesis and an outlook for future applications and improvements.



2 Passive radiative cooling

PRC is a continuous way of cooling that can be applied to a diversity of situations. It is mostly used to cool buildings and
reduce the enormous energy supply for air-conditioning. However, PRC can be beneficial to cool photovoltaic devices and
improve the solar conversion efficiency and lifetime. For every 1 degree in temperature rise, the solar conversion efficiency
of a silicon solar cell reduces by 0.45% relatively, and the lifetime will half every 10 degrees in temperature rise. Here, we
see that PRC is based on the concept that heat can be dissipated via thermal radiation if the optical properties of your
solar cell are chosen correctly. We will discuss the concept of PRC and conclude with a condition for the emissivity of the
photonic structure for PRC for solar cells.

In order to understand the PRC concept, the thermal balance is examined of a solar cell. In Figure 2.1, a
schematic representation of the energy balance is shown of a solar cell, with the four main powers that
determine the equilibrium temperature of the cell: the irradiation from the sun (P, ), the absorbed thermal
radiation from the atmosphere (P,;,,), the thermal radiation the solar cell is emitting (P,.q4) and the power
lost or gained by convection (P.,,,,,). Here we assume that the conduction of heat via connection to the rooftop
is negligible. The total cooling power is given by the sum of the four main powers,

Pcool = Prad + Psun + Patm + Pconv- 21

When the total cooling power is zero, there is no net heat flux, and the solar cell has reached equilibrium
temperature. The primary energy input is the irradiation from the sun, which is for normal incidence given by

Poun = _f Lim1s(Dagc(1)dA, 2.2

with I3, 5 the solar irradiation within AM1.5G** and a the absorptivity of the solar cell. In Figure 2.23, the
AM1.5G solar spectrum is shown and the bandgap energy of silicon is indicated. The AM1.5G solar spectrum
has an integrated power of 1000 Wm, but silicon does not absorb light with energies below its bandgap.
Therefore, for further calculations, Py, is set at 800 Wm™2, which is the integrated power in the AM1.5G
solar spectrum until the silicon bandgap (the yellow surface in Figure 2.2a).

Ambient (T,)

Solar cell (T,)

Figure 2.1: Schematic representation of the incoming and outgoing powers that determine the equilibrium temperature of a solar cell
(Tsc). The solar cell reaches its equilibrium temperature when the power from the sun (Ps,,) and the thermal radiation from the
atmosphere (Py:,) are in balance with the thermal radiation emitted by the solar cell (P,.o4) and the power flow by convection (P, ).

Secondly, heat can be exchanged between the solar cell and its environment through convection, given by the
product of the non-radiative heat transfer (h.) coefficient with the temperature difference (AT = Ty, — T,),

Peonv(Tse, Ta) = he(Tse — Ta)- 23
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For a wind speed of 1 and 3 m/s, the non-radiative heat transfer coefficient is 6 and 12 Wm™2K™ 1,

respectively®®. Lastly, both the solar cell and the atmosphere radiate as a non-ideal blackbody. The emitted
radiative power is given by

Prada(Tse) = f IBBO\v Tsc)esc(}\)d)\v 24

which is the product of the emissivity of the solar cell (€5.), a number between zero and one that determines
the quality of the solar cell as a blackbody, and the black body radiation according to Planck's law??

2hc? 1
Ipp(A4T) = =5 22
eAkT -1

The absorbed radiative power from the atmosphere is given by

Patm(Ta) = _f IBBO\v Ta)eatm()\)asc()\)d)\; 2.6

the product of the blackbody radiation from the atmosphere times the emissivity of the atmosphere (€,tm),
and the absorptivity of the solar cell (ag:). Using Kirchhoff's law that states that for a body in thermal
equilibrium, the emissivity equals the absorptivity at every wavelength

€() = a(d), 2.7

it can be seen that the equations for emitted and absorbed thermal radiation both depend on the emissivity
of the solar cell. The radiative cooling power is the sum of equations 2.4 and 2.6, resulting in

Pcoolmd = f (Ugg(A, Tse) — Ipg(A, To) €qtm) €5c (A)dA. 2.8
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Figure 2.2: (a) AM1.5G solar irradiation spectrum (yellow line) as a function of wavelength, the bandgap of silicon (red line), and the
part of the solar spectrum that can be absorbed by silicon (yellow surface). (b) Blackbody radiation spectra for an object at 300 K and
340 K in red and blue, respectively, with the atmospheric transmission in light blue.

The radiative cooling power depends on the difference between the blackbody radiation of a body at the
temperature of the solar cell (Ty.) and the blackbody radiation of a body at the temperature of the atmosphere
(T,) times its emissivity. The emissivity of the atmosphere at normal incidence is given by*®

Eatm(D) =1 —tgm(A), 2.9

where t ., is the atmospheric transmittance (acquired through the Gemini Observatory Archive at NSF's
NOIRLab?).
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Figure 2.2b shows the atmospheric transmission with the blackbody spectra of a body at 300 K and 340 K,
corresponding to ambient temperature and the approximated temperature of an operating solar cell,
respectively. Since the integrand of equation 2.8 scales linearly with the emissivity, the radiative cooling power
can be optimized by tuning this property of the solar cell.

The condition for the ideal emissivity for PRC for a solar cell is

IBB(/L Tsc) - IBB(/L Ta)eatm = 1; escO\) =1 2.10
Ipp(A, Tse) — Ipp(4, Tg)€qem < 1, €5.(A1) = 0.

Here, the offset of 1 is chosen to create a relatively smooth ideal €5.(A) curve. Using Kirchhoff's Law (equation
2.7), the emissivity of an object can be computed using

eD) =a(d)=1—-RQ) —-TQA). 2.11
Thus, the emissivity can be maximized by reducing the reflectance and transmittance.

First, we consider a case where an object is reflective. It does not absorb any solar irradiance and is in
equilibrium with air at ambient temperature (T, = T). Using equations 2.8 and 2.9, the radiative cooling
power is proportional to the transmittance of the atmosphere,

1Dcoolmd O\) X (IBB (/1: Teq) - IBB (A' Teq)ea) X taO\)- 2.12

This indicates a first-order condition for the emissivity: that the emissivity should be unity at wavelengths
where the atmosphere is transparent - between 8 and 14 pm - and zero otherwise. This is also the target
emissivity spectrum used by Raman et al. 1 in their photonic cooler design.

However, a silicon solar cell is not reflective, ideally, it is a perfect absorber for photons with higher energy
than the silicon bandgap energy. Therefore, it is at a higher operating temperature than ambient. From Stefan-
Boltzmann Law, we know that the total thermal emission of a blackbody is proportional to the fourth power
of the temperature®. Consequently, the radiated power from the solar cell (P54 (Tsc)) will be higher than the
incoming radiative power from the atmosphere (P, ( T,)). For a body that absorbs solar radiation, a first-

order approximation for the ideal emissivity is given by the following three objectives: (i) absorption of solar
y)

bg 4um
280nm

light until the solar cell bandgap, €| = 1; (ii) no absorption of solar light after the bandgap, Escl,lbg =

0, where the solar spectrum is assumed to end at 4um wavelength; and (iii) a perfect black body after the

30um _ 1, until the end of blackbody spectrum at 340 K.

solar spectrum, €sclym

For a more detailed condition for the ideal emissivity for different silicon solar cell temperatures and
wavelengths, equation 2.10 should be evaluated. This results in Figure 2.3, showing the ideal emissivity
spectrum versus the solar cell temperature. A horizontal line in the figure shows a step-like spectrum ideal for
PRC. The temperature of a perfect reflector will not exceed ambient temperature. Thus, the ideal emissivity
of a perfect reflector is given by the solar cell at ambient temperature, 300 K. The result is unity emissivity in
the two windows where the atmosphere is transparent, approximately 8 to 13 um and 16 to 25 um. For a
solar absorber at 340 K, the ideal emissivity spectrum is unity from 3 to 30 um wavelength.

12
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Figure 2.3: Colormap of the ideal emissivity spectrum versus the solar cell temperature, where the emissivity is 1 when the emitted
thermal radiation is larger than the absorbed thermal radiation, computed with equation 2.10.

Figure 2.4a shows three theoretical emissivity spectra: zero emissivity (red), a non-zero emissivity only in the
main atmospheric transmission window (green), and the ideal emissivity for a body at 340 K taken from Figure
2.3 (blue). The total cooling power can be calculated with these emissivity spectra according to equation 2.1,
shown in Figure 2.4b. This figure shows the cooling power versus the temperature of the solar cell with a
theoretical emissivity corresponding to Figure 2.4a at a solar irradiance of 800 Wm™? and a non-radiative heat
transfer coefficient of 6 Wm~2K~1. When the cooling power is positive, the outgoing power is higher than the
incoming power — thus, the solar cell cools — and when the cooling power is negative, the incoming power
exceeds the outgoing power — thus, the solar cell heats up. At the intersection where the cooling power is
zero, the solar cell is at equilibrium temperature. For a solar cell with zero emissivity, both P,.,; and P,;,, are
zero, and the equilibrium temperature is only determined by the balance between solar irradiance and
convection. This results in an equilibrium temperature of 365 K, which is the upper boundary of the equilibrium
temperature of a solar cell. Whereas, if the radiative cooling is optimally exploited, the equilibrium
temperature is 330 K, shown in the blue line. This results in a potential cooling due to PRC of 35 degrees.

13
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Figure 2.4: (a) Step function of three emissivity spectra: zero emissivity (red), a non-zero emissivity only in the main atmospheric
transmission window (green), and the ideal emissivity for a body at 340 K taken from Figure 2.3 (blue). (b) the calculated cooling power

versus temperature, assuming h, = 6 Wm™2K~! and P,,,, = 800 Wm™2, of a solar cell with an emissivity corresponding to (a).
Equilibrium temperature is reached when the cooling power is zero.
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3 Light theory and nanophotonic design

In Chapter 2, we have computed a condition for the ideal emissivity of our solar cell: a unity emissivity for wavelengths
larger than 3 um. First, general concepts in light-matter interactions are discussed to understand the behaviour of light
propagating through a structured surface. Second, using general light theory, we will see that the radiative cooling
property of silicon is poor and that this is already improved by adding the module glass used for protection. Therefore, the
radiative properties are compared for several kinds of glass. Finally, we will use FDTD simulations to find and optimize
two designs: one on top of a bare silicon solar cell and a second based on a silica-based solar module. For both designs,
we improve the absorptivity in the infrared - and thus, by Kirchhoff's Law, the emissivity — by adding a photonic glass
structure on the surface. For the bare silicon case, we optimize a close-packed array of microscopic glass spheres, where
the multiple reflections due to the sphere's curvature are used to reduce the total reflectance. For the silica-based solar
module, we design a texture of silica micro-cylinders, exploiting the forward scattering of specific Mie-like resonances.

3.1 Light-matter interactions

Light is an electromagnetic wave that satisfies Maxwell's equations. When this wave hits a plane of a different
medium, there are two boundary conditions; the electric and magnetic field must be continues and so must
the derivative of the electric and magnetic field. Solving Maxwell's equations at an interface with these
boundary conditions returns the reflection and transmission amplitude of the light, better known as the
Fresnel coefficients?3. For a multilayer stack, the Fresnel coefficients can be transferred into the transfer matrix
model (TMM). The light propagation at every interface is described in a matrix (M,,),

(o) = M (02, >

where v; and w; are the forward and backward propagating electromagnetic waves in the i'th layer?. The
total system can be described with the product of the individual matrices

MS = MnMn—l ...M2M1. 3.2

Throughout this thesis, a Python script is used for the TMM written by Steven Byrnes?®. The script returns the
total reflectance and transmittance for a stack of n layers with thickness d,, and complex refractive index 11,,,
with the incident plane wave under an angle with s or p polarization.

The complex refractive index describes the interaction between light and matter. The real part of the refractive
index is the ratio of the speed of light in your medium with respect to vacuum speed of light (n = v/c)%,
while the imaginary part — the extinction coefficient — describes the absorptive behavior of the material. The
extinction coefficient is the number of times that the light intensity is decreased by a factor e, per meter.

With TMM, Fabry-Pérot resonances in multilayers can be described. These occur because the reflected beams
from the first or second interface have different phases upon exiting the stack, and they will interfere. The
interference causes an oscillatory movement in the reflectance spectrum. Destructive interference, where the
path difference is equal to half the wavelength of the light, results in minima, and constructive interference
results in maxima in the reflectance spectrum. The first-order destructive interference occurs when the
thickness satisfies

y)
dFB = ﬁCOS 0['/ 3.3
where 4 is the free space wavelength of light, n is the refractive index and 8, is the angle of the transmitted
light inside the layer.

Light propagation through a parallel multilayer can be described using TMM. However, when the interface is
not planar, other mechanisms manipulate the light that is not described by TMM. The behavior observed in
light propagation mostly depends on the dimension of the structures (d) on the surface with respect to the

15



wavelength of the light, three regimes can be defined: (i) when the wavelength of light is much larger than the
structures (d < A), the behavior of light can be described by TMM, using an effective medium approximation
to estimate the optical properties of the inhomogeneous layer, (ii) for wavelengths much smaller than the
structures (d > A) the interaction can be described by geometrical optics, and (iii) when the wavelength is in
the same order of magnitude as the structures (d =~ A) electromagnetic theory is needed to describe the light
propagation properly?’. To describe the propagation of light most accurately, a combination of all kinds of
interactions is used.

3.1.1 Effective medium theory

In the first regime (d < 1), the light does not 'see' any individual structures. Therefore, the light propagation
can be described with TMM using an effective index for the structured surface. The effective medium theory
describes the refractive index of a layer that is composed of several materials. The Maxwell-Garnett model is
the most used model to define the effective dielectric constant of a structure consisting of two materials with
dielectric constants €; and €, with a mixing constant f. With the dielectric constant given by*

E=€e+ié=n%=(n+in)? 3.4

the Maxwell-Garnet effective medium (€;) should satisfy?

€1—€MG  __ €1-€mMG 3.5
€1+2€pmc €1+2€mG

With the effective medium, general light theory can be used to describe the light propagation through a
randomly structured inhomogeneous layer with smaller dimensions than the wavelength of light.

3.1.2 Geometrical optics

In the second regime, d > A, the light is too small compared to the structures, and the propagation can be
described using geometrical optics. In this method, light is treated as a particle rather than a wave, using the
Law of Reflection — the angle of incidence is the angle of reflection —and Law of Refraction (Snell's law)

n; sinf; = n, sinH,, 3.6

that returns the angle of the transmitted light (6,) depending on the incidence angle (6;) and the refractive
index of the first and second medium (n; and n,, respectively). Using these two laws and the extinction
coefficient of the media, all pathways of the light can be traced through the structures until all light is reflected,
transmitted, or absorbed in the media. Geometrical optics can be used when the dimension of the structures
is much larger than the wavelength of the light and interference effects are not taken into account.

3.1.3 Mie-like resonances

Finally, for the regime where d~A, the light will polarize the structures, inducing resonant effects. These
resonant eigenmodes are often called Mie-like resonances, described with the Lorentz-Mie-Debye solution of
Maxwell's equations. Mie-theory describes the scattering of a high-index homogeneous spherical particle
made of a dielectric or metallic material®°. If the particle is not spherical, we still observe Mie-like resonances
in photonic structures. It has been shown that silicon nanocubes and nanocylinders can support both electric
and magnetic resonances and that the resonance wavelength can be tuned with the dimension of the
particle®l. The lowest order resonances - the electric and magnetic dipole - redshift with increasing particle

. . . A .
dimension. As a rule of thumb, the dipolar resonances occur when - ~d; higher order modes can be found

at smaller wavelengths®!.
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Furthermore, it has been shown that the interference of the electric and magnetic dipole resonance can
suppress backscattering and induces forward scattering of light32. This effect is maximal at the Kerker condition
when the amplitude and phase of the electric and magnetic dipole are equal®. When a resonant particle is
placed on a substrate, the light is scattered into the substrate. It has been shown that the proximity of a
substrate broadens the resonant modes3..

3.2 Photonic design

Using the theory for light-matter interactions, the radiative properties of a solar cell can be examined and a
photonic cooler can be designed to meet the optimal condition to enhance PRC. Firstly, a suitable material
must be chosen to reach an emissivity of 1 for wavelengths larger than 4 um.

The optical properties are examined in the infrared (IR) for several common dielectrics in Figure 3.1: silicon
(Si)®4, silica (Si0,)**, borosilicate®, Soda Lime Glass (SLG)*®, silicon nitride (SizN,)*’, aluminum oxide (Al,05)%,
hafnium oxide (Hf0,)?, and titanium oxide (Ti0,)®. For a suitable material for PRC, it must absorb in the IR.
Examining Figure 3.1b, this rules out silicon as a radiative cooler, for its extinction coefficient is zero over the
entire range. Furthermore, aluminum oxide, hafnium oxide, and titanium oxide show a strong extinction
coefficient from a wavelength above 10 pum, while the blackbody radiation at 340 K peaks at 9 um.
Consequently, using these materials would not allow you to increase the emissivity at the peak wavelength.
Silicon nitride shows a broad absorption peak covering the entire atmospheric transmittance window, which
would make for a perfect radiative cooler. However, it turns out challenging to make a homogeneous layer of
silicon nitride in the micron range thickness on top of silicon.

Lastly, the extinction coefficient spectra of several kinds of glass - silica, SLG, and borosilicate - show a strong
absorption peak around 9 um, caused by a Si-O asymmetric stretching mode in the crystal®®, precisely at the
peak wavelength of the blackbody radiation at 340 K. This, together with their total transparency in the visible
wavelength range, makes it a perfect material for PRC for solar cells. Additionally, most solar cells are
encapsulated in glass for protection, making the application in the solar cell industry possible.

Because glass is a collective for multiple compositions, here we will narrow it down to two distinct kinds, silica,
which is a pure SiO, crystal and Soda Lime Glass (SLG). From now on, we will refer to these as silica and SLG,
respectively.
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Figure 3.1: (a) The refractive index and (b) the extinction coefficient of the most prevalent materials in PV.

In order to confirm that silicon is a bad radiative cooler and to investigate the effect of the module glass, the
reflectance and transmittance in the IR are calculated using TMM. Both for a bare silicon substrate and silicon
covered with module glass. Figure 3.2 shows the reflectance and transmittance of a 500 um-thick double-
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sided polished (DSP) silicon slab with and without a 500 um-thick layer of silica or SLG. For bare silicon, the
transmittance shows that all light that is not reflected at the air-silicon interface is transmitted. The figure
confirms that no light is absorbed in the silicon, indicating it as a bad radiative cooler. Adding a 500 um-thick
layer of silica or SLG on top shows total absorption in the IR, improving the radiative properties enormously.
However, the large reflectance peak around 9 um reduces the radiative cooling significantly: it coincides
precisely with the peak wavelength of the blackbody radiation and lies within the atmospheric transparency

window.
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Figure 3.2: (a) the reflectance and (b) transmittance of 500 um thick double-sided polished silicon (DSP Si) substrate (red), covered with

500 um silica (blue) or soda lime glass (green).

Figure 3.3 shows the emissivity of bare silicon and after covered with the two kinds of glass, calculated with
equation 2.11. This indicates that both types of glass already approach the ideal emissivity for a perfect
absorber, the only possible improvement is the reduction of the reflectance peak around 9 pum. At the same
time, silicon is close to the worst-case scenario for radiative cooling, i.e., zero emissivity. Consequently, two
designs are proposed: one to improve the radiative cooling for a bare silicon solar cell, that should increase
the absorption in the IR, and the other for a silica-based solar module, which is mainly made as an anti-
reflection coating in the IR to reduce the dip in the emissivity spectrum caused by the first-order reflection.
Because all solar cells have a metal back contact that covers the entire back of the solar cell, we exclude
transmission by coating our samples with gold. This simplifies the optimization by making an effective anti-

reflection coating in the IR for both designs.
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Figure 3.3: The calculated emissivity spectra (1-R-T) of a bare double-sided polished silicon (DSP Si) substrate coated with gold (red) and
covered with 500 um silica (blue) or soda lime glass (green). The emissivity of DSP Si is zero in the entire infrared wavelength range,
indicating it as a bad radiative cooler.

3.2.1 Anti-reflection coating

In the visible wavelength range, anti-reflection (AR) is a very well understood concept used to improve solar
absorption. The simplest way to reduce the reflection of a silicon slab is to use a single layer anti-reflection
coating. For a typical silicon solar cell, this is typically a layer of SizN,4 on top of the silicon. This layer induces
Fabry-Pérot resonances, where the light reflects from both Si- Si3N, interfaces. Calculating this for a silicon
nitride layer on top of silicon results in an optimal thickness of 80 nm. This method would be applicable in the
IR, but Fabry-Pérot resonances only occur at a distinct wavelength and cannot be used for a broadband AR
effect.

A second well-known AR coating for silicon solar cells is random inverted pyramids in the geometrical optics
regime; this ensures multiple reflections at the air silicon interface before the light can escape. Random
inverted pyramids increase broadband light absorption by suppressing average reflectance from 35 to 10
percent®, This would be effective in the IR if silicon were to absorb in that wavelength range.

Lastly, resonant nanostructures are used to trap light. Silicon nanopillars have shown a tunable reflectance
spectrum over the entire visible wavelength range by combining Fabry-Pérot with Mie resonances®.
Nevertheless, a nanopillar exhibits only discrete resonant modes, making it hard to apply as a broadband AR
coating for solar cells. On the other hand, using silicon nanocones, the resonance wavelength varies with
height, enabling broadband absorption in the entire visible wavelength range*>.To achieve AR in the IR, we
base our design on the last concept: resonant structures are used to combine several concepts in light-matter
interactions in order to achieve broadband AR.

Because of the fabrication challenge to make dielectric microstructures on top of silicon, we chose to base our
design for bare silicon on a coating of glass spheres, which can be deposited using one of several techniques*~
% For the AR coating for a solar cell module, it is possible to etch a geometry into the silica glass, so we chose
a design of an array of cylinders. To further optimize our design for an AR effect in the IR, Finite Difference
Time Domain (FDTD) simulations are used. They are performed in Lumerical FDTD Solutions.*

3.2.2 Bare silicon design and optimization
The simulation setup for an AR coating designed for bare silicon solar cells is an array of silica spheres on a
silicon substrate. An incidence plane wave source is placed 6 um above the structures. The reflectance and
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transmittance are measured 1 um above the plane wave and 1 mesh under the substrate surface, respectively
(see Figure B.1 for the configuration). The simulation is run under symmetrical boundary conditions at a mesh
of 100 nm and a minimum auto-shutoff of 1e-5 (for the mesh, auto shut-off convergence, see Figure C.1). The
difference between s- and p-polarized incidence light is negligible, so the simulation is only run at one
polarization.

To reach optimal light trapping, the radius of the particles is varied around the dimension where the dipolar
resonances would be expected, from a radius of 1 to 15 um. The pitch is varied as a multiple of the radius, as
the minimal pitch is twice the radius. The figure of merit (FOM) is the total cooling power, given by equation
2.1, where the emissivity of the solar cell is approximated by 1 — R and the temperature at 340 K. Shown in
Figure 3.4, the optimal geometry for light trapping for a silicon substrate is found to be a close-packed
hexagonal array of silica spheres with a radius of 10 um. This geometry reaches a cooling power of 415 W /m?,
a significant portion of the maximum of 460 W /m? corresponding to the ideal emissivity.
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Figure 3.4: Color map of a sweep of the radius and the pitch of a hexagonal array of silica spheres on top of silicon, where the figure of
merit is the calculated cooling power of structure based on the emissivity spectra acquired with Lumerical (¢ = 1 — R). The ideal
geometry is found to be a close-packed monolayer of silica spheres with radius 10 um, resulting in a theoretical cooling power of 415
W /m? out of the theoretical maximum of 460 W /m?.

To calculate the total reflectance of the stack — a gold-coated silicon substrate covered with a monolayer of
spheres —we use the Helmholtz reciprocity principle that states that the transmittance through a path will be
equal for light traveling the same path in the opposite direction?’. In our case, this would mean that a normal
incidence plane wave traveling from the substrate through the monolayer would result in the same total
transmittance as with incidence light from the top. Assuming that all light is transmitted in a specular direction,
the total reflectivity can then be calculated by using the transmitted light through the top layer as input for
the transfer matrix model, and the total reflectance is given by

Riot = Reprp + RsupTéprp + ReupReproTéprp + 3.7

where R, is the reflectance calculated with TMM for a three-layer stack: 500 um silicon, 80 nm of gold and
air. Because our structures are highly absorbing, we only take the first two reflection terms from equation 3.7
into account. Furthermore, we make the assumption that all light is transmitted or reflected specular, which
is not the case over the entire IR range (see Appendix A).

20



1.0 - 100

T A P — — ——
N/
g
0.8 ST | 11 o tso _
/ -\ | Au-DSP Si-SiO; spheres 8
7 v/ §
% 0.6 I', v teo 2
s || | s
g i =
€ 041 ! F40 G
w | ﬁ
| w
i £
0.2 f=—-—: T too <
Au-DSP Si
0.0 =T . . - . ' 0
2 4 6 8 10 12 14 16

Wavelength (um)

Figure 3.5: Calculated emissivity spectrum of a stack of double-sided polished silicon coated with gold (Au-DSP Si), bare (red), and with
the optimized geometry of close-packed silica spheres on top with a radius of 10 um (red), with the atmospheric transmittance in light
blue. The total emissivity of silicon is improved by adding the spherical glass coating, especially in the atmospheric transmittance
window.

Figure 3.5 shows the resulting calculated emissivity spectrum of the geometry, with bare silicon coated on the
back with gold, as a reference, against the atmospheric transmittance. It shows that the emissivity is
significantly increased by the monolayer of glass spheres, especially from 8 um wavelength, precisely where
the atmosphere is transparent and where the blackbody radiation of 340 K peaks.

3.2.2.1 Geometrical ray tracing

The resulting geometry of our stack is a layer of close-packed spheres with a radius of 10 pm. This is in the
regime where the dimension of the particle exceeds the wavelength of light and the reflectance and
transmittance can be computed using geometrical ray tracing. In Figure 3.6, the three possible pathways of
incidence light are shown, and for every regime an approximation can be made of the total reflectance of the
light. First, light that hits the surface at a smaller angle than 45 degrees (red) will have a single reflectance at
the silica interface before escaping. The total reflectance of this part (45.4%) of the incoming light can be
approximated by the reflectance of a layer of silica on silicon at normal incidence because angle-dependent
reflection for angles smaller than 45 degrees is insignificant. Light that hits the surface at a larger angle (blue)
will have a minimum of two reflections before escaping. The multiple reflections will decrease the total
reflectance significantly, so this part of the incoming beam (45.3%) is effectively trapped between the spheres
and will eventually be absorbed, resulting in no reflectance. Finally, light entering precisely between the
spheres (orange) will have a single reflection on the air-silicon interface (9.3%).
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Figure 3.6: Schematic representation of ray tracing for the coating of spheres on silicon. Three possible pathways of incident light are
shown; light at incoming light hitting a surface at less than 45 ° will have a single reflectance before escape (red), incident light hitting
the surface at higher incidence angle will have minimal two reflections before escaping (blue) and light incidence between the sphere
reflects at normal incidence at the silicon substrate (yellow).

3.2.3 Silica-based solar module design and optimization

For the silica-based solar module design, the simulation configuration is a hexagonal array of silica cylinders
on silica, using a mesh of 25 nm and a minimal auto-shutoff of 1le-7. The same simulation setup and
optimization steps are done for the design based on a cylindrical coating for silica-based solar module glass
(see Figure B.2: Configuration of cylindrical design in Lumerical, (a) top view and (b) side view. and Figure C.2:
Convergence test of cylindrical geometry of Si0,, (a) the mesh convergence and (b) the minimal auto-shutoff
convergence. for configuration and convergence test, respectively). However, this geometry has an extra
parameter that has to be optimized: the height. First, the height is set equal to the radius, which together with
the pitch are varied, resulting in Figure 3.7a. Next, the height is varied versus the radius at the optimal pitch
(3.5 times the radius), and the ideal geometry is found: a hexagonal array of cylinders, a radius of 1.75 pum, a
height of 2.25 um, and a 6.125 pm pitch. With this design, a potential cooling power can be reached of 450
W /m?, which closely approaches the maximum of 460 W /m? based on the ideal emissivity. Furthermore,
from Figure 3.7b, the robustness of the design is shown: a defect in the fabrication would still work.
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Figure 3.7: Colormap of the optimization of the geometry of a hexagonal array of silica cylinders on silica, where the figure of merit is
the calculated cooling power of structure based on the emissivity spectra acquired with Lumerical (e = 1-R). (a) Radius/height versus
pitch sweep and (b) a radius versus height sweep at the optimal pitch of 3.5 times the radius. The optimal geometry is found to be a
hexagonal array of cylinders (radius 1.75 um and height 2.25 ym) at a pitch of 6.125 um. Resulting in a cooling power of 450 W /m?
out of the theoretical maximum of 460 W /m?
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Using equation 3.7, the resulting calculated emissivity is shown in Figure 3.8 against the atmospheric
transmittance and with the unpatterned stack as a reference. By adding the pattern to the top of the glass,
the emissivity dip is reduced, improving the radiative properties of the stack.
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Figure 3.8: Calculated emissivity of a stack of double-sided polished silicon (DSP Si) coated with gold, with a silica layer on top (red)
and with a patterned silica layer (blue) with the optimized geometry of silica cylinders (radius of 1.75 um, height of 2.25 ym and a
pitch of 6.125 um), with the atmospheric transmittance window in light blue. The patterned module glass reduces and narrows the
emissivity dip of glass at 9 um, improving the radiative cooling of the stack.

3.2.3.1 Multipole decomposition

The optimized geometry for the array of cylinders is precisely in the range where we would expect dipolar
resonances to occur (d~A). To further investigate if these resonances occur and how they improve the
absorptive property of the stack, multipole decomposition can be used. The multipole decomposition method
enables us to determine which modes are excited by the incident light. Originally described by Mie theory,

this was derived for spherical particles. Here, a theorem of Evlyukhin et al.*® is used to calculate the multipole
decomposition of non-spherical particles.

First, the polarization induced by a plane wave scales linearly with the total electric field inside the particle
(E),

P =¢y(e, —€q)E 3.8

This relation depends on the vacuum dielectric constant (€g), times the relative dielectric permittivity of the
nanoparticle (€,) minus that of the surrounding medium (e4), which is 1 for air. To calculate the induced
polarization inside the particle, the total electric field (E) can be extracted from Lumerical simulation using a
normal-incidence plane wave. The total time-averaged extinction power is given by the volume integral of the
in-product between the incident electric field (Ej (7)) with the induced polarization #°

w
Pext = Elm fVSEB(T) . P(r)dr. 3.9

After substituting the different contributions of the modes, the total extinction power can be subdivided into
the contributions of the different modes: electric dipole (Pg;t), magnetic dipole (P2y;), electric quadrupole
(cht), and the toroidal dipole (PL,,):

ext
PeXtEPez;ct-l_ g?ct+Pe?ct+ngt- 3.10

To take higher order modes into account, it can easily be extended. The extinction cross-section can be
computed by dividing equation 3.9 by the total incident power, resulting in a multipole decomposition of the
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extinction cross-section, shown in Figure 3.9. The total extinction cross-section is shown of a micro cylinder in
air, together with the contributions of the different modes: magnetic dipole (MD), electric dipole (ED) together
with the toroidal dipole (TD), and the electric quadrupole (EQ). The total extinction coefficient is given by the
sum of the scattering and absorption coefficient® and compares well to the sum of the contributions. This
confirms our approximation to not involve any higher-order modes than the EQ. Two peaks are shown in the
extinction cross-section, both of which are determined mainly by the ED, in combination with the EQ and MD
in the first and second peaks, respectively.
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Figure 3.9: Multipole decomposition of a silica cylinder (radius 1.75 um, height 2.25 um), where the contribution is shown of several
resonances of the total scattering cross-section. The resonance induced in the silica cylinder is determined mainly by the electric dipole.

The Kerker condition states that directional emission is achieved when the ED and MD mode have the same
amplitude and phase. This will cause destructive interference in the backscattering plane. From Figure 3.9, we
see that this is not the case for our cylinders, for the ED mode is stronger in the entire range than the MD
mode. However, the Kerker condition can be generalized by taking the higher-order EQ mode into account,
which is also strong in our geometry. Using the expressions from Aleaa et al.3, the extinction cross-section
can be divided into forward and backward scattering cross-section, shown in Figure 3.10. It shows that the
forward scattering is much larger than the backward scattering.
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Figure 3.10: Forward (blue) and backward (red) part of the extinction cross-section of a silica cylinder (radius 1.75 um, height 2.25
um).
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4 Fabrication and measurement

Based on the theory and simulations of Chapter 3, we fabricated the two approaches for PRC; one for bare
silicon solar cell and the other for a solar module. Even though different methods are used to fabricate the
spheres and the cylinders, the basis of the stack is identical: a double-sided polished silicon wafer coated with
gold on the back. First, continuous convective deposition is used to coat a DSP Si substrate with a close-packed
monolayer of glass spheres. However, we will see that using this method to make a homogeneous monolayer
is challenging. Consequently, we switched to drop-casting to make a homogeneous monolayer. Next, UV-
lithography and reactive ion etching are used to fabricate the cylindrical pattern on the silica module glass.
Finally, the samples are imaged using an optical microscope as well as an SEM.

4.1 Fabrication

A DSP Si wafer (WRS Materials) is used with a thickness of 500 um that is lightly n-doped with phosphorus
with a resistivity of 1-20 Qcm ™. The wafer is cut into 24x24 mm? pieces and cleaned for 15 minutes in a base
piranha solution. Afterward, it is submerged into isopropanol and blow-dried with a N, gun. Next, E-beam
physical vapor deposition (EB-PVD) is used to deposit 80 nm of gold on the silicon substrates. EB-PVD occurs
in a vacuum chamber where a crucible with gold is heated using an electron beam. The vapor spreads through
the room and condenses on the silicon substrate, creating a homogeneous gold layer. A vibrating crystal is
used to measure the mass deposited and thus the thickness of the layer. These gold-coated DSP Si substrates
serve as a basis for all samples. Next, we used two different methods for the two approaches for radiative
cooling: the monolayer of spheres on silicon is made bottom-up, while a top-down process is used to etch the
cylinders into a silica substrate.

4.1.1 Self-assembled monolayer

There are several possible ways to make a monolayer of spheres on top of a substrate, like dip-coating,
continuous convective deposition, drop-casting, or spin-coating. Because of the dimensions of our particles
(diameter of 20 pum), continuous convective deposition and drop-casting are the most feasible methods.

4.1.1.1 Continuous convective deposition

Figure 4.1 shows the schematic representation for continuous convective deposition. The substrate is placed
horizontally on a motorized stage which can move in the x-direction with a speed from 1 to 1000 um per
minute. The deposition blade is positioned at an angle of 5 degrees and approximately 50 um above the
substrate. The deposition blade is silanized, making it more hydrophobic. The substrate is moved to the left
with deposition speed (v;) while keeping the deposition blade in place. A vacuum pump keeps the substrate
horizontal, preventing any movement caused by the forces exerted by surface tension of the suspension. The
stage is connected to a Peltier to control the temperature of the stage, either sub- or super ambient.

Figure 4.1: Schematic representation of the continuous convective deposition setup used to make a self-assembled monolayer of
spherical particles.
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In continuous convective deposition, a meniscus forms between the tip of a hydrophobic blade and the
hydrophilic substrate (see Figure 4.1). The curvature of this meniscus depends on the distance between the
blade and the substrate, the properties of the solvent, and the hydrophilicity of the substrate.

During the deposition, a balance exists between the pressure in bulk solution and in the wetting film in the
meniscus. In an atmosphere saturated with water, evaporation is made impossible, and a mechanical
equilibrium is established. The pressure in the meniscus is the sum of the van der Waals and electrostatic
disjoining pressures and the capillary pressure due to the curvature of the liquid between two particles. In
equilibrium, this is equal to the reference capillary pressure®.

When evaporation starts, the mechanical equilibrium is broken. The evaporation flux (j,) will induce an influx
of suspension from the bulk into the wetting film that consists of a water component (j,,) and a particle
component (j,). The total amount of evaporated water (/, = lj.) is precisely compensated by the total
amount of water that enters the meniscus (J,, = hsj, ). Resulting in a water component given

e 4.1

]w_h_f-

The particle component (j,,) scales linearly with the water flux®°,

. Bo .
JP = 1 _¢ ]W 42
The scaling factor depends on the volume fraction (¢) and a proportionality coefficient () depending on the
particle-particle interactions and particle-substrate interactions. Due to the particle flux, the particles will
accumulate in the film. When the deposition speed of the film is zero, the particles will keep accumulating in
the film, and a multilayer of particles is observed. The array growth rate (v.[m/s]) is the product of the particle
flux (j [m3/s]) with the height at the deposition front, divided by the total volume of particles per unit area
in the deposited layer (1),
hsj 4.3
v, = —f]p.
Vo
For the deposition of a monolayer of particles, the deposition speed should equate to the growth rate of the
monolayer, and the substitution of equations 4.1 and 4.2 in equation 4.3 results in

Blp .

ie. 4.4
V(1 - o) '€

Vg = V=
For a hexagonally packed monolayer, the volume of particles per unit area is 0.605d* with d the diameter of
the particles, and Bl is a constant to be experimentally determined. Then, the withdrawal rate of the substrate
is estimated by rewriting equation 4.4 as*

_ Je® 4.5
va = Pl 0.605d(1—¢)’

From this equation, some conclusions can be drawn. Firstly, when the size of the particles increases (d), the
withdrawal rate should decrease. Furthermore, when the volume fraction (¢) increases, the withdrawal rate
should increase. Finally, when the evaporation rate (j,) increases, the withdrawal rate should increase. The
evaporation rate can be increased in several ways. For example, the substrate can be heated, the deposition
can be done in a less humid environment, or a different solvent can be used. The evaporation rate of, for

example, ethanol is higher than that of pure water>.
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Using equation 4.5, the deposition parameters can be optimized to deposit a monolayer on the substrate.
However, during the deposition, fast accumulation and sedimentation were observed of the spherical glass
particles, making this technique less suited for our deposition because a homogenous suspension is vital. This
is probably caused by the large mass and the low hydrophobicity that increases the particle-particle
interactions.

4.1.1.2 Drop casting

The second technique is drop-casting. When a droplet of suspended particles evaporates from a surface, three
types of depositions can be observed: a ring of deposited particles, a small bump in the middle, or a uniform
layer (see Figure 4.2). The deposition depends on the strength of different types of convective flows in the
droplet. The coffee ring effect is caused by a radial convective flow induced by the higher evaporation at the
edge of the droplet®?. The accumulation of the particles in the center of the droplet is caused by recirculatory
Marangoni flow caused by a temperature gradient induced by the latent heat of evaporation®. Lastly, a
uniform layer will be observed when there is a strong interaction of the particles with the substrate, causing
convection towards the substrate®. This effect is even increased when the substrate is made more hydrophilic
due to the reduced contact angle. Because of the large dimension of our spherical particles, the attractive
force between the particles and the substrate is assisted by gravity and can be further enhanced by activating
the surface of the substrate with UV/ozone treatment.
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Figure 4.2: Three deposition forms of drop-casting: coffee ring effect, deposition in the center, and a uniform deposition over the surface.

The spherical design for a coating for silicon solar cells is made on top of the basis gold-coated silicon wafer
that is cleaned for 10 minutes with a UV ozone cleaner (BioForce UV/Ozone ProCleaner). In the UV ozone
cleaning, the oxidizing agent atomic oxygen is used to clean and activate the surface, making it more
hydrophilic. In the chamber, two wavelengths of light are used, 184 and 253 nm. The first wavelength is
absorbed by oxygen, creating ozone. The 253 nm wavelength light is responsible for the destruction of ozone.
In the UV box, ozone is continuously being formed and destroyed. In the destruction of ozone, the activated
oxygen will react with all contaminants on the surface. This will also result in a prolonged increase of the polar
surface energy, increasing the wettability®®. For UV ozone cleaning to work, it is essential to use clean samples
without any organics since this will react in the UV box.

The suspension of microspheres was made by suspending the number of spheres needed to cover a 24x24
mm surface of borosilicate spheres (Thermo Fisher Scientific, 9000 series) in 200 uL demineralized water. Note
that our design was originally based on silica spheres; borosilicate glass has a slightly different refractive index
(see Figure 4.1). According to the manufacturer, the spheres have a density of 2.55 g/cm3 and an average
diameter of 22.240.9 um, instead of the 20 um diameter we aimed for. The suspension was sonicated using
a Branson 2800 Cleaner for 15 minutes right before it was deposited on the activated silicon substrate.
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Subsequently, the substrate was dried in a closed box under lab conditions: a humidity of 40% at an ambient
temperature of 20 degrees Celsius. The silicon substrate was kept at a constant temperature of 17 degrees
Celsius to minimize the radial convection due to evaporation and to ensure uniform deposition.

The schematic representation of the total coated stack for bare silicon is shown in Figure 4.3a. The fabricated
sample, using drop-casting, is imaged from the top with a camera (Figure 4.3b), and an optical image is taken
with a Zeiss Axioskop (Figure 4.3c). A self-assembled monolayer can be recognized by a distinct hexagonal
packing from the top. Nevertheless, this is not apparent, caused by the high inhomogeneity of the diameter
of the spheres. Furthermore, the inconsistency in color might indicate an inhomogeneity in the glass
composition. By imaging at different focal depths, we determined that the grey area in Figure 4.3b is a single
layer of spheres on the Si substrate, while the white part is a multilayer.

100 pm

P

Figure 4.3: (a) Schematic representation of the optimized geometry for radiative cooling for silicon and (b) an image from the top of
the sample, and (c) a microscopic image from the sample.

4.1.2 UV lithography and reactive ion etching

The design for the solar module is a hexagonal array of silica cylinders on top of silica (see Figure 4.4a). The
cylinders are etched into a silica wafer with UV lithography and reactive ion etching. This is placed on top of
the gold-coated DSP Si substrate using immersion oil as a refractive index matching fluid. For the reference,
silicon with three types of glass is examined, 500 pm silica, 1000 um SLG, and 500 um borosilicate glass.

First, a 4", 500 um thick silica wafer (Siegert wafers) is cleaned for 15 minutes in base piranha, immersed into
isopropanol, and blow-dried with a N, gun. An HMDS layer is used for adhesion between the substrate and
the resist. We spin-coated a monolayer with a Siiss MicroTec Delta 80, using a spin speed of 4000 rpm for 45
seconds. Subsequently, the substrate is baked at 150 °C for 1 minute. Next, 2 micron of a negative photoresist
(Ma-N 1420) is spin-coated, with a spin speed of 2000 rpm for 30 seconds, and baked at 100 °C for 2 minutes.
The disadvantage of spin-coating is that at low spin speed, like 2000 rpm, it is likely that some resist
accumulates at the edge of your wafer. In the next step, this will prevent a proper illumination of the resist
because vacuum contact is needed. To remove the edge beat, the outer 5 mm of the 4" wafer is dipped into
edge beat removal fluid.

The grating in the photoresist layer was fabricated using a UV mask aligner (Stiss MicroTec MABAG). A 4" mask
(Delta Mask BV), made of glass with a thin patterned layer of chrome on top, is placed in contact with the
substrate under vacuum and is used to selectively illuminate the resist with 365 nm wavelength light. The light
improves the ability of the photoresist to resist the developing agent. The back of the substrate is covered
with blue tape before illumination to avoid backscattering interference. After illumination, the substrate is
immersed into the developing agent, MAD 533s, for 75 seconds to etch off the unilluminated photoresist.
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The grated photoresist works as an etch mask for the reactive ion etching. Using an Oxford PlasmaPro Cobra
ICP/RIE, the silica was etched in high vacuum and room temperature with an inflow of equal amounts of C,Fg
and Argon, for 16 minutes and 30 seconds to achieve the cylinder height of 2.25 um. Next, the remaining
photoresist is removed by acetone and base piranha. Finally, the wafer is cut into 24x24 mm? substrates.

A schematic representation of the optimized stack is shown in Figure 4.4a. An image from the fabricated
structure with a camera (Figure 4.4b) shows the sample is still transparent in the visible range. From the optical
image (Figure 4.4c), we can see that the hexagonal array of cylinders is homogeneous over a large area, and
the geometry of the sample is measured using an SEM, showing the crosscut taken with an FEI Helios 600
DualBeam (Figure 4.4d). The diameter was measured at 3.65 um and the height 2.20 um, which corresponds
to the optimized design. However, several SEM images were taken (Appendix D), showing that the geometrics
depended on the place on the 4" wafer; the agreement between fabricated and optimized geometry
decreased to the edge of the sample.
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Figure 4.4: (a) Schematic representation of the optimized geometry for radiative cooling for glass, (b) a picture from the sample from
the top, (c) a microscopic image from the top of the sample, and (d) an SEM image of the crosscut.

4.2 Optical measurement

To examine the emissive properties in the IR, infrared hemispherical reflection measurements were used. The
infrared hemispherical reflection measurements were conducted in the modified Bruker Vertex70 research-
grade laboratory FTIR spectrometer at the University of Twente (see Appendix E), as described in the work by
Hecker et al.>® The Vertex70 is modified with an external, custom-made integrating sphere with a diffuse gold
coating, with a Mercury Cadmium Telluride (MCT) mid-infrared detector on top. The sample is positioned at
the south pole of the sphere, with a variable aperture of maximum 20 mm. An external, high-power Globar
light source was used for high signal-to-noise measurements.

Measurements are taken at a wavenumber resolution of 8 cm-1 and repeated 8 times to average out the
noise. Depending on the sample's surface, scattering or flat, the measurement is normalized to the reflection
of a diffuse or flat gold substrate, respectively, and a measurement with an open sample port is used to
subtract the background signal.

Furthermore, to measure the absorptivity in the visible wavelength range, hemispherical reflectance
measurements were conducted in the VIS to NIR as well. An integrating sphere with a diffuse Teflon coating
in reflection configuration was used to capture all light reflecting from the samples. A supercontinuum laser
was coupled into the integrating sphere, and the reflected light was measured with a spectrometer.
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The hemispherical reflectance was measured over a wavelength range from 600 to 1600 nm. Because of the
large wavelength range, two spectrometers are used with different configurations. In the VIS, the reflectance
was measured with 200 ms exposure time, 150 grating lines per mm were used with a blaze of 500 nm. In the
NIR, the exposure time was 1 second, with 150 grating lines per mm and a blaze of 1200. Furthermore, to
exclude higher-order grating effects, all short-wavelength light was blocked, using a long-pass filter of 650 nm
and 1050 nm for the wavelength range 600-1100 nm and 1100-1600 nm, respectively.
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5 Result and discussion

To validate the concept obtained by the FDTD simulations in Chapter 3, we did hemispherical reflectance
measurements on the fabricated samples in both the IR and the VIS wavelength range. Additionally, we
measured the influence of several types of module glass on the emissivity of the stack. The measured emissivity
is computed as one minus the hemispherical reflectance. The measured emissivity is compared to the
calculated emissivity, using a combination of FDTD and TMM with the optical constants shown in Figure 3.1.
Finally, the total cooling power versus temperature is calculated using the measured emissivity spectra. At the
temperature where the total cooling power is zero, the solar cell is at equilibrium temperature.

5.1 Bare silicon solar cells design

Figure 5.1a shows the measured (solid) and computed (dashed) emissivity of the coated and uncoated silicon
in blue and in red, respectively (see Figure 4.3a for the stack). The atmospheric transmission is plotted in light
blue. The dashed lines are computed using a combination of FDTD and TMM (equation 3.7). In blue, the
emissivity calculated using the optical constants of silica (SiO5), is shown, and in purple, the optical constants
of SLG are used because the optical constants of borosilicate were only available between 7 and 14 pm.

The emissivity of lightly doped silicon varies between zero and 30 percent over the entire wavelength range
and shows some distinct peaks corresponding to Si-Si vibrations®’. These features are not apparent in the
dashed line, corresponding to the computed emissivity spectrum based on the optical properties from the
Handbook of Optical Constants of Solids by Palik*. They do compare, however, to reported FTIR transmittance
measurements®’*%, The coated silicon (solid blue line) has an increased emissivity, especially in the window
where the atmosphere is transparent.

The computed emissivity spectrum using the optical constants of silica shows some resonance features not
present in the measured spectrum. The cause for this discrepancy is that the refractive index of silica shows
higher and narrower vibrational modes than that of SLG (see Figure 3.1). When we compare the measured to
the computed emissivity where the optical constants of SLG are used, the spectra compare better.

Finally, there is a discrepancy between the simulated and the fabricated geometry. In Figure 4.3b, the optical
image from the top shows a significant deviation in the diameter of the spheres. For a resembling simulation,
the standard deviation of the diameter can be determined from the picture, and a simulation would be built
with a random distribution of spheres with the same deviation. This would blow up the simulation space
enormously, and therefore is out of the scope of this study.

Figure 5.1b shows the measured absorptivity of the coated stack in blue and the uncoated reference in red.
The solar spectrum is plotted in light orange. This indicates that any cooling effect is not due to worse
incoupling of solar light into the solar cell. The figure even shows a slight increase in absorptivity, indicating
that the coating also results in a slight AR effect in the visible wavelength range.
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Figure 5.1: Measured (solid) and calculated (dashed) emissivity/absorptivity of double-sided polished (DSP) silicon coated with gold
(red) and covered with SiO, spheres (blue) or SLG sphere (purple), (a) in the IR, and (b) in the VIS wavelength range.

5.2 Silica-based solar module design

Figure 5.2a shows the measured (solid) and calculated (dashed) emissivity patterned stack in blue, with the
unpatterned stack as a reference in red. The emissivity dip of silica is significantly reduced by adding the
pattern, increasing the average emissivity. The measured emissivity compares well with the calculated one,
from 4 um wavelength. For smaller wavelengths, there is most likely due to some missing information in the
used refractive index values of silica from the Handbook of Palik3*. The absorptivity in the visible wavelength
range, shown in Figure 5.2b, is not reduced by adding the patterning to the module glass; it even shows a
slight increase. This indicates that the light incoupling in the visible wavelength range is not reduced by our
pattern.
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Figure 5.2: (a) Measured (solid) and calculated (dashed) emissivity/absorptivity in the IR and (b) VIS of gold coated double sided polished
(DSP) silicon with a slab silica on top (red) and with patterned silica on top with cylinders (blue).

To further investigate the reason for the slight increase in absorptivity, the diffuse transmittance is measured
of bare silica and the patterned silica with the same setup as the reflection measurements in transmittance
configuration, without the gold-coated silicon underneath, shown in Figure 5.3. The transmittance of both
bare silica as the patterned silica is approximately 90 percent over the entire range, the other 10 percent is
due to the 4 percent reflectance at the two silica-air interfaces. It shows that the transmittance of bare silica
does decrease due to the patterning. One reason for the contradiction between Figure 5.2 and Figure 5.3 could
be caused by the trapping of some light inside the glass substrate because of high angle transmittance. If the
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silica was on top of the silicon, this light would more easily be absorbed in the silicon, while without the silicon,
it is more likely to escape from the top surface of the patterned silica.
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Figure 5.3: Measured transmittance in the visible wavelength range of bare silica and the patterned silica in red and blue, respectively.
In yellow, the solar spectrum is plotted as a reference.

5.3 Comparison of module glass

From the previous paragraph, we have seen that the patterning of the silica module glass improves the PRC
without having an impact on the incoupling of visible light. However, the module glass of silicon solar cells is
typically not made of pure silica, but of a glass composition, like borosilicate or SLG. To investigate the
contribution of our structure to the radiative cooling rate of a typical solar module, several types of module
glass are compared. Figure 5.4 shows the measured (solid) and calculated (dashed) emissivity of a stack with
three kinds of glass: silica, borosilicate, and SLG in blue, purple, and green, respectively. Note that the
refractive index data for borosilicate is only available between 7 and 14 um, which is interpolated to the
wavelength boundaries. The atmospheric transmittance is plotted in light blue, and the emissivity of bare
silicon in red. The silicon covered with silica shows a significant emissivity dip around 9 um, caused by the first-
order reflection from the top surface. This dip is less apparent in both SLG (green) and borosilicate glass
(purple); they show a lower and more broadened emissivity dip. This difference mirrors the variance in the
refractive index; the refractive index of silica shows a high and narrow peak, while both borosilicate and SLG
have a lower and broadened peak due to different vibrations in the crystal.
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Figure 5.4: Measured (solid) and calculated (dashed) emissivity in the IR of double-sided polished (DSP) silicon coated with gold (red),
with on top a slab silica (blue), soda-lime glass (green), and borosilicate (pink).

When comparing the stack with patterned silica with the stack with borosilicate or SLG glass, we see that the
dip in emissivity for both cases is approximately 0.75. The cylinders improve the emissivity slightly by
narrowing the dip, compared to the borosilicate and SLG glass. However, if we want to use the same patterning
for an SLG-based solar module, a new optimization of the cylinders would be needed, and the PRC could even
be maximized further.

5.4 Radiative cooling power

Using the measured emissivity spectra from the previous paragraph, the total cooling power can be calculated
using equation 2.1 at solar irradiance of 800 Wm™! and the non-radiative heat transfer coefficient of 6
Wm™2K™1. Figure 5.5 shows the total cooling power for the four sample stacks: bare silicon (red), silicon-
coated with 20 um glass sphere (blue), stack with unpatterned silica (green), and the stack with patterned
silica (purple). The blue background shows the minimal and maximal contribution of the radiative cooling on
the total cooling power (calculated in Figure 2.4). First of all, Figure 5.5 confirms the poor radiative cooling
power of bare silicon, which is close to no PRC. Secondly, looking at the zoom-in, we can see that the coating
of spheres and the cylinders improve the cooling power with respect to their reference, bare silicon, and silicon
covered with unpatterned glass, respectively. The intersections, where the cooling power is zero, return the
equilibrium temperature of our stack: 360 K, 338 K, 339 K, and 336 K, for silicon, coated silicon, stack with
unpatterned silica, and stack with patterned silica, respectively. This shows a potential cooling of 22 degrees
for the bare silicon solar cell and 3 degrees for the silica-based solar module.
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Figure 5.5: Calculated cooling power versus temperature of an object with the measured emissivity, red and blue the emissivity of bare
silicon and of silicon coated with a monolayer of spheres (from Figure 5.1a), and in green and pink the emissivity of a silicon-silica stack
with and without the patterning (from Figure 5.2a).
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6 Temperature measurements

In the previous chapters, we have fabricated the radiative cooler designs, both for the bare silicon and for the
silica-based solar module. From the hemispherical reflectance measurements, we have seen that the emissivity
is improved by adding the structures on top and that the measurements compare well to the expected
emissivity spectra. Next, we want to test the total cooling power of our samples. This is done by a rooftop
experiment: using a thermocouple, the temperature of the four samples is measured under direct sunlight in
Amsterdam. We will see that the coating of spheres reduces the temperature of the silicon significantly but
that there is a large deviation on the measured temperature of identical samples. Consequently, we first
measure the temperature of bare silicon, add the patterned and unpatterned silica, and compare the
equilibrium temperature in time.

6.1 Measurement setup

The rooftop measurement apparatus is built from a Styrofoam box with four 24x24 mm? notches to hold the
sample (see Figure 6.1). A thermocouple is connected to the back of each sample with copper tape to ensure
proper heat transport. Next, the box is covered by cling film to minimize the non-radiative heat transfer
coefficient (h.). This design ensures that any material in contact with the samples or the air pocket
surrounding the samples, heats up minimally. Subsequently, the box is put on the roof of AMOLF in
Amsterdam, and the temperature of the four samples is measured using a calibrated thermocouple for one
hour.

Figure 6.1: Temperature measurement apparatus on the AMOLF rooftop in Amsterdam on a partly cloudy day.

Figure 6.2: Temperature measurement on AMOLF rooftop of the coating of glass spheres on silicon (red), with
three silicon reference measurements (green, blue, orange). shows the preliminarily measured temperature
done on the AMOLF rooftop. First, the temperature of four samples was measured for one hour: three bare
silicon samples (blue, green, and orange) and the coated silicon with glass spheres (red). After one hour, one
of the silicon samples was covered with silica (orange) and one with patterned silica (green). We used
immersion oil as a refractive index matching fluid. This allows us to compare the temperature of the covered
silicon with the temperature before we added the silica on top.

When we first compare the bare silicon with the silicon coated with glass spheres, we see that during the
entire measurement, the coated silicon was significantly lower than all three reference samples; 9 degrees
cooling is achieved on average. However, a large deviation is observed between the identical silicon samples.
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The difference between the blue and the green line is 0.2 degrees on average, and the orange line is on average
2.5 degrees lower than blue.

This indicates that the measurement conditions are not identical for all the samples, making the comparison
a bit tricky. The reason for this difference can be that the thermocouple is not attached properly to the sample
with lower temperature or that the conditions in the box are different for the four sample spots, i.e.,
convection. For further measurements, this should be improved.

Next, we compare the temperature difference after covering the silicon with the patterned and unpatterned
silica. It is remarkable that the bare silica reduces the temperature of the silicon significantly, with
approximately 6 degrees compared to before the silica was put on top. However, we would expect the
patterned silica to work at least as well and even slightly better. This is not apparent from the measurements,
we see that the patterned silica does decrease the temperature by approximately 3 degrees, but the
improvement is less than the unpatterned silica.

One reason for this could be that the thermal contact was different for the two samples. We used immersion
oil to make thermal contact between the silicon and the silica. However, this is a fluid, and after the
measurement, a shift of the oil was observed. Because the improved cooling is mostly due to the dissipation
of heat from the silica, bad thermal contact between the silicon and silica will prevent this.

Furthermore, the measurement was done on a partly cloudy day in Amsterdam, accounting for the large dip
in temperature around 15:00 and between 16:15 and 16:30. For an improved measurement, we have to wait
for better weather conditions and repeat the measurements a few times to check for reproducibility.
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Figure 6.2: Temperature measurement on AMOLF rooftop of the coating of glass spheres on silicon (red), with three silicon reference
measurements (green, blue, orange).
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6.2 Outlook on IV measurements

For further understanding of PRC for solar cells, the electric power generation of the solar cell could be
measured with and without the photonic cooling layer. The total generated electricity depends on more
factors than only the temperature and from our optical measurements in the visible wavelength range, we
see that the incoupling of light is altered by our structures, however not reduced. Because the mechanisms in
the visible and infrared wavelength cannot be uncoupled, the total effect of our structures on the electric
power generation of the solar cell should be measured by measuring the generated power, IV-curve, or open-
circuit voltage of a solar cell while it heats up.
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7 Conclusion and outlook

In conclusion, we have shown that a silicon solar cell can be cooled using PRC by photonic microstructures
on the surface. Reducing the operating temperature of a solar cell is important because both the efficiency
and its lifetime increase with temperature. By examining the thermal balance of a solar cell at T=340K, we
compute the ideal infrared (IR) emissivity to be unity for wavelengths between 4 and 30 um. Next, two silica
microstructures are designed and fabricated to improve the PRC of solar cells; one for a bare silicon solar cell
and a second for a silica-based solar module.

For the first design, bare silicon is covered with a close-packed monolayer of microscopic silica spheres with
a radius of 10 um to increase the IR emissivity. The glass spheres were made of borosilicate glass with a
diameter of 22.2 um and by drop-casting, a uniform monolayer is deposited on a silicon substrate. The
emissivity in the infrared of the fabricated stack is measured using a hemispherical reflectance measurement
with an FTIR and compares well to the simulated FDTD results. The discrepancy is mostly caused due to the
inhomogeneous glass spheres observed in microscopic images and due to the unknown refractive index of
the glass spheres.

The second design is a patterning of the top layer of a silicon-silica stack with cylinders. Using UV lithography
in combination with reactive ion etching, silica microstructures are fabricated. The measured hemispherical
reflectance also compares well to the simulated design. A flat silica top layer shows a strong reflection peak
around 9 um that is significantly reduced from 70 to 30 percent by the microstructures. For a silicon solar
cell covered with a less pure glass than silica, such as SLG or borosilicate glass, the photonic cooling design
can be re-optimized.

Finally, the temperature reduction is shown by a preliminary temperature measurement of our samples on
the AMOLF rooftop under direct sunlight. For the silicon substrate coated with the glass spheres, an average
temperature decrease of approximately 9 degrees is shown with respect to the bare silicon reference.
However, a large temperature variation was observed between identical silicon samples of around 2.5
degrees. Next, the temperature is measured of the bare silicon and compared to the temperature of silicon
covered with flat or patterned silica. Covered with the flat silica, the temperature decreased by
approximately 6 degrees, while covered with the patterned silica, the temperature drop was approximately
3 degrees. Additional temperature measurements under very well controlled conditions are needed to
establish a definitive temperature comparison between the samples.

7.1 Outlook

The microstructure design for a silica-based solar module can be applied to every kind of solar cell that is
encapsulated in quartz silica glass to reduce its temperature. For other kinds of module glasses, the design
should be re-optimized. Furthermore, the concept of passive radiative cooling can be applied to all outdoor
devices that would benefit from a lower operating temperature.
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A. APPENDIX: Diffuse and specular part of transmittance

In the calculations of the total emissivity of our two designs, the assumption is used that the transmitted light
through the structure is mostly specular. In Figure A.1 and Figure A.2, the contributions of specular and diffuse
transmittance is shown of the spherical and cylindrical geometry, respectively. Here, for the specular
contribution, the integral is taken of the hemispherical far-field transmittance for light with angles smaller
than 5 degrees from normal. Both figures show that the transmitted light from the structures is mostly diffuse.
However, due to the high absorptivity of silica, most light is already absorbed before it hits the silica-silicon
interface. Therefore, we consider the used assumption valid for both configurations.
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Figure A.1: Farfield transmittance of the monolayer of SiO, spheres. The specular part of the transmittance (blue), the diffuse part
(red), the sum of these (green), and the measured transmittance with the power monitor (dashed).
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Figure A.2: Farfield transmittance of the hexagonal array of SiO cylinders on SiO,. The specular part of the transmittance (blue), the
diffuse part (red), the sum of these (green), and the measured transmittance with the power monitor (dashed).
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B. APPENDIX: Lumerical simulation setup
Figure B.1 and Figure B.2 show the setup of the spherical and cylindrical configuration in Lumerical, from top
view (a) and side view (b).

Figure B.1: Configuration of spherical design of glass on silicon in Lumerical, (a) top view and (b) side view.

Figure B.2: Configuration of cylindrical design in Lumerical, (a) top view and (b) side view.
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C. APPENDIX: Convergence tests
For both our designs, FDTD simulations are used to optimize the PRC effect. The mesh and minimal auto-
shutoff convergence for the silica spheres on top of silicon and for the silica cylinders etched into is shown in
Figure C.1 and Figure C.2, respectively. From the figures, it can be seen that for the spherical geometry, a mesh
of 100 nm is enough, and a minimal auto-shutoff of 1e-4. While, for the cylindrical geometry, a mesh is needed
of 50 nm and a minimal auto-shutoff of 1e-7. This difference in auto-shutoff implicates that higher Q modes

are excited in the cylindrical geometry.
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Figure C.1: Convergence tests of the spherical configuration of Si0O,, (a) the mesh convergence and (b) the minimal auto-shutoff
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Figure C.2: Convergence test of cylindrical geometry of Si0,, (a) the mesh convergence and (b) the minimal auto-shutoff convergence.
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D. APPENDIX: Variance in SEM images
In Figure D.1 the SEM images are shown of a crosscut from the etched cylinders into the silica at two different
positions. Firstly, the diameter varies between 3.65 and 3.87 um, which is already larger than the 3.5 um
where we aimed for. The height is slightly smaller than what we aimed for and varies between 1.80 and 2.20
um. Furthermore, from the images, a slight tilt is visible in the sides of the cylinders, which will influence the
reflectance. However, cones are shown to work well for anti-reflection, so we expect this will only increase
the emissivity slightly.
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Figure D.1: SEM images of the cylinders etched in silica, on different places on the cross-section.
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E. APPENDIX: Extended FTIR setup

Figure E.1 and Figure E.2 show a front image of the FTIR setup extended with the integrating sphere on the
right and a top view of the path the infrared light travels through the system, respectively.

Figure E.1: Picture of the FTIR setup with an external integrating sphere.
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Figure E.2: Schematic representation of the path of the light used to measure the hemispherical reflectance with the FTIR setup.>¢
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