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ABSTRACT

Control of heat flow in both near and far field through thermal radiation is of

fundamental interest for applications in thermal management and energy conversion.

One challenge is how we can realize high contrast control of heat flow with high
temporal frequencies and without moving parts. We try to resolve this problem and
propose two schemes in the near field: one based on electrical tuning of silicon
and the other based on optical pumping of doped silicon slabs. Both methods rely
on the change of free carriers, leading to tuning of the plasma frequency, resulting
in modulation of near-field thermal radiation. Calculations based on fluctuational
electrodynamics show that the electric method gives 10% tuning range. On the
other hand, heat transfer coefficient between two silicon films can be tuned from
near zero to 600 Wm~2K~! with a gap distance of 100 nm at room temperature with

the optical pumping method.

In the far field, we predict and demonstrate two spectrally selective absorbers based
on semiconductors, by utilizing their band gap properties and dedicated photonic
structure design. The germanium photonic crystals have around 95% absorption
from 500 nm to 1000 ym and over 0.9 over the entire visible and near infrared
spectrum. The effective absorptivity is as high as 0.91. The black silicon achieves
100% absorption for light with wavelength under 1 um. The effective absorptivity
is as high as 0.96. Field test shows that black silicon is able to maintain at 130

degrees Celcius under unconcentrated condition.

Another interesting topic is to achieve over 100 Wm™2 electricity-free cooling power
density with simple fabrication method by passive radiative cooling under direction
sunlight. We theoretically predicted three schemes for achieving this goal and
experimentally demonstrate that a polymer-coated fused silica mirror, as a near-
ideal black-body in the mid-infrared and near-ideal reflector in the solar spectrum,
achieves radiative cooling below ambient air temperature under direct sunlight (8.2
°C) and at night (8.4 °C). Its performance exceeds that of a multi-layer thin film
stack fabricated using vacuum deposition methods by nearly 3 °C. Furthermore, we
estimate the cooler has an average net cooling power of about 127 Wm™ during

daytime at ambient temperature, more than twice that reported previously, even
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considering the significant influence of external conduction and convection. Our
work demonstrates that abundant materials and straight-forward fabrication can

be used to achieve daytime radiative cooling, advancing applications such as dry

cooling of thermal power plants.
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Chapter 1

BACKGROUND

Thermophotonics studies the control of emission and absorption of materials and
structures and utilizes them for various applications, such as, improving the effi-
ciency of solar cells (L. Zhu, A. P. Raman, and Fan, 2015), dynamic control of heat
flux (Tto et al., 2017; Ding, T. Kim, and Minnich, 2016), exploring new schemes
of cooling (A. P. Raman et al., 2014; K. Chen, Santhanam, Sandhu, et al., 2015;
Xiao et al., 2018), designing new structures for solar heat harvesting (Kraemer et
al., 2011; Ni et al., 2016), etc. From the view point of spatial distance between
objects involved, we can categorize the thermal radiation into near field (distance
comparable to or less than thermal wavelength) and far field (distance much larger

than thermal wavelength).

1.1 Near field radiative heat transfer

With the decreasing of feature sizes of electronic and photonic devices and the
development of micro-/nano-fabrication techniques, the mass and energy transfer
could occur in confined space down to micro-/nano-regime, leading to significantly
different behaviour. One of such example is the thermal radiation between objects

in the near field.

In the late 1960s, Prof. Tien’s group from University of California, Berkeley and
C. Hargreaves from Netherlands first noticed the enhanced radiation effect in the
near field (E. Cravalho, Domoto, and C. Tien, 1968; E. G. Cravalho, C. L. Tien, and
Caren, 1967; Hargreaves, 1969). However, the study of this anomalous phenomenon

did not improve much due to the limited fabrication techniques.

Later in the late 2000s, Prof. Chen’s group from MIT confirmed the strong deviation
of near field radiation from what Stefan-Boltzmann’s law predicts in the far field (Hu
et al., 2008; Narayanaswamy, Shen, and G. Chen, 2008; Shen, Narayanaswamy, and

G. Chen, 2009). Since then, tremendous attention has been paid in the last decade
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due to the fundamental importance and great potential for applications of near field
radiation. For example, Ito et al. used phase change material VO, to achieve
dynamic modulation of heat flux for thermal management (Ito et al., 2017). Fiorino
systematically studied the near field thermo-photovoltaics and demonstrated near 40-
fold enhancement in the power output compared to the far field for energy recovery
from low-quality waste heat at an emitter temperature of 655 K (Fiorino, L. Zhu,
etal., 2018). Many other researchers proposed different theoretical ways to improve
the outpower and efficiency leveraging on the near field effect (Tong et al., 2015; K.
Chen, Santhanam, and Fan, 2015; J. Z.-J. Lau and Wong, 2017; Bierman et al., 2016;
Inoue, Watanabe, et al., 2018; Karalis and Joannopoulos, 2016; Zhao et al., 2017; S
Basu, Y.-B. Chen, and ZM Zhang, 2007). More recently, Zhu et al.. experimentally
demonstrated near field photonic cooling without lasers by controlling the chemical
potential of the photons inside semiconductors, pointing out a new method of solid

state refrigeration and chip-scale cooling (L. Zhu, Fiorino, et al., 2019).

Measuring the near field effect is extremely difficult due mainly to the requirements
of surface smoothness and nanoscele gap distance and parallelism control over large
area. Tremendous progress on detailed measurement and confirmation has been
made from Prof. Reddy’s group from University of Michigan to overcome the
challenges involved (Jeong et al., 2015; B. Song, Ganjeh, et al., 2015; K. Kim et al.,
2015; B. Song, Thompson, et al., 2016; L. Cui et al., 2017; Fiorino, Thompson,
et al., 2018). Specifically, nanopositioning, calorimetry, and thermometry have
enabled Prof. Reddy’s group to precisely control the distance and angle for planar
structures, as well as measure the temperature, and heat flux, as shown in Figure
1.1.

1.2 Far field radiative heat transfer

Far field radiative heat transfer has a much longer history than that of near field. In
the beginning of last century, Max Planck derived the first version of the famous
Planck black-body radiation law with his quantum theory. Now we know that this
law is only valid in the far field domain. It predicts that every physical object emits
broadband electromagnetic radiation with amplitude depending on its temperature.

The spectral radiance B,(4, T) in unit of Wsr~!m™3 for an ideal blackbody can be



Figure 1.1: Schematic picture of the state-of-art structure for measuring the near
field radiative heat transfer between emitter and receiver. The relative alignment of
the emitter and receiver both in rotation and displacement is achieved by controlling
a custom-built nanopositioner.

used for a detailed explanation.

2hc? 1
A5 exp(/”]:ﬁ -1

B,(A,T) = (1.1
where 4, ¢, and kp are the Planck constant, velocity of light, and Boltzmann constant,

A is the wavelength, and 7 is the temperature.

On the other hand, the spectral radiation of a real physical object depends on B (4,
T)e(A) where €(A) is the object’s spectral emissivity. Thus, tailing the spectral
emissivity would modify the object’s far field radiative property. Extensive research
has been performed since Planck’s time. We will only focus on two aspects, namely

spectrally selective absorbers and passive radiative coolers.

Radiative heat transfer is the most fundamental means of heat transfer in our universe
since there is no thermal conducting medium in between space objects for conduction
and convection to occur. Take our earth, for example. It receives approximately
90 Petawatts solar energy from the sun all day round. This is about 5000 times of

the global energy consumption (Abbott, 2010). Currently, photovoltaic and solar
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thermal processes are being employed for solar energy harvesting. For the thermal
process, there are concentrated solar power (CSP) (Mills, 2004), solar hot water
system (SHWS) (Zhigiang, 2005), solar thermophotovoltaics (STPV) (Lenert et al.,
2014; N. Wang et al., 2011), and solar thermoelectric generators (STEG) (Kraemer
et al., 2011). Among the four methods, CSP plants have been deployed around the
world with a capacity of 5 GW, while SHWS has been widely used for domestic hot
water. However, STPV and STEG are still in the stage of lab development.

CSP, SHWS, and STEG uses an absorber to harvest the solar energy and convert it
into a useful form, either electricity or hot water. The schematic of a solar thermal
system is shown in Figure 1.2. It consists of an absorber, a heat-to-heat or heat-to-
electricity energy conversion system, and a heat sink. The absorber is responsible
for receiving the solar energy. Considering that it is possible to considerably reduce
the negative effect of thermal convection and conduction by using a high vacuum
condition, an ideal spectrally selective absorber would have high absorption in the
solar spectrum with low emissivity outside that spectrum range, mainly in mid-
/far-infrared. The spectrum of an ideal absorber is shown as the red line in Figure
1.3.

During the last three decades, various spectrally selective absorbers have been ex-
plored as shown in Figure 1.4. They can be classified into six categories, namely (a)
intrinsic absorbers, (b) semiconductor-metal tandem absorbers, (c) metal-dielectric
multilayer absorbers, (d) metal-dielectric cermets, (e) surface textured absorbers,
and (f) photonic crystal based absorbers. (Kennedy, 2002).

Intrinsic absorbers utilize their materials’ intrinsic absorptive properties and are
mainly found in semiconductors and transitional metals, such as tungsten, Cu,S
(Lampert, 1979). However, their absorptive spectrum is far from ideal, either due
to the position of the bandgap/plasmon frequency or high refractive index mismatch

between the absorber and air.

For semiconductor-metal tandem absorbers, suitable semiconductor materials (such
as Ge, Si and PbS) are used to absorb high energy solar radiation below their bandgap
wavelength (Donnadieu and Seraphin, 1978; Okuyama et al., 1980). By placing
them on top of a metal substrate, long wavelength radiation will get reflected. Typ-
ically, these semiconductor materials have a high refractive index in the absorption

spectrum, creating undesired high reflection. Top anti-reflection layers are used to



v
Figure 1.2: Schematic of a solar thermal system. The absorber receives Qs from
the sunlight while loses Q,, and Q,,4 through conduction/convection and radiation.
Typically, Q.o, can be minimized by using high vacuum system. The remaining heat
is used to generate useful output power Q,,; via thermal processes such as Rankine

cycle, thermoelectric generator, direct heat transfer to water, etc. Waste heat Q,, is
dissipated through heat sink.

suppress the reflection.

Metal-dielectric multilayer absorbers are composed of alternating metal (tungsten,
silver, aluminium, etc) and dielectric layers (SiO,, TiO, Al,O3) with the metal layer
particularly thinner than the skin depth. These structures help to enhance some
particular range of wavelengths and wide incident angles. Since there are typically
over ten layers involved, numerical optimization methods are employed (X.-F. Li
et al., 2007; Bermel et al., 2010). Due to the requirement of precise thickness

control and multilayer structure, large-scale production remains a problem.

Metal-dielectric cermets are composites with nanoscale metal particles embedded
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Figure 1.3: Spectrum of an ideal spectrally selective absorber (red line) and passive
radiative cooler (blue line). The filled light blue area is the AM 1.5 solar spectrum
while the filled orange area is the emissivity spectrum of the earth’s atmosphere.
The grey dashed line is the spectrum of a black body at 300 K.

in dielectric matrix. They are particularly interesting due to their good spectral
performance, and flexibility, as well as their thermal stability, and are thus suitable
for high temperature applications such as solar thermoelectric generators and con-
centrated solar power systems. Various combinations of matrix materials have been
researched, including MgO, Al,O3, AIN, and SiO,, with metallic particles made
from high melting point metals such as Ni, Co, Ti, Mo, W, Pt, Cu, and Ag (Cao,
Kraemer, et al., 2015; Barshilia et al., 2009; Sathiaraj et al., 1990; Soum-Glaude
etal., 2017). Due to the same problem of impedance mismatch, anti-reflection layers
are also required. These cermets can be prepared by metal electroplating, electro-
chemical anodization, physical and chemical vapor deposition, and solution-based

fabrication methods.

To effectively increase the solar absorptivity in wide spectrum range, surface tex-
turing can be used. It boosts the absorptivity by creating multiple reflections from
the textured feature. The textured features typically range from tens of nanometers
to hundreds of nanometers, providing smooth impedance transition from air to the

bottom substrate for the solar spectrum while acting as a flat surface for long wave-
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Figure 1.4: Different design of spectrally selective absorbers: (a) intrinsic ab-
sorbers, (b) semiconductor-metal tandem absorbers, (c) metal-dielectric multilayer
absorbers, (d) metal-dielectric cermets, (e) surface textured absorbers, and (f) pho-
tonic crystal based absorbers.

length waves. From the experimental point of view, vapor deposition, ion-beam
treatment, metal oxidation at high temperature, nanowire growth, dry etching, etc.,
are found to effectively create textured surfaces (Kennedy, 2002; Kussmaul, Mirtich,
and Curren, 1992; J. Zhu, Z. Yu, et al., 2008). However, these nano-/micro-scale
features suffers from damage upon contacting. Thus, protection layers are often

required.
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Photonic crystals provide a way for controlling the photon density of states and
bandgap for electromagnetic waves. Photonic crystal structures with different di-
mensions have been explored in various material systems, for example, 1D tung-
sten gratings and 2D tungsten photonic crystals in square lattice by the use of
a holographic mask and subsequent etching processes, 3D tungsten woodpile by
modified silicon process, 3D tungsten inverse colloidal photonic crystals by self-
assembly (S.-Y. Lin, Fleming, and El-Kady, 2003; S.-Y. Lin, Moreno, and Fleming,
2003; Rephaeli and Fan, 2008; Sai et al., 2003; Y.-B. Chen and ZM Zhang, 2007;
Celanovic, Jovanovic, and Kassakian, 2008; Arpin et al., 2013). Due to its nanoscale
feature size, nano-fabrication techniques, including lithography, nano-imprint, and
self-assembly are typically used.

If we move our eyes away from the sun, we see the dark universe, which has an
extremely low temperature of around 3 K. Essentially, objects on earth with ambient
air temperature receive almost zero radiation power from the dark universe compared
to the radiation of themselves. However, the radiation channel from objects on earth
to the universe is blocked by the thick atmosphere which is spectrally opaque in a
wide range, shown as the filled orange area in Figure 1.3. Fortunately, there are
open windows where the atmosphere is mostly transparent, particularly the 8 to 13
um window, corresponding to the peak of a black body radiation at 300 K (shown
as the grey dashed line in Figure 1.3). Thus, nighttime radiative cooling is readily
achievable as long as the emissivity in the window is high enough. In fact, nighttime
radiative cooling has been known since ancient time. For example, 2000 years ago,
people in Iran and India made ice through radiative cooling when the ambient air
temperature is above zero degrees Celsius. In modern times, Alan Head patented
the use of spectrally selective infrared radiators for nighttime use in 1959 (Head,
1959). Since then, researchers have put great effort to improve the cooling power
or to get lower cooling temperature (C. Granqvist, Hjortsberg, and Eriksson, 1982;
Eriksson, Lushiku, and C. Granqvist, 1984; Kimball, 1985; D. M. Diatezua et al.,
1996).

However, it is much more challenging to achieve daytime radiative cooling under
direct sunlight illumination with an average power density of 1 kWmy, twice that of
a blackbody’s radiation at 300 K. Fortunately, most of the solar radiation that arrives
on earth occurs at short wavelength below 2.5 um, separated from the transparent

atmospheric window as shown in Figure 1.3. Ideally, if an object has high reflectivity
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in the solar spectrum and high emissivity in the transparent window as the solid blue
line indicates, its radiation power could surpass the power received. In that case, its

temperature could potentially drop to below ambient air temperature.

In fact, we have found daytime radiative cooling cases in nature. The Saharan
silver ants use their hairs to increase the reflection of near infrared light as well as
increase the mid-/far-infrared radiation, surviving in one of the hottest and driest
environments on earth (Shi et al., 2015). In the early research stage of daytime
radiative cooling, different investigators have proposed various schemes, such as
evaporated aluminum on TEDLAR (a polyvinyl-fluoride plastic) film (Catalanotti
et al., 1975), V-corrugated high-density polyethylene foils (N. Nilsson, Eriksson,
and C. Granqvist, 1985), and pigmented polyethylene cover foils (T. M. Nilsson
and Niklasson, 1995), optimized photonic crystal multilayer composed of SiC,
quartz, MgF, and TiO, with a silver substrate (Rephaeli, A. Raman, and Fan,
2013). However, due to limitations of material synthesis, fabrication techniques,
and measurement setups, requirement for high solar reflectivity and high mid-/far-
infrared emissivity could not be met simultaneously. For a long time, researchers

were not able to get sub-ambient temperature under direct sunlight illumination.

With the advance of new fabrication techniques, more efficient photonic struc-
tures are proposed and realized in recent years. Raman et al. first demonstrated
sub-ambient temperature cooling by five degrees with dedicated material/structure
selection and precise layer thickness control (A. P. Raman et al., 2014). Since
then, different groups around the world have proposed or demonstrated sub-ambient
cooling performance with different principles (Huang and Ruan, 2017; Zhai et al.,
2017; Kecebas et al., 2017). For example, Zhai et al. manufactured in large-scale a
daytime cooling structure using random-distributed micrometer-sized SiO, spheres
embedded in polymer matrix and a silver back reflector (Zhai et al., 2017). Kecebas
et al. demonstrated that repetitive high index-low index periodic layers could be
used to replace a silver layer to get a broadband reflection with low absorption.
Besides, an inserted Al,Oj3 film into conventional coating structures could improve

radiative cooling power (Kecebas et al., 2017).

Moreover, potential applications of modified radiative coolers have also been inten-
sively studied. For example, Zhu et al. studied how to preserve the original color

of an object while achieve radiative cooling (L. Zhu, A. Raman, and Fan, 2013).



10

Zhu et al. also applied the cooling concept to solar cells to help improve the cells’
efficiency and increase their lifetime (L. Zhu, A. Raman, K. X. Wang, et al., 2014;
L. Zhu, A. P. Raman, and Fan, 2015). Hsu et al. demonstrate a dual-mode tex-
tile composed of a bilayer emitter embedded inside an infrared-transparent porous
polyethylene matrix. It can be used in both passive radiative heating and cooling
mode using the same piece of textile without any energy input (Hsu, C. Liu, et al.,
2017; Y. Cui et al., 2019). Peng et al. fabricated porous polyethylene microfibers,
and used them for indoor personal temperature regulation to get 2.3 degrees Cesius
cooling performance (Peng et al., 2018). Cai et al. extended the idea to outdoor
personal temperature regulation where nanocomposite textiles made from embed-
ding zinc oxide, Prussian blue, iron oxide, and silicon nanoparticles into nanoporous
polyethylene provide spectrally selective performance (Cai, A. Y. Song, et al., 2018;
Cai, Peng, et al., 2019). Goldstein et al. demonstrated fluid cooling panels which
combined radiative cooler to cool fluids below ambient air temperature without

evaporative losses (Goldstein, A. P. Raman, and Fan, 2017).

Passive radiative coolers can be classified into the following categories: (a) foil-
covered black emitter cooler, (b) multilayer photonic radiative cooler, (c) dielectric-
particle-dispersed cooler, (d) double-layer nanoparticle-based cooler, and (e) Peri-

odically structured cooler. They are schematically shown in Figure 1.5.

In a foil-covered black emitter, the top foil is responsible for absorbing or reflecting
the sunlight and it is highly transparent in the atmospheric window. The foil is made
of polyethylene or ethylene with reflective and absorptive pigments or dyes such as
cobalt oxide, TiO;, ZnS, and MgO. In addition, the foil layer is typically physically
separated from the bottom emitter to avoid direct heat conduction. The bottom black
emitter is responsible for mid-far-infrared radiation (T. M. Nilsson, Niklasson, and
C. G. Grangvist, 1992; Silvestrini, Peraldo, and Monza, 1982).

Powerful photonic design and optimization tools are used for creating multilayer
photonic radiative coolers. Multilayer interference helps to generate the desired
spectrum from ultraviolet to far-infrared (M. Diatezua, Thiry, and Caudano, 1995;
A. P. Raman et al., 2014; Kecebas et al., 2017; Suichi et al., 2017; J.-Y. Wu et al.,
2017; Zou et al., 2017). Furthermore, armed with advanced fabrication techniques,
thin layers with precise thickness control become available (A. P. Raman et al.,
2014).
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The dielectric-particle-dispersed cooler achieves high radiation in the mid-/far-
infrared resulting from the resonant absorption of micro-sized dielectric particles
embedded in transparent matrix materials (A. R. Gentle and G. B. Smith, 2010;
Bao et al., 2017; Zhai et al., 2017; Hsu, C. Liu, et al., 2017). These particles are
transparent in the solar spectrum. This type of cooler could be manufactured in

large scale due to its simple material and fabrication requirement.

In contrary to the dielectric-particle-dispersed cooler, a double-layer nanoparticle-
based cooler uses the top matrix layer to reflect the sunlight and the bottom matrix
layer for thermal radiation (Bao et al., 2017; Huang and Ruan, 2017). The particles
in the top layer are TiO,, while the bottom layers are carbon, SiC, and SiO,.
In addition, this method avoids the introduction of a back reflection layer, which

typically requires high vacuum deposition of metals.

Periodically structured coolers utilize their unique structures to boost the mid-/far-
infrared radiation which is limited by their materials’ intrinsic properties. During
recent research, 2D photonic crystals and metamaterials have been proposed (Hos-
sain, Jia, and Gu, 2015; Rephaeli, A. Raman, and Fan, 2013; L. Zhu, A. Raman,
K. X. Wang, et al., 2014; L. Zhu, A. P. Raman, and Fan, 2015). 2D photonic
crystals have a feature size of several micrometers and require UV lithography while
metamaterials contain multilayers and are more demanding in terms of fabrication

methods.

1.3 Thesis overview

In this thesis, we report the results obtained in tailoring thermal radiation from near
field to far field.

In Chapter 2, we numerically study the near field radiative heat transfer under
electrical tuning. Porous doped silicon slabs are periodically gated with an external
voltage, resulting in the change of carrier concentration under different electrical
stimulus, further leading to the change of relative permittivity, particularly in the
infrared regime. Thus, the radiative heat transfer could be changed. With this

method, we are able to modulate the heat flux by 10%.

In Chapter 3, we resolve to optical pumping of the porous doped silicon to further
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Figure 1.5: Different design of daytime passive radiative cooler: (a) foil-covered
black emitter cooler, (b) multilayer photonic radiative cooler, (c) dielectric-particle-
dispersed cooler, (d) double-layer nanoparticle-based cooler, and (e) periodically
structured cooler.

increase the modulation contrast. By optically pumping the carriers inside the
material, the heat transfer coefficient can be tuned from near zero to 600 Wm=2K"!,

a significant improvement.

In Chapter 4, we divert to far field where we theoretically designed and experi-
mentally demonstrated spectrally selective absorbers based on germanium photonic

crystals and black silicon. Both schemes achieve higher than 90% absorption in
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the solar spectrum. Specifically, the germanium photonic crystal structure has a

emissivity less than 10% in the mid-/far-infrared.

In Chapter 5, we theoretically design three schemes for realizing passive radiative
cooling with direct sunlight illumination and experimentally demonstrated one of
them in a field test. Results show that the simple scheme is able to achieve 8.2
°C below ambient air temperature under direct sunlight. The net cooling power at

ambient temperature is calculated to be 127 Wm™

In Chapter 6, we conclude and give future directions in the related fields.
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Chapter 2

ELECTRICALLY CONTROLLED RADIATIVE TRANSFER IN
THE NEAR FIELD

Active control of heat flow is of great importance in areas such as energy conversion,
industrial and civil cooling/heating process, and thermal logic. Conventionally,
through controlling the valves in heat transfer systems, heat flow can be achieved.
Alternatively, electrostatic actuation has been employed as a thermal switch in a
mechanical way (R. Ma et al., 2017). Although, difficulties exist for thermal heat
flow in solid state systems without introducing moving parts, various attempts have
been made. Nanotubes with external mass load yield asymmetrical axial thermal
conductance (Chang et al., 2006). Nanoscale ferroelectric domain film can madulate
the thermal conductivity by 11% with applied electric fields (Ihlefeld et al., 2015).
Vanadium dioxide was used to construct a three-terminal temperature gated rectifier
and near field radiative heat flux modulator by phase changing under different
temperatures (J. Zhu, Hippalgaonkar, et al., 2014; Ito et al., 2017). However, a high
contrast modulation of the heat flow with potential high speed remains elusive.

In this chapter, we focus on near field to study radiative heat transfer that is controlled
via external electrical modulation of the carrier concentrations inside porous silicon.
Results show that the total heat flux can be changed by 11% through external gate

voltages.

2.1 Introduction to near field radiative heat transfer

Radiative heat transfer in the far field is governed by the Stefan-Boltzmann law
which predicts that the maximum radiative heat flux J (in unit of W/m?) between
two identical flat plates separated by a vacuum to be J = ea(T‘l‘—T‘z‘), where € is the
emissivity, o is the Stefan-Boltzmann constant (5.670367x10~8Wm=2K™*), and T,

and T, are the temperatures of the two plates under investigation.

However, the Stefan-Boltzmann law is only valid when the distance between the
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two plates is much larger than the characteristic thermal wavelength which can be
deduced from the Wien’s displacement law according to the temperature T (A4,,
= 2898 um K/T). As the distance approaches A,,, near field radiation becomes
significant. At the regime where the distance is much smaller than the 4,,, the near

field radiation dominates the heat flux (Shen, Narayanaswamy, and G. Chen, 2009).

The theory behind the near field radiative heat transfer is described by the combina-
tion of fluctuation dissipation theorem and Maxwell’s equations pioneered by Rytov
and co-workers in 1950s (Rytov, 1959). According to the fluctuation dissipation
theorem, the thermal emission is caused by the current from random running of
charges. The fluctuating current density can be fourier transformed to j(x,w) in
the frequency domain. This current term could be used as the excitation to solve
the Maxwell’s equations. With the help of dyadic Green’s function G(x,x’,w),
the induced electric fields could be written as the integration of Green’s function

multiplied by the fluctuating current density over the volume V.

E(x, w) = iwug / GE(x, X, w) - j(X°, w)dX’. 2.1)
v
Similarly, the corresponding magnetic field could be written as

H(x, w) = / GH(x,x’, w) - j(x’, w)dx’, (2.2)
\%

where y( denotes the magnetic permeability of vacuum. G and G are related by
each other.
GH(x,x’,w) = Vy x GE(x,X°, w) (2.3)

In this method, the key is to find the analytical expression of the dyadic Green’s
function G (x,x’,w) and G (x,x’,w), which relates the current source j at x” and
electric field E at x. It depends on the geometry of the materials under study. For a

plannar structure, the Green function can be described as the following (Sipe, 1987):

] 1 i A —iyyz’
GE(x X, w) = ﬁ / dK> —(813,8 + pi 15, p3)e ™ XX 0.4
T Y2
H s nw 30 P PV iK-(X=X") iy (z—d)e~ 727
G"'(x,x’,w) = “on dK*—(815,p5 — P115,9)e e , (2.5
e Y2
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where k; = 8,2 + 5, = yiZ + Kt and kl.2 = ﬁ?i + 52 = yl.z + K2 §=K x % and
pr=KZxy K)/(n;iko). The spectral energy flux (Poynting vector) can be further
derived as

<S(x,w) >= %/‘X’ < Re|E(x,w) x H'(x, )] > do, (2.6)
0

where <> and * denote the ensemble averaging and complex conjugate, respectively,

and w and w’ are the angular frequencies.

The ensemble average of the spatial and spectral correlation of the fluctuating current

density is expressed as
. . Y 4 ’
< Jp(X, w)jg(X’, ') >= —wegIm[€(w)]6md(x — X)O(w, T)é(w — ), (2.7)
/s

where j, and j, (p, q = X,y,z) represent the corresponding component of j and 6, is
the Kronecker delta function, while 6(x-x’) and §(w — «’) are Dirac delta functions.

O(w, T) is the mean energy of the Planck harmonic oscillator at temperature T.

hw

0w T) = exp(hw/kgT) -1’

(2.8)

where 7 is the reduced Planck constant and kp is the Boltzmann constant.

Here, we consider the case where two semi-infinitely thick slabs with different
temperature (77 and 73) and relative permittivity (€] and &) separated by a vacuum
gap with thickness of d shown in Figure 2.1. Although the whole system is not in
thermal equilibrium, each side of the slabs is assumed to be in thermal equilibrium
because of the relatively large thermal conductivity of the constitutive materials. To
calculate the radiative heat transfer between the two slabs, we choose the coordinate
system as shown in 2.1, with z denoting the direction perpendicular to the interface
while r being the in-plane direction. Correspondingly, we choose 5, and S, to be
the wavevector component, namely, k; = 3.;Z2+ §,F and kl.2 = ﬁii + /32 Note that the
wavevector parallel to the interface is conserved. The magnitude of the wavevector

is obtained via k; = V€ ko with kg = w/c being the wavevector in vacuum.

The net heat flux between the two slabs can be found by

9= /O O, Th) - O(w, T1)] /0 4B Ty(w.B) + Ty B (2.9)
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d Vacuum

Figure 2.1: Schematic configuration of the near-field radiative heat transfer between
two semi-infinitely thick slabs with different temperature and relative permittivity
separated by a vacuum gap with thickness of d.

and the heat transfer coeflicient is shown as the following:

1o T) [
h= 120D

2 a7 dp;[Ts(w, Br) + Tp(w, By)] (2.10)

where O(w, T) is the mean energy of a harmonic oscillator metioned before. The

exchange function I" for the s and p modes in the second integral is expressed as

(1= Ry M)(1 ~ |RZ?)

4|1 — RLR3 €264 |2

Im[R.1Im[R?)ei?P=4
|1 — RLRZei2P:d|2

Br

, for B, < wlc;

Co=sp(w, Br) = (2.11)

, , for B, > wlc.

Here, R! is the reflection coefficient of the multilayer system as seen from inside the
vacuum gap, where i denotes the domain with i = 1, 2 and @ denotes the polarization.
If the constitutive materials of the slabs are assumed to be same and the difference

of electromagnetic properties with temperature is neglected, we obtain R. = R2.
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The contribution of both propagating (8, < w/c) and evanescent waves (8, > w/c)

to the radiative transfer is included.

2.2 Optical properties of silicon
The relative permittivity of doped silicon (€,,) in the infrared can be described by

the Drude model where carriers are assumed to travel freely inside the materials.

€En = €co — a)lz,/(a)2 + iyw), (2.12)

where €, is the permittivity at high frequency limit, w is the angular frequency of
interest while w),, is the plasma frequency that is related to the carrier concentration
which can be tuned via external stimulation, y is the damping rate. The detailed
relation between plasma frequency and carrier concentration could be found in Ref.
(S Basu, B. J. Lee, and ZM Zhang, 2010). Here, we plot the relative permittivity
of bulk doped silicon with different carrier concentrations in Figure 2.2. It can be
easily identified that the real part of the permittivity is negative and its magnitude is

much larger than 1.

2.3 Effective medium theory
The effective permittivity of the porous silicon films is obtained using the Maxwell-
Garnett equation (Garnett, 1905):

2f(e — €n) + € + 2€y
2€n + €+ flen —€)

Eeff = €m (213)
where €, is the relative permittivity of the matrix medium (doped silicon assumed
here) and ¢ is the relative permittivity of the inclusions (for vacuum, ¢ = e3 = 1),

and f is the porosity or the volume fraction of the inclusions.

Figure 2.3 is the results of the relative permittivity of porous silicon with different
porosities at a carrier concentrations of 10'® cm™3. We can clearly observe that the

real part of the permittivity is greatly improved compared to bulk value. We should
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Figure 2.2: The (a) real and (b) imaginary part of the relative permittivity of bulk
silicon with different carrier concentrations in the infrared frequency.

also note that porous silicon has been experimentally realized for gradient refractive
index devices (Krueger et al., 2016) and distributed Bragg reflectors (Ocier et al.,
2017) in the visible regime.
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Figure 2.3: The (a) real and (b) imaginary part of the relative permittivity of porous
silicon with different porosity in the infrared frequency at a carrier concentrations
of 10! cm=,

2.4 Recombination mechanism in silicon

A Shockley-Read-Hall (SRH) model is used for the trap-assisted recombination with
effective SRH rate as follows (Chuang, 2012):
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R np 2.14

SRH = T,(n + 1) + T(p + n;) 2.14)
E

ni = VNNyexp(———), (2.15)

2kgT

where n and p are the concentration of electrons and holes, respectively, and n;
is the intrinsic concentration. N, and N, are the effective density of states in the
conduction and valence band. E, is the bandgap. The electron and hole lifetime

parameters are assumed to be 7, = 7, = 10 us.

In later section and chapter, we use porous silicon as the work horse for near field
radiative heat transfer. Due to the large surface area involved in porous materials,
special care should be taken on surfaces. Here, surface recombination is included

with parameters from Ref. (Yablonovitch et al., 1986).

RSurfuce = S(p - pO) (2.16)

with S being the surface recombination velocity, po being the initial concentration

of holes, and A; being the surface area.

Auger recombination should also be included, especially when the carrier concen-
tration is large since the recombination rate depends on the third order of carrier

concentration.

Rauger = (Cun + Cpp)(np — nd), (2.17)

where G, = C,, = 2x10732 cms~! is the Auger recombination factor of electrons
and holes (Huldt, 1971).

2.5 Results and discussion of electrically controlled near field radiative heat
transfer
Figure 2.4 shows the schematic of the proposed structure under study. Two doped

silicon slabs with thickness of 50 nm are placed in close proximity with a gap
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distance of 100 nm. The porous silicon is chosen to be doped with a concentration
of 2x10'” cm™3 (purple color in figure). The electrodes are separated by 200 nm
with an electrode width of 80 nm. One set of the electrodes (the red color) is
assumed to be separated from the silicon slab by a thin layer of oxide, working as
the gate electrodes. These values are chosen based on the following considerations.
The breakdown electric field of silicon is 3x103 V/cm for a n-type doping level
of 2x10'7 ¢cm™3 (Sze and Ng, 2006). Thus, the maximum width of the depletion
region is limited to 65 nm (Sze and Ng, 2006), meaning that we are not able to
significantly change the carrier concentration with a distance over 65 nm. Higher
doping levels lead to narrower widths of the depletion region. Another estimation
could be performed about the maximum voltage applied on the electrodes V,,,,x =
100 nm x 3x10° V/cm =3 V.

Figure 2.4: Schematic configuration of the near-field radiative heat transfer via
external electrical tuning. Two doped silicon slabs with thickness of 50 nm are
separated by a distance d = 100 nm. On the back side of each slab, interdigitated
electrodes are used to deplete carriers in certain areas. Note that there is an oxide
layer between the red electrodes (gate) and the silicon slabs and this is not drawn in
the figure.

We first set out to get the carrier concentration distribution of the proposed structure.
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Figure 2.5 is the electron (first row in each figure) and hole (second row in each
figure) distribution of the silicon slab under different external gate voltage. At zero
voltage, the electron has a concentration of 2x10'7 cm™3 while the concentration
of holes can be neglected considering its effect on relative permittivity. With
the decreasing gate voltage, the electrons will be depleted. The concentration of
electrons could be tuned from its intrinsic doping level of 2x10'” cm™ (completely
ionized at this level) to an average of 1x10'® cm™ by changing the external gate
voltage from O to -1.74 V. With the change of carrier concentrations, we expect the
relative permittivity of the slab to change accordingly as discussed above. We set

out to calculate the near field radiative heat flux change.
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Figure 2.5: Electron (first row in each figure) and hole (second row in each figure)
concentration under external gate voltage at (a) O, (b) -1.5, (c) -1.74 V. The black
bars under the slabs denote the gate electrodes. The silicon slabs have background
n-type doping of 2x10'7 cm™3.
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Figure 2.6: Spectral heat flux as a function of angular frequency with different
carrier concentrations tuned by external gate voltage.

Figure 2.6 is the result of the calculated spectral heat flux. The magnitude changes
dramatically in the low frequency range where the plasmonic effect is the strongest.
The total heat flux is calculated to be 56.9 Wem™ at 0 V and 50.6 Wem™2 at -1.74

V, 11% change in modulation.

2.6 Conclusions

We have described the physical mechanism of near field radiative heat transfer and
proposed a method for controlling the near field radiative heat transfer via external
electrical tuning. By changing the gate voltage from 0 V to -1.74 V, the total heat
flux can be changed by 11%.
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Chapter 3

DYNAMIC OPTICAL CONTROL OF NEAR-FIELD RADIATIVE
TRANSFER

Part of this chapter has been adapted from:

Kou, Junlong and Austin J Minnich (2018). “Dynamic optical control of near-field
radiative transfer”. In: Optics Express 26.18, A729-A736. por: 10.1364/0E.
26.00A729.

Dynamic control of radiative heat transfer is of fundamental interest as well as for
applications in thermal management and energy conversion. However, realizing
high contrast control of heat flow without moving parts and with high temporal
frequencies remains a challenge. Here, we propose a thermal modulation scheme
based on optical pumping of semiconductors in near-field radiative contact. External
photo-excitation of the semiconductor emitters leads to increases in the free carrier
concentration that in turn alters the plasma frequency, resulting in modulation of
near-field thermal radiation. The temporal frequency of the modulation can reach
hundreds of kHz limited only by the recombination lifetime, greatly exceeding the
bandwidth of methods based on temperature modulation. Calculations based on
fluctuational electrodynamics show that the heat transfer coefficient between two
silicon films can be tuned from near zero to 600 Wm™2K~! with a gap distance of

100 nm at room temperature.

3.1 Introduction

Active control of heat flow has long been of interest in various fields (Inoue, De
Zoysa, et al., 2014; Otey, W. T. Lau, and Fan, 2010; J. Zhu, Hippalgaonkar, et al.,
2014; K. Chen, Santhanam, Sandhu, et al., 2015; Ding, T. Kim, and Minnich, 2016;
Xinyu Liu and Padilla, 2017; Ito et al., 2017; Kats et al., 2013; Brar et al., 2015;
Ihlefeld et al., 2015; Ilic, Thomas, et al., 2018; Ilic, Jablan, et al., 2012; Zheng

et al., 2011). The possibility to modulate radiative transfer is especially interesting
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due to its noncontact nature. The simplest mechanism to actively control radiative
transfer by modulating the temperature of the emitter is limited to relatively low
frequencies (Hildenbrand et al., 2010). More quantitatively, consider the use of
an optical beam to modulate the temperature of a radiative emitter. Assuming the
light is absorbed near the sample surface, the amplitude of the temperature change
of the film is given by AT = Qo/VkCw, where Qy is the input power density, « is
the thermal conductivity, C is the volumetric heat capacity, and w is the external
modulation angular frequency (Carslaw and Jaeger, 1959). Let us take the input
power density Qg = 10> Wem™2, « = 1 Wm™'K™!, € = 10° Jm>K™! and w =
27x10° rad/s. The amplitude of the temperature oscillation of the films is only
about 1.3 K, corresponding to a small heat transfer modulation of 8.0x10~* Wcem™2
despite the large input power density. Thus simply modulating the temperature of a
radiative emitter does not result in substantial radiative flux modulation as frequency

increases.

Prior works aimed to overcome this limitation by, for example, altering emissivity
with temperature-dependent phase-change materials (Kats et al., 2013; Ito et al.,
2017), carrier-injection-induced modification of band structure in quantum wells
(Inoue, De Zoysa, et al., 2014), and electrostatic gating of graphene plasmonic
resonators (Brar et al., 2015), among other schemes. However, these schemes
modulated the far-field radiation, which significantly limits the maximum heat flux.
Further, the broadband nature of thermal radiation imposes stringent requirements

on any method as a wide spectrum of electromagnetic waves must be manipulated.

On the other hand, near-field radiative transfer is capable of supporting heat fluxes
that are orders of magnitude larger than that in the far-field (Shen, Narayanaswamy,
and G. Chen, 2009; Rousseau et al., 2009; B. Song, Thompson, et al., 2016; Y. Yang
and L. Wang, 2016; St-Gelais et al., 2016) through a relatively narrow bandwidth
(Shchegrov et al., 2000). These properties have been exploited in various appli-
cations, including thermophotovoltaics (Karalis and Joannopoulos, 2016; Laroche,
Carminati, and Greffet, 2006; Messina and Ben-Abdallah, 2013; Zhao et al., 2017),
solid-state cooling (K. Chen, Santhanam, Sandhu, et al., 2015), thermal rectification
(Otey, W. T. Lau, and Fan, 2010; Soumyadipta Basu and Francoeur, 2011), and ac-
tive extraction of bound surface waves (Ding, T. Kim, and Minnich, 2016), among
others. A method that is capable of dynamically modulating near-field radiative

heat transfer would be of great interest. As doped semiconductors possess surface
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resonance frequencies in the infrared that vary with carrier concentration (S Basu,
B. Lee, and ZM Zhang, 2010), actively altering carrier concentration could provide
a mechanism to modulate radiative transfer. However, although optical pumping has
been used for tuning the permittivity of different materials via carrier photoinjection
with high speed (Dunkelberger et al., 2018; Guo et al., 2016; Kinsey et al., 2015),
the effects on radiative transfer have not yet been studied.

Here, we propose a scheme for dynamically controlling near-field radiative transfer
between semiconductors by external optical illumination with hundreds of kHz. A
change of carrier concentration induced by the optical pumping shifts the plasma
frequency of the semiconductor, altering the near-field radiative heat transfer coeffi-
cient. Our results show that heat transfer coefficient can be tuned from near zero to
600 Wm~2K~! at room temperature with a bandwidth on the order of hundreds of
kHz. Our work introduces a promising method to realize dynamic external control

of heat flow.

3.2 Theory

The system we consider is shown in Figure 3.1. Two parallel porous silicon films
(denoted as Region 1 and 2) are put in close proximity to each other with a vacuum
gap distance d (denoted as Region 3). The two films are supported by two substrates
in contact with separate thermal reservoirs. We choose porous silicon rather than
fully dense silicon to enable the formation of surface plasmon polaritons (SPPs) with
high near-field energy density as discussed in the next section. Optical elements
composed of porous silicon have been fabricated for gradient refractive index devices
(Krueger et al., 2016) and distributed Bragg reflectors (Ocier et al., 2017) in the
visible regime. These two films are optically pumped by two laser beams with
wavelength 400 nm corresponding to an absorption coefficient of 1.06x10° cm™'.
Although the absorption depth is around 100 nm, smaller than the thickness of the
films (1 pum), the fast carrier diffusion process on the order of 1 ns leads to a nearly
uniform free carrier concentration in the film during modulation with period over
1 us. The background doping concentration is taken to be 10'> cm™3. We assume
that the steady power of the lasers and the temperatures of the thermal reservoirs are

chosen so that each film is at a specified temperature. For the purpose of calculating
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Optical Pumping

Figure 3.1: Schematic of the configuration for near-field radiative transfer dynami-
cally controlled by external optical excitation. The two porous semiconductor films
of thickness t on two substrates are maintained at constant temperature of 77 and
T, (T, > T,) with a vacuum gap distance of d. Free carriers are excited by the
external illumination from both sides, leading to the formation of surface plasmons
and resulting in a modulation of near-field radiative heat transfer.

the heat transfer coefficient, the temperatures of the two films are taken to be 77 =
300 K and 7> =299 K, but in an actual application the temperature difference could
be much larger. Under external optical pumping, excited free carriers result in the
change of its relative permittivity, leading to an increase of near-field radiative heat
transfer. Moreover, when the pumping is off, carriers recombine and the radiative
heat transfer decreases to near zero, providing a mechanism to rapidly modulate

near-field radiative transfer.
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We calculate the near-field radiative heat transfer coefficient for this scheme using
the standard formalism of fluctuational electrodynamics (Rytov, 1959). The heat

transfer coeflicient (%) is given as

- L / w22l 0 " BT, B) + Tp(w. B)]. 3.1)

where O(w, T) = hw /lexp(fiw/ kBT) 1] is the mean energy of a harmonic oscillator,
f is the reduced Planck constant, kp is the Boltzmann constant, § is the wave vector
in the x-y plane, and 7 is the absolute temperature. The exchange function I" for the

s and p modes in the second integral is expressed as

(1 [Ry (1 - |R3I?)
4|1 — RLR3ei2P:d)2
Im[R1Im[R?)ei?P=4

|1 — RLRZei2B:d|2

, for B < wlc;

I_‘oz:s,p(a), B) = (3.2)

, for B> wlc.

Here, R! is the reflection coefficient of the multilayer system as seen from inside the
vacuum gap, where i denotes the domain with i = 1, 2 and a denotes the polarization.
We neglect the difference of electromagnetic properties with temperature, leading to
R! =R2. . is the wave vector along the z-direction inside vacuum. The contribution
of both propagating (8 < w/c) and evanescent waves (8 > w/c) to the radiative

transfer are included.

The effective permittivity of the porous silicon films is obtained using the Maxwell-
Garnett equation (Garnett, 1905):

2f(e, —€n) + € + 26y
" 2en+ 6+ flen—€)’

€] = € = Geff (3.3)

where €, = € — w,/(w* + iyw) is the relative permittivity of the matrix medium
(silicon) (S Basu, B. Lee, and ZM Zhang, 2010) and ¢; is the relative permittivity
of the inclusions (vacuum, ¢ = e = 1), and f is the porosity or the volume
fraction of the inclusions. The plasma frequency (w)) is directly related to the
carrier concentration which is controlled by the external illumination intensity. The
effect of illumination is thus modeled simply as an altered permittivity of the porous

silicon matrix.

The external optical power needed to create a steady state concentration of photoex-

cited carriers depends on the relevant carrier recombination mechanisms of silicon.
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A Shockley-Read-Hall (SRH) model is used for the trap-assisted recombination

which is described in last chapter and is adopted here again considering the volume
(V). The electron and hole lifetime parameters are assumed to be 7, = 7, = 10 us
with a trap density of 5x10'3cm™ (Sze and Ng, 2006).
np — ”;2

\%
Tp(n+m) + T(p + 1)

Rspy = (3.4)

with n and p being the concentrations of electrons and holes, n; being the intrinsic
carrier concentration and V being the volume of the solid portion of the porous
medium. Auger recombination is also included as the following by considering the

volume (V):

Rauger = (Can + Cpp)np = i)V, (3.5)
where the factor C, = C, = 2x10732 cm®s~! (Huldt, 1971).

Surface recombination is included considering the total surface:

RSurface = S(p - pO)AS (3.6)

with S being the surface recombination velocity, po being the initial concentration of
holes and A being the surface area. The surface recombination velocity is obtained
from Ref. (Yablonovitch et al., 1986). To account for the large surface area of
porous materials, we assume that the pores are spheres with radius r arranged in
period of a with porosity f = 47r°/3a® which leads to a large surface to volume
ratio A,/V = 4nr?/a®. Although the large surface area leads to appreciable surface
recombination, we note that even if the surface recombination velocity is an order of
magnitude larger than the value chosen here, the required optical power to achieve
a given modulation only increases by a factor of two due to the influence of Auger

recombination. Therefore, our scheme is still applicable even for less ideal surfaces.

3.3 Results
We first examine the heat transfer coefficient versus porosity for a specific carrier

concentration of 10! cm™ in Figure 3.2(a). For these calculations, the carrier
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Figure 3.2: (a) Heat transfer coefficient versus porosity. (b) Spectral heat flux versus
frequency for different porosities. Both calculations are performed with a carrier
concentration of 10!* cm=3

concentration and film thickness are chosen to be 10'” cm™ and 1 um, respectively.

The maximum heat transfer coefficient of 640 Wm™2K~! is achieved at f = 0.87.



32

(2]
=
(=)

()]
(=
o

H
=
o

Heat transfer coeff. (Wm'2K'1)
w
o
o

200 |
100 f=0.80
’ n=10"cm?
103 102 T 10° 10’
Film thickness (zm)
1012 : : ' ' ' .
e (b)
&
18 |
5 10
©
- am|
£ 10
(&
c
o
b
| .
= = 0.80
o 10" L

102 10" 10° 10" 10® 10°
Input power density (Wcm'z)

Figure 3.3: (a) Heat transfer coefficient versus film thickness at f = 0.80. The heat
transfer coefficient remains almost constant beyond 1 um. (b) Carrier concentration
versus input power density. The black and red dashed lines are the asymptotes
considering only trap-assisted/surface recombination mechanism and Auger recom-
bination mechanisms, respectively. Both calculations are performed with a carrier
concentration of 10!? ¢cm™3
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Previously, porous silicon with porosity of 0.85 has been experimentally realized
(Krueger et al., 2016). Here, we set f = 0.80 for future calculations. As shown in
Figure 3.2(b), lower values of f lead to a decrease of the overall spectral heat flux
value and shifts the peak of the spectral heat flux to higher frequency for which the
thermal occupancy is smaller, leading to a lower heat transfer coefficient according
to Equation 1. On the other hand, a higher value of f indicates less silicon and
more vacuum, resulting in lower spectral heat flux, and decreasing the heat transfer
coeflicient. We note that the optimal value of f for maximum heat transfer coefficient

depends on temperature and carrier concentration.

Figure 3.3(a) plots the heat transfer coefficient versus thickness of the films. With a
film thickness larger than 1 um, the heat transfer coefficient remains almost constant
at 600 Wm—2K~!. For subsequent calculations, we assume the thickness of the films

to be 1 um unless specifically specified.
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Figure 3.4: (a) Heat transfer coeflicient versus input power density with f = 0.80.
The heat transfer coefficient is nearly zero at low optical pumping and increases to
600 Wm~2K~! with power density of 2.3x10° Wem™2.
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Figure 3.5: Normalized exchange function versus angular frequency and wave
vector. The carrier concentration is set at (a) 10'® cm™, (b) 10" cm™ with
f = 0.80. The black solid curve in (b) denotes the dispersion relation of the SPP
mode where the real part of €; is negative. The white dashed line is the light line
in vacuum. Significant enhancement of heat transfer coefficient results from the
increase of exchange function in (b) compared with (a).

External optical pumping leads to the excitation of free carriers inside the films.
The curve in Figure 3.3(b) depicts the carrier concentration as a result of external
pumping. At low input power, the carrier concentration remains at 10> cm™3

because of background doping. An increase in the optical excitation power leads to
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an increase in free carrier concentration with the steady-state value determined by the
recombination mechanisms. The required input power density first increases linearly
with the carrier concentration in the region from 1x10'® to 1x10'® cm™ where the
trap-assisted recombination and surface recombination dominates at lower carrier
concentrations. However, for carrier concentrations beyond 5x 10'8 cm™—3, a dramatic
increase of input power density is needed to maintain the carrier concentration

because the Auger recombination becomes the dominant recombination mechanism.

The heat transfer coeflicient versus external optical power is shown in Figure 3.4(a).
A large variation in heat transfer coefficient is observed as the pumping power is
varied. Without pumping, the heat transfer coeflicient is near zero. This low heat
transfer coefficient results from the absolute positive value of the silicon permittivity

with negligible imaginary part for the background doping of 10!> cm™

, resulting
in little emission or absorption in the infrared wavelengths. As the carrier concen-
tration increases due to the increased optical pumping, the real part of the silicon
permittivity at low frequency becomes negative while the imaginary part increases.
The material is able to support surface plasmons which contribute to the near-field
radiative transfer. The maximum heat transfer coefficient is 600 Wm™2K~! for the

considered input powers occurs at an input power density of 2.3x10°> Wem™2.

We now compare the modulation depth of our scheme to those in prior reports.
Previously, dynamic tuning of emissivity was reported with modulation of emissivity
from 0.24 to 0.74 through intersubband absorption (Inoue, De Zoysa, et al., 2014)
and from 0.5 to 0.95 with reconfigurable microelectromechanical systems (Xinyu
Liu and Padilla, 2017) in the far field, corresponding to heat transfer coefficients
of 1.5t0 4.5 Wm™2K~! and 3.1 to 5.8 Wm™2K~! around room temperature. In the
near field, Ref. (Ito et al., 2017) reported dynamic modulation of radiative heat
transfer coefficient from 17 to 30 Wm~2K~! via phase-change material with a gap
distance of 370 nm. To compare with this latter result, we recalculated the maximum
variation in heat transfer coefficient for a gap distance of 370 nm. With our scheme,
a modulation of heat transfer coefficient from near zero to 44 Wm™2K~! can be

achieved for the same gap distance, substantially larger than that reported earlier.

We investigate the origin of the modulation by calculating the exchange function, Eq.
(2), versus angular frequency and wave vector in Figs. 3.5(a) and 3.5(b). For films

with carrier concentration of 10'® cm™3, only propagating waves under the light
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line contribute to radiative transfer, leading to negligible heat transfer coefficient.
However, for films with carrier concentration of 10!° cm~3, enhanced radiative heat
transfer occurs in the near field as a result of the increase in exchange function
appearing above the light line, as pointed out in (S Basu, B. Lee, and ZM Zhang,
2010). Thus, the heat transfer coefficient increases quickly from 5 Wm™>K~! at a
carrier concentration of 10'® cm™3 to 600 Wm™2K~! at a carrier concentration of
10" cm™3,

To further investigate the origin of the heat transfer coefficient at a carrier con-

centration of 10! c¢cm™3

, we examine the surface mode supported by two in-
finitely thick porous silicon slabs. The dispersion relation of the SPPs sup-
ported in this geometry can be described by tanh(kzd/2) = —(kse;)/(k1€3) and
tanh(k3d/2) = —(kie3)/(kze1), where k; = [kZ,, — klej is the wave vector in
z-direction within corresponding medium with j = 1, 3(Maier, 2007). In the elec-
trostatic limit (kspp > w/c), the dispersion relation is simplified as follows:

1 e1(w) — &
k ~—=In[t———|. 3.7
Spp d n (+61(w) + 63) 3.7

We superimposed the results from the dispersion relation in Figure 3.5(b) as the
black solid line in the region where the real part of €; is negative. It is clear that the
dispersion relation matches with the peak values of the exchange function, confirm-
ing that the broadband SPP mode with high propagation constant is responsible for

the enhanced heat transfer coefficient.

Next, we consider some typical values for relevant parameters for an experimental
study. We take the films to have dimensions 1 cm X 1 cm, separated by a 100 nm
gap. The two films are maintained at temperature of 300 and 500 K, respectively.
With a tuning input power from zero to 2 W, we find that the heat transfer power can
be tuned from near zero to 0.8 W. This result is significantly improved over previous
results regarding the modulation depth (Inoue, De Zoysa, et al., 2014; Ito et al.,
2017; Xinyu Liu and Padilla, 2017) and exceeds the blackbody limit for radiative
transfer for the same temperatures by nearly a factor of three.

Finally, we consider the maximum bandwidth of modulation of the radiative flux.
Modulation by simply changing the temperature of an emitter with a modulated
heat flux becomes increasingly challenging as frequency increases, as discussed in
the introduction. In contrast, the bandwidth of our scheme is limited only by the
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recombination lifetime. A tradeoff exists between bandwidth and required optical
power as a shorter recombination time implies high bandwidth but requires more
power to maintain a given free carrier concentration. For the parameters chosen
here, at a carrier concentration of 10'® cm™3, the lifetimes corresponding to trap-
assisted, surface and Auger recombination are around 20, 1.8 and 23 us, respectively,
leading to a modulation bandwidth of around 600 kHz. Generally, the maximum
modulation frequency will be on the order of hundreds of kHz for typical values
of recombination lifetimes, which is faster than or comparable to previous results
(Hildenbrand et al., 2010; Inoue, De Zoysa, et al., 2014; Ito et al., 2017; Xinyu Liu
and Padilla, 2017).

3.4 Conclusions

In summary, we have proposed a dynamic modulation scheme for near-field radiative
transfer using free carrier changes induced by external optical pumping. For the
materials considered here, we show that the heat transfer coefficient can be tuned
from near zero to around 600 Wm~2K~! with bandwidths of hundreds of kHz. Our
work introduces a promising method to address the challenge of dynamic external

control of heat flow.
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Chapter 4

SPECTRALLY SELECTIVE SOLAR ABSORBER BASED ON
GERMANIUM PHOTONIC CRYSTALS AND BLACK SILICON

Spectrally selective absorbers with high absorption in the solar spectrum from
ultra-violet to near infrared and low emissivity in the mid-/far-infrared are critical
for efficient solar energy conversion. Conventionally, spectrally selective solar
absorbers are widely used in solar hot water systems and concentrating solar power
plants, as well as being actively studied in solar thermoelectric generators and solar

thermophotovoltaic systems.

In this chapter, we describe two different spectrally selective solar absorbers, one
made from germanium photonic crystals and the other from black silicon. Both

numerical simulation and experimental results are presented.

4.1 Introduction

Harvesting the solar energy is of great benefit due to its unmatched resource potential.
The majority of efforts have been focused on the research and development of
photovoltaics for electricity, solar thermal techniques for electricity or heat, and
artificial photosynthesis for fuels (Kraemer et al., 2011; Green et al., 2011; Bard
and Fox, 1995). Among them, the solar-heat conversion is particularly useful due
to its high conversion efficiency (Ni et al., 2016; Weinstein et al., 2015). In order to
harvest the heat generated from the absorption more efficiently, a high temperature
heat source is preferred according to Carnot’s theorem. Thus, an absorber with
unity absorption in the solar spectrum and zero emissivity in the mid-/far-infrared

is ideal for this purpose (Cao, McEnaney, et al., 2014).

In history, different schemes of spectrally selective surfaces have been investigated.
Among them is the cermet that includes single, double and triple layers. Various
combinations of host materials have been demonstrated, including Al,O3, AIN, and
SiO, with metallic filling materials such as Ni, Co, Ti, Mo, W, Pt, Cu, and Ag (Cao,
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Kraemer, et al., 2015; Barshilia et al., 2009; Sathiaraj et al., 1990; Soum-Glaude

et al., 2017). Another type is based on nano-/micro-scale photonic engineering.
Nickel nanopyramid arrays with anti-reflection coating (P. Li et al., 2015). For
example, two dimensional photonic crystals made from thin film tungsten were
shown to support wideband absoprtion due to the multiple resonance (Yeng et
al., 2012). Three dimensional metallic photonic crystals were also experimentally
realized and can sustain high temperature up to 1400 degrees Celcius (Arpin et al.,
2013). Multilayer dielectric/semiconductor materials achieved an absorptance of
76% in the solar spectrum and a low emissivity of around 5% at thermal wavelengths
(Thomas et al., 2017). However, most of them do not have a high enough absorption
in the solar spectrum (typically less than 90%) and low enough emissivity in the
mid-/far-infrared (typically less than 10%). Besides, the transition region from high
absorption to low absorption is broad (typically wider than 1 um).

Here, we theoretically designed and experimentally fabricated two different spec-
trally selective absorbers based on interband transition of two semiconductor ma-
terials: germanium and silicon. Simulations show that both absorbers have a high
absorption in the solar spectrum while maintaining a low emissivity in the mid-/far-
infrared and the transition region is less than 1 um. Experimental results shown
that the germanium photonic crystals have a similar spectrum as predicted by the
simulation, and the black silicon could achieve a steady state temperature of 130
degrees Celsius under unconcentrated solar illumination and over 200 degrees in
concentrated (4X) illumination. This opens up great potential in solar thermal energy
applications including thermophotovoltaics, solar steam generation, and seawater

desalination, etc.

4.2 Theory
Spectrally selective absorbers must efficiently convert solar energy into heat. Here,
we define an effective absorptivity (or equivalently emissivity) by taking the spectral

absorptivity into consideration.

/ dA€gey (A, W) apr1.5()
J dAdam5(2)

Eeff = (41)
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with €4.,(4, W) being the emissivity or absorptivity of the absorber as a function of
wavelength while 74,71 5(A) is the spectral radiance of the solar illumination, in unit

of Wm2nm™!.

On the other hand, to study the steady state temperature that the absorber can
achieve, we first investigate the energy balance of the spectrally selective absorber
under solar illumination. We take the absorber to be at temperature 7., and the
ambient atmospheric temperature to be T,,,,. At steady state, the energy balance

equation is shown as the following:

Psun = rad(Tdev) + Pcon(Tamb’ Tdev)’ (42)

where the absorbed power density by the device with surface facing the sun at angle
Y is given by
Pgun = COS(T) / d/lfdev(/la lP)IAMI.S(/U- (43)

P,.q4 denotes the radiated power density of the device:

Prad(Tdev) = /dQ COS(Q) / d/llBB(Tdev’ /l)edev(/lv 9) (44)

with Igp(Ty.y, A) indicating the spectral radiance of a blackbody at temperature 7y, .

The last term P.on(Tamp, Taey) is the power density of thermal conduction and

convection parasitically transferred from the absorber:

Pmn(Tamb’ Tdev) = hcon(Tdev - Tamb)» 4.5)

where h.,, is the thermal coeflicient.

The green shaded area in Figure 4.1 shows the solar spectral radiance from UV to
infrared named as AM 1.5 while the solid purple line is the blackbody radiation at
600 K. We can easily identify that if the spectrally selective absorber has a sharp
transition from high absorption to low absorption around 1.5 um, it will collect
most of the solar radiation while emitting little, being able to boost its steady state

temperature.
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Figure 4.1: Simulated absorption (or emissivity) spectrum of the germanium pho-
tonic crystal with and without the top ZnS thin film coating. The later has a higher
absorption from 400 nm to 1 um where the solar spectrum has its highest value
while remains almost the same otherwise.

4.3 Results and discussion of germanium photonic crystals

The first structure we designed is the germanium photonic crystal structure consisting
periodic germanium holes covered with a conformal ZnS thin layer schematically
illustrated in Figure 4.2. The whole structure sits on top of a silicon wafer that is
back-coated with a silver layer, minimizing the emission from the backside. The
photonic crystals are arranged in a hexagonal lattice with closest lattice distance
of p =1 um. The germanium holes have diameter of d = 475 nm and height of ¢
= 1.2 um. The silver layer underneath the germanium works as a reflector in the
mid-/far-infrared. Finally, the patterned germanium layer is covered with a thin
layer of ZnS, working as an air-insulation layer for the germanium and also as a

absorption boosting layer as will be discussed later.

We first simulate the absorption spectrum of the structure without ZnS thin film in
the spectral range of interest. The simulation is performed on a unit cell (Figure
4.3(h)) with the finite element method and finite-difference time-domain (FDTD)
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Figure 4.2: Schematic diagram of the spectrally selective solar absorber based on
Ge photonic crystals. p =1 um, d = 475 nm and ¢ = 1.2 um are the period of
the photonic crystals, diameter of the holes and depth of the holes, respectively.
Different colors represent different materials as shown in the figure. The supporting
substrate (silicon wafer) is not shown in this picture.

with periodic boundary conditions in the x-z and y-z plane. During the simulation,
a perfectly matched layer is used for absorbing the reflection from the structures.
The results are shown as the red line in Figure 4.1. As can be seen, the absorption is
about 80% from 300 nm to 1.5 um. To increase the absorption, we added a thin layer
of ZnS with thickness of 60 nm on the top and sidewall of the patterned germanium
photonic crystals. In this way, the absorption of the structure is boosted to about
95% from 500 nm to 1 um, where the solar spectrum has its highest value while
remaining almost the same in the other spectrum region. The detailed electric field
distribution at different wavelengths is plotted in 4.3. In this particular simulation,

an incident field with x-polarization from normal direction is assumed.

With the design in hand, we set out to experimentally fabricate the device with
process shown in Figure 4.4.

(a) A double-side polished silicon wafer is first cleaned and coated with a tita-
nium/silver with electron beam evaporation on the bottom side. It works to mini-
mize the thermal emission from the bottom side since silver has a high reflection (or

low emissivity) from visible to far-infrared. The wafer is then flipped and coated
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Figure 4.3: (a) - (g) The simulated electric field distribution of a unit cell of the
germanium photonic crystal with periodic boundary conditions at wavelengths from
400 nm to 1000 nm with 100 nm interval. (h) The unit cell under study.

sequentially with a titanium layer (5 nm) at a speed of 0.05 nm/s, a silver layer (100
nm) at a speed of 0.1 nm/s and a germanium layer (2.5 um) at a speed of 0.15 nm/s.

The titanium layer works as an adhesion layer between silver and silicon.

(b) The coated wafer is then spin-coated with a photoresist layer (PMMA) at a speed
of 4000 round per minute. The photoresist is then written by a 100 keV electron
beam lithography system, followed by developing.

(c) The wafer is then transferred again to the electron beam deposition chamber and
a 30 nm Al,O3 layer is deposited at a speed of 0.1 nm/s. The Al,O3 hard mask layer
is further formed by a lift-off process in acetone. The SEM top view of the Al,O3
hard mask is shown in Figure 4.5 (a).

(d) With the hard mask, the wafer is processed in an inductively coupled plasma —
reactive ion etching (ICP-RIE) etcher with a pseudo-Bosch technique. The active
gas used is O, and SFg. The forward power is 25 W. The wafer temperature during
etching is set at 15°. The whole dry etching process lasts about 5 minutes. The

pseudo-Bosch technique gives a sharp and smooth vertical wall for the germanium
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Figure 4.4: (a) Thin film coating on both sides of polished silicon handling wafer.
Note that the Ti layer is not shown in figure. (b) E-beam lithography of the photonic
crystal pattern. (c) Hard mask making with Al,O3 deposition and lift-off. (d) Dry
etching to form the germanium photonic crystals. (e) Conformal coating of ZnS
layer.
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photonic crystal, as the SEM image shows in Figure 4.5 (b).

(e) The structure is finally coated with a ZnS layer of 60 nm by sputtering.

The spectrum of the sample is measured in two setups. For the short wavelength
range from 300 nm to 1100 nm, a UV-Vis-NIR spectrum analyzer in reflection
mode is used. For the mid-/far-infrared spectrum, a Fourier transform infrared
spectroscopy (FTIR) system is used. The absorption (or emissivity) spectrum are
shown in Figure 4.6 through converting reflection (R) to absorption by 1 - R, since
there is no transmission. The measured results show high absorption from 300 nm
to 1100 nm, close to the simulated results. According to the previous definition
of effective absorptivity, we calculate its value to be 0.91 for normal incidence
considering the wavelength length range we can measure. The emissivity in the
mid-far-infrared is mostly low except a peak around 8 um with a maximum value
of 0.15. The temperature stability of the sample is tested by recording the infrared
spectrum under different temperatures shown in Figure 4.7. Experimental results
show that the sample is able to sustain temperature as high as 200 degrees Celcuis

for over two hours.

4.4 Results and discussion of black silicon

Due to the fact that the feature size of the germanium photonic crystals are around
hundreds of nanometer and the patterns are dense, very long time electron beam
lithography needs to be employed if a feasibly large sample is to be fabricated. To
enable the fabrication of large spectrally selective absorber samples, we further tried

another solution, the black silicon.

The spectrally selective absorber made from black silicon is schematically shown
in Figure 4.8. It consists of a top impedance matching silicon grass layer (approx-
imately 5 um thick), an undoped silicon base layer (approximately 520 um thick),
a bottom germanium layer (1.5 um thick) and a final Ti/Ag (5 nm/100 nm) back
reflector. Germanium layer is used since it has a lower band gap and helps increase

the absoprtion in the spectrum beyond the band gap of silicon which is 1.12 eV.

Since the thickness of the base layer of silicon is much larger than the wavelength,

it results in great difficulty in full wave simulation. To overcome that and give
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Figure 4.5: (a) SEM top view of the Al,O3 hard mask after lift off, corresponding
to Figure 4.4 (¢). (b) SEM tilted view of the germanium photonic crystals after dry
etching, corresponding to Figure 4.4 (d).
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Figure 4.6: Absorption (or emissivity) spectrum of the germanium photonic crystals
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Figure 4.7: Absorption (or emissivity) spectrum of the germanium photonic crystals
in the infrared under different temperature.
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Figure 4.8: Schematic illustration of the black silicon spectrally selective absorber.
It consists of a top impedance matching silicon grass layer, an undoped silicon base
layer, a bottom germanium layer, and a final Ti/Ag back reflector.

reasonable results, we set the imaginary part of the refractive index of the base layer
to be 150 times larger than its original value and the thickness of the base layer to

be 3 yum.

Although the top grass is randomly distributed, to minimize the simulation volume,
periodic boundary conditions of a unit cell are employed. A port is set at the top
of the unit cell, lunching the input electromagnetic wave. A perfectly matched
layer is used above the port, minimizing any reflection that will cause error for the

simulation.

The simulated results with the electric field distribution at different wavelength are
shown in Figure 4.9 (a) to (e) and the absorption (or emissivity) spectrum in Figure
4.9 (f). For light with short wavelength less than 0.8 um, absorption occurs at the top
grass layer (Figure 4.9 (a)), while for light at 1.0 um, most of the absorption happens
in the thick base layer (Figure 4.9 (b)). For even longer wavelength that is below the
bandgap of silicon but above the bandgap of germanium, absorption occurs in the
germanium layer (Figure 4.9 (c)). For wavelengths in the mid-/far-infrared, there
is no absorption and all the wave gets reflected by the bottom reflector (Figure 4.9

(d) and (e)). The transition from hight absorption to low absorption is around the
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Figure 4.9: Electromagnetic simulation of the black silicon spectrally selective
absorber under with different wavelengths: (a) 0.8 um, (b) 1.0 um, (c) 1.3 um, (d)
3.0 um, and (e) 6.0 um. (f) The simulated absorption (or emissivity) spectrum from
visible to infrared.
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6 inch wafer

Figure 4.10: (a) A 6-inch-size black silicon wafer. (b) and (c) Side view and tilted
view of the black silicon taken with SEM.

bandgap wavelength of germanium as shown in Figure 4.9 (f).

Experimentally, the sample is fabricated with an double-side polished undoped

silicon wafer with resistivity larger than 10k Ohm-cm. The cleaned wafer is first



51

processed with a two-step etching process A and B by inductively coupled plasma
reactive ion etching (ICP-RIE). In Process A, we use 85 sccm (sccm stands for
standard cubic centimeters per minute) SF¢ and 20 sccm O, under pressure of 10
mTorr. The forward power is set at 8 W while the ICP (ICP stands for inductively
coupled plasma) power is set at 1000 W. In Process B, the forward power is changed
into 6 W and the flow rate of O is changed into 12 sccm. Both steps are maintained
at -145 degree Celsius. The back side of the silicon wafer is further coated with
a 1.5 pum thick germanium layer and a Ti/Ag (5 nm/100 nm) back reflector using
electron beam evaporation method. The front side of the final sample is shown in
Figure 4.10 (a) which is visually black. Its corresponding SEM image is shown in
(b) and (c). The silicon grass features a height of about 4.5 ym with a density of
about 2.5x107 cm™2,

Due to the fact that the randomly distributed grass could potentially cause strong
scattering from the input light, the spectrum measurement should be performed with
integration sphere. Here, we utilized the Cary 5000 UV/vis/NIR armed with an
integrating sphere for characterizing the spectrum from UV to near infrared. Figure
4.11 shows the measurement results for two different samples, one is the silicon
grass with back reflector coating (Ti/Ag) and the other is the silicon grass with a
coating of Ge/Ti/Ag on the back. It is easily identified that the absorption below 1.1
pm (corresponding to the band gap of silicon) is nearly 100% and decreases with
longer wavelength. According to the previous definition of effective absorptivity,
we calculate its value to be 0.96 for normal incidence considering the wavelength
length range we can measure. However, with an additional germanium layer of 1.5

pm in thickness, the absorption from 1.1 um to 1.8 um can be boosted by 10%.

We were not able to measure the spectrum in the mid-far-infrared due to a lack of
integration sphere in the spectrum range. We further set out to test its temperature
under solar illumination. The performance of the black silicon wafer is tested inside a
vacuum chamber under the illumination of a solar simulator. The temperature of the
wafer and the ambient air of the chamber is monitored by two K-type thermal couples.
To ensure good thermal contact, the head of the thermal couple is bonded to the
back surface of the absorber with thermal cement (Omegabond OB-700). In order to
achieve high temperature, special care needs to be taken of the measurement setup,
especially reducing parasitic conduction and convection. The chamber pressure is

kept below 0.01 Pa during the entire measurement period to cut down air conduction
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Figure 4.11: Measured absorption (or emissivity) spectrum of the silicon grass with
and without germanium back coating from UV to near infrared.

and convection.

We test the fabricated black silicon spectrally selective absorber under both uncon-
centrated and concentrated (4X) conditions with the measurement results shown in
Figure 4.12. In both cases, after the solar simulator is turned on, the temperature
of the black silicon first rises from room temperature and gradually stabilizes at a
steady state temperature of 131 and 214 degrees Celsius, respectively. After the solar
simulator is turned off, its temperature drops off and finally reaches the temperature
of the air. The measured temperature is lower than that of the commercially avail-
able spectrally selective absorber tested under the same condition. The later reaches
200 degrees Celsius under unconcentrated condition. We attribute the difference to
the potentially high emissivity of our sample in the mid-/far-infrared. Although we
were not able to measure the emissivity directly in that spectrum range, we can infer
from Figure 4.12 that the black silicon has high emissivity beyond its band gap. For
example, at the wavelength of 1.8 ym (the longest wavelength we can measure with

an integration sphere), the emissivity is 78%.
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Figure 4.12: Temperature measurement of the black silicon spectrally selective
absorber under (a) unconcentrated and (b) concentrated solar illumination. The
arrows denote the moment when the solar simulator is turned on and off.
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4.5 Conclusions

In this chapter, we have numerically designed and experimentally fabricated two
spectrally selective absorbers based on semiconductors. These two schemes both
exploit the advantage of the sharp absorption transition of germanium and silicon as
well as structural design that minimize the reflection in the visible and near infrared
region. The germanium photonic crystal structure is able to get > 90% absorption
from UV to near infrared while the black silicon achieves near 100% absorption.
The drawback of the germanium photonic crystal structure is that it requires b-beam
lithography, which is expensive and time consuming, and thus not suitable for large

scale fabrication.
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Chapter 5

DAYTIME RADIATIVE COOLING USING INFRARED
BLACKBODIES

Part of this chapter has been adapted from:

Kou, Junlong, Zoila Jurado, Zhen Chen, Shanhui Fan, and Austin J] Minnich (2017).
“Daytime radiative cooling using near-black infrared emitters”. In: ACS Photonics
4.3, pp. 626-630. por: 10.1021/acsphotonics.6b00991.

Recent works have demonstrated that daytime radiative cooling under direct sunlight
can be achieved using multilayer thin films designed to emit in the infrared atmo-
spheric transparency window while reflecting visible light. Here, we demonstrate
that a polymer-coated fused silica mirror, as a near-ideal blackbody in the mid-
infrared and near-ideal reflector in the solar spectrum, achieves radiative cooling
below ambient air temperature under direct sunlight (8.2 °C) and at night (8.4 °C).
Its performance exceeds that of a multilayer thin film stack fabricated using vacuum
deposition methods by nearly 3 °C. Furthermore, we estimate that the cooler has an
average net cooling power of about 127 Wm during daytime at ambient temperature
even considering the significant influence of external conduction and convection,
more than twice that reported previously. Our work demonstrates that abundant
materials and straight-forward fabrication can be used to achieve daytime radiative

cooling, advancing applications such as dry cooling of thermal power plants.

5.1 Introduction

Manipulating thermal emission from surfaces by thermal photonic design has re-
ceived great attention in recent years (Xianliang Liu et al., 2011; Greffet et al.,
2002; Schuller, Taubner, and Brongersma, 2009; De Zoysa et al., 2012; Yeng et al.,
2012; A. P. Raman et al., 2014; Inoue, De Zoysa, et al., 2014; L. Zhu, A. P. Raman,
and Fan, 2015; Bierman et al., 2016; Ilic, Bermel, et al., 2016; L. Zhou et al.,

2016). In particular, passive radiative cooling schemes that do not require external
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active devices such as fans, air conditioners, or thermoelectrics are of much interest
because of their potential to reduce energy consumption (Rephaeli, A. Raman, and
Fan, 2013; C. Granqvist and Hjortsberg, 1980; A. Gentle, Aguilar, and G. Smith,
2011; Shi et al., 2015; Hsu, A. Y. Song, et al., 2016). Radiative cooling refers
to the physical process by which a body dissipates heat to another body of lower
temperature via thermal radiation. The coldest known heat sink is the universe with
a temperature of around 3 K, and radiative thermal contact can be made with this
thermal reservoir by exchanging energy through the transparency window of the at-
mosphere. Historically, radiative cooling during nighttime has been widely studied
and employed for rooftop cooling (Michell and Biggs, 1979; A. Gentle, Aguilar,
and G. Smith, 2011; T. M. Nilsson and Niklasson, 1995; T. M. Nilsson, Niklasson,
and C. G. Grangvist, 1992; Catalanotti et al., 1975). However, radiative cooling

during daytime is more useful as cooling demand peaks during daytime hours.

Recently, a passive radiative cooling scheme has been reported by Raman et al. that
achieves this goal by radiating energy through the main atmospheric transparency
window in the range of 8 - 13 um while reflecting incident sunlight (A. P. Raman
et al., 2014). Their radiative cooler consisted of seven alternating layers of SiO;
and HfO; on top of a silver back reflector, resulting in 97% reflection of solar
illumination and an average emissivity of about 0.65 in the transparency window.
With a relatively simple experimental apparatus, Raman et al. was able to achieve
a 5 °C degree reduction below the ambient air temperature under direct sunlight.
Subsequently, Chen et al. was able to demonstrate an average temperature reduction
of 37 °C below ambient by combining a selective emitter with an apparatus consisting
of a vacuum chamber (Z. Chen et al., 2016). Related to these experiments, there
have been other recent theoretical works in designing various photonic structures for
radiative cooling purposes (L. Zhu, A. Raman, and Fan, 2013; Rephaeli, A. Raman,
and Fan, 2013; A. R. Gentle and G. B. Smith, 2010; Hossain, Jia, and Gu, 2015;
Huang and Ruan, 2017).

Most of these radiative coolers are designed to emit only in the atmospheric trans-
parency window to avoid exchanging radiation with the atmosphere. This require-
ment leads to complex photonic designs, for instance consisting of multilayer stacks
that require vacuum deposition methods. It is interesting to consider whether
emitting and absorbing outside of the main atmospheric transparency window is

necessarily detrimental. If not, materials that are naturally visibly transparent yet
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emit strongly over a broad bandwidth in the mid-infrared, such as glasses, could

perform as well as other more complex photonic structures reported previously.

5.2 Different design for passive radiative cooling

Here, we designed three different structures for passive radiative cooling purpose.
The first one is based on Si3zN4 photonic crystals with a unit cell shown in Figure 5.1.
We choose photonic crystal structure since it has been shown in the last chapter that
photonic crystals are able to achieve broadband absorption. After dedicated design,
the final photonic crystals are arranged in a hexagonal lattice in the x-y plane. The
final optimized structure has a substrate base height A, of 1 um, a hole height
hpote of 5 um, a hole radius rp,, of 3.5 um and a lattice period period of 8 yum.
The back side is assumed to be coated with a silver layer for high reflection in the

visible and near infrared region.

The complex refractive index of SizN4 is adapted from (Kischkat et al., 2012) and
is plotted here in Figure 5.2. For wavelength less than 3 pum, Si3Ny is transparent
(Njmag less than 0.0003) and it has been used for achieving low-loss waveguide and
high-Q resonators in photonics in the visible and near infrared (K. Y. Yang et al.,
2016; Okawachi et al., 2011; Moss et al., 2013). In the mid-/far-infrared, a clear
broadband peak for the imaginary part is seen from 8 to 15 um, resulting from
the strong phonon polariton resonances, indicating potentially high absorption (or
equivalently emissivity). However, the strong refractive index mismatch between
air and Si3Ny will result in strong reflection (or low emissivity) for bulk materials.
Thus, photonic crystal structure is employed to solve this problem. The simulation
is performed with finite-difference time-domain (FDTD) method by setting periodic
boundary conditions in the x and y direction. The top and bottom regions in
z-direction are set to be perfectly matched layers (PMLs). The incident wave is

characterized by the polar angle 6, azimuthal angle ¢ and polarization.

Figure 5.3 and Figure 5.4 shows the simulated spectrum in the atmospheric window

with different polar angles and azimuthal angles for the two polarizations.

The second scheme we explored is the Si3N4 pyramid structure arranged in a square

lattice. The tapered pyramid structure provides a smooth transition from the air to
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Figure 5.1: Schematic illustration of the SizN4 photonic crystal unit cell and corre-
sponding coordinate system for passive radiative cooling purpose. The direction of
the incident electromagnetic wave is shown as the red arrow with spherical coordi-
nate of polar angle 6 and azimuthal angle ¢. The physical parameters are hpy5. = 1
um, hpore =5 pm, rpoe = 3.5 um, and period = 8 ym.

the bottom Si3Ny substrate. The working mechanism is similar to what we described
in previous chapter about black silicon. A unit cell of the structure is shown in Figure
5.5. The final optimized structure has period = 3.5 um, hpqse = 10 um and hpyramia
= 6 um. We can easily identify that the emissivity from 10 ym to 13 um is close
to unity for polar angle of 0 and 30 degrees and is regardless of azimuthal angle. A
decrease occurs below 10 um due to the decrease of the imaginary part of relative
permittivity of SizNy4. This could be improved by increasing the thickness of the
Si3Ny substrate. With increasing polar angle, the emissivity decreases beyond 10

pm while increases below 10 ym with an average higher than 0.9.

The third scheme we explored is a multilayer thin films structure called polymer-
silica-mirror. It is based on silica and infrared absorptive polymer polydimethyl-
siloxane (PDMS), which is used in flexible optics (Kamali et al., 2016). We choose
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Figure 5.2: The real and imaginary part of the refractive index of Si3sN4 with data
adapted from (Kischkat et al., 2012).

these materials since it is mostly transparent in the visible and near infrared over
the solar spectrum while absorptive in the mid-far-infrared. The refractive index of
silica and PDMS is plotted in Figure 5.8 with data adapted from (Kischkat et al.,
2012; Querry, 1987). The detailed structure of the multilayer stacks is shown as the
inset of Figure 5.10.

The emissivity (or equivalently absorption) spectrum of multilayer structure can
be calculated by transfer matrix method (Yariv and Yeh, 2006). Here, we employ
the open source code Openfilter for all the calculations. The results for two
polarizations are plotted in Figure 5.9. In the mid-/far-infrared spectrum range
beyond 5 um, the emissivity remains at a value higher than 0.9 for normal direction
except for a small dip (with emissivity of 0.85) around 13 um. When the polar angle
is 60 degrees, the emissivity beyond 5 um is still higher than 0.8 for p-polarization
and higher than 0.7 for s-polarization in most spectrum range. The emissivity in the
solar spectrum is very low (0.03) due to the high transparency of silica and PDMS,

as well as the high reflectivity of silver.
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Figure 5.3: Emissivity spectrum of the SizN4 photonic crystal for s polzrization
under different combinations of 6 and ¢.
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Figure 5.4: Emissivity spectrum of the SizN4 photonic crystal for p polzrization
under different combinations of 6 and ¢.
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Figure 5.5: Schematic illustration of the unit cell of Si3N4 pyramid structure. The
physical parameters are hpqse = 10 um, hyyramia = 6 um, and period = 3.5 um.

5.3 Experimental results

Here, we experimentally demonstrate passive radiative cooling under direct sunlight
and at night using only a polymer-silica-mirror consisting of a fused silica wafer
coated with a polymer top layer, and a silver back reflector as described in last
section. This simple scheme achieves daytime cooling temperature differentials of
8.2 °C under direct sunlight and 8.4 °C at night, nearly 3 °C larger than that achieved
by the nanophotonic structure in daytime. Our work demonstrates that inexpensive,

bulk materials can be used for applications in energy such as dry cooling for power



1 $=0°
—@=00°
0.8 —0=30°
0 =60°
>
:‘g’ 0.6
(/)]
[2])
04 l‘/
[11]
Y
0.2}
0 1 L L
6 8 10 12
A (um)
. $=30°
e ——
7 —§=0°
0.8 =1=230°
0 = 60°
P
06/
)
)
€04 M'\ N
.
0.2+
0 1 L L
6 8 10 12
A (uzm)
$p=45°

o
o
:

Emissivity

o e o

L= » [=-] -
o ‘

Y

Y 4
\ .

A (um)

10

12

63

Figure 5.6: Emissivity spectrum of the Si3sN4 pyramid for s polzrization under

different combinations of 6 and ¢.
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Figure 5.7: Emissivity spectrum of the SizN4 pyramid for p polzrization under

different combinations of 6 and ¢.
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Figure 5.8: The real and imaginary part of the refractive index of silica and PDMS
with data adapted from (Kischkat et al., 2012; Querry, 1987).

plants by realizing daytime radiative cooling without the need for complex photonic

structures.

We experimentally examine the radiative cooling performance of the polymer-silica-
mirror by coating a 4-inch fused silica wafer of 500 yum thickness with a 100-um-
thick PDMS film as a top layer and 120-nm-thick silver film as a back reflector. The
performance of the device is tested on the roof of a building in Pasadena, California
by exposing it to the sky. A picture of the setup and surroundings is shown in Figure
5.10a. To experimentally achieve cooling below ambient, special care needs to be
taken in the measurement setup to reduce the parasitic conduction and convection
from the ambient. In our measurement, the device is placed on a low thermal
conductivity aerogel blanket which is attached to the inner side of a petri-dish. The
petri-dish is supported by three glass rods to suspend it above the roof. The top of
the petri-dish is covered by a polyethylene film, allowing solar irradiation to come
in and infrared radiation to go out. The temperatures of the device and ambient air

are recorded by K-type thermocouples.

The measured temperatures of the polymer-silica-mirror, silica-mirror without poly-
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Figure 5.9: Calculated emissivity spectrum of the polymer-silica-mirror for s polar-
ization (up) and p polarization (bottom).

mer coating and the ambient air are shown in Figure 2-2. The polymer-silica-mirror
maintains a temperature that on average is 8.2 °C below the ambient air temperature
throughout the period when it is exposed to the sun. At night, the device achieves
8.4 °C below ambient air temperature without sun irradiation. The daytime tem-
perature drop is 1.0 °C lower than the silica-mirror and nearly 3 °C lower than that
of the prior report (A. P. Raman et al., 2014). For comparison, we also include
the field test results of a doped silicon wafer (resistivity of 8 - 12 Q2-cm) measured
under the same conditions. Its temperature increases significantly after exposure to

sunlight, reaching nearly 57 °C under the peak solar irradiation. Interestingly, the
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120 nm Silver

Figure 5.10: (a) Image of the samples under field test on the roof of a building in
Pasadena, California. The device sits on top of an aerogel blankets attached to the
bottom surface of a petri-dish with full access to the sky. The petri-dish is supported
by three glass rods, suspending the petri-dish from the roof. The top of the petri-dish
is covered by polyethylene film that allows solar irradiation to come in and infrared
radiation to go out. (b) Schematic of the test setup. The input/output energy balance
is labeled with P,,4, Psun, Pam, and P.,, denoting the radiated power from the
cooler, absorpbed power from the sun, absorbed power from the atmosphere, and
conduction/convection power loss, respectively.

doped silicon wafer also exhibits radiative cooling of about 5 °C below ambient air
temperature after sunset, indicating the cooling ability of silicon solar cells. Here,

the infrared absorption and emission is due to free carriers introduced by the doping.

To understand these observations, we measure the emissivity of the samples over
the visible and infrared wavelength ranges using an ultraviolet/visible/near-infrared
spectrometer and Fourier transform infrared spectroscopy (FTIR). The result is
shown in Figure 5.12. Due to the transparency of fused silica and PDMS as well as
the high reflectivity of silver from the visible to the near-infrared, the absorption for
these wavelengths is minimal. However, a significant portion of the ultraviolet light

is absorbed by the samples, resulting in about 23 Wm™? absorption power density for
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Figure 5.11: (a) Temperature measurement of the polymer-silica-mirror (orange),
silica-mirror (red), ambient air temperature (blue), and bare doped silicon wafer
(purple) during a 24-hour cycle. (b) Zoom-in of the temperature measurement when
the device is under direct solar irradiation. The polymer-silica-mirror achieves a
temperature that is 8.2 °C below ambient air temperature under these conditions.
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the polymer-silica-mirror. The emissivity approaches unity for infrared wavelengths
longer than 4.5 microns due to absorption of PDMS and silica. Counterintuitively,
despite the fact that the sample has a high absorption outside the main atmospheric
transparency window, we observe radiative cooling performance exceeding that of
the nanophotonic cooler designed to emit only within the atmospheric transparency
window of Raman et al (A. P. Raman et al., 2014).

5.4 Discussion

We investigate the origin of this observation by calculating the cooling performance
of two additional cases with idealized emissivity profiles shown in Figure 5.12. For
case 1, the emissivity is unity beyond 4.5 ym and zero otherwise, while for case 2

the emissivity is only unity in the main atmospheric transparency window.
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Figure 5.12: Measured emissivity of the polymer-silica-mirror (black solid line)
and silica-mirror (red solid line) from ultraviolet to far infrared. Emissivity of two
idealized cases: Case 1 (green dashed line) with unity emissivity beyond 4.5 um and
Case 2 (blue dashed line) with unity emissivity in the main atmospheric transparency
window. The AM 1.5 solar spectrum, atmospheric absorption spectrum, and a
blackbody radiation curve (grey dashed line) at 300 K are superimposed.

We begin by examining the radiative energy balance of the coolers under solar illu-
mination. We take the cooler to be at temperature 7., and the ambient atmospheric

temperature to be T,,,,. The net cooling power density, defined as P,,,;, is given by

Pcool = Prad(Tdev) - Psun - Patm(Tamb) - Pcon(Tamba Tdev)a (51)
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Figure 5.13: Net cooling power density of the polymer-silica-mirror, silica-mirror
and the two idealized cases as a function of device temperature with different thermal
coefficients (@) con = 0 and (b) ficon = 10 Wm2K ! under AM 1.5 illumination. The
ambient temperature of the atmosphere is taken to be 300 K.
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where P,,4 denotes the radiation power density of the device:

Prad(Taer) = / 4 cos(6) / A5 (Ters Vedn(A, 0) (5.2)

with Ipp indicating the spectral radiance of a blackbody. The absorbed power

density by the device with surface facing the sun at angle ¥ is given by

Psun = COS(\P)/d/lE(/l, \P)IAMI.S(/U- (53)

I4p1 5 is used as solar illumination intensity during daytime. The absorbed power

density due to surrounding atmospheric thermal radiation is:

Patm(Tamb) = /dQ COS(Q) / dA1gp(Tamp, A)fdev(/la 0)earm(A, 0). (5.4)

The emissivity of the atmosphere is given by €,,,,(A, 6) (IR Transmission Spectra,
Gemini Observatory Kernel Description n.d.). The last term from Equation (1) is
the power density of thermal conduction and convection parasitically transferred to

the cooler:
Pcon(Tamba Tdev) = hcon(Tamb - Tdev), (55)

where h.,, is the thermal coefficient. Experimentally, the thermal coefficient is
determined by heating up a 4-inch Si wafer and measuring the transient temper-
ature of the wafer in the same petri-dish used for the radiative cooler. For this
measurement, we maximize the influence of parasitic conduction and convection by
coating the wafer with silver on both polished sides, thereby minimizing radiative
losses. Fitting the transient temperature using a lumped capacitance analysis yields
the thermal coefficient as around 10 Wm™2K"!.

We present the net cooling power density as a function of device temperature without
and with the influence of parasitic convection and conduction in Figures 5.13a and
b, respectively. The figure shows that Case 1, which emits outside the primary
atmospheric transparency window and thus parasitically absorbs radiation from the
atmosphere, has a larger cooling power density than Case 2 for cooler temperatures
above 283 K. While the absorbed atmospheric radiation increases for Case 1, the
power radiated outward increases by a larger amount. Thus, expanding the spectral
range of high emissivity can be beneficial under some circumstances (Huang and
Ruan, 2017; Z. Chen et al., 2016). For a cooler temperature of 300 K, Case 1
achieves a cooling power density 158 Wm™, 43 Wm™ higher than Case 2.



72

On the other hand, if the goal is to achieve cooling temperature substantially below
ambient temperature, Case 2 is better due to its small absorption from the atmosphere
(Huang and Ruan, 2017). Achieving such low temperatures requires high vacuum
to minimize parasitic conduction and convection (Z. Chen et al., 2016). If such
parasitic mechanisms are present, expanding the bandwidth of thermal emission is
likely to be beneficial despite the increase in sky radiation absorption as shown in
Figure 5.13b.

The above discussion shows why the polymer-silica-mirror achieves such good per-
formance despite absorbing atmospheric radiation. Due to convection and conduc-
tion, the steady-state temperature only minimally differs from that of the atmosphere,
thus decreasing the influence of the atmospheric radiation and making the near-unity
emissivity over a broad bandwidth beneficial. The result is a net cooling power den-
sity of 127 Wm™2 at ambient temperature of 300 K under AM 1.5 solar irradiation,
20 Wm higher than the silica-mirror and more than twice of that achieved by
the nanophotonic structure (A. P. Raman et al., 2014). The predicted steady-state
temperature at zero net cooling power using the measured /A.,, = 10 Wm2K"! is 8.7

°C below ambient under direct sunlight, in good agreement with our measurement.

5.5 Conclusions

In summary, we have shown that abundant materials with strong infrared emission
over a broad bandwidth such as fused silica and PDMS are capable of radiative
cooling with performance exceeding that of more complex nanophotonic structures.
For applications in which the desired temperature is not substantially different from
ambient temperature, a radiative cooler with near unity emissivity over a broad
infrared spectrum will achieve better performance than one that emits only in the
atmospheric window. The presented radiative cooler can be easily realized with
common bulk materials such as fused silica wafers with a metallic back reflector.
Further improvements in the present cooler can be achieved if structure can be
designed to reduce sunlight absorption in the ultraviolet. Our work advances the
application of passive radiative cooling for applications such as dry cooling of power

plants.
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Chapter 6

SUMMARY AND OUTLOOK

In this work, we have intensively studied methods to tailor the thermal radiation
from near field to far field, both theoretically and experimentally. We summarize
our key achievements and point out the direction for future explorations that could

expand the scientific scope and application areas.

6.1 Near field radiative heat control

Firstly, works are focused on dynamic control of near field radiative heat transfer with
electrically and optically modifying the carrier density inside porous silicon slabs.
Results show that the tuning range of the electrical method is not large enough due
to the limited breakdown electric field of the material and the width of the depletion
region. Possible solutions could potentially be found by resolving to two dimensional
materials such as graphene, h-BN with pattern structures, or conducting oxide such
as indium tin oxide (ITO). Though the optical method provides a potential solution
for large tuning range, its real application is limited due to its high input power
density and requires complex optical setup and control. Possible solutions could
also be two-dimensional materials by incorporating field resonant structure (Brar
et al., 2015). Furthermore, liquid crystal is famous for its tuning properties under
external electric field with a large change of refractive index and a response time
on the order of ms to us (D.-K. Yang, 2014; Meyer et al., 1975). Various switch
techniques, such as in-plane switching, vertical alignment, and twisted nematic have
been commercialized. A method to incorporate this fascinating material into near

field radiative heat control would be of great interest.
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6.2 Spectrally selective absorber and far field emitter

Secondly, we applied photonic design on semiconductors and experimentally demon-
strated two different schemes of spectrally selective absorbers. Scalability of the
germanium photonic crystal structure remains a big obstacle in field applications,
mainly due to the nano-scale feature size. An initial small-scale test maybe real-
ized by deep-UV lithography for wafer scale fabrication. On the other hand, the
mid-/far-infrared spectral properties of the black silicon need further investigation.
Structural, doping and etching method will potentially affect the results. Further
tests could be performed with both concentrated and non-concentrated solar simu-
lators. In addition, we could extend the design from broad band to narrow band and
realized useful thermal emitters in the infrared (Xianliang Liu et al., 2011; Inoue T
and S., 2015). A possible design is schematically shown in Figure 6.1. The thermal
emitter is achieved by resistive heating the intra-cavity which is a plasmonic cavity
that ensures narrow band emission. The metal caps can simultaneously work as
the electrodes for thermal resistive heating of the cavity. With careful engineer-
ing design and fabrication methods, the emitter will be able to generate desired

mid-/far-infrared emission in far field.

6.3 Passive radiative cooling

Thirdly, through the dedicated photonic design and fabrication consideration, we
achieved record low temperature below ambient with passive radiative cooling under
direct sunlight and normal atmospheric conditions. More design and fabrication
study can be done with Si3Ny, Al, O3 particles or porous structures (Zhai et al., 2017;
Hsu, A. Y. Song, et al., 2016; Cai, Peng, et al., 2019). Improvement can be done to
increase the reflection in the UV region by using UV transparent materials such as
CaF,, MgF, and fused silica. Further tests could be done by combining the radiative
cooler with condenser to construct a cooling system for in-house cooling purpose
(Goldstein, A. P. Raman, and Fan, 2017). Large scale applications could be realized
by cutting down the cost of cooling in places like train stations, airports, and public
libraries. Even larger scale deployment could be used to alleviate urban heat island
effect or compensate the extra heat due to the CO;-based global warming. Other

directions include developing new structures and fabrication methods for achieving
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Figure 6.1: (a) Temperature and (b) relative field distribution of the proposed thermal
emitter.
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radiative cooling for solar cells, cooling objects while preserving their original color
(L. Zhu, A. Raman, and Fan, 2013; L. Zhu, A. Raman, K. X. Wang, et al., 2014).
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