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'T'he schematics of a typical TPV system that consists of a thermal emitter

that converts input heat into thermal radiation, a PV diode (TPV cell)

that converts above-bandgap radiation into electricity and a filter that

recycles the low energy radiation. Adapted from [5] . . . . . .. ... ..

The schematics of a typical solar thermophotovoltaic (STPV) system. In

addition to components generally used in TPVs, a solar concentrator is

placed at the front to focus the incident sunlight. Furthermore, a selective

solar absorber, converting concentrated sunlight into heat, is attached to

| the thermal emitter] . . . . . . ... o oo

Ideal emittance of a selective thermal emitter. For energy below the

bandgap of the PV diode, €(\) should be close to zero to minimize sub-

bandgap loss. For a bandwidth above the bandgap, ¢(\) should be close

to unity to maximize the converted electric power. For energy much above

the bandgap, €(\) should be close to zero as well to minimize thermaliza-

tion losst . . . .

Rare-earth based selective thermal emitters. (a) the thermal emittance of a

YbyOs thermal emitter in comparison with the external quantum etficiency

(EQE) of a Si PV diode [14]. (b) The calculated thermal emittance (black

curve) of a 1D photonic crystal (PhC) integrated Er doped aluminum

garnet (ErAG) emitter. The reflectance of the multilayer at the front is

shown 1n green curve for comparison. The inset shows the schematics of

the emitter cross-section. Panel (b) is adapted from |16, . . . . . .. ..

ST

1.5

Nanophotonic selective thermal emitters. (a) Schematics of Si selective

emitter enabled by 1D PhC front layers. (b) The resulting emittance

spectrum of the structures depicted in (a). Panel (a) and (b) reproduced

from [23]. (c) Simulated emittance spectrum from various W 2D PhC

(design I: ¥ = 0.45 pm, a = 1.10 um, d = 1.50 wm; design I1: 7 = 0.55 um,

a = 1.30 um, d = 2.10 wm; design [II: » = 0.625 um, a = 1.40 um,

d = 2.80 um), showing great degree of freedom in tuning cut-off frequencies

by varying PhC structures. Panel (c) reproduced from [20]. (d) Emittance

spectrum (blue curve) form a metamaterial based thermal emitter (unit

cell shown in inset). It matches well with the EQE spectrum (red curve)

of a GaSb PV diode. Panel (d) reproduced from 26 . . . . . . ... ..
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1.6

Absorptance (absorptivity) of an idea selective solar absorber (purple

dashed curve). Its steep cut-off in the overlapping region of solar spec-

trum (blue curve) and blackbody emission spectrum (black curve) ensures

both strong solar absorption and weak thermal re-radiation loss |33].|

12

1.7

Metal-dielectric composite selective solar absorber. (a) Schematics of

cermet-based selective solar absorbers (W particles in alumina). (b) Vary-

ing metal volume fraction across the multilayer structure in (a). (c) Calcu-

lated reflectance (1 - absorptance) spectrum of the selective solar absorber

depicted in (a). Panel (a) - (c) adapted from |48].| . . . . . ... ... ..

.13

lated absorptance (ermsswrty) spectra of Si-Ag tandem absorber structures

schematically depicted in the inset. Adapted from [23[| . . . . . . . . ..

. 14

Nanophotonic selective solar absorbers. (a) A 2D planar plasmonic se-

lective solar absorber with retractory metal square patterns on dielectric

thin film (blue region). (b) The calculated absorptance spectra of differ-

ent structural parameters (width (W), depth (D), period (L) and dielectric

thickness (G)). The strong visible absorption peak and mid-IR peak make

1t a unique selective surtace that can serve as a solar absorber and an

emitter simultaneously Panel (a) and (b) are adapted from [|27|] (c) 2D

ponent. (d) The measured emlttance spectra for both the emitter and the

absorber in comparison with a flat Ta substrate. Panel (c¢) and (d) are

adapted from [33].] . . . . ..o oo

The atmospheric transmittance spectrum at zenith angles of 0°, 60°, and

75°; 1t 1s highest 1n the 813 um transparency window. Results are adapted

frorn 6ol . .o

Ideal emittance spectrum (e.) of radiative coolers for above-ambient cool-

ing and below-ambient cooling. For above-ambient cooling, a spectral-

selective cooler (yellow curve) that has high emittance only within the

atmospheric window (blue shaded region) should be used. For below-

ambient cooling, a broadband cooler (green curve) with high emittance

across a broad range of IR wavelengths and minimal absorption of the

solar spectrum should beused.| . . . . . . . ... ... ... ...




xii

Figure Page

1.12 (a) Transmittance spectrum of aluminized polyvinyl fluoride (TEDLAR)
cooler (red) and polymethylpentene (TPX) cooler (blue); adapted from
169,/105]. Strong emittance can be observed within the atmospheric win-
dow. (b) the measured reflectance spectrum of 10 pm SiO film on alu-
minum (Al). The spectrum is adapted from |69]. (¢) The measured re-
flectance for TM (red) and TE (blue) polarizations incident on a 1.34 um
5109 6Ngo film on Al. Compared to S10, a broader peak 1s found within |
the atmospheric window. The spectrum is adapted from [109]. (d) The |
measured transmittance spectrum of ethylene gas in a 1.1-cm-thick gas |
slab. The spectrum is adapted from [111]f . . . ... ... ... ... ... 29

1.13 (a) Operating temperature vs. time for carbon-based nanomaterial-composite
coolers. The cooler with multiwall carbon nanotubes (CNT-AC) gives
the best performance. Adapted from [113]. Copyright (2009) American
Chemical Society. (b) The transmittance spectrum of SiO, nanoparticles
in polyethylene binder (blue) and SiC nanoparticles in polyethylene binder
(red). The transmittance spectrum of the polyethylene film itself [114] is

| shown 1n green. The two nanoparticle emission peaks are complementary |

| to each other, and both fit within the atmospheric transparency window. . 32

1.14 (a) The numerically optimized photonic crystal cooler for a below-ambient
cooler under direct solar exposure. Reproduced from [81]. Copyright
(2013) American Chemical Society. (b) The measured emittance spec-

| trum of the fabricated 1D photonic crystal cooler with feasible structures |

| and excellent emittance within the atmospheric window. Adapted from |

Macmillan Publishers Ltd (Nature) |[82], copyright (2014). (c) The mea-

sured emittance spectrum of a bare silicon wafer (black), a bare silica

slab (blue) and a 2D photonic crystal of silica (red). It can be seen that
| the emission of silica in the atmospheric transparency window can be en- |

hanced by the 2D square lattice structure. The figure is adapted from [84].

(d) Simulated emittance spectrum of bare low-iron soda-lime glass (blue)

and 2D photonic crystal-enhanced bare low-iron soda-lime glass (red). A

| similar effect of enhanced emission within the atmospheric window 1s ob- |

| served. The broad emission spectrum and low solar absorption is ideal for |

| above-ambient daytime cooling. The figure is adapted from |116[| . . . . . 33
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1.15 Cooling parameters of selective radiative coolers. The top-left corner (blue

shaded region) implies the best below-ambient cooling performance. The

top-right corner (red shaded region) implies the best above-ambient cool-

ing performance. Data points with * were calculated by the author, using

detailed spectra previously presented in the references. Reference list:

PVC (1967) [72], TPX (1979) [69], PVF (1979) [69], SiO (1980) [7g],

SiO_(1981) J69], 10 cm CyH, (1981) JI11], ALOs (1982) JI126], SigNg

(1982)% [77], 2 e NHy (1982) J112], 5 e NHj (1982) J112], 5i0p6Nos

(1984) J109], PhC (2013)* [81], PhC (2014)* [82], Silica PhC (2015)* [84],

PLC (2016)% [T10]] . - . - . - - o oo

2.1 Design of the IPSE. (a) Cutaway view of the IPSE, made of a chirped

one-dimensional PhC filter, consisting of low-index SiO, and high-index

| Ti0,, integrated with a 2-D tungsten PhC structure filled with SiO,. (b)

| Schematic depicting a high-performance TPV system utilizing an IPSE.|. .

2.2 FEmittance spectrum comparisons. (a) Emittance spectrum of 15-period

QWS IPSE (black) in comparison to the emittance spectrum of an ideal

emitter (red) and a bare W photonic crystal emitter (blue). Parasitic emis-

| sion from 1771 to 4000 nm is effectively suppressed, but strong parasitic

emission occurs beyond 4000 nm. (b) Emittance spectrum of 15-period

QWS + 30-period rugate filter IPSE (black) in comparison to the emit-

tance spectrum of an ideal emitter (red).| . . . . . . ... ... L.

o1

(2.3 Calculated light /-V" curve for the experimentally based GaSb PV diode,

| when 1lluminated by the 15-period QWS + 30-period rugate filter IPSE

at 1573 K. Two cases are shown: series resistance R, = 0 () (red) and

R, =0.01 Q (black).| . . . .. ...

[2.4 Conversion efficiency 7 as a function of view factor Fy for a TPV system

| using a 15-period QWS + 30-period rugate filter IPSE and a TPV system

using a cold-side rugate filter. The distinctive behaviors ot the perturba-

I
| tive and nonperturbative regimes are successtully described by kEq. [2.5]
I

and [2.7, which incorporate the analytically calculated effective view factor. 57

2.5 Waveguide and contour plots. (a) A TPV IPSE surrounded by a dielec-

tric waveguide reduces the need for close alignment between emitter and

receiver for improved efficiency. (b) Contour plot of Fy Jas a function of

original view factor Fy and reflectivity R of the waveguide. (c¢) Contour

plot of F["7 as a function of original view factor I, and reflectivity R of

the waveguide. (d) Contour plot of F./} as a function of original view

tactor Fy and maximum recycled power ratio k™9 contributed only by the

| waveguide.l. . . ... L L e e e e e

58
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B

Transmittance spectrum ot the designed rugate filter to be integrated on

IPSA. It has a sharp cut-oftf near 1 um that matches with the theoretical

optimal value. The inset shows the relative permittivity (e,.) of each layer

in the first two periods of the filter.| . . . . . . . .. ... ... ... ...

. 64

3.2

(a) Schematics of the IPSA structure; (b) Absorptance spectrum of the

IPSA (black) plotted together with the normalized AM1.5D solar irradi-

ance (red) and the normalized blackbody radiation at 1500 K (blue). The

steep cut-off at 1.3 um allows strong absorption of most solar irradiance

while keeping the thermal emission low.| . . . . .. ... ... ... ...

Thermal transter efficiency n; as a tunction of temperature and solar con-

centration. For IPSA, the slight variation of 7, with concentrations at a

given temperature makes it possible for low concentration STPV applications.66

STPV conversion efficiency as a function of temperature and solar concen-

tration. For a given concentration ot 100 suns, the optimal temperature

is 1450 K, yielding s, = 24.3%| . . . . . oo

Schematics of a custom-built direct thermal emission measurement sys-

tem that covers wavelengths from 2 to 10 wm. 'The sample is heated

in a high-vacuum chamber. The thermal emission signal is sent through

optical elements, including an interior-polished copper tube and 3 90° ofi-

axis parabolic mirrors (PM) with diameters (D) and effective focal lengths

(EFL), to a Nexus 670 FTIR. Relative positions of PMs are labeled. The

emission signal 1s shown by red arrows and the beam center is illustrated

by the gray dashed line. Inside the FTIR, the signal passes through a

Michelson interterometer and is then detected by a mercury cadmium tel-

luride (MCT) detector, . . . . . . . . ... ... . .

. 70

Ultra-high vacuum system. (a) The vacuum chamber is pumped by a

turbo pump and a scroll pump connected in series. (b) The vacuum level

is monitored by a roughing gauge (3 mTorr and above) and an ion gauge

(below 3 mTorr). During sample loading, the vacuum chamber is purged

with No. The port, T'C probe, is for temperature measurements.| . . . . .

.71

Double heat shield to alleviate background noise from the high-temperature

heating stage assembly. The first heat shield is separated from the second

heat shield by a vacuum gap. The second heat shield has a conductive

heat path to the side wall of the vacuum chamber.,. . . . . . . . . . . ..

.72

Temperature reduction by the double heat shield structure. The sup-

pressed radiative heat transter and the enhanced conductive heat dissipa-

tion allow significant cooling in the second heat shield, resulting in sup-

pressed background radiation from the heating stage assembly.|. . . . . .

e
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A5

Copper tube that guides the thermal emission signal from the sample

mounted on the heating stage to the CakFy window on the right-hand

side. The copper tube is passively cooled by the copper sheet to alleviate

reflectivity variation due to the elevated temperature|. . . . . . . . . . ..

74

A6

Optical system that couples the vacuum chamber with the F'TIR. The

beam existing the window is captured and collimated by 3 off-axis parabolic

mirrors (PM1, PM2 and PM3). The collimated signal is sent to the FTIR.| 75

A7

Propagation of signal through the system. Key optical components are

shown abstractly. Different sources of background noises are separated as

noises from inside the chamber (dependent of the heating stage temper-

ature) and noises from outside the chamber (independent of the heating

stage temperature).| . . . . . ...

77

Reliability of the measurement. The emittance of MWCN'T is measured

at different temperatures (412°C, 472°C). The same sample at 527°C

1s used as the reference. It should be noted that the emittance greater

than 1 1s unphysical. For 472°C, the emittance of the reference can be

reproduced in the range ot 2 — 10 wm, proving the self-consistency of the

81

9

An example measurement. The high-temperature emittance of a Ag-TiN

hybrid plasmonic metamaterial (structure shown in the inset, arrays Ag

nanopillars tilted at 50° in TiN binder.) is measured by the direct thermal

emittance measurement. The measured emittance is consistent with the

room-temperature characteristics reported in [178]. Only slight variation

in emittance happens at high temperatures, proving the strong thermal

stability of the measured sample.| . . . . . .. ... ... .00

Fabrication process flow of SSTFS. (a) SiN, handling ring PECVD de-

position. (b) Thin-film wafer fabricated by TMAH wet etching. (c) Ag

back reflector deposition by e-beam evaporation. (d) Si3N, deposition by

sputtering. (e) Handling ring removal by laser cutting. (f) The fabricated

free-standing SSTE'S composite material.| . . . . . . . ... ... ... ...

90

5.2 (a) Cross-sectional schematic of the SSTFS. The thickness of SizN, and

Si are determined by fitting the room-temperature emittance spectrum

with a simulation in S4. (b) As-prepared SSTFS sample in a 10 cm wafer

carrier. (c) The sample is mechanically flexible enough to wrap around

a 1.27 cm diameter acrylic rod. (d) The measured room-temperature

emittance spectrum matches simulations closely,| . . . . . . . . .. ... ..

91
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.3

A customized high-temperature variable angle spectroscopic ellipsometer

covering wavelengths from 0.3 to 2.0 um. Samples are heated in a vacuum

chamber. Temperature dependent specular reflectance spectra of s- and

p-polarizations are measured through a quartz window at 18° angle of

incidence. The pinhole blocks most of the background thermal radiation.| .

54

Reflectance spectrum measurement using an ellipsometer, showing the

procedure for calibrating the scaling tactor. The ellipsometric spectrum

measured with quartz window and pinhole installed (blue curve) is re-

calibrated to the green curve, to match with the independent specular

+ diffuse reflectance (red curve) measurement by a Perkin Elmer Lambda

950 spectrophotometer (with an integrating sphere attachment). The scal-

ing factor in this work of 1.45 provides a good match, such that reflectance

does not exceed 100%. . . . . . ...

0.5

High-temperature 7" emittance spectra for SSTFS: (a) 7" = 505°C, (b) T' =

595 °C. The high-temperature ellipsometry data (blue curves) and direct

thermal emittance measurement data (red curves) are plotted together

with numerical simulation results (gray curves) for comparison. Overall,

a good match is observed. The high-temperature emittance of an SSWS

measured at 535 °C |53] is also plotted in (b) (green curve). The reduced

S1 thickness suppresses € from 0.60 to 0.23, even though the temperature

1s 60 °C higher. . . . . . . . ..

.95

Selective solar absorbers. The (orange curves) and (blue curves) are sim-

ulated at different operating temperatures for SSTFS (triangle symbol)

and SSWS (square symbol), respectively. The thermal transfer efficien-

cies (green curves) are calculated assuming 50 sun concentration. SSTFS

outpertorm SSWS at temperatures > 450°C|. . . . .. .. ... ... ..

.97

0.7

Selective TPV emitters. The relative increase of TPV efficiency (RIy,,)

when the SSWF is replaced by the SSTFES, is calculated for different PV

bandgaps and emitter temperatures. (a) Parasitic heating of PV diode is

considered. (b) The PV diode temperature is assumed to be 300 K. Except

for the area enclosed by the red curve, where R/, is negative, reduced

sub-bandgap emission and PV diode heating significantly improves TPV

efficiencies. . . . . . ..
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(5.8 Full temperature profiles of the two thermal cycles used for the thermal

stability tests. (a) The first cycle (thermal cycle #1) dwells at 600 °C for

1 hr and (b) the second cycle (thermal cycle #2) dwells at 600 °C for 5 hr.

Both cycles are performed on the same sample under ultra-high vacuum

(~ 10~" Torr). The temperature is measured by a type-K thermocouple

attached to the sample by silver paste (597-A, Aremco). The same sample

[ remains at 600°C for 6 hrin totall . . . . . . . ... .. ... ... ...

100

(5.9 Thermal stability test. Room-temperature emittance spectra ot SSTE'S

are measured before thermal cycle (green curve), after the first thermal

cycle that dwells at 600 °C for 1 hr (yellow curve) and after the second

thermal cycle that dwells at 600 °C for 5 hr (red curve). Slight elevation

| in emittance 1s observed and is mainly caused by the degradation of the

| Ag back reflector.| . . . . . ...

[5.10 24 hr Thermal stability test. Room-temperature emittance spectra of

| SSTES are measured after the 4th 6-hr thermal cycle that dwells at 600 °C.

| More significant elevation in emittance is observed and the degradation

[ varies with Jocation) . . . . . . . . .. ... . ...

[>.11 SEM images of the back side of SSTFEFS atter 24 hr Thermal stability test.

(b) Corresponds to the circled area in (a). (c¢) same image, zoomed in

further, and (d) corresponds to the circled area in (c). Apparent dewetting

| effect of Ag from Si surface is observed.|. . . . . . . . . ... ... ...

103

6.1 Schematic of a TPV system with outdoor radiative cooling. The thermal

| emitter and the PV diode are enclosed in a vacuum chamber. The cooling

emitter and part of the heat spreader are exposed to ambient with certain

I
| amount of convection. The area of the cooling emitter, Ac,oer, can be
| larger than that of the PV diode, Ageyr.. - - -« o o o o o o o oo 0oL

110

6.2 (a) PV diode temperature as a function of the ratio of the cooler to cell

areas for convection with h = 2.5 W/(Km?*). Both ideal selective cooling
emitters represent a great improvement, and may achieve below-ambient

| cooling for a sufficiently large area ratio. Above ambient temperatures, the

ideal selective cooling emitter with an emission band of 2.5 um—40 pm (red

curve) is most effective, while below ambient, the ideal selective cooling

emitter with an emission band of 8 um—13 wm (magenta curve) is most

effective; (b) TPV conversion efficiency as a function of area ratios at a

given h = 2.5 W/(Km?). For a sufficiently large area ratio, the radiative

| cooling improves the optimal TPV conversion efficiency via below-ambient

cooling.| . . . . . . L
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(6.3 (a) Schematics of the soda-lime PhC cooling emitter structure. The pro-
| posed structure has a 2D square lattice of air holes etched into the 1.5
| mm-thick low-iron soda-lime glass slab. The radius and the depth of each
| air hole are 2.5 um and 10 um, respectively. The back reflector is a 1 pum
thick Drude model silver layer; (b) Simulated emittance spectrum of the
bare low-iron soda-lime glass (blue curve); the low-iron soda-lime PhC
(red curve). Obviously, the PhC structure improves the emission within
the atmospheric window (shaded region).|. . . . . .. ... ... ... .. 113

6.4 (a) PV diode temperature as a function of area ratios at a given convec-

tive coefficient of 2.5 W/(Km?*). For a sufficiently large area ratio, both
| bare low-1ron soda-lime glass and low-1ron soda-lime PhC achieve below- |
| ambient cooling. The PhC structure slhightly improves the cooling effect; |
(b) TPV conversion efficiency as a function of area ratios at a given convec-
tive coeflicient of 2.5 W/(Km?2). For a sulliciently large area ratio, both
| cases improve the TPV conversion efficiency via below-ambient cooling. |
| The PhC structure gives slightly higher efficiency compared with the bare |
| low-iron soda-lime glass.| . . . . . .. ... ... 0oL 115

[7.1 A concentrating photovoltaic (CPV) system with a Fresnel lens concen- |
| trator and an enclosure. The radiative cooler can be added to the heat |
| spreader underneath the solarcell| . . . . . .. ... ... ... ... .. 120

7.2  Emittance spectrum of soda-lime glass radiative cooler (e.). The simula-
tion (dashed yellow curve) matches well with the measurement (solid green
curve). The spectrum of AM1.5D (red curve) and atmospheric transmit-
tance (7,) of mid-latitude summer sky (blue shaded region) are plotted

| together. 'T'he low absorption in solar spectrum and strong emission in |

| atmospheric window makes the cooler suitable for daytime above-ambient |

| radiative cooling.| . . . . . . ... 121

[7.3 Comparison between simulated and the measured angular dependent emit- |
tance of the soda-lime glass radiative cooler. (a) Simulated emittance of
the cooler as a function of wavelength and angle. (b) Measured emit-
| tance of the cooler as a function ot wavelength and angle. The simulation |
| matches closely with the experiment.| . . . . . . . . ... ... ... ... 123




Figure

XiX

Page

[7.4 Experimental setup to test radiative cooling in a CPV system. (a) A
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ABSTRACT

Zhou, Zhiguang. Ph.D., Purdue University, December 2019. Enhancing Thermopho-
tovoltaics via Selective Thermal Emitters and Radiative Thermal Management. Ma-
jor Professor: Peter Bermel.

Thermal radiation is a fundamental heat transfer process, with certain basic as-
pects still not fully understood. Furthermore, tailoring its properties has potential
to affect a wide range of applications, particularly thermophotovoltaics (TPV) and
radiative cooling.

TPV converts heat into electricity using thermal radiation to illuminate a photo-
voltaic diode, with no moving parts. With its realistic efficiency limit up to 50% (heat
source at 1200°C), TPV has garnered substantial interest. However, state-of-the-art
TPV demonstrations are still well below theoretical limits, because of losses from
generating and efficiently converting or recycling thermal radiation. In this thesis,
tailored integrated photonic crystal structures are numerically simulated to enhance
the efficiency of solar TPV. Next, a high-temperature thin-film Si-based selective
absorber and emitter is designed, fabricated and experimentally characterized. It
exhibits great potential to open up new applications, as it lends itself to large-scale
production with substantial mechanical flexibility and excellent spectral selectivity
for extended time periods, even when operating under high operating temperatures
(600°C) for up to 6 hours, with partial degradation after 24 hours. To perform this
high-temperature characterization, an emittance measurement setup has been built;
its performance agrees well with numerical simulations.

Second, a unique passive cooling mechanism known as radiative cooling is devel-
oped to reduce the operating temperature of the photovoltaic diode. The significant

effect of radiative cooling as a complement for an all-passive-cooling TPV system
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is proposed and numerically analyzed under a range of conditions. Furthermore, an
outdoor experiment has been performed to demonstrate the effect of radiative cooling
on a concentrating photovoltaic system, which can potentially be applied to the ther-
mal management of a TPV system. In summary, this work paves the way towards
the development of reliable, quiet, lightweight, and sustainable TPV and radiatively

cooled power sources for outdoor applications.



1. INTRODUCTION

Human activities, including transportation and manufacturing, produce a huge amount
of waste heat. According to a study by Lawrence Livermore National Laboratory,

68% of the raw energy was wasted in 2018 [1]. However, a substantial amount of
the waste can be recycled or managed for applications such as power generation and

thermal management. To convert heat into electricity, various technologies have been

developed. A promising candidate among them is thermophotovoltaics (TPV). TPV

converts heat into electricity via thermal radiation and photovoltaic effect. Since

its first introduction by Henry Kolm [2] in 1956 and by Pierre Aigrain in 1961 [3],

TPV has attracted a lot of research effort in achieving higher performance. Further-

more, the technology of TPV can be extended to harvesting energy from the ultimate

renewable heat source, the sun. The technology known as solar TPV (STPV), con-

verts most of the solar spectrum into heat and then generate electricity via TPV

mechanism [4]. While controlling thermal radiation is critical for TPV performance,

thermal management of the PV diode is equally important, as the conversion effi-

ciency and reliability of a PV diode degrades with temperature. Fortunately, there

exists a passive cooling method known as radiative cooling. By properly utilizing the

transmission window of the sky, radiative cooling can be an important complimentary

cooling strategy for thermal management.

In this chapter EL TPV and STPV systems and their basic concepts will be dis-

cussed in detail. This includes principles of selective thermal emitters and selective

L Adapted from:

e 7. Zhou, E. Sakr, Y. Sun, and P. Bermel, ”Solar thermophotovoltaics: Reshaping the solar
spectrum,” Nanophotonics, vol. 5, no. 1, 2016.

e X. Sun, Y. Sun, Z. Zhou, M. A. Alam, and P. Bermel, ”Radiative sky cooling: Fundamental
physics, materials, structures, and applications,” Nanophotonics, vol. 6, no. 5, 2017.



solar absorbers, photovoltaic effect and system integration of TPVs. Following that
is a review of radiative cooling, including development of radiative coolers and their

applications in various scenarios.

1.1 Thermophotovoltaics (TPV) and Solar Thermophotovoltaics (STPV)

TPV Cell
Thermal Emitter _
Filter
Reflection
Em———————— +
— :
Heat Thermal Electrical
Radiation Output

Fig. 1.1. The schematics of a typical TPV system that consists of a
thermal emitter that converts input heat into thermal radiation, a PV
diode (TPV cell) that converts above-bandgap radiation into electricity
and a filter that recycles the low energy radiation. Adapted from

A TPV system, as shown in Fig. , typically consists of three components: (1)
A thermal emitter, (2) A band-pass filter and (3) A low bandgap (E,) PV diode.
The thermal emitter is typically in direct contact with the heat source. At elevated
temperature, thermal emitters give away thermal radiation P,.q4, following Planck’s
law:
* 2rhc®  €(N)

Pmd:A/ e s\ T) :A/ e A (1.1)
0 0 excT — |

where A is the surface area of the thermal emitter with emittance e¢(\), and T is its



temperature. Igg(A,T) is the blackbody spectrum at T'; A is the wavelength; h is the
Planck constant; k is the Boltzmann constant; ¢ is the speed of light in vacuum.
Typically, photons of thermal radiation carry a broad band distribution of energy
(as indicated by Eq. . However, only those above the £, of the PV diode can
be converted into electricity FP,,. The conversion efficiency of a TPV system can be

defined as:

Nipy = = (1.2)

To minimize wasted energy and therefore increase the conversion efficiency, spec-
trally selective emitters that exhibits enhanced thermal radiation above PV diode
bandgap (increase P, in Eq. and suppressed radiation below (decrease P,qq in
Eq. are introduced. In addition, a band-pass filter placed between the emitter
and the PV diode can further reduce the loss due to sub-bandgap radiation. The
filter not only blocks the transmission of sub-bandgap photons, but also reflects them
back to the emitter where reabsorption happens. Such mechanism is known as photon
recycling in TPV systems. As a result, the recycled power P,. should be subtracted

from P,,q4, leading to:

Py,
y= P 1.
e Prad - Pre ( 3)

For effective photon recycling, it is essential to minimize the distance between
the emitter and the filter. Because the view factor from the emitter to the filter
determines the recycled power P,.. In most reported TPV structures, the filter is
attached to the PV diode, as shown in Fig. [1.1}

PV diodes convert the incoming radiation into electricity via photovoltaic effect.

The converted power can be calculated as:

va - ]sc‘/ocFFa (14)



where I, is the short-circuit current (current at 0 voltage); V,. is the open-circuit
voltage (voltage at 0 current) and F'F' is the fill factor, the ratio of peak output power
to the product of I, and V,.. P,, calculated by Eq. is therefore the peak output
power from the PV diode.

Common solar cell diodes (e.g. Si PV diode with E, = 1.1 eV) are not optimal for
TPV applications. This is because the peak wavelength of a typical thermal emitter
at a temperature of 1500 K would be around 1.9 um (0.65 eV). However, a bandgap
too low suppresses the energy of the converted electrons, resulting in V,. being too
low. It is found that low-bandgap PV diodes with an optimal bandgap around 0.7
eV @, such as GaSb or InGaAs, are preferred for TPV systems.

Concentrated
Sunlight
/\\ Thermal Emitter TPV Cell
/ / /\ / Filter R —
N |

i ==
(VR

Solar Absorber

Fig. 1.2. The schematics of a typical solar thermophotovoltaic (STPV)
system. In addition to components generally used in TP Vs, a solar concen-
trator is placed at the front to focus the incident sunlight. Furthermore,
a selective solar absorber, converting concentrated sunlight into heat, is
attached to the thermal emitter.

One specific category of TPV systems is solar TPV (STPV), a technology that
uses solar energy as heat source. In such systems, a solar absorber converts solar

irradiance into heat, as shown in Fig. [1.2l The thermal emitter is in direct contact



with the solar absorber, so that heat is conducted at minimal loss. In order to reach
high operating temperature, thus high efficiency, solar concentration is very necessary.
In most STPV systems, solar concentrators like Fresnel lenses are placed in front of
the solar absorber, as shown in Fig. [I.2] Given that there are two more components

added to the system, the conversion efficiency of STPV is expressed as:

Nstpv = Mot Ntpv, (1 : 5)

where 7, is the optical efficiency of the solar concentrator; 7, is the thermal transfer
efficiency of the solar absorber, quantifying how much incident solar irradiance can
be converted into heat.

The theoretical efficiency limit of such a TPV system is set by the Carnot limit,
and the corresponding STPV efficiency can be as high as 85% under full solar con-
centration [7]. However, the best TPV efficiency reported to date is about 29.1% [§]
and the world record of STPV efficiency is only 6.8% [9]. The large discrepancy in
efficiency is mainly due to (1) sub-bandgap photon from the emitter; (2) sub-optimal
view factor from the emitter to the PV diode; (3) loss at the PV diode and (4) ther-
mal re-radiation loss at the solar absorber (for STPV systems specifically). Most of
the loss mechanism listed can be alleviated via engineering. Therefore, TPV is still a

field of research full of challenges and potentials.

1.1.1 Selective Thermal Emitters

One approach to improve the TPV performance is reducing sub-bandgap loss by
using spectral-selective emitters [10]. As shown in Fig. , the emittance spectrum
€(A) of the thermal emitter should meet three requirements: (1) near-zero emittance
for sub-bandgap photons, (2) near-unity emittance for photons with energy higher
than the bandgap (E,) of the PV diode and (3) low emittance for photons with energy
much higher than E,. The first requirement reduces sub-bandgap loss. The second

enhances the power that can be potentially generated from the PV diode. The third



reduces thermalization loss from the PV diode. Therefore, an ideal selective emitter
should have a top-hat shaped emittance spectrum that has peak value of 1 within a
narrow bandwidth [11]. Because most thermal emitters operate at 1000 — 2000 K,
thermalization loss usually has less impact on the efficiency than sub-bandgap loss.
Therefore, it is more important to have high selectivity (sharp cut-off in emittance
spectrum) that matches with E;. The bandwidth of such top-hat emittance spectrum
has an optimal value. For example, it is found that when the emitter is at 2000 K

and an ideal PV diode is used, the optimal bandwidth is 0.07 eV [11].

Ideal selectivity for TPV
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Fig. 1.3. Ideal emittance of a selective thermal emitter. For energy below
the bandgap of the PV diode, €(\) should be close to zero to minimize
sub-bandgap loss. For a bandwidth above the bandgap, €(\) should be
close to unity to maximize the converted electric power. For energy much
above the bandgap, €(\) should be close to zero as well to minimize ther-
malization loss.



Rare-earth Thermal Emitters

To date, significant efforts have been put into the pursuit of highly selective ther-
mal emitters that can improve TPV efficiency. Among many different types of thermal
emitters, rare-earth emitters are developed in early stage of TPV research thanks to
their intrinsic selective emission . Oxides based on rare-earth elements, such as
Er,O5 and YbyO3, have been fabricated and characterized . It has been found
that YboOs can be paired with Si PV diode (as shown in Fig. (a)) while
Er,O; matches better with lower bandgap PV diodes such as Ge [13].
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- E
s EQE*Yo203 &
] S 04
E s
& £ ErAG
E
=02 ————————&|
’, 1 -~ R
11 e [ | "~ -e- . s
go '_-—/‘ : ) | Emittance —e— _—m— — —
05 06 07 08 09 10 11 12 13 14 0 — |

Wavelength (1) A, (Z}éSh)‘ . (um)
2 A (um

(a) (b)

Fig. 1.4. Rare-earth based selective thermal emitters. (a) the thermal
emittance of a YbyO3 thermal emitter in comparison with the external
quantum efficiency (EQE) of a Si PV diode [14]. (b) The calculated ther-
mal emittance (black curve) of a 1D photonic crystal (PhC) integrated Er
doped aluminum garnet (ErAG) emitter. The reflectance of the multilayer
at the front is shown in green curve for comparison. The inset shows the
schematics of the emitter cross-section. Panel (b) is adapted from [16].

In addition to oxides, rare-earth doped selective emitters have been devel-
oped as well. However, rare-earth based thermal emitters still exhibit large parasitic
emission due to host materials or substrates. In order to further improve the spectral
selectivity, photonic structures that can tailor the bulk emission property are pro-
posed to be integrated . Significant improvement has been reported, as shown in

Fig. |1.4] (b), when the metallic back reflectors is replaced by a less lossy quarter-wave



stack (QWS), and a chirped dielectric filter that has ultra-wide stop band is added on
top [16]. Other than suppressing parasitic emissions, enhancement of above-bandgap
emission can be achieved via the metasurface back reflector proposed in Ref. [18],

following generalized Snell’s law [19].

Nanophotonic Thermal Emitters

Other than bulk materials, artificial photonic structures have been developed to
tailor the emittance of bulk materials by modifying the photonic density of states [20),
21]. For example, photonic crystal (PhC) emitters [11,22-25], metamaterial emitters
[26] and plasmonic emitters [27,28] have been designed and characterized to have
strong selectivity.

1D PhCs have been proposed to be used as top or bottom layer similar to the rare-
earth thermal emitter discussed above. It is found that such additional 1D structures
can improve bulk emission properties for semiconductor materials, such as Si (shown
in Fig. [1.5/(a) and (b)) and Ge, and make them suitable for TPV applications [23]. 2D
PhCs, such as a square lattice of micro/nano-scale air holes on metallic bulk material
(shown in Fig. [1.5] (c)), are extensively studied as a promising candidate for thermal
emitters [20]. It should be noted as well, as shown in Fig. [1.5[ (c), that the thermal
emittance of 2D PhC can be adjusted by changing structural parameters like hole
depth, hole radius and periodicity [20]. 3D PhCs, though more complicated in terms
of fabrication, have also been demonstrated as efficient thermal emitters [29}30].

Metamaterial is another potential candidate among nanophotonic thermal emit-
ters [31]. Certain plasmonic resonances supported by the structure give rise to perfect
absorption at corresponding wavelengths. This in turn leads to near-unity emittance
at those wavelengths, following Kirchhoff’s law of thermal radiation [32]. By includ-
ing a series of sub-cells that have slightly different structures into one unit cell of
a large array, multiple resonance peaks are stacked together. As shown in Fig. [1.5

(d),The net result is a band of high emittance followed by a clear cut-off [26].
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Fig. 1.5. Nanophotonic selective thermal emitters.
Si selective emitter enabled by 1D PhC front layers.

(a) Schematics of
(b) The resulting

emittance spectrum of the structures depicted in (a). Panel (a) and (b)
reproduced from [23 . ) Simulated emittance spectrum from various W
2D PhC (design I: r = 045 um, ¢ = 1.10 um, d = 1.50 pum; design
IT: » = 0.55 ym, a = 1.30 pm, d = 2.10 um; design III: » = 0.625 pm,
a = 1.40 um, d = 2.80 um), showing great degree of freedom in tuning cut-
off frequencies by varying PhC structures. Panel (c) reproduced from .
(d) Emittance spectrum (blue curve) form a metamaterial based thermal
emitter (unit cell shown in inset). It matches well with the EQE spectrum
(red curve) of a GaSb PV diode. Panel (d) reproduced from [26].

A critical requirement of thermal emitters is performance stability under high
temperature. Such constraints limit the materials to be used. Specifically, refractory
metals, such as tungsten (W), tantalum (Ta) and molybdenum (Mo) have garnered

interests [6,29//33/34]. Though the melting points of bulk refractory metals are higher
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than the operation temperature of TPV or STPV, the degradation of nanophotonic
structures made of them can happen at a much lower temperature. Such degradation
may include oxidation [35], recrystallization [36,[37] and surface diffusion [38}39]. As
a result, the optical performance including peak wavelengths and spectral selectivity
may change. Therefore, enhancing the thermal stability of thermal emitters is a crit-
ical challenge. In existing literature, there are several strategies addressing this chal-
lenge. For example, protective layers of hafnium oxide or silicon dioxide conformally
coated over the nano-structures can effectively prevent surface diffusion [35}40,41].
In addition to refractory metals, refractory plasmonic materials like titanium nitride

(TiN) are proved to be promising for high-temperature applications [42].

1.1.2 Selective Solar Absorbers

As mentioned in Section 1.1, one specific application of TPV is STPV. Concen-
trated solar radiation is first converted into heat by a solar absorber. As its tem-
perature increases, part of the absorbed power is dissipated back to the environment
through thermal radiation. Such re-radiation loss is one of the main bottle necks of
STPV efficiencies. To capture the physics of the energy conversion at the solar ab-

sorber, a figure of merit known as the thermal conversion efficiency (1) is developed:

oe(T)T*

n(T) =a(T) — NI (1.6)

where 7' is the temperature of the solar absorber; C' is the solar concentration fac-
tor; Isq- is the intensity of the unconcentrated sunlight; o is the Stefan-Boltzmann

constant; @(7T') is the spectrally averaged solar absorptance defined as:

_ J A (N T) Lanisp(N)
~ [d\Mansp(h)

a(T) (1.7)

where « (A, T') is the absorptance of the solar absorber, and a(\,T) = €(\,T) under
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thermal equilibrium according to Kirchhoff’s thermal radiation law [32]. Tap1.5p(N)
is the AM1.5D direct and circumsolar intensity spectrum. AMI.5D, with its total
intensity of 900 W /m?, is highly representative of the direct part of the solar spectrum
that can be utilized for concentration.

€(T) is the spectrally averaged thermal emittance defined as:

_ SN T)Ipp(\T)

T psNT) (18)

(1)

where I55(\, T) is defined in Eq. [L.1]

Apparently from Eq. , high thermal transfer efficiency (7;) requires high solar
absorptance and low thermal emittance, especially when the applications are at high
temperature and low solar concentration. To achieve this, as shown in Fig. [1.6]
a spectrally selective solar absorber should be used. The emittance spectrum of a
selective solar absorber should exhibit high emittance in the solar spectrum range
and low emittance beyond, so that both high @(7T") and low &T') are achieved at
the same time. This is possible because a typical selective absorber operates at a
temperature much lower than the sun, ensuring that the solar spectrum Iap.5p(\)
and absorber blackbody radiation Igg(\, T') are separated. As temperature increases,
Igp(A\,T) overlaps more with I4515p(\), and it becomes harder to achieve high 7.
In this case, solar concentration (C') can be increased to compensate the thermal
re-radiation loss, as shown in Eq. [1.6] However, as a matter of fact, it is preferred to
keep low solar concentration (< 100 sun) in real applications, as high concentrations
require more complicated dual-axial solar tracking. Therefore, a better solution is
to make solar absorbers more selective. In the next few sections, different types of

selective solar absorbers are reviewed in detail.
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Fig. 1.6. Absorptance (absorptivity) of an idea selective solar absorber
(purple dashed curve). Its steep cut-off in the overlapping region of solar
spectrum (blue curve) and blackbody emission spectrum (black curve)
ensures both strong solar absorption and weak thermal re-radiation loss

[33].

Metal-dielectric Composite Selective Solar Absorbers

Metal-dielectric composite solar absorbers consist of at least a cermet layer and
a back reflector. Cermets are composite materials with metallic nanoparticles em-
bedded in ceramic binders, such as alumina (Al,O3) [43], silicon dioxide (SiOs), alu-
minum oxynitride (AION) [44] and zirconium dioxide (ZrO,) [45]. It is found that
the absorptance spectrum of cermets can be tuned by the metallic nanoparticles .
To enhance solar absorption, a multi-layer structure of cermets with gradually in-
creasing particle concentrations has been proposed . Using a AI** — AION (Al
sputtered in AION binder) cermet solar absorber, a simplified double-layer structure

yields 7; = 86% under 1 sun illumination and a temperature of 353 K . For higher
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temperature applications, it has been proposed through theoretical calculations that
a graded-index multilayer consisting of W particles in alumina binder (shown in Fig.

can achieve up to 7, = 85% under 100 suns at 1000 K .
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Fig. 1.7. Metal-dielectric composite selective solar absorber. (a) Schemat-
ics of cermet-based selective solar absorbers (W particles in alumina). (b)
Varying metal volume fraction across the multilayer structure in (a). (c)
Calculated reflectance (1 - absorptance) spectrum of the selective solar
absorber depicted in (a). Panel (a) - (¢) adapted from [48].
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Fig. 1.8. Si-based semiconductor-metal tandem selective solar absorber.
Calculated absorptance (emissivity) spectra of Si-Ag tandem absorber
structures schematically depicted in the inset. Adapted from .

Semiconductor-metal Tandem Selective Solar Absorbers

Semiconductor is another type of material that has natural selective absorption,
with strong absorption above the bandgap and low absorption below. In fact, when
lightly doped and highly polished on surface, semiconductors are almost transparent
to sub-bandgap photons. Similar to metal-dielectric composite absorbers, a back
reflector (typically low-loss metal) is deposited on the back side of the semiconductor,
forming a tandem. Some typical semiconductor materials used for solar absorbers are
crystalline silicon (c-Si), amorphous silicon (a-Si) [49], germanium (Ge) and lead
sulfide (PbS) [50H52]. A common issue of those semiconductor materials is the strong
reflection at top surface due to their high refractive index. To reduce the reflection
and therefore enhance above-bandgap absorption, an anti-reflection coating (ARC) is

added on top. As shown in Fig. [I.§) by adding a four-layer front coating and a one-
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layer back coating to a Si-Ag tandem solar absorber, the theoretical thermal transfer
efficiency 7; can be as high as 82.2% at 1000 K and 100 suns concentration [23].
A simplified structure using 300 pwm-thick commercialized double-side-polished Si
wafer has been fabricated and characterized at operating temperatures. At 490 °C,
a 1n; = 51.5% has been reported [53]. More importantly, it has been found that the
intrinsic carrier concentration, which increases with temperature, may greatly hamper
the performance of semiconductor-metal tandem solar absorber. An effective solution
is significantly reducing the thickness of semiconductor layer [53]. Therefore, using
semiconductor thin films instead of wafers can be a very interesting approach to make

high-performance selective solar absorber, as will be discussed in detail in Chapter 5.

Nanophotonic Selective Solar Absorbers

Following Kirchhoff’s thermal radiation law, strong selectivity in emittance is
equivalent to strong selectivity in absorptance under thermal equilibrium. Therefore,
nanophotonic structures that are proved to be effective as thermal emitters can be
borrowed for making solar absorbers. For example, a 2D planar plasmonic structure
(shown in Fig. (a) and (b)) has been proposed to be used as a selective solar ab-
sorber and a selective thermal emitter simultaneously [27]. While its absorption peak
in visible range collects concentrated sunlight, its IR peak provides thermal emission
towards the PV diode [27]. 1D multilayer stack |54] and 1D grating structures [55]
have both been studied as selective solar absorbers and shown great selectivity. As
shown in Fig. (c) and (d), 2D square-lattice PhCs on Ta has been successfully
fabricated and characterized to have 1, = 66.4% at 1000 K under 100 suns concen-
tration [33]. Further improvement may be achieved by an integrated PhC structure
that combines a 1D multilayer stack with a 2D PhC [56]. For applications where
high solar concentration is available, a nanoimprinted PhC based on Ta has been

fabricated, showing 7, = 82.8% at 1500 K under 1000 suns concentration [57].
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Fig. 1.9. Nanophotonic selective solar absorbers. (a) A 2D planar plas-
monic selective solar absorber with refractory metal square patterns on
dielectric thin film (blue region). (b) The calculated absorptance spectra
of different structural parameters (width (W), depth (D), period (L) and
dielectric thickness (G)). The strong visible absorption peak and mid-IR
peak make it a unique selective surface that can serve as a solar absorber
and an emitter simultaneously. Panel (a) and (b) are adapted from [27].
(c) 2D Ta PhC selective solar absorber and thermal emitter as a monolithic
component. (d) The measured emittance spectra for both the emitter and
the absorber in comparison with a flat Ta substrate. Panel (c¢) and (d)
are adapted from [33].

Solar absorbers are expected to operate at a temperature similar to thermal emit-
ters, especially in an STPV system. Therefore, they face the same challenge of thermal

stability as thermal emitters. The approaches to enhance reliability of nanophotonic
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structures discussed in the preceding section can be borrowed and applied to selective

solar absorbers.

1.1.3 Photovoltaic Energy Conversion

The last of the three main components of a TPV system is the PV diode. It
absorbs the thermal radiation from the emitter and then converts it into electricity.
When photons above the bandgap is incident on the PV diode, a portion of them are
converted into electron-hole pairs. Such conversion ratio is quantified as the external
quantum efficiency (EQFE())), a wavelength dependent quantity that’s typically high
above the bandgap and low otherwise. The generated short-circuit current /g can

be calculated as:

Isc = quFepv/d)‘ (%) e(MIpp(\, T)EQE(N), (1.9)

where A, is the surface area of the emitter; F,._,, is the view factor from the emitter
to the PV diode (assume no filter implemented); €(\) is the emittance of the emitter,
and the emitter operates at temperature 7.

Assuming there’s minimal series resistance and shunt resistance, the I-V curve of

a PV diode under illumination follows the ideal diode equation:

qV
=1, <e*nwv - 1) ~ Ise, (1.10)

where [ is the dark current that is determined by the property and temperature of
the PV diode; n is the ideality factor; T}, is the temperature of the PV diode. The

open-circuit voltage Vpe can then be derived as:

kT, (I
Voo = 2ipv ( %4 1) , (1.11)
q I

The converted power calculated by Eq. corresponds to the maximum power point
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on the I-V curve. To find this point, or equivalently the fill factor F'F', an empirical

equation is commonly used:

voc — In(voe + 0.72)
voc + 1

FF = , (1.12)

where vpoc is the normalized open-circuit voltage defined as voc = (¢/nkT,,) Voc.
The Iy, Voo and F'F calculated by Eq. [1.9] and can be fed into Eq. to
calculate the converted electric power.

Based on the physics of photovoltaic energy conversion, it is clear that TPV
performance is strongly dependent on the properties of PV diodes. In fact, various
types of PV diodes have been used in TPV research to find the best candidate. There
are a few that garnered most of the interest.

Crystalline Si PV diode, as one of the most commonly used PV materials, has
its strength in relatively high quality (high EQE above bandgap and low Ij) and
inexpensive fabrication. However, the greatest challenge of using c-Si PV diode is the
mismatch between its EQE()A) and the thermal emission spectrum of the emitter. It
has been shown that pairing a Ybs O3 thermal emitter with a Si PV diode gives a TPV
conversion efficiency of only 2.4% [58]. Using 2D PhC thermal emitter made of W in
conjunction with highly effective photon recycling, the TPV conversion efficiency has
been estimated to be 26.2% when emitter is at 1573 K [6].

A better alternative is germanium (Ge). Its lower bandgap (£, = 0.66 eV) helps
reducing sub-bandgap loss significantly. One challenge with Ge is its relatively high
density of states in the conduction band, leading to high intrinsic carrier concentration
and thus high dark current Iy [59]. It has been demonstrated that a lightly doped Ge
PV with both front and rear passivated is suitable for TPV applications when paired
with EryO3 thermal emitter [60].

GaSb PV diodes, with a low bandgap of E, = 0.72 eV, are far more commonly
used in TPV systems compared with the aforementioned two. It has been calculated

that a TPV conversion efficiency of 30% is possible for a blackbody thermal emitter
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with a temperature higher than 1300 K, if an ideal filter that matches the bandgap
is used [61], which is consistent with the 27% efficiency reported in Ref. [62] where a
W emitter has been used. Fraas also extensively studies GaSb PV diodes for TPV
applications. He pointed out that the cost of production can be substantially lowered
if the production volumes surpasses 1 MW [63].

In,Ga;_,As is a ternary composite that allows bandgap tuning via varying indium
composition. The range of bandgap is 0.4 - 1.4 eV. While fabrication cost for InGaAs
is high, its performance is outstanding. It has been shown that a lattice-matched
InGaAs (E, = 0.74 eV) has a broadband high EQE (above 90%), which is highly
favorable for TPV applications [64]. Furthermore, the wide range of allowed bandgap
gives rise to tandem PV that can better utilize different portions of the thermal
radiation spectrum from the emitter. It has been demonstrated that a tandem PV
consisting of epitaxially grown 0.74 eV lattice-matched Gag47Ings3As and 0.63 eV

lattice-mismatched Gag sglngg4As gives promising performance as a TPV diode [65].

1.1.4 System Integration

Critical components of a TPV or STPV system have been reviewed in the pre-
ceding sections. High-performance TPVs/STPVs rely not only on high performance
components, but also on optimal system integration. In this section, we review some
of the most critical factors of TPV system integration.

For STPV specifically, it is important to find the optimal area ratio between
thermal emitter and solar absorber (8 = Acmitter/ Aabsorver ). For a given solar concen-
tration, there exists an optimal area ratio 8 that gives highest conversion efficiency
Nstpo- Lhis can be understood in the following way: as § increases, the temperature
of absorber/emitter assembly decreases. As a result, TPV conversion efficiency n,,
drops while thermal transfer efficiency 7, increases. Therefore, there is an optimal
[ corresponding to an optimal operating temperature. For example, when the solar

concentration is 1000 suns, the optimal § is 16 [11].
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For a general TPV system, thermal management is another challenge. First, any
heat transfer between thermal emitter and PV diode, other than radiative heat trans-
fer, should be suppressed. Therefore, there should be a vacuum gap (j 10* Torr [66])
that separates the thermal emitter and the PV diode. Such vacuum environment can
also alleviate reliability issues of thermal emitters when operating at high tempera-
ture. Second, a high view factor from the emitter to the PV diode is required. To
reach a view factor > 0.9, a separation of < 5% of the edge length should be main-
tained (e.g., when both the emitter and the PV diode are 10 mm x 10 mm, a separation
< 500 pum is needed) [67]. This requirement imposes a challenge of aligning thermal
emitters and PV diodes. Though precision translation stage is capable of maintaining
a 300 um gap [66], a much less structurally complicated solution is needed in order
to make TPV ready for real applications like portable power generator. Third, the
PV diode under such high heat load, with at least one face encapsulated in vacuum,
imposes a great challenge for cooling. In order to keep the PV diode operates close to
room temperature, active cooling methods like running coolant or forced air cooling
are used in existing literature. However, for a power generating system, it is pre-
ferred to have only passive cooling. Furthermore, one of the most attractive features
of TPV is its noiseless operation. The cooling strategy should not cause extra noise
if possible. In this context, new passive cooling methods other than conduction or
convection warrant research effort. In the next few sections, a unique, passive cooling

method known as radiative cooling will be reviewed in detail.

1.2 Radiative Cooling

Radiative cooling is a strategy to dissipate excess heat into remote heat sinks
(such as the clear sky) via thermal radiation [68]. Its crucial value is that it can lower
the operating temperature of a broad range of solid-state devices without requiring
any input energy. It functions on the ground by enhancing radiation at wavelengths

that are highly transmitted [69]; for the sky, this transparency window extends from
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8 to 13 um [70]. The earliest adoption of radiative cooling has been traced back to
the courtyard architectures of ancient Iran [71]. In the modern era, the first scientific
studies found that certain materials have potential for limited selectivity, notably
polymeric materials [72,73], titanium dioxide [74-76], silicon nitrides [77], and silicon
monoxide (SiO) [78]. While cooling to 40 °C below ambient with SiO is theoretically
possible [78], the temperature difference is much smaller in experiments [69]. Al-
though the natural materials listed above can enhance radiative cooling, achieving
the best possible radiative cooling requires a combination of high and flat emittance
throughout the sky transparency window. No simple bulk material has been reported
to provide this ideal emittance spectrum, and thus, theoretically maximal radiative
cooling power.

Fortunately, with the emergence of new classes of selective infrared (IR) emit-
ters [11}20,/79], based on photonic design principles [80], interest in radiative cooling
has increased substantially in the last several years. Recent calculations first indi-
cated, for instance, that 2D nanophotonic structures can provide a cooling power in
excess of 100 W/m? at reasonable temperatures [81]. A 1D stack of hafnia and silica,
consisting of seven bilayers, was shown to be sufficient to achieve cooling below ambi-
ent temperatures in experiment [82]. Before this recent resurgence of interest, research
efforts focused on looking for the best cooling material for below-ambient cooling at
night. Most materials investigated previously were bulk materials or composite ma-
terials. Some were found to be satisfactory for nocturnal applications. However,
the capability of daytime radiative cooling under direct sunlight, especially below
ambient, was never fulfilled until very recently. The development of nanophotonics
is certainly a major driving force behind the recent resurgence of radiative cooling
research. It is found that minimal absorption of direct sunlight and high emittance
within the atmospheric window can both be satisfied by nanophotonic designs. As
will be discussed later in Section 1.2.1, the capability of daytime radiative cooling,
compared with nighttime cooling, gives rise to more applications and research op-

portunities in different fields. In related work, it was shown that this approach can
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be applied to solar cells to theoretically achieve meaningful temperature reductions.
Theoretically, the temperature for bare silicon cells can be up to 17.6 °C in unconcen-
trated sunlight [83], with an actual 13°C cooling effect observed in experiment [84].
Similarly, despite their lower self-heating, GaAs nanowire-based photovoltaics (PV)
could potentially experience a radiative cooling-induced temperature drop of 7°C [85],
which could improve their performance by 2.6% absolute efficiency in the near-earth
orbit [86]. For encapsulated commercial solar panels, the cover glass (typically soda-
lime glass) is already a decent broad-band radiative cooler. Hence, a temperature
decrease of only 1 - 2 K is achievable by radiatively cooling commercial solar panels,
which can still extend the lifetime significantly by suppressing thermally activated
degradation [87].

The resulting drop in efficiency associated with excess heating can be tremendous,
potentially, over 50% of the relative performance [88|; thus, it is critical to develop
new strategies for cooling that are nearly or fully passive, as opposed to active, to pre-
serve overall system efficiencies and to substantially decrease operating temperatures,
improving performance for a wide range of devices. In the best case, this additional
cooling power could result in below-ambient operation, potentially enabling signifi-
cant improvement in performance and reliability.

Given these significant benefits, it seems appropriate to consider what other sys-
tems could potentially benefit the most from this radiative cooling approach. The
most appealing applications would presumably combine considerable self-heating and
significant needs for energy efficiency. Within this group, solid-state electronics stand
out as particularly relevant, since they can experience substantial radiative heating
outdoors during the daytime, along with electric power injection and subsequent ther-
mal dissipation. Concentrating photovoltaics (CPV) and thermophotovoltaics (TPV)
are likely to see even greater benefits from these approaches than standard PV, be-

cause of their greater heat fluxes [23].
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1.2.1 Fundamental Physics of Radiative Cooling

The temperature of the cosmic microwave background radiation is around 3 K [89),
while the ground-level temperature on earth is close to 300 K. This enormous tem-
perature difference is kept by the atmosphere, where most thermal radiation from
the ground is blocked. However, there exists several transmission bands, through
which certain portion of radiated energy may escape. Such atmospheric transmission
windows are determined by the atmospheric absorption spectrum [69,/90H96], which
features a strong water vapor absorption band centered around 6 um and beyond
20 um, as well as a carbon dioxide absorption band that peaks around 15 pum. These
absorption bands leave behind an atmospheric transmission window from 8 to 13 um,
as depicted in Fig. Furthermore, the atmospheric emittance is not only wave-
length dependent, but also zenith angle dependent, as expressed by the following
equation [69]:

€a(6,0) =1 —[1 — €, (0, \)]V/ e (1.13)

where €,(6, A) denotes the atmospheric emittance at any arbitrary zenith angle 6.
The angular dependence is shown in Fig. as well.

Developing radiative coolers for various applications requires rigorous engineering
and design. In this subsection, we review the physics of radiative cooling by the
steady-state energy balance equation and summarize the design considerations for
radiative coolers.

When a radiative cooler of surface area A is exposed to the sky, the cooling power

P.,,; is the net outgoing radiative energy flux, defined as:

Pcool<T) - Prad(T) - Patm(Tatm)7 (1'14)

where P,oq(T) = A [dcos@ [ dApp(T, N)e(A, 0) is the thermal emission of the ra-
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Fig. 1.10. The atmospheric transmittance spectrum at zenith angles of
0°, 60°, and 75°%; it is highest in the 813 um transparency window. Results

are adapted from [69).

diative cooler with operating temperature of T', and [ d€) cos € is the integration of the
solid angle over the hemisphere. The atmospheric radiation at a temperature T, is
given by Payy = A [dQcos 8 [ AN pp(Tamp: A)e(X, 0)€am (X, 0), where €qm (A, 0) de-
notes the spectral and angular atmospheric emittance that can be calculated by Eq.
1.13l The balance of radiative cooling power with other energy fluxes (e.g. incident
solar power, convective, and conductive heat transfer) determines the temperature
achievable.

When designing a practical, efficient radiative cooling system, one must also con-
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sider other heat transfer pathways. Generally, the net power of the cooling system

P,.: is defined as:

Pnet - Pcool - Pabs,sun - Pmm—radiativev (115>

where P,,, denotes the radiative cooling power, P, ,nradiative COrresponds to non-
radiative heat transfer (i.e. convection and conduction) and Pppssun is the total
absorbed solar power only relevant for daytime applications. Initially, nighttime
radiative cooling appeared much more promising thanks to the absence of solar ir-
radiance, and constituted the focus of the early work [97-101]. Enabled by recent
advances in photonic design, daytime radiative cooling below ambient temperature
has been demonstrated by Rephaeli et al. [81]. According to Eq. , solar ab-
sorption and non-radiative heat transfer, in cases where T < T,,,;, act as parasitic
cooling losses, thereby reducing the overall cooling effect. Remarkably, it has been
experimentally demonstrated that significant temperature reduction more than 40
K below ambient can be reached by radiative cooling within 1 hr with considerably
reduced parasitic heat transfer (e.g. no convection in the vacuum chamber and sun
shade to block solar irradiance). [102]. The lowest temperature measured is far lower
than the previous non-optimized experimental demonstration [82]. For systems with
greater heat loads (e.g. CPV and TPV), it is also expected that the temperature will
quickly reach steady state due to significant heating, for example, temperature varies
instantaneously with solar irradiance in Ref. [103]; in such cases, radiative cooling
can still serve as a complementary passive cooling method to reduce overall system
temperature.

Radiative cooling can be categorized as either below-ambient or above-ambient,
depending on specific applications. The target cooling temperature of a radiative
cooler determines the desired spectral emittance profile; namely, a broadband cooler
is needed for above-ambient cooling, while a selective cooler is needed for below-

ambient cooling. As shown in Fig. [1.11] (green curve), the broadband cooler should
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have emittance close to one throughout the IR spectrum, and negligible absorptance
in the solar spectrum for daytime cooling. On the contrary, a spectrally selective
cooler will have emittance close to unity only in the atmospheric window (8 — 13 um)
and minimal emittance elsewhere (yellow curve in Fig. [1.11]). Next, we will interpret

such design requirements into the temperature and spectrum dependence of P, (T).

1.0

AM1.5D
Broadband|

Cooler

1 10
Wavelength [um]

Fig. 1.11. Ideal emittance spectrum (e.) of radiative coolers for above-
ambient cooling and below-ambient cooling. For above-ambient cooling, a
spectral-selective cooler (yellow curve) that has high emittance only within
the atmospheric window (blue shaded region) should be used. For below-
ambient cooling, a broadband cooler (green curve) with high emittance
across a broad range of IR wavelengths and minimal absorption of the
solar spectrum should be used.

P.oi(T) must be positive to ensure net cooling of a system. For above-ambient
cooling (i.e. T' > T,p), the thermal radiation outside the atmospheric window from
the cooler to the ambient (i.e. above-ambient cooling) becomes beneficial and adds

up to higher total cooling power P.,,(7'); thus, a broadband design is preferable
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to deliver more cooling gain. For below-ambient cooling (i.e. T < Tgp), parasitic
thermal emission outside 8 — 13 um from atmosphere heats up the cooler, resulting in
a negative cooling power for the broadband design. In contrast, a spectral selective
cooler that can eliminate such undesired absorption of radiation from ambient and
maximize P.,,(7) is the best for below-ambient cooling. An interesting feature of
radiative cooler is that at T' = Tj,,;, the net thermal radiation outside the 8 — 13 pum
wavelengths from the coolers to the ambient becomes zero; essentially, both designs
deliver the same cooling power. To summarize, cooler designs should be adopted
for different applications. Note that the discussion above only considers the primary
atmospheric window from 8 to 13 um, and has neglected the secondary atmospheric
window that exists between 16 and 22 um. Our simulation has shown that, with
the presence of the secondary window, full-spectrum radiation coolers can generate
10 — 20 W/m? more cooling power than the selective radiative coolers only focusing
on 8 — 13 um. The secondary window, however, contributes only about 10% of the
total cooling power at near-ambient temperature due to much lower transmittance
(see Fig. and deviation from the wavelength range (i.e. around 10 pum) wherein
IR blackbody radiation peaks. Since the impact of the secondary window on radiation
cooling is fairly insignificant, it can be neglected in general. In the next section, we

describe specific materials and structures that are suitable for either type of cooling.

1.2.2 Review of Radiative Cooler

To achieve effective radiative cooling, cooling structures should have emittance
spectra €(f, A) that match the ideal specifications discussed in Section 1.2.1. Fortu-
nately, emittance properties approaching these ideals can be found in bulk materials
suitable for massive production. They have been extensively studied in pioneering
works of the 1970s and 1980s [68,/69,72, 73} 77,(78,97,[104H110]. Similar to bulk ma-
terials, gaseous materials such as ethylene and ammonia have also been proposed to

be radiative coolers [109,|111}/112]. Furthermore, several works also focused on using
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pigmented foils that are highly reflective in the solar spectrum and transparent in
the atmospheric window, such that an underlying material can simultaneously cool
itself via thermal emission without absorbing solar irradiance |74H76]. As the fabrica-
tion technique of nanomaterials advances, radiative coolers enabled by nanostructures
and nanoparticles are proved to be good alternatives to bulk coolers [113,|114]. In
recent years, nanophotonic structures have become powerful in tailoring the thermal
emission properties of bulk materials [20,21] and have a significant impact on differ-
ent applications, including radiative cooling. It is demonstrated by simulation that
properly designed photonic crystals (PhCs) can provide emittance spectra close to
the ideal cases for radiative cooling (both above-ambient and below-ambient) under
direct solar irradiance [81,[83,/115,116]. Later, experiments successfully demonstrated
the radiative cooling via PhC coolers [82,84]. In addition to the spectral selectivity,
the angular dependence of emittance is another important factor for radiative cool-
ers, as implied in Eq. [I.14 Complete characterization of a radiative cooler should
include its emittance spectra at multiple zenith angles. For cooling systems that are
not angularly restricted, the emittance variation over zenith angles from 0° to 90° is
preferred to be as small as possible [69]. It has recently been demonstrated that the
weak angular dependence of emittance can be achieved by nanophotonic structures

such as polymer stacks [117] and 2D PhC structures [84].

Bulk and Gaseous Material Radiative Coolers

In the early stage, plastic has been investigated as a prospective candidate for
radiative coolers. Polyvinyl chloride (PVC) [72], polyvinyl fluoride (PVF) [68,|73]
97,/106,/107], and polymethylpentene (TPX) [105] were shown to have high emit-
tance in the atmospheric window. Most plastic coolers reported in the literature were
aluminized at the back to block transmission without adding significant absorption
outside the atmospheric window. Although the TPX and PVF emittance spectra
match the atmospheric window, as shown in Fig. [1.12(a) [69,/105], TPX is slightly
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Alternative bulk materials, such as oxide and nitride, have been investigated
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Fig. 1.12. (a) Transmittance spectrum of aluminized polyvinyl fluoride
(TEDLAR) cooler (red) and polymethylpentene (TPX) cooler (blue);
adapted from ,. Strong emittance can be observed within the at-
mospheric window. (b) the measured reflectance spectrum of 10 pm SiO
film on aluminum (Al). The spectrum is adapted from [69]. (c¢) The mea-
sured reflectance for TM (red) and TE (blue) polarizations incident on a
1.34 um SiOggNg o film on Al. Compared to SiO, a broader peak is found
within the atmospheric window. The spectrum is adapted from |109]. (d)
The measured transmittance spectrum of ethylene gas in a 1.1-cm-thick

gas slab. The spectrum is adapted from [111].

extensively in the pioneering works of Granqvist et al. It was found that SiO, with its

strong lattice absorption near 10 um, can serve as a selective radiative cooler. The

optimal thickness of 1 pm was found to be most effective in reducing reflection [69/[78].

Like the previous structure made from plastic coolers, an Al back reflecting layer was
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coated by evaporation [69,/78]. The structure and the reflectance of the SiO cooler
are shown in Fig. [1.12(b) [69]. However, the emittance of SiO within the atmospheric
window is not strong enough to yield a significant improvement in the cooling effect
compared with a blackbody cooler during a nocturnal test. The SiO cooler cooled
to 13.8°C below ambient, while the blackbody cooler cooled to 13.4°C below ambi-
ent [69]. Therefore, a stronger cooler consists of silicon nitride (Si3Ny), and the Al
back reflector was fabricated in the following work [77]. (Si3N4) has been explored
again in a more recent work, showing a capability of sub-freezing temperature cooling
(—22.2°C) [102]. The optical properties of silicon oxynitride (SiOxNy) have also been
studied [108,/110], with its application as a selective cooler examined in [109]. As
shown in Fig. [L.12{c) [109], a 1.34-pm-thick (SiOgNp2 (z = 0.6 and y = 0.2) on
the Al back reflector exhibits a strong emittance peak that matches the atmospheric
window. The peak is related to the SiO and SiN bonds [118,/119] and the shoulder
near 8.5 um is related to the SiH bond [118]. The net result was an equilibrium
temperature of (16 °C) below ambient during nighttime, (2°C) lower than what was
achieved by a blackbody cooler [109]. For above-ambient cooling, it was found that
fused silica is a suitable cooler with its high emittance across a broad wavelength
range except for a dip within the atmospheric window. It is demonstrated to be
able to cool an underlying Si wafer by (12°C) [84]. Soda-lime glass or low-iron glass,
commercially used as cover glass for PV, was found to be slightly better than fused
silica for above-ambient cooling [120]. More recently, a structural material prepared
by delignificated and densificated wood is shown to exhibit emittance properties that
are suitable for daytime above-ambient cooling [121].

Radiative coolers in gaseous state have also been considered for radiative cooling
applications. It is shown that for ammonia gas (NHj), the IR absorption corre-
sponding to the N atom moving perpendicularly to the Hz plane is broadened by the
rotational absorption so that it covers the atmospheric window [112]. Theoretical
modeling showed that a slab of (NHj3) gas can potentially cool down to (20°C) be-

low ambient during nighttime [112]. Similarly, with out-of-plane bending vibrations,



31

ethylene (CoH,) also exhibits strong emittance in the atmospheric window, as shown
in Fig. [1.12(d) [111]. When encapsulated in an IR transparent container, CoHy is
a good candidate for radiative coolers that reached (10°C) below-ambient cooling
during daytime without direct sunlight [111]. Eriksson et al. showed that a mix-
ture of CoHy and CoH4O has higher cooling power, compared with either CoHy or
CoH,O [109].

Composite Radiative Coolers

As an alternative to bulk and gaseous material radiative coolers, composite mate-
rial coolers consisting of two or more different materials were investigated, and were
shown by several groups to have emittance properties suitable for radiative cooling.
Commercially available white paints containing 35% TiO, provide a maximum (15 °C)
drop in temperature with indirect sunlight, clear sky, and low absolute humidity; how-
ever, concerns regarding the true spectral selectivity of these TiOy paints were raised
by Granqvist and Hjortsberg in their letter to the editor [122]. Additional experi-
ments that applied white pigmented paints consisting of TiO5/BaSO; or TiO5/ZnS in
alkyd resin binder on Al panels showed a 9 — 12 °C temperature drop under nocturnal
conditions [75]. Furthermore, a recent study showed that a polymer paint may allow
for 6°C sub-ambient cooling even during daytime [123].

The development of nanomaterials offered more choices of cooler design. Suryawan-
shi and Lin fabricated and tested three types of above-ambient radiative coolers con-
sisting of carbon-based nanomaterials [nanodiamond powder (NDP), multi-wall car-
bon nanotubes (CNTs), or carbon black (CB)] dispersed in acrylate (AC) emulsion
with the Al back panel [113]. It was found that the composite cooler with a CNT
gives the best performance among the three, as shown in Fig. (a). Furthermore,
1 wt% of CNT in AC can lower the temperature by 17°C from 87°C [113]. Similarly,
nanoparticles that have absorption bands that match the atmospheric window were

added to polymeric binders to form radiative coolers for below-ambient cooling. It
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Fig. 1.13. (a) Operating temperature vs. time for carbon-based
nanomaterial-composite coolers. The cooler with multiwall carbon nan-
otubes (CNT-AC) gives the best performance. Adapted from [113]. Copy-
right (2009) American Chemical Society. (b) The transmittance spectrum
of SiOs nanoparticles in polyethylene binder (blue) and SiC nanoparti-
cles in polyethylene binder (red). The transmittance spectrum of the
polyethylene film itself |[114] is shown in green. The two nanoparticle
emission peaks are complementary to each other, and both fit within the
atmospheric transparency window.

was found that the two IR absorption bands of SiO5 and SiC nanoparticles, as shown
in Fig. [1.13(b), are complementary to each other. Therefore, when the two nanoparti-
cles are mixed together in the polyethylene film, the emittance spectrum matches well
with the atmospheric window [114]. The estimated result from the model proposed
in [114] showed that a 25°C temperature drop below ambient can be achieved when
there are limited non-radiative heat transfer and no sunlight. Other than polyethy-
lene, PVF and polyvinylidene fluoride are also good polymeric binders for SiOy and

SiC nanoparticle composite radiative coolers [124].

Nanophotonic Radiative Coolers

Nanophotonics opens up new possibilities to tailor the emittance spectrum via

properly designing periodic nano/micro-structures, in analogy with prior efforts in
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Fig. 1.14. (a) The numerically optimized photonic crystal cooler for a
below-ambient cooler under direct solar exposure. Reproduced from .
Copyright (2013) American Chemical Society. (b) The measured emit-
tance spectrum of the fabricated 1D photonic crystal cooler with feasi-
ble structures and excellent emittance within the atmospheric window.
Adapted from Macmillan Publishers Ltd (Nature) [82], copyright (2014).
(c) The measured emittance spectrum of a bare silicon wafer (black), a
bare silica slab (blue) and a 2D photonic crystal of silica (red). It can be
seen that the emission of silica in the atmospheric transparency window
can be enhanced by the 2D square lattice structure. The figure is adapted
from [84]. (d) Simulated emittance spectrum of bare low-iron soda-lime
glass (blue) and 2D photonic crystal-enhanced bare low-iron soda-lime
glass (red). A similar effect of enhanced emission within the atmospheric
window is observed. The broad emission spectrum and low solar absorp-
tion is ideal for above-ambient daytime cooling. The figure is adapted
from [116].

photovoltaics [125] and TPV @ Similarly, for radiative cooling, the large degree
of freedom in engineering nanophotonic structures potentially allows for better cool-

ing performance than bulk material or composite coolers. It is proposed that a bar
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array consisting of a-quartz gives strong selective thermal emission within the atmo-
spheric window while preserving the solar absorption of the underlying structure (Si
nanowire array on Al) [115]. The simulation showed that the temperature drop dur-
ing daytime can be as large as 31.4°C with a nonradiative heat exchange coefficient
equal to 6 W/(Km?) [115]. Stronger selectivity in thermal emittance can be achieved
by more complex PhC structures. Rephaeli et al. proposed a structure consisting
of two layers of quartz and SiC 2D PhC on top of a 1D chirped dielectric stack and
silver (Ag) substrate [81]. As shown in Fig. [l.14]a), the structure proposed has a
strong emittance spectrum that matches well with the atmospheric window due to
the phonon-polariton resonances of quartz and SiC. Meanwhile, the introduction of
a chirped dielectric reflector and the intrinsically low solar absorption of both quartz
and SiC strongly suppressed solar absorption so that below-ambient cooling can be
achieved during daytime [81]. The simulation showed that with the optimized PhC
structure, a temperature of 7°C below ambient can be reached with a non-radiative
heat exchange coefficient of 12 W/Km?) [81]. In experimental demonstrations, it was
shown that a much simpler nanophotonic cooler structure also cools to 4.9°C below
ambient under direct sunlight [82]. Fig. [1.14(b) shows the emittance spectrum of
the fabricated radiative cooler. The SEM cross-section of the cooler which consists
of seven alternating layers of SiOy and HfO5 on top of Ag is shown in the inset [82].
The significance of the result is that a properly designed one-dimensional photonic
film that is feasible for large-scale fabrication could achieve below-ambient cooling in
daytime. However, a low-density polyethylene film, serving as a convection barrier,
is used in the experiment. The non-radiative heat transfer was therefore strongly
suppressed, giving more significant below-ambient cooling effect. Fortunately, such
below-ambient cooling in daytime can be achieved even without convection barri-
ers [117]. Using multilayer polyester stacks, Gentle and Smith demonstrated 2°C
below-ambient cooling under mid-summer sunlight without using convective barri-
ers |117].

For above-ambient cooling during daytime, nanophotonic coolers also showed
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promising performance. It was proposed by Zhu et al. [83] that a 2D square lat-
tice of SiOy pyramids can reduce the temperature of the underlying Si solar cell by
17.6°C. Later, their experiments demonstrated that a 2D PhC consisting of a square
lattice of air holes on SiOy cools the underlying Si wafer by 13°C [84]. Fig. [1.14]c)
shows the emittance spectrum of the SiOy PhC and its top-view SEM cross-section
in the inset. Apparently, the PhC structure enhances the thermal emittance of bare
Si0, within the atmospheric window, yielding an equilibrium temperature that is 1°C
lower than the case with bare SiOq [84]. A similar 2D PhC structure can enhance
the thermal emittance of low-iron soda-lime glass as well. It is shown in Fig. [1.14{(d)
that a square lattice of air holes on low-iron soda-lime glass (structure cross-section
in the inset) provides an almost uniform emittance that is close to unity in mid-IR
and is highly reflective in the solar spectrum, which is close to the ideal case for
above-ambient radiative cooling during daytime [116]. Simulations showed that such
radiative cooler design cools the photovoltaic diode of a specific energy conversion
device with high heat load, known as TPV, by 91°C from 161°C. The amount of
cooling can significantly increase the efficiency of the TPV system and improve the

reliability thereof.

Summary and Analysis of Radiative Cooling Materials

Various radiative coolers can be quantitatively compared by the cooling parame-
ters defined in a way similar to [69]. From the discussion in Section 1.2.1, radiative
coolers for below-ambient or above-ambient cooling have different ideal emittance
spectra. Therefore, a pair of cooling parameters should be defined to capture the
different requirements. Following the work by Granqvist et al. [69], the spectrally

averaged hemispherical emittance inside the atmospheric window €,,¢, is defined as:
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where €(\) = foﬂ/z d(sin® §)e(), ) and Igg(A, T) is Plancks blackbody radiation func-
tion. The spectrally averaged hemispherical emittance outside the atmospheric win-
dow €4pe0ut 18 defined as:

122 AN (Tatms NeN) = o™ AN (Tatm, A)e(N)
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It should be noted that this term is different from the spectrally averaged hemi-
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Fig. 1.15. Cooling parameters of selective radiative coolers. The top-
left corner (blue shaded region) implies the best below-ambient cool-
ing performance. The top-right corner (red shaded region) implies the
best above-ambient cooling performance. Data points with * were cal-
culated by the author, using detailed spectra previously presented in
the references. Reference list: PVC (1967) [72], TPX (1979) [69], PVF
(1979) [69], SiO (1980) [78], SiO (1981) [69], 10 cm C,H, (1981) [111],

(1982) [112], SiOgNg2 (1984) [109], PhC (2013)* [81], PhC (2014)* [82],
Silica PhC (2015)* [84], PhC (2016)* [116].
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spherical emittance over the entire spectrum ¢,,. defined by Granqvist et al. But it
can be derived from €,,, by substituting the first term in the numerator of Eq.
with €,pe fooo dM B (Tytm, A). One important reason of picking these two parameters,
as pointed out by Granqvist et al. [69], is that they do not depend strongly on the
operating temperature of the cooler and can be easily used to estimate the cooling
power at certain temperatures. For some of the radiative coolers discussed above,
their cooling parameters are mapped in Fig. [1.15| For the coolers labeled with *,
the cooling parameters are calculated based on published spectra and are limited by
the spectral range presented. The top-left corner of the plot (blue shaded region)
corresponds to the ideal emittance profile of a cooler for below-ambient cooling, while
the top-right corner (red shaded region) corresponds to the ideal emittance profile
of an above-ambient cooler. It is apparent that most demonstrated and proposed
coolers lie in the top-left corner, and are therefore more suitable for below-ambient
cooling. However, two designs (silica PhC (2015) [84] and PhC (2016) |116]) lie in
the top-right corner, and are both strong candidates for above-ambient cooling. The
map shows that bulk material coolers such as SiOg¢Np2 and SizN, and gaseous cool-
ers such as CoHy and NHj already have good emittance spectra that are suitable for
below-ambient cooling. Besides, although the absolute cooling of PhC designs is not
always as good as bulk material coolers developed much earlier, their solar absorp-
tion can be suppressed much more significantly. This is an unprecedented advantage
that enables below-ambient cooling even under direct sunlight. Remarkably, the map
shown in Fig. clearly differentiates the performance of different coolers for both
above-ambient and below-ambient cooling. It also allows a quantitative comparison
between different cooler designs, as well as estimating their cooling power. In the
next section, we consider how various materials and designs can be applied to specific

applications.
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1.2.3 Radiative Cooling on Outdoor Optoelectronic Devices

In the preceding section, various radiative coolers for either above-ambient cooling
or below-ambient cooling are reviewed comprehensively. Here, we review the applica-
tion of radiative cooling on outdoor optoelectronic devices. For many optoelectronic
devices, such as solar cells, photo detectors or TPVs, heating by the incident power
can significantly impair the performance and reliability. Therefore, cooling becomes
a critical part of a high-performance optoelectronic system. As radiative cooling
emerges as a unique, passive cooling strategy, many researches have been focusing
on applying radiative cooling to enhance optoelectronic device performance and reli-
ability, especially for those operate in outdoor environment. In this section, benefits
of cooling such as PV performance improvement and reliability enhancement will
be discussed first. Theoretical and experimental studies of enabling radiative cool-
ing on flat-plate photovoltaics (one-sun PV) will then be discussed. For systems with
higher heat load, such as concentrating photovoltaics (CPV) and thermophotovoltaics
(TPV), heating on the PV diode is much more severe. Research efforts on applying
radiative cooling to CPV and TPV systems will be discussed as well.

PV Cooling

Based on the mechanism of photovoltaic effect, not all the incident radiation power
can be converted into electricity. Thermalization loss and sub-bandgap absorption
due to non-ideal back reflectors, highly doped layers and window layers [127,|128§]
can both increase the temperature of an operating PV device. For instantaneous
performance degradation, higher temperature mainly affects the open circuit voltage
(Voc) of a PV diode. This is mainly because the intrinsic carrier concentration n;

increases exponentially with temperature:

orkT E
ni =4 ( 7;12 ) (mrm})>* exp (—k—?) : (1.18)
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where T is the temperature; m, and my are the effective masses of electrons and
holes, respectively; E, is the bandgap of the PV material (linearly extrapolated to 0
K); k and h are Boltzmann constant and Planck constant, respectively.
Higher intrinsic carrier concentration leads to higher dark current I, which in-
creases quadratically with n;:
Dn?

Iy =q¢A L 1.19
0 q LND7 ( )

where A is the surface area of the PV diode; D is the diffusivity of minority carrier; L
is the minority carrier diffusion length; Np is the doping density; ¢ is the elementary
charge.

Following the diode equation (Eq. , Voc drops as dark current [ increases.
For Si PV, the rate of Ve reduction is roughly 2.2 mV/°C. Considering that in real
applications, flat plate PV can operate at a temperature about 20 - 40 °C higher than
the ambient. Such reduction in generated power is non-trivial.

For long term applications, the increase in operation temperature hampers reli-
ability. It is found that many degradation modes within PV, such as corrosion and
potential-induced degradation [129,130], are thermally activated. Therefore, cooling
PV devices can also increase their lifetime. This benefit is particularly important, as
the levelized cost of energy, a critical figure of merit when evaluating the viability of
an energy conversion technology, can be significantly reduced when device lifetime is

longer.

Radiative Cooling on One-sun PV

Implementing radiative cooling to one-sun PV attracts lots of attention, as it only
requires adding an extra cooling layer on top of the existing PV system. Despite

the simplicity, the theoretical cooling effect can be significant. Theoretical studies
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show that an ideal above-ambient radiative cooler can lower the temperature of a
bare Si solar cell by 18.3°C [83]. Experimental demonstrations using SiOy 2D PhC
cooler achieved 13°C cooling to a bare Si wafer [84]. Though the demonstration is
not directly on PV devices, similar cooling effect can be expected for a bare Si solar
cell. For encapsulated solar cells, which is more common in real applications, cover
glass is already an existing radiative cooler. In this case, the aforementioned PhC
radiative cooler can further lower the temperature by 1 - 2°C [84,|120]. Therefore, a
more comprehensive cooling strategy has been proposed for better cooling effect. It
involves both radiative cooling and sub-bandgap photon screening [87,(131]. While
radiative cooling alone reduces the temperature of one-sun PV by only 1 - 2°C, its
benefit on PV reliability is non-trivial. For failure modes with activation energy of
0.89 eV, PV lifetime can be extended by 20%. For this reason, radiative cooling on

one-sun PV still has great long-term benefits.

Radiative Cooling on CPV and TPV

Different form one-sun PV, CPV and TPV systems have much higher heat load.
There is more demand for excessive heat dissipation strategies that are reliable and
less energy consuming. Radiative cooling is therefore a particularly appealing cooling
method for such systems.

CPV operates under concentrated sunlight. The incident photon flux can be more
than 100 times higher than one-sun PV, depending on the concentration factor. As
a result, the temperature at the PV diode can be too high for optimal performance.
For example, the temperature of a PV diode in a CPV system with 24 sun con-
centration can reach 140°C even with conventional passive cooling [132]. Such high
temperature greatly impairs conversion efficiency and device lifetime. To achieve
better cooling effect, active cooling methods including forced air cooling or liquid
cooling are implemented. However, those active cooling methods consume power and

involve many moving parts, reducing its reliability for long-term operations. In this
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context, radiative cooling has been proposed as a complementary cooling strategy. It
has been shown through theoretical calculation that radiative cooling, in conjunction
with passive air convection, may lower the operating temperature of a high concen-
tration photovoltaic (HCPV) system to only 15°C above ambient [133]. Furthermore,
the radiative cooler can be much lighter compared with conventional copper coolers
for same cooling power, which makes the dual-axis solar tracking of HCPVs more
reliable and cost-effective [133].

Similar to CPV, TPV suffers from high heat load due to the high-temperature
thermal emitter and the high view factor. The aforementioned active cooling meth-
ods have been implemented in most reported TPV demonstrations. In addition to
power consumption and reliability issues, active cooling may also lower the value of
TPV in the application of military power supply, where quietness is a key factor to
be considered. Zhou et al. [116] proposed a setup for radiatively cooled outdoor TPV
applications. Using an opto-electro-thermal coupled simulation framework, a tem-
perature drop of 90°C of TPV cells by radiative cooling has been predicted in [116].
With sufficient cooling concentration factor (area ratio between the radiative cooling
emitter and the PV cell), below-ambient cooling of TPV during daytime can be re-
alized by employing low-iron soda-lime glass as the radiative cooler, allowing TPV
exceeding the optimal efficiency at room temperature. Details of this study will be

discussed in Chapter 6.

1.3 Outline of The Thesis

High-performance TPV /STPV systems require design and optimization of se-
lective thermal emitters and selective solar absorbers. Towards the deployment of
TPV in real applications, experimentally demonstrating selective emitters and ab-
sorbers that have high scalability, versatility and good high-temperature performance
is equally important. On the system level, thermal management can strongly affect

conversion efficiencies. Cooling strategies that are passive and effective warrant care-
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ful explorations. This thesis will first focus on improving selective thermal emitters
and solar absorbers via both numerical simulations and experimental demonstrations
(in Chapter 2 to 5). It will then discuss the potential effect of radiative cooling on
the thermal management of TPVs (in Chapter 6 to 7). The following outlines the

content and significance of each chapter.

e Chapter 2 addresses the challenge of reducing sub-bandgap emissions from a
realistic thermal emitter. An integrated photonic crystal selective emitter is
proposed to achieve ultra-high spectral selectivity, eliminating the conventional

cold-side filter photon recycling.

e Chapter 3 introduces the design of an integrated photonic crystal selective solar
absorber. Its ultra-high spectral selectivity allows near-ideal thermal conversion
efficiency. It can be further integrated with the thermal emitter designed in
Chapter 2 to form a monolithic emitter/absorber assembly for high-performance

STPV.

e Chapter 4 introduces a high-temperature emittance measurement setup, includ-
ing its design considerations and calibrations. The apparatus is a critical tool
for high-temperature characterization of selective thermal emitters and solar

absorbers.

e Chapter 5 addresses the challenge of making solar absorbers and emitters that
are highly scalable, mechanically flexible and spectrally selective under high
temperatures. A thin-film Si-based absorber/emitter is fabricated and char-
acterized at high temperature using the setup introduced in Chapter 4. Its
simplicity, exceptional mechanical flexibility and good high-temperature per-

formance are experimentally demonstrated.

e Chapter 6 proposes a potential framework of using radiative cooling as a com-
plementary passive cooling strategy in a TPV system. The effect of radiative

cooling under different TPV operating conditions are studied.
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e Chapter 7 experimentally demonstrates enhanced radiative cooling on a con-
centrating photovoltaic (CPV) system. Both instantaneous performance im-
provements and potential increase in PV lifetime are studied. The similarities
between CPV systems and TPV systems allow extending radiative cooling to

TPV applications in future works.
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SELECTIVE THERMAL EMITTERS AND SOLAR
ABSORBERS

Chapter 2 to Chapter 5 focus on design, fabrication and characterizations of spectrally
selective thermal emitters and solar absorbers for high-performance TPV /STPV ap-
plications.

Specifically, Chapter 2 and Chapter 3 present designs and optimizations of selec-
tive thermal emitters and solar absorbers, respectively.

Chapter 4 presents the experimental system built for high-temperature emit-
tance characterization of selective thermal emitters and solar absorbers. Chapter
5 presents the fabrication and characterizations of a thin-film Si spectrally-selective

absorber /emitter.
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2. INTEGRATED PHOTONIC CRYSTAL SELECTIVE

EMITTER FOR THERMOPHOTOVOLTAICSE]

Converting blackbody thermal radiation to electricity via thermophotovoltaics (TPV)
is inherently inefficient. Photon recycling using cold-side filters offers potentially im-
proved performance but requires extremely close spacing between the thermal emitter
and the receiver, namely a high view factor. Here, we propose an alternative approach
for thermal energy conversion, the use of an integrated photonic crystal selective
emitter (IPSE), which combines two dimensional photonic crystal selective emitters
and filters into a single device. Finite difference time domain and current transport
simulations show that [PSEs can significantly suppress sub-bandgap photons. This
increases heat-to-electricity conversion for photonic crystal based emitters from 35.2%
up to 41.8% at 1573 K for a GaSb photovoltaic (PV) diode with matched bandgaps
of 0.7 eV. The physical basis of this enhancement is a shift from a perturbative to a
nonperturbative regime, which maximized photon recycling. Furthermore, combining
IPSEs with nonconductive optical waveguides eliminates a key difficulty associated
with TPV: the need for precise alignment between the hot selective emitter and cool
PV diode. The physical effects of both the IPSE and waveguide can be quantified in

terms of an extension of the concept of an effective view factor.

2.1 Introduction

Thermophotovoltaics (TPV) convert heat to electricity via thermal radiation.
Photons with energies below the bandgap of the photovoltaic (PV) diode, result-
ing from the broad spectrum of the Planck blackbody distribution, are generally the

!Adapted from: Z. Zhou, O. Yehia, and P. Bermel, ”Integrated photonic crystal selective emitter
for thermophotovoltaics,” Journal of Nanophotonics, vol. 10, no. 1, 2016.
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dominant source of loss in TPV systems. Fortunately, these energy losses can be
eliminated by selective emitters that have near-blackbody emission above the PV
bandgap and low emission below the PV bandgap [4]. Several materials have been
proposed for selective emission, including plasmonic metamaterials [27],134.,|135], re-
fractory plasmonic structures [136], rare earth materials [13,/16,/17], and photonic
crystals (PhCs) [20,[22-24}136,66,(79}/80,/137-144]. However, realistic selective emit-
ters still have residual low energy emission near the bandgap that can considerably
limit the conversion efficiency. Significant improvement can be achieved by the use of
cold-side PhC filters, including plasma filters, quarter-wave stacks [145], and rugate
filters [146]. These filters essentially reflect the low-energy photons back to the selec-
tive emitter, in a process known as photon recycling [147-152]. In order to achieve
sufficient photon recycling, proximity between the emitter and filter is required |153].
In the typical cold-side filter configurations, where the filter is attached to the PV
diode as an entire receiver, this requirement can be quantified by the view factor
from the emitter to the receiver, which is the probability that emitted photons reach
the receiver. Certain strategies, such as micro-gap or nanoscale-gap TPV, in fact
require extremely high view factors to achieve evanescent coupling [154-156]. How-
ever, it is extremely difficult to achieve high view factors in experiments, since a
constant gap d must be maintained between two surfaces when the distance is orders
of magnitude smaller than the lateral width w of each surface. The angular tolerance
Oior = tan~!(d/w) is impractically low. Although ultra-narrow (scanning electron
microscope-like) tips can achieve such small gaps, the associated power produced is
extremely small.

Despite the great potential for the improvement of TPV associated with these
various approaches, certain common challenges remain in translating these ideas into
experiment. One major difficulty is in achieving and maintaining sufficiently selective
thermal emission. While simpler structures can be fabricated with high fidelity, their
selectivity is often lacking, while more complex monolithic structures with higher

potential selectivity are more vulnerable to fabrication error and degradation, which
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becomes even more severe with finer features [38]. Composite structures consisting of
simple emitters and cold-side PhC reflectors also have potential for highly selective
effective emissivity, but these give rise to a second common problem: achieving pre-
cise alignment between a hot emitter and cold receiver. Unfortunately, configurations
requiring the greatest precision are the same as those with the highest power genera-
tion potential. In order to overcome this challenge, it is important to fundamentally
reexamine the geometric configuration of the three key objects: emitter, filter, and
PV diode. While it is exceedingly difficult to bring the PV diode in contact with the
emitter, it is certainly conceivable to bring the emitter and filter together. However,
it is quite likely that a filter made exclusively of insulating materials would be a poor
conductor of heat and thus would experience a significant thermal gradient. There-
fore, a different treatment is needed, which correctly accounts for both the thermal
gradient and potential for incoherent radiative exchange between the emitter and fil-
ter in proximity.

Thus, in this work, we propose an alternative approach for high-performance TPV
systems capable of simultaneously addressing problems with long-lasting selectivity
and alignment, known as an integrated photonic crystal selective emitter (IPSE), and
develop a corresponding framework to analyze its performance. The IPSE combines
the PhC selective emitter and the filter as an integrated whole, such that the view
factor from the emitter to the filter approaches unity and is independent of the view
factor from the emitter to the receiver (PV diode). This approach also sidesteps the
difficulties of the nanoscale-gap regime, since no gap is required. Photon recycling
and reabsorbed power can therefore no longer be considered as a perturbation |153];
instead, new physical effects should arise in this nonperturbative regime. Finite differ-
ence time-domain (FDTD) [157] and current transport simulations have shown that
an IPSE enables system conversion efficiencies to reach up to 41.8%, using the real-
istic model for GaSb PV diodes, by nearly eliminating sub-bandgap emission. This
corresponds to showing that the 10.9% gap from the ideal efficiency value observed

in previous work [6] can now be reduced to 4.3% using IPSEs. Arguably, the IPSE
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creates a nonzero chemical potential for photon emission using a purely thermal input
source, which is a fundamentally distinctive physical behavior akin to light-emitting
diodes . Further, the IPSE is relatively amenable to fabrication in the near term,
with key features already achieved in previous experimental work [20}[143}146].

2.2 Design of the Integrated Photonic Crystal Selective Emitter

As shown in Fig. [2.1)(a), the IPSE consists of a metal two-dimensional (2-D) PhC
and a chirped quarter-wave stack (QWS), which are brought to an extremely small
separation. The metal 2-D PhC consists of an array of holes filled entirely with low
refractive index material, so that the bilayer structure can be fabricated and firmly
attached to the emitter without greatly increasing sub-bandgap emission [159}160].
The chirped QWS structure placed directly atop the PhC consists of two alternating
dielectric materials with different refractive indices. In such an integrated design,
where the view factor approaches unity, all thermal photons emitted from the front

surface of the 2-D PhC would be filtered.

PV Diode (Receiver)

- 2000
_— Selective |
Input Thermal Waste
Heat ' Emission Heat

(b)

Fig. 2.1. Design of the IPSE. (a) Cutaway view of the IPSE, made of
a chirped one-dimensional PhC filter, consisting of low-index SiOy and
high-index TiOs, integrated with a 2-D tungsten PhC structure filled with
Si0q. (b) Schematic depicting a high-performance TPV system utilizing
an [PSE.
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In this work, the IPSE is examined directly as a whole using a TPV simulation
tool developed by the present authors [161,162]. The emittance spectrum associated
with the design is first calculated using an FDTD simulation method known as MIT
electromagnetic equation propagation [163]. Then the currentvoltage (J-V') relation
for TPV cells is calculated from the emittance spectrum assuming zero series resis-
tance, as in previous work [153]. The effect of finite series resistance is considered
later in this work. The power output is then calculated by solving for the maximum
power point via d(JV)/dV = 0 (equivalently I,.V,.FF, where I,. is the short-circuit
current, V. is the open-circuit voltage and F'F is the fill factor). Based on the exper-
imental performance of metalorganic vapor phase epitaxial grown low-bandgap III-V
PV diodes from Lincoln Laboratories, an average external quantum efficiency of 82%
is assumed [153]. The thermal power input is calculated as the total thermal emission
P.,, less the power reabsorbed P,. by the emitter. The system conversion efficiency

7 is then finally given as

_ L Vo F'E

—_ 2.1
Pem_Pre ( )

n

The geometry of the 2-D PhC emitter follows from our recent work on the per-
formance of tungsten (W) PhC selective emitters [6]. Previously, we found that for
a W PhC emitter paired with a cold-side rugate filter [164], the highest estimated
n = 35.2% occurs at £, = 0.7 eV and T = 1573 K, where E, is the bandgap
energy of the PV diode and T is the operating temperature of the emitter. A suit-
able geometry for selective emission is determined using the technique of quality
factor-matching, in which the radiative coupling rate is matched with the material
absorption rate to achieve full absorption. In this proposed structure, the array of
holes is filled with SiO,; therefore, the optimal 2-D hole array geometry needs to be
rescaled by the refractive index ng;o, = 1.46, giving r = 0.260 pm, d = 2.117 pm,
and a, = a, = 0.636 pm. Here, r is the hole radius, d is the hole depth, and a, and

a, are the periods of the array along the x and y directions. Maxwells equations make
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these photonic structures completely scalable in principle [80]. The key constraint is
to find a pair of materials with sufficient refractive index values and very low losses;
this criterion generally excludes frequencies in ultraviolet or above.

It will now be shown that IPSEs can lead to performance improvements over bare
W PhCs, which help approach the limits of an ideal selective emitter. For specificity,
we consider the case of a bandgap £, = 0.7 eV. The ideal selective emitter for such
a bandgap has a top hat emittance spectrum depicted by the red curves in Fig. 2.2]
corresponding to 100% emittance between 1300 and 1771 nm, and zero emittance else-
where. This property fully suppresses sub-bandgap losses and greatly reduces carrier

thermalization [11], yielding an ideal emission conversion efficiency 9;geq; = 46.1%.

2.2.1 Integrated Photonic Crystal Selective Emitter with Chirped Quarter-
Wave Stack

Now we consider the efficiency of an appropriate IPSE structure for comparison.
The integrated SiO2/TiOs (nri0, = 2.50) QWS has a cutoff wavelength at 1771 nm,
matching the PV bandgap energy of 0.7 eV. The bilayer structure has an initial bi-
layer thickness of 497 nm, which is chirped exponentially upward at a rate of 5.1%
per bilayer to make a broadband filter. It is important to limit the chirping rate and
material choices here to suppress the emergence of anomalies in the photonic density
of states (analogous to a Wannier-Stark ladder in electronic structures). At the se-
lected chirping rate, the emittance spectrum of a 15-period QWS IPSE is simulated
and displayed as a black curve in Fig. (a). At T = 1573 K, the spectrally averaged
effective emittance from 1771 to 9000 nm is e.;y = 0.02; for useful emission, it is
eeff = 0.71. These calculations assume that the material parameters are unchanged
from literature values at the targeted temperature [165]. Compared to the bare W
PhC (without an integrated filter) results, shown as the blue curve in Fig. 2.2(a), it
is immediately obvious that the IPSE strongly suppresses parasitic emittance from

the cutoff wavelength of 1771 up to 4000 nm, but strong parasitic emission occurs
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between 4000 and 9000 nm, as shown in Fig. [2.2(a). The conversion efficiency 7
calculated using the emittance spectrum up to 9000 nm is 38.2%. Thus, an increase
in n of 3% is achieved at 1573 K, since the major parasitic emission is beyond the

blackbody peak.

1.2 T T 1.2 T T T
Ideal Selective Emitter Ideal Selective Emitter
1.0l n=46.1% 1.0k n=46.1%
15-period Chirped ) .
o 0.8} QWS IPSE 1 = 38.2% B o 0.8} 15-period Chirped QWS 4
(8] 3] + 30-period Chirped Rugate Filter
§ 06} & o6} IPSE 7 = 41.8%
b= E
E o4l E o4}
0.2} k 0.2 E
AANAN_ l
0.0 = 0.0 f W} s ranntl
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Wavelength (nm) Wavelength (nm)

(a) (b)

Fig. 2.2. Emittance spectrum comparisons. (a) Emittance spectrum of
15-period QWS IPSE (black) in comparison to the emittance spectrum
of an ideal emitter (red) and a bare W photonic crystal emitter (blue).
Parasitic emission from 1771 to 4000 nm is effectively suppressed, but
strong parasitic emission occurs beyond 4000 nm. (b) Emittance spectrum
of 15-period QWS + 30-period rugate filter IPSE (black) in comparison
to the emittance spectrum of an ideal emitter (red).

The performance of the 15-period QWS IPSE here is still 7.89% below the ideal
case. The reason for this difference can be analyzed by comparing with the ideal
emitter and quantifying the loss mechanism. Three sources of efficiency losses are
considered in Table (1) emission at wavelengths shorter than 1300 nm, (2) im-
perfect emission between 1300 and 1771 nm, and (3) parasitic emission at wavelengths
from 1771 to 9000 nm. Wavelengths beyond 9000 nm are emitted even at room tem-
perature; the power is small enough in this region to be neglected. Even if we assume

a constant emittance of 0.1 from 9000 up to 15,000 nm, the efficiency loss at 1573
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K is <0.1%. The primary nonideality comes from parasitic emission, particularly
between 4000 and 9000 nm, which contributes a 4% efficiency loss. Therefore, further
suppression of the parasitic emission is required. However, increasing the number
of bilayers or the chirping rate will shift the high-order reflections to longer wave-
lengths, suppressing useful emission between 1300 and 1771 nm, and thus is not a

viable option.

Table 2.1.
(Classification of physical loss mechanisms affecting TPV efficiency n. By
modifying the structure of the IPSE, parasitic emission is reduced while

useful emission is enhanced, allowing efficiencies to more closely approach
the ideal value of 46.1%.

IPSE Total losses in Short-wavelength  Insufficient Parasitic
structure 11790 efficiency (%) emission (%) emission (%) emission (%)
QWS IPSE 38.2 7.89 0.80 1.71 5.38

QWS + rugate
flter IPSE 41.8 4.29 0.89 1.66 1.74

2.2.2 Integrated Photonic Crystal Selective Emitter with Chirped Quarter-
Wave Stack and Chirped Rugate Filter

In order to suppress parasitic emission while preserving useful emission, we instead
introduce a chirped 30-period rugate filter on top of the 15-bilayer IPSE structure.
Rugate filters use a different refractive index profile, more akin to a sinusoid, which
eliminates higher-order reflections |146]. In this case, our rugate filter is composed
of six different materials, with varying indices of refraction from ng;o, = 1.46 to
nrio, = 2.50. Each layer thickness is determined by following the type C design from
Carniglia |164], with the cutoff wavelength designed at 3500 nm and an exponential
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Fig. 2.3. Calculated light I-V curve for the experimentally based GaSh
PV diode, when illuminated by the 15-period QWS + 30-period rugate
filter IPSE at 1573 K. Two cases are shown: series resistance Ry, = 0 €
(red) and Rs = 0.01 © (black).

chirping rate of 3.5%. The simulated emittance spectrum in Fig. 2.2(b) shows that
the rugate filter provides effective suppression of parasitic emission from 4000 to 9000
nm. The effective emittance of parasitic emission from 1771 to 9000 nm is greatly re-
duced to e.rf = 0.004, while that of useful emission actually increases to e€.5r = 0.74,
using the same assumptions as before. Overall conversion efficiency 7 is thus increased
to 41.8%. Similar analysis of loss mechanism for the IPSE with 30-period rugate filter
on top is summarized in Table 2.1} The efficiency loss due to the first two categories
is close to the 15-bilayer IPSE structure, showing that the emission at wavelengths
shorter than 1771 nm is preserved by the pass-band of the rugate filter. The parasitic
loss is significantly reduced by the broader stop-band of the rugate filter. Overall,

the efficiency gap from the ideal case is substantially reduced to 4.3%, which is less
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than two-fifths of the original gap previously seen in the literature [6].

Assuming the presence of a large-area passive heat sink with convective and radia-
tive cooling available on its outer surface, the best IPSE design leaves the temperature
of the PV diode at 1.5 K above ambient when illuminated. It was also assumed that
the PV diode has zero series resistance. Here, we consider the impact of a finite
series resistance on the system conversion efficiency. A typical GaSb PV diode pro-
duced by JX Crystals has a series resistance R, = 0.01 Q (the value is fitted from
the experimental -V curve under illumination of a 1200 °C emitter provided by JX
Crystals). The light I-V curve of GaSb PV diode illuminated by the 15-period QWS
+ 30-period rugate filter IPSE at 1573 K is calculated with Ry = 0.01 2, as seen by
the black curve in Fig. 2.3l Compared to the case where zero R, is assumed, the fill
factor decreases from 80 to 77% when R, = 0.01 §2, reducing the conversion efficiency

to n = 40.3%.

2.3 Perturbative and Nonperturbative Photon Recycling

Next, the new physical effects that arise in TPV systems that use IPSEs are
examined from the aspect of radiative heat transfer. Generally, the differential view
factor for the n’th reflection between the emitter and the receiver can be defined as
follows:

cos? 0,

dF, = dAn s, (2.2)

2
md?

where dF), is the differential view factor for the n’'th reflection; dn is the distance from
the original emitter A1l to the n'th reflection image surface A, o [166]; 0, is the angle
between the surface normal of the differential area dA; and the line connecting two
differential areas dA; and dA,, 1o. The integrated view factor F,, can be calculated as

shown in Ref. [67].
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The n'th contribution to the short-circuit current I4.(\) for a given wavelength A

is then calculated by

i 4, 24°EQE( (N (R1Ry)"%e(N) o i B.VE.  (23)

n=0,2.. )‘4[eXp(>\kT) —1] n=0,2...

where F), is the n’th-order view factor and B,, is the coefficient corresponding to the
n'th reflection; FQFE()) is the external quantum efficiency of the PV diode; R; and
Ry are the reflectivities of the emitter and receiver, respectively; h is the Plancks
constant; k is the Boltzmanns constant; ¢ is the speed of light. Since Ry is very small
for photons above the bandgap, Is.(\) can be approximated as Is.(\) &~ BoFp.
When a cold-side filter is applied, photon recycling in the TPV system is expressed
using a power series (in the perturbative regime). The recycled power P..(\) at a

given wavelength A can be calculated as

Z A Tps() n+1 /2R§n—1)/2(1_R1)6<)\)Fn — Z Co(NF,, (2.4)
1,3...

n=1,3.. n=

where Ipp()) is the blackbody radiation power density at wavelength A and C,, is the
coefficient corresponding to the n'th reflection. Specifically, for TPV systems using
selective emitters and nonideal filters, P,.(\) can be approximated as Py..(\) ~ C} F}.
Substituting I, and P, in Eq. with Eq. and the TPV conversion

efficiency, including photon recycling, can be calculated as

BV, F'F
— S—— 2.5
F()(l — /i)
E =0 2.6
E T (2.6)

where B = [ By(A)dA; C = [ C1(N)dA; F.zs is defined as the effective view factor,



o6

whose physical meaning is the ratio between the useful photons received by the re-
ceiver and the total emitted photons excluding the reabsorbed ones; Kk = C/P,,, is the
ratio between the maximum recycled power and the initial emitted power P,,,; V. is
the open-circuit voltage. Since the effective view factor is not linearly dependent on
the actual view factor Fj, a nonlinear dependence of 1 on the view factor is expected
in the perturbative regime.

However, in the nonperturbative regime, the view factor from the emitter to the
filter approaches unity, while the view factor from the IPSE to the PV diode is still
Fy. The reabsorbed power P,. is now a constant instead of a function of F; (or Fp).

Thus, F.;; = Fy, so Eq. should be modified as

BV, FF
= P...(1—k)

Fo, (2.7)
where B' = [ B{(\)d); Bj(A) is similarly defined by Eq. but using different
parameters. Since the photon recycling perturbation is eliminated, linear view factor
dependence is thus expected in the nonperturbative regime.

The system conversion efficiency of a TPV system using IPSE is now simulated
at different view factors (with respect to the receiver), using a TPV simulation tool
developed by the authors. For comparison, the same approach is also employed to
simulate a TPV system with a cold-side rugate filter attached to the PV diode (in
the perturbative regime). Eq. and are then used to fit the results of the
perturbative and the nonperturbative cases respectively, as shown in Fig. 2.4] The
fits are in perfect agreement with the simulation results in each case. The linear
view factor dependence of a TPV system where IPSE is applied shows that the
photon recycling is no longer influenced by the spacing between the emitter and
the receiver. Thus, an extremely high view factor for sufficient photon recycling is
no longer necessary. The distinction between the behavior in the perturbative and
nonperturbative regimes is very accurately described by Eq. and 2.7 Therefore,

F.s¢ correctly captures the physics of photon recycling in TPV systems and can
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Fig. 2.4. Conversion efficiency 1 as a function of view factor Fj for a
TPV system using a 15-period QWS + 30-period rugate filter IPSE and
a TPV system using a cold-side rugate filter. The distinctive behaviors of
the perturbative and nonperturbative regimes are successfully described
by Eq. and [2.7, which incorporate the analytically calculated effective
view factor.

be used as a metric to describe most TPV systems (both in the perturbative and

nonperturbative regimes).

2.4 Thermophotovoltaics System with Photonic Crystal Waveguide

Furthermore, F,¢; can be increased much further by surrounding the gap between
the emitter and the receiver with a waveguide as shown in Fig. (a). The require-
ments for high reflectivity at specific wavelengths and low thermal conductivity could
be satisfied by the use of dielectric PhC waveguides. To include the impact of the

waveguide on the TPV systems, the expressions for F{y and F; can be generalized as



58

1 Fg?
IPSE PV Diode (Receiver)
0.8
0.6
—_— Selective
Input Thermal
Heat Emission 0.4
0.2
F'8

eff

(d)

Fig. 2.5. Waveguide and contour plots. (a) A TPV IPSE surrounded by a
dielectric waveguide reduces the need for close alignment between emitter
and receiver for improved efficiency. (b) Contour plot of F;?as a function
of original view factor Fy and reflectivity R of the waveguide. (c¢) Contour
plot of F}"Y as a function of original view factor Fy and reflectivity R of
the waveguide. (d) Contour plot of F ;;‘} as a function of original view
factor Fy and maximum recycled power ratio k™9 contributed only by the
waveguide.

2R
FgungoJr(l—Fo)l_éf(;’_w, (2.8)

2R
Fﬁngﬁ(Fg"g—Fl)l_éf(f_ _t (2.9)

where f represents both the view factor from the emitter to the waveguide and from

the waveguide to the receiver, respectively; R is the reflectivity of the sidewalls of the
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waveguide; ~v is the area ratio between the emitter and the waveguide; all the view
factors with the superscript wg capture the effect of waveguiding. Fig. [2.5(b) and (c)
show the contour plots of both Fy" and F}" as functions of the original view factor
Fy and the reflectivity R of waveguide, assuming that the waveguide is in proximity
to both the emitter and the receiver (f = 0.99) and the cross-section of the waveguide
is the same as the surface area of the emitter. Significant improvement in F,”? and
F}"? can be achieved when a highly reflective waveguide is applied. Especially when
waveguides with R =~ 0.99 is added, both Fy” and F"? will be close to unity even
with an original view factor as low as 0.28, a view factor corresponding to a length of
waveguide enough to make the thermal power conduction less than 0.1% of the overall
heat transfer. From Eq. and it can be predicted that both the short-circuit
current and the reabsorbed power will be considerably improved if a highly reflective
waveguide is used. The effective view factor F :}“} including the waveguide can be

calculated as

wg Féug(l - K:wg)
S A Y

(2.10)
where k"9 is the ratio between the maximum recycled power contributed by the
waveguide only to the initial emitted power P.,,. Fig. [2.5(d) shows the contour plot
of F :}‘} as a function of k™9 and the original view factor Fj, assuming a realistic
waveguide with R = 0.95 is added. The IPSE almost eliminates the need for photon
recycling between the emitter and the PV diode. Therefore, ™ in this case is close
to zero, giving an F :ﬁc close to 0.9, even with Fy = 0.28. It is obvious that using a
waveguide can greatly improve Fiss , which could be extremely useful for maintaining

physical separation between a hot emitter and cold PV diode.
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2.5 Conclusion

In conclusion, the IPSE and waveguide eliminate losses, due to the nonideal pho-
ton recycling between the emitter and the receiver, as well as the difficulty of close
alignment between a hot emitter and cold receiver. This approach can increase the
theoretical conversion efficiency of a TPV system from the prior value of 35.2% up
to 41.8% at 1573 K. Such behavior is described by analytical expressions based on
our extended definition of the effective view factor F,s;. Our approach captures the
physics of TPV systems where Kirchhoff’s law cannot be applied directly, particu-
larly in the presence of photon recycling and waveguides. It is also consistent with
previous results in the field [20}/159,|160]. This extended definition of effective view
factor can be broadly applied to any TPV system, and could even lead to further
improvements in system conversion efficiencies and experimental fabrication, through

the use of dielectric PhC waveguides.



61

3. PHOTONIC CRYSTAL SELECTIVE STRUCTURES

FOR SOLAR THERMOPHOTOVOLTAICSE]

Solar thermophotovoltaic (STPV) systems convert sunlight into electricity by first
converting incoming sunlight into heat and then generate electricity from heat via
thermophotovoltaic process. The efficiency of this overall conversion strongly depends
on the spectral selectivity of both the solar absorber and the thermal emitter, both
can be engineered by materials and the photonic design. Though existing nanopho-
tonic designs based on refractory materials have shown promising results for high
concentration STPV applications, high performance under moderate solar concentra-
tion still remains a challenge. In this work, we propose an integrated photonic crystal
selective structure (IPSS), which combines 2D photonic crystals and filters into a
single device. The IPSS is a monolithic structure that can collect solar heat on one
side and emit above-bandgap photons on the other. Finite difference time domain
(FDTD) simulations show that the IPSS can be engineered to achieve near-optimal
performance as solar absorbers and thermal emitters. The net result is an increase
in sunlight-to-electricity conversion efficiency above 24.3% at 100 suns concentration

using a Gag4olng ssAs PV diode with a bandgap of 0.7 eV.

3.1 Introduction

Solar thermophotovoltaic (STPV) systems convert sunlight into electricity via two
steps. The incident solar power is first converted into heat, elevating the tempera-
ture of a thermal emitter. Then, thermal emission from the emitter is converted into

electricity through photovoltaic effect. The efficiency of STPV is therefore depen-

! Adapted from: Z. Zhou, E. Sakr, O. Yehia, A. Mathur, and P. Bermel, ”Photonic crystal selective
structures for solar thermophotovoltaics,” MRS Advances, vol. 1, no. 59, 2016.
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dent on both the thermal transfer efficiency of the selective absorber [44] and the
system conversion efficiency of TPV [153]. Both components can be engineered by
materials and the photonic design. Metal-dielectric composites like cermets [47] and
semiconductor-metal tandem [23] are demonstrated as strong candidates for opera-
tions under conditions such as 100 suns concentration and 1000 K. It is also demon-
strated that with proper design and fabrication, single wall carbon nanotubes exhibit
selective absorption as well [167]. For artificial photonic structures, plasmonic selec-
tive absorbers [28] were proposed due to its surface plasmon enhanced absorption.
Photonic crystals made of refractory metals |6] were proposed to be highly efficient
selective solar absorbers under high temperature (> 1000 K) and high solar con-
centrations (~ 1000 suns) [33,55,57]. However, it is still a challenge to design a
selective solar absorber that has high thermal transfer efficiency at high operating
temperatures (~ 1500 K) and moderate solar concentrations (< 100 suns), a pre-
ferred condition that allows integration with highly efficient TPV systems and better
system reliability by alleviating complexities of dual-axis solar tracking systems.

The main challenge is that under low solar concentration, thermal re-radiation
loss should be strongly suppressed. However, high operating temperatures make the
blackbody radiation spectrum overlapping with the solar spectrum, making it very
hard to balance between low thermal re-radiation and high solar absorption. Fur-
thermore, system integration may benefit from the use of selective solar absorbers
and selective emitters that use similar materials and structures. But in most cases,
selective emitters and selective solar absorbers have different requirements in their
emittance spectra [23]. Therefore, achieving this together with the aforementioned
constraints can be even harder. In order to address this challenge, an integrated
photonic crystal selective absorber (IPSA) design is proposed based on the selective
emitter design in [168§].

Similar to the integrated photonic crystal selective emitter (IPSE) proposed in
Chapter 2, the IPSA combines a 2D photonic crystal with a chirped rugate filter
into a single device. By directly stacking the rugate filter on top of the 2D PhC,
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the sub-bandgap photon recycling [153] shifts to a non-perturbative regime instead
of a perturbative one. The net effect is a strong selectivity in the absorptance spec-
trum. We show that when the proposed IPSA is combined with an IPSE, the STPV
conversion efficiency can be as high as 24.3% at 1450 K and 100 suns.

3.2 Integrated Photonic Crystal Selective Structure

Photonic crystal structures are proved to be versatile in terms of tailoring emit-
tance spectrum, making it possible to cover the spectral requirements of both selective
emitter and selective absorber. It has been shown that an integrated photonic crystal
is strongly selective in its emittance spectrum [168,/169]. In order to achieve high
STPV conversion efficiencies under the constraints of high temperature and moder-
ate solar concentration, we investigate an integrated photonic crystal structure (IPSS)
that combines a selective absorber with a selective emitter as a monolithic device.

The IPSS consists of an IPSA and IPSE. For the IPSA structure, the integrated
filter should exhibit a sharp cut-off in its transmittance spectrum that resembles Fig.
[[.6l At an operating temperature of 1500 K and a solar concentration of 100 suns,
the optimal cut-off wavelength is ~ 1 pwm [170]. To achieve that, a 60-period chirped
rugate filter is designed. It consists of twenty materials with refractive indices rang-
ing from ng,0, = 1.46 to np;o, = 2.50. The permittivity of each layer, as shown in
the inset of Fig. , is calculated following the design principle discussed in |164].
The transmittance spectrum of the rugate filter is simulated using S4 [171], as shown
in Fig. With the initial period thickness of 0.349 um and a chirping rate of
3.5%, the rugate filter exhibits a broad stopband, extending from 1.3 pm to 10 pm.
Later, we will see that such broadband filtering allows the IPSA to have low (< 10%)
spectrally averaged absorptance @ |153] even at a temperature of 1500 K.

The 2D PhC is made of tungsten (W) and has a square lattice with period a =
0.470 wm, hole radius » = 0.293 um and hole depth d = 2.386 um. Since the diameter
of the holes are larger than the period, the PhC appears to be an array of W pillars,
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Fig. 3.1. Transmittance spectrum of the designed rugate filter to be inte-
grated on IPSA. It has a sharp cut-off near 1 wm that matches with the
theoretical optimal value. The inset shows the relative permittivity (e,)
of each layer in the first two periods of the filter.

as schematically shown in Fig. [3.2(a). In order to integrate the filter with the 2D W
PhC, spacing between the pillars are filled with the low index material SiO,. For the
IPSE, we choose the 15 bilayer integrated structure proposed in reference |[169]. Both
IPSA and IPSE have similar structural design and the 2D PhCs are both made of
W. Therefore, when applied to an STPV system, the IPSA can be directly combined
with the IPSE back to back as a single piece of IPSS absorber /emitter pair.

The absorptance spectrum of the designed IPSA is calculated using a finite differ-
ence time domain (FDTD) [157] method known as MEEP [163|. There is a numerical
error no greater than 2.9% in the absorptance calculation beyond 4 um due to the
finite resolution and time. As shown in Fig. [3.2(b), the absorptance of IPSA has

strong spectral selectivity near 1.3 um. The enhanced absorptance below this cut-off
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Fig. 3.2. (a) Schematics of the IPSA structure; (b) Absorptance spec-
trum of the IPSA (black) plotted together with the normalized AM1.5D
solar irradiance (red) and the normalized blackbody radiation at 1500 K
(blue). The steep cut-off at 1.3 pm allows strong absorption of most solar
irradiance while keeping the thermal emission low.

covers the majority of the solar irradiance, yielding a spectrally averaged absorptance
o = 0.7686. Beyond this cut-off, most of the thermal emission is suppressed, as can
be seen in Fig. [3.2(b). The absorptance spectrum of the IPSA is calculated up to
7 um and the broad stopband of the rugate filter (shown in Fig. should make
the absorptance negligible from this point to 10 um . At a temperature of 1500 K
for example, a typical value for STPV application, the IPSA has a spectrally av-
eraged emittance € = 0.0415. The thermal transfer efficiency 7, at 100 suns
solar concentration is then 65.0%, 6.9% below the maximum thermal transfer effi-
ciency of 71.9% under the same condition (100 suns, 1500 K). In order to understand
the performance of the proposed IPSA structure at various temperatures and solar
concentrations, a contour plot of thermal transfer efficiency 7; as a function of tem-
perature and solar concentration, as shown in Fig. [3.3] is calculated. It is obvious

that 7, of the IPSA follows the same trend as theoretically expected: at a given con-
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centration, 7; decreases as temperature increases; at a given temperature, 7, increases
with concentration. It should be noted that even at low solar concentrations (< 100
suns) and high temperatures (> 1000 K), IPSA still gives high 7, thanks to its strong
selectivity. This offers the opportunity to achieve good STPV performance at low so-
lar concentrations, where only single axis precision tracking is needed for highly

efficient solar concentration, greatly reducing the system complexity.
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Fig. 3.3. Thermal transfer efficiency 7; as a function of temperature and
solar concentration. For IPSA; the slight variation of 7; with concentra-
tions at a given temperature makes it possible for low concentration STPV
applications.

For a given solar concentration, higher temperature increases n; while decreasing
TPV conversion efficiency 7y,,. Such intrinsic trade-off between 7, and 7, requires
the investigation of the IPSS as an entire whole. Therefore, we calculate a contour

plot of STPV conversion efficiency 7, for the IPSS as a function of temperature
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and solar concentration, neglecting concentration losses. The value of 7,,, at various
temperatures for a PV diode with a bandgap of 0.7 eV (Gag 42Ing 53As) is calculated
using current transport simulations available on nanoHUB.org . As shown in Fig.
[3.4] for each given solar concentration, an optimal temperature can be found. For
the proposed IPSS structure under 100 suns concentration, the optimal temperature
is 1450 K, where the IPSA has € = 0.0354 and 7, = 68.0%. Assuming that the IPSE
is at the same temperature as the IPSA in equilibrium, then 7, = 35.7%, yielding
Nstpy = 24.3%.
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Fig. 3.4. STPV conversion efficiency as a function of temperature and
solar concentration. For a given concentration of 100 suns, the optimal
temperature is 1450 K, yielding 7, = 24.3%
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3.3 Conclusions

A high-performance selective solar absorber is proposed for STPV applications
with moderate solar concentrations (~ 100 suns ) and high operating temperatures
(~ 1500 K). We showed that through a properly designed integrated photonic crystal
structure, near-optimal thermal transfer efficiency is estimated. When the proposed
IPSA is combined with an IPSE and forms a monolithic IPSS (absorber/emitter as-
sembly), high STPV efficiencies can be achieved. We report a theoretical STPV
conversion efficiency of 24.3% under 100 suns and 1450 K using IPSS. This result
approaches the highest reported efficiency of a single-junction solar cell under similar
concentrations is 27.6% (Si back -contact solar cell) [174]. Though further investiga-
tions on the IPSS are needed for performance optimizations and structural simplifi-
cation, the proposed design certainly shows a path towards high performance STPV
systems under much less stringent requirement of solar concentration, potentially

enhancing the cost effectiveness and system reliability of STPVs.
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4. HIGH-TEMPERATURE DIRECT THERMAL
EMITTANCE MEASUREMENT

4.1 Introduction

In real TPV and STPV applications, spectrally-selective thermal emitters and so-
lar absorbers operate at high temperatures. This imposes a challenge that a proper
optical characterization of thermal emitters and solar absorbers should be performed
at their operating temperatures [20}|175,/176], since optical properties of most ma-
terials are temperature-dependent. Such high-temperature characterization can be
challenging due to the requirements of:

(1) a high-vacuum system to prevent oxidation at high-temperature;

(2) a broad spectral range of detection that covers at least near-IR to mid-IR.

To address the challenges listed above, a high-temperature direct thermal emit-
tance measurement setup is designed and constructed. The setup optically cou-
ples an ultra-high vacuum chamber with a Fourier-transform Infrared Spectroscopy
(FTIR). A complete and consistent measurement procedure, including calibration
and background correction, has been developed. As a critical apparatus of the exper-
imental study of spectrally-selective thermal emitters and solar absorbers, the high-
temperature direct thermal emittance measurement setup can be used to validate
their designs and provide reliable predictions of their performance when implemented
in a system.

In this chapter, details of the setup are introduced in Section 4.2, followed by a
discussion of components in the measured signal. Based on the understanding of the
signal being collected, measurement procedures including calibration and background
correction are discussed in Section 4.3. An example measurement is performed as well

in Section 4.4, proving the versatility of the measurement.
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4.2 Experimental Setup

The basic concept of the measurement is to directly measure the high-temperature

thermal emission from a sample, and then calculate its emittance spectrum.

- PM 3:
D=1.5";
EFL=2"
) 6" | )
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PM 1: PM 2:
D=3" 1, ; D=4"; EFL=4"

EFL=4" * 117

Fig. 4.1. Schematics of a custom-built direct thermal emission measure-
ment system that covers wavelengths from 2 to 10 um. The sample is
heated in a high-vacuum chamber. The thermal emission signal is sent
through optical elements, including an interior-polished copper tube and
3 90° off-axis parabolic mirrors (PM) with diameters (D) and effective
focal lengths (EFL), to a Nexus 670 FTIR. Relative positions of PMs are
labeled. The emission signal is shown by red arrows and the beam center
is illustrated by the gray dashed line. Inside the FTIR, the signal passes
through a Michelson interferometer and is then detected by a mercury
cadmium telluride (MCT) detector.

The first step is to collect the broadband emission signal from the sample. As
shown in Fig. the setup for direct thermal emittance measurement consists of
two major components, an ultra-high vacuum chamber where the sample is heated
up to elevated temperature, and an FTIR (Nexus 670, Thermo Fisher Scientific) that

measures the broadband emission spectrum. The two components are coupled by an
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optical system that consists of a copper tube and 3 off-axis parabolic mirrors (PM 1,
PM 2 and PM 3). In the next two sections, the ultra-high vacuum system and the

optical system are introduced in detail.

4.2.1 Ultra-high Vacuum System

Fig. 4.2. Ultra-high vacuum system. (a) The vacuum chamber is pumped
by a turbo pump and a scroll pump connected in series. (b) The vacuum
level is monitored by a roughing gauge (3 mTorr and above) and an ion
gauge (below 3 mTorr). During sample loading, the vacuum chamber is
purged with N,. The port, TC probe, is for temperature measurements.

To create a vacuum environment that prevents oxidation of samples at high tem-
peratures, a customized ultra-high vacuum chamber (Kurt J. Lesker) is built. Fig.
(a) shows the pump system that supports the vacuum environment. The chamber
is pumped by a turbo pump (Turbovac 151 C, Oerlikon) backed up by a scroll pump
(SC 30 D, Oerlikon). As shown in Fig. 4.2 (b), The vacuum level inside the chamber
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is monitored by an ion gauge (354, Lesker) for sub-mTorr range and a roughing gauge
(2751, Lesker) for above. Occasionally, the chamber has to be opened to switch the
tested sample. In such cases, the chamber is purged by N5 to minimize the adsorption
of water vapor and other contamination. In addition to the ports for creating and
controlling vacuum environment, there are three ports for high-temperature heating
stage, transmission window and electrical /temperature measurement feedthrough, re-

spectively.

4.2.2 Optical System

The optical system is designed to reduce background noises and guide the thermal

emission signal over a long distance from inside the vacuum chamber to the FTIR.
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Fig. 4.3. Double heat shield to alleviate background noise from the high-
temperature heating stage assembly. The first heat shield is separated
from the second heat shield by a vacuum gap. The second heat shield has
a conductive heat path to the side wall of the vacuum chamber.
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The first component inside the vacuum chamber is a proportional-integral-derivative
(PID) controlled resistive heating stage (HTR 1001, Tectra). The heating stage func-
tions as the heat source where emitter samples are placed in direct contact. The
temperature is monitored by a type-C thermocouple (TC) that sends voltage signals
back to the PID controller. Temperature limit of the heating stage is rated to be
1500 °C, sufficient to cover operating temperatures of high-performance TPVs and

STPVs. Fig. shows the heating stage from inside the vacuum chamber.
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Fig. 4.4. Temperature reduction by the double heat shield structure. The
suppressed radiative heat transfer and the enhanced conductive heat dis-
sipation allow significant cooling in the second heat shield, resulting in
suppressed background radiation from the heating stage assembly.

The heating stage is a rectangle with a dimension of 35.2 mm x 25.0 mm while
most of the emitter samples fabricated are about 11 mm x 11 mm. Therefore, the
thermal emission from the uncovered heating stage raises the background noise. To
suppress it, a double heatshield structure made of Mo sheet is used, as shown in Fig.
[4.3] Both heatshields have a square aperture about 10 mm x 10 mm that is aligned

with the emitter sample. The first heat shield reduces thermal radiation due to its
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lower temperature and low thermal emissivity. The second heat shield therefore has a
lower heat load. Furthermore, it is in direct contact with the sidewall of the chamber
via a copper conductive heat path. The net effect is that the temperature of the
second heat shield is significantly reduced. As shown in Fig. 4.4 when the heating
stage is at 1000 °C the temperature of the second heatshield is measured to be about
150°C.

Through the apertures of both heat shields, a type-K TC (SCASS-020U-12-SHX,
Omega) is inserted to measure the temperature of the sample. As shown in Fig.
[4.3] the TC is attached to the front surface of the emitter using conductive paste

(Pyro-Duct 597-A, Aremco) that is vacuum compatible at high temperatures.

Vacuum chamber

Fig. 4.5. Copper tube that guides the thermal emission signal from the
sample mounted on the heating stage to the CaF, window on the right-
hand side. The copper tube is passively cooled by the copper sheet to
alleviate reflectivity variation due to the elevated temperature.

The thermal emission signal, with reduced background noise, is collected by a

copper tube, as shown in Fig. [1.5] The tube has an inner diameter of 3.18 ¢cm and a



75

length of about 31.75 c¢m, guiding the collected signal across the vacuum chamber to
the CaFy window (Kurt J. Lesker Company) on the other side. The transmittance
spectrum of the window has been measured by the manufacturer and shows high

transmission from visible to mid-IR.

Fig. 4.6. Optical system that couples the vacuum chamber with the FTIR.
The beam existing the window is captured and collimated by 3 off-axis
parabolic mirrors (PM1, PM2 and PM3). The collimated signal is sent to
the FTIR.

After the thermal emission exits the CaFy window, it is collected and collimated
into the FTIR by three 90° off-axis parabolic mirrors (PM). As shown in Fig. and
schematically in Fig. m PM 1 (diameter D = 3 inches and an effective focal length
EFL = 4 inches) collimates the diverging beam from the window. PM 2 (D = 4
inches and EFL = 4 inches) captures the slightly diverging beam from PM 1 and
focuses it so that PM 3 (D = 1.5 inches and EF' L = 2 inches) can collimate the beam
to a size that fits the input port (1.5 inches diameter) of the FTIR. All three PMs

are in one optical plane. Their relative positions are labeled in Fig. 4.1
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In the FTIR, the signal is converted to an interferogram via a Michelson inter-
ferometer. To have a broad spectral range of detection (1 — 10 um), an XT-KBr
beamsplitter is used. The detector in The FTIR is a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector, ensuring high sensitivity to weak signals. Fi-
nally, the frequency-domain signal is generated through Fourier transformation of the

time-domain interferogram.

4.2.3 Understanding the Measured Signal

To extract the emittance spectrum of the sample being measured, calibration and
background correction have to be performed based on the understanding of the signal
composition, which is schematically shown in Fig.

To facilitate the discussion, some important parameters (temperature, emittance

and surface area are) and their corresponding subjects are listed in Table .

Table 4.1.
Summary of important parameters and corresponding subjects in the di-
rect thermal emittance measurement. Irrelevant terms are labeled as ”-".

Sample-under-test Reference Heater Environment

Temperature T, T, T T.
Emittance e(N) €c(N) - -
Area Ae A. - ;

At temperature T, the sample with surface area of A, and emittance () radiates
an emission spectrum:

Pe()‘7 Te) = E(A)AEIBB()U Te)7 (41)

where Ipp(A, T) is the blackbody radiation spectrum at temperature 7. In addition to

the emission signal from the high-temperature sample, room-temperature (7,) emis-
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sion from the surrounding environment can be reflected by the sample and eventually

be collected by the detector. Similarly, this component of signal can be calculated as:
PreptN 1) = p(N)Acpp(N, T5), (4.2)

where p(A) is the reflectance of the sample. Other background signals from inside the
chamber, By, (X, T}), should be accounted for as well and it varies with the heating

stage temperature T},.

Background signals from

Bout (2) outside the chamber
Vacuum chamber Mi
Irrors
Prefl (’1' Tr)
R}
P (A, Te)
Tube CaF, window
Bin(/ll Th)

Background signals from
inside the chamber

Spectral response from sample: R(1) FTIR

L —J

Se(A, Ty, T.) = R[P.(A4,To) + B(4,Ty) + Prest(L, T, |

Fig. 4.7. Propagation of signal through the system. Key optical compo-
nents are shown abstractly. Different sources of background noises are
separated as noises from inside the chamber (dependent of the heating
stage temperature) and noises from outside the chamber (independent of
the heating stage temperature).

In our setup, a copper tube collects the signal with all three components included

and sends it through a CaFy window. Outside the vacuum chamber, background
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noise from other sources B,,;(A) may enter the beam path and be detected by the
FTIR. Therefore, there are in total 4 components included in the signal. As shown

in Fig. [4.7] the total signal detected S, can be expressed as:

So\ T, To) = ROVP.T.) + BOWT) + Prf(\T)], (4.3)
B()‘7 Th) = Bin(/\7 Th) R;;E()\);) + Bout()‘> R}O‘-iugi;\) ) (44)

where R(\) is the spectral response (view factor included) of the optical system (all
optical components included) for P.(\,T¢.) and Pr.p(A, T)); Rin(A) is the spectral
response for By, (A, T); Rout(A) is the spectral response for B, ().

From the discussion above, in order to extract €(A), the spectral response R(\)
should be calibrated, and the background noise (Pycs(A, 7)) and B(\,T},)) should be
identified.

4.3 Direct Thermal Emittance Measurement

In this section, a consistent measurement procedure that calibrates the direct
thermal emittance measurement, and corrects background noise is developed. Details
of the calibration and background correction is explained mathematically, followed

by steps of measurements and validation.

4.3.1 Calibration and Background Correction

Assuming the sample being measured is opaque (p(\) = 1 —¢€(\)), Eq. can be
expressed explicitly (using Eq. and Eq. as [177]:

Se(>\7 Th7 Te)
= R()‘){E()‘)Ae [IBB<)‘7 Te) - IBB()‘> Tr)] + B()‘> Th) + AEIBB()\7 Tr‘)}a (45)
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The term P,.p(A,T,), as a part of the background noise, is therefore no longer
unknown. If the sample being measured is blocked by a low-temperature cap with
near-zero thermal emittance (a silver evaporated cap in our setup), a background

signal Sp(\, T},) with the following expression will be measured:
Sp(N\, T) = R(N)[B(A,Th) + Aolss(A\, T, (4.6)

where Ajg is the area of the silver evaporated cap. In our setup, Ay is made to be very
close to A, to minimize the error.

The background noise B(\,T}) can be canceled out by subtracting Eq. from
Eq. (.5

Se(N, T, Te) — Sp(A, Th)
= R()‘){E()‘)Ae[IBB()‘a Te) - ]BB(/\v Tr)] - A"éle]BB(/\w Tr)}a (47)

AA, = Ay — A,, (4.8)

The only thing that is undetermined in Eq. [4.7, except for €()\), is the spectral
response R(A). It can be calibrated by a reference sample with high emittance across
a broad spectral range. In our setup, a multi-wall carbon nanotube (MWCNT) sam-
ple grown on silicon (Si) substrate is used as the reference, due to its near blackbody
property [66]. The room-temperature emittance of the MWCNT sample has a nearly
uniform emittance of €(\) = €, = 0.95, consistent with previously reported perfor-
mance [66].

Similar to Eq. the signal from the reference sample at temperature T, after

the subtraction of background noise, can be expressed as:
S\ Ty, T.) — Sp(N, Th)
= R()\){EC(/\)AC[IBB(/\, TC) - IBB(/\a Tr)] - AACIBB(/\; Tr)}, (49)

AA, = Ay — A, (4.10)

where A, is the area of the MWCNT reference; 7} is the heating stage temperature,
which is in general different from 7j,. It should be noted that the temperature of the
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reference sample T, does not have to be the same as T,. The measurement is thus
greatly simplified.
Based on Eq. and Eq. [£.9) the emittance spectrum of the sample being

measured can be calculated as:

o JeWAls(\Te) — Ips(\T)]
E(A)_F'{ AcIps(N\ Te) — I(N\, T)] }

B {FAACIBB()\, T.) — AAIps(\T) }
Al N\, T0) — Ips(N\, T})] ’

(4.11)

Se(/\7Th7Te> - Sb(AaTh)
I'= 4.12
Se(NT},T,) — Sp(N,T7)’ (4.12)

Apparently, the emittance €(\) can be determined once all four terms in I' are
measured. The four terms can be measured in three steps, which are discussed in

Section 4.3.2.

4.3.2 Measurement Procedure

(1) Reference measurement: A MWCNT sample is used as a near-blackbody
reference. The reference sample is heated up to a temperature T,.. The signal taken
is S.(\, T}, T.), where T} is the heating stage temperature during the measurement.

(2) Sample emitter measurement: The sample to be tested is heated to the
target operating temperature (7,) for emission spectrum measurement. The signal
taken is S¢(A, Ty, T.), where T}, is the heating stage temperature during the measure-
ment.

(3) Background measurement: A cap that has a silver pad with dimensions
around 10 mm x 10 mm is mounted to block the sample to be tested. Background
spectra Sy(A,Ty,) and Sp(A, 7)) are measured at heating stage temperatures that
match with the reference and sample emitters measurements, respectively. The tem-

perature of the cap is monitored by the type-K TC.
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4.3.3 Validation of the Measurement Procedure

The measurement procedure developed above can be validated via a self-consistency
test. For the purpose of validation, the reference sample (MWCNT) is heated up to
three different temperatures (412°C, 472°C, 527°C). The signal measured at the
highest temperature is used as the reference, while the other two signals are used
to extract the emittance spectrum of the MWCNT sample following the developed
procedure. The assumption is that the emittance of the MWCNT sample changes
little at different temperatures. The room-temperature emittance is €. = 0.95, as

mentioned in the prior section.
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Fig. 4.8. Reliability of the measurement. The emittance of MWCNT is
measured at different temperatures (412°C, 472°C). The same sample
at 527°C is used as the reference. It should be noted that the emittance
greater than 1 is unphysical. For 472°C, the emittance of the reference
can be reproduced in the range of 2 — 10 um, proving the self-consistency
of the direct thermal emittance measurement.
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As shown in Fig. 4.8 both signals collected at 412°C and 472 °C give consistent
results in the spectral range of 3—10 um. For the signal collected at 412 °C, deviation
starts to occur below 3 um. The deviation continues to grow at short wavelengths, and
the emittance even surpasses 1, which is unphysical. However, when the temperature
is higher (472°C), deviation only occurs below 2 um. Such behavior indicates that
the deviation is mainly caused by the low signal-to-noise ratio at short wavelengths.

The validation test shows that the developed measurement procedure is reliable in
a spectral range of 2 — 10 um for sample temperatures higher than 472 °C. Of course,

the spectral range can be further extended for higher temperature measurements.

4.4 An Example Measurement

The developed direct thermal emittance measurement setup can be utilized to
characterize a broad range of solid-state, non-transparent samples. As an example, a
silver(Ag) - TiN hybrid plasmonic metamaterial consisting of tilted Ag nanopillars and
TiN binder is measured at elevated temperatures [178]. As shown in the inset of Fig.
[4.9] Ag nanopillars in TiN binder are nearly aligned to a fixed tilted angle of about
50° from the normal. TiN, as a refractory material, should strongly suppresses the
diffusion and chemical reaction of Ag in principle. Therefore, the hybrid plasmonic
metamaterial is expected to be optically stable at high temperatures. In mid-IR
spectral range, the best way of proving high-temperature stability is through direct
thermal emittance measurements at possible operating temperatures.

Following the measurement procedure developed above, high-temperature emit-
tance spectra are measured at three temperatures (7, = 432°C, 471°C and 519°C),
as shown in Fig. 4.9, The measured emittance spectra are flat across a broad spectral
range, which is consistent with its room-temperature characteristics measured by el-
lipsometry and FTIR [178]. In the temperature range measured, only slight variations
(~ 1% absolute) with temperature are observed, indicating that the optical perfor-

mance of the Ag-TiN hybrid plasmonic metamaterial holds at high temperatures.
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Fig. 4.9. An example measurement. The high-temperature emittance of
a Ag-TiN hybrid plasmonic metamaterial (structure shown in the inset,
arrays Ag nanopillars tilted at 50° in TiN binder.) is measured by the
direct thermal emittance measurement. The measured emittance is con-
sistent with the room-temperature characteristics reported in |[178]. Only
slight variation in emittance happens at high temperatures, proving the
strong thermal stability of the measured sample.

In this example, direct thermal emittance measurement is used to characterize
the high-temperature emittance of a non-trivial sample, a Ag-TiN hybrid plasmonic
metamaterial. The measured results are consistent with room-temperature charac-
terizations and proves the stability of the sample at high temperatures. Based on
this example, the direct thermal emittance measurement is proved to be versatile for

various types of opaque emitters.
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4.5 Conclusions

In this work, a direct thermal emittance measurement setup is designed and built.
Based on the understanding of the measurement, a consistent procedure of measure-
ment is developed. The setup, along with its measurement procedure, is critical to
the high-temperature characterization of spectrally-selective thermal emitters and so-
lar absorbers. Its broadband measurement and wide temperature range offer great
versatility to measure various types of samples under different conditions. In Chapter
5, the direct thermal emittance measurement setup is used to characterize a thin-film

spectrally-selective solar absorber/emitter.
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5. HIGH-TEMPERATURE, SPECTRALLY-SELECTIVE,
SCALABLE, AND FLEXIBLE THIN-FILM SI ABSORBER

AND EMITTERE]

Solar thermal technologies have great potential to provide low-cost storage for solar
energy. However, their efficiencies are limited by a lack of scalable, mechanically flex-
ible, durable, yet highly-efficient spectrally-selective solar absorbers suitable for high
temperatures at low solar concentrations. Here, we overcome these challenges by fab-
ricating a scalable free-standing spectrally-selective thin-film Si absorber and emitter
(SSTFS) composite. Its high-temperature emittance shows strong spectral selectivity,
even at 595°C. Thermal stability is proven by measuring optical properties before
and after thermal cycling equivalent to one day of concentrated sunlight. Despite the
use of crystalline Si, the fabricated SSTFS composite exhibits exceptional mechani-
cal flexibility to cover most surface geometries. The SSTFS composite demonstrates
the potential of high-temperature, efficient and flexible solar absorbers and thermal

emitters to advance renewable solar energy with storage.

5.1 Introduction

Solar thermal technologies provide a promising complement to solar photovoltaics.
Since they first capture sunlight as heat, and then convert it to electricity, they can
readily incorporate low-cost storage for power generation at night. The efficiency
of the first step depends on the specific application, but is limited by the optical
properties of the solar absorber at high temperatures. These particularly include

the solar absorptance of the absorber and its losses from thermal re-radiation. Both

!Adapted from: Z. Zhou, H. Tian, T. M. Hymel, H. Reddy, V. M. Shalaev, Y. Cui, and P. Bermel,
"High Temperature, Spectrally-selective, Scalable, and Flexible Thin-film Si Absorber and Emitter,”
Optical Materials Express, (Under Review).
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factors relate directly to the absorptance spectrum of the solar absorber over a broad
spectral range. The thermal transfer efficiency n; captures the trade-off between these
two factors |170]. For a given solar concentration C' and operating temperature T,

is given by:

N = — (5.1)

where [ is the solar irradiance (1 kW/m? is the solar constant); and @ and € are the
spectrally-averaged solar absorptance and thermal emittance, respectively. Both can
be calculated from the absorptance spectrum of the absorber [23,|170]. To maximize
1, a spectrally-selective absorber is needed, with absorptance in the wavelength range
0.3 — 2.0 um close to unity, and emittance at longer wavelengths close to zero. High
spectral selectivity is particularly critical for high operating temperatures and low so-
lar concentrations, conditions that attract much attention due to the combination of
higher Carnot efficiency and lower (or zero) cost for solar tracking. Prior work demon-
strated that such spectral selectivity can be achieved by composite materials like cer-
mets [48,/179,/180], where metallic nanoparticles are embedded in ceramic binders.
Furthermore, multilayer structures [181], photonic crystals [11}24,|57,/182] and plas-
monic structures [18,[183,/184] can tailor the absorptance and emittance spectrum
of bulk materials |20} 21}, thereby giving rise to strong spectral selectivity. Recent
reviews have shown that there are often significant trade-offs between performance,
durability, and costs [23},/170].

To convert high-temperature solar heat into electricity, thermophotovoltaic (TPV)
systems stand out among various technologies [9,/185]. due to high theoretical maxi-
mum efficiencies [186] as well as high power densities [79]. The value of thermopho-
tovoltaics (TPV) also extends well beyond solar energy. It has also been proposed
for applications such as recovering waste heat [14,23] and power generation from fu-
els [79]. The energy conversion process in TPV consists of two steps. First, a thermal

emitter converts heat into thermal radiation. Second, a photovoltaic (PV) diode con-
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verts the incident radiation into electricity [23]. A good thermal emitter should have
high emittance only over a certain bandwidth above the bandgap energy of the PV
diode, and near-zero emittance elsewhere [11].

Complex nanophotonic structures similar to spectrally-selective absorbers may
serve as highly selective emitters, since Kirchhoffs law of thermal radiation [67] pre-
dicts absorptivity equals emissivity at every wavelength in thermal equilibrium. For
example, metamaterials have been demonstrated in prior work to serve as highly se-
lective emitters [27,/187]. It is also crucial that the spectral selectivity holds even
at elevated temperatures. In prior work, photonic crystal emitters on refractory
metals (similar to photonic crystal absorbers) have been proposed [56] and demon-
strated [33]. Plasmonic structures based on refractory materials like titanium nitride
have also demonstrated significant spectral selectivity and excellent thermal stabil-
ity [42].

While prior literature has primarily focused on measures such as thermal transfer
efficiency, there are in fact three critical figures of merit for selective solar absorber
materials relevant to real applications: scalable manufacturing, mechanical flexibility,
and good high-temperature performance. Absorber/emitters that meet all three crite-
ria have yet to be reported in the literature. Those with excellent spectral selectivity,
such as nanophotonic structures, are difficult to scale up because of both fabrication
methods and raw material costs. Their rigid substrates also limit mechanical flex-
ibility, causing difficulties when applied to non-flat surfaces. Low-cost cermets are
commercially available as an alternative, but have limited maximum temperatures
and lifetimes. Extensive studies show that new, more expensive manufacturing tech-
niques are required to realize improved performance [179].

To achieve a good balance of all three aforementioned figures of merit, we focus on
improving a less-studied category known as the semiconductor-metal-dielectric trio.
These composites can be as simple as a three-layer stack of anti-reflection coating
(ARC), semiconductor absorber layer and metallic back reflector [170]. Low-cost,

high-quality, earth-abundant semiconductor wafers are already commercially avail-
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able from the microelectronics and photovoltaics industries. Semiconductor-metal
tandems using silicon (Si) and germanium (Ge) have been theoretically proposed to
be excellent selective solar absorbers [23]188]. Furthermore, thick single-crystal Si
absorbers with surface texturing [189] and SisN4 ARC [53] have been experimentally
demonstrated. However, high-temperature characterization measurements show that
thermal emittance due to intrinsic carrier concentration can increase rapidly with
temperature [53|, limiting the use of thick Si absorbers at higher temperatures.

An effective way to suppress this effect is reducing the thickness of the semicon-
ductor [53]. For instance, absorbers with reduced Si thickness have been fabricated
by physical (PVD) or chemical vapor deposition (CVD) [50]; however, free-standing,
single-crystal Si thin-films have not been used for such applications. Their theo-
retical advantages of low mid-IR emittance, good thermal stability and strong me-
chanical flexibility are outstanding. But fabricating single-crystal thin-film Si using
conventional growth methods imposes significant challenges [190-192]. Fortunately,
it has recently been demonstrated that direct wet etching of a commercial single-
crystal wafer can provide free-standing thin films of high quality [193]. Following
an improved, CMOS-compatible procedure, a free-standing single-crystal spectrally-
selective thin-film Si absorber/emitter (SSTFS) composite material is fabricated here.
It is a simple three-layer structure consisting only of commercially available materi-
als, required for scalability. Its structure excludes any rigid substrate, allowing strong
mechanical flexibility. Furthermore, high spectral selectivity has been experimentally
proved in this work, matching closely with theory. The SSTFS is also proven to
have good thermal stability, capable of withstanding high operating temperatures for
many hours at a time. Our work shows that with optimization, SSTFS composites
can have a good balance of scalable manufacturing, mechanical flexibility and good

high-temperature spectral selectivity and durability.
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5.2 Fabrication and High-temperature Characterization

The SSTF'S studied in this work preserves some of the best features of the spectrally-
selective wafer-based Si (SSWS) investigated in prior work [53]. There is generally
a trade-off between suppressing emission (€) and maintaining absorption (@), which

varies with thickness. As a result, the optimal thickness of Si is around 10 um [53].

5.2.1 Fabrication

The fabrication of SSTFS consists of three steps: (1) etching commercial Si wafer
to target thickness; (2) Deposition of Ag back reflector; (3) Deposition of SizNy
ARC. Starting from step (1), lightly doped (1 — 10 € cm) double-side-polished n-type
(100) wafers are first masked with a PECVD-deposited 500 nm silicon nitride (SiN,)
layer around the edges, creating a thick handling ring for future ease of handling.
The wafers are then loaded into a cassette and dipped into 2% hydrofluoric acid
(HF) to etch the native oxide before the Si etching bath. After a DI water rinse,
the wafer cassette is placed into a 25% tetramethylammonium hydroxide (TMAH)
solution held at 90 °C for the duration of the etch. Once the wafers are etched to the
desired thickness, they are removed from the TMAH etch bath, rinsed with DI water,
and blown dry with nitrogen gas. For step (2), a 300 nm silver layer is deposited
on the backside of the thin-film by e-beam evaporator (CHA) at a rate of 1.5A/s.
Finally, in step (3), a 92 nm silicon nitride (SizN4) ARC is sputtered at the front side
using a magnetron sputtering system (custom-built by PVD Products) using a 100
W AC power supply and 5 mTorr with 15 sccm Ar. The fabrication process flow is
graphically shown in Fig. [5.1]

The cross-section of the fabricated SSTFS is shown schematically in Fig. (a).
The dimension of each layer is extracted by fitting the room-temperature emittance
spectrum with numerical simulations. As shown in Fig. (d), the blue curve is the
emittance spectrum of our non-transparent sample characterized by reflectance (dif-

fuse + specular) measurement, following Kirchhoffs law (emittance = 1 - reflectance),



90

(a) (d)
|

B Rl

Handling Ring Deposition Si;N, Deposition

v
(b) \ (€) ——.

H'_

Native Oxide Removal :
L Cutt
& TMAH Etching aser Luting

(c) ! (f

. . 9.58 + 0.08um
300 nm

Ag Deposition Free-standing SSTFS
B S SisNy Ag

Fig. 5.1. Fabrication process flow of SSTFS. (a) SiN, handling ring
PECVD deposition. (b) Thin-film wafer fabricated by TMAH wet etch-
ing. (c¢) Ag back reflector deposition by e-beam evaporation. (d) SizNy
deposition by sputtering. (e) Handling ring removal by laser cutting. (f)
The fabricated free-standing SSTFS composite material.

using a Perkin Elmer Lambda 950 spectrophotometer with an integrating sphere. The
spectral range is 300 - 2500 nm with a resolution of 5 nm. The spot size of the in-
cident beam is about 0.5 x 1.0cm?. The theoretical room-temperature emittance
(orange curve) is simulated using S4 [171], and the materials are modelled as in Tian
et al. [53].

Fig. [p.2] (b) shows the as-fabricated SSTFS. Much like a Si thin film fabricated
via KOH etching , it can be easily cleaved into smaller pieces to tile surfaces.



91

As shown in Fig. [5.2) (c), the free-standing SSTFS is quite mechanically flexible - for

instance, it conforms to an acrylic rod with 1.27 cm diameter without breaking.

(d)
1.0

/\ ——SSTFS
0s8d/ \ ——— S4 simulation i}

Emittance

0.5 1.0 1.5 2.
Wavelength [um]

Fig. 5.2. (a) Cross-sectional schematic of the SSTFS. The thickness of
SisNy and Si are determined by fitting the room-temperature emittance
spectrum with a simulation in S4. (b) As-prepared SSTFS sample in a
10 em wafer carrier. (c) The sample is mechanically flexible enough to
wrap around a 1.27 cm diameter acrylic rod. (d) The measured room-
temperature emittance spectrum matches simulations closely.

5.2.2 High-temperature Thermal Emittance Measurements

Since the optical properties of most selective absorbers/emitters are temperature
dependent, high-temperature optical characterization is essential to the proper study
of SSTFS. To cover the broad spectral range from visible to mid-IR, two charac-
terization techniques are used. For wavelengths from 0.3 to 2.0 um, the in situ
high-temperature emittance is measured using a custom-built high-temperature el-
lipsometer [see Fig. [p.3]. To capture the high-temperature emittance from

2 to 10 um, a custom-built direct thermal emittance measurement setup is used

[see Fig. in Chapter 4].



92

Polarized incidence Detector

. Pinhole
Window

Heateﬁimitter
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Fig. 5.3. A customized high-temperature variable angle spectroscopic el-
lipsometer covering wavelengths from 0.3 to 2.0 um. Samples are heated
in a vacuum chamber. Temperature dependent specular reflectance spec-
tra of s- and p-polarizations are measured through a quartz window at 18°
angle of incidence. The pinhole blocks most of the background thermal
radiation.

The experimental setup of the high-temperature ellipsometer is schematically illus-
trated in Fig. The heating stage is integrated onto a variable angle spectroscopic
ellipsometer (J.A. Woollam V-VASE UV-VIS-NIR). A quartz window on the vacuum
(107 Torr) heating stage (Linkam TS1500V) provides optical access to the sample
and a pinhole is placed in the reflected beam path to reduce the background thermal
emission reaching the detector. Emittance is inferred as 1 — (R + R,)/2, where R,
and R, are reflectance of s- and p- polarizations measured at an incident angle of 18°,

respectively. The wavelength range of the high-temperature ellipsometry measure-
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Fig. 5.4. Reflectance spectrum measurement using an ellipsometer, show-
ing the procedure for calibrating the scaling factor. The ellipsometric
spectrum measured with quartz window and pinhole installed (blue curve)
is re-calibrated to the green curve, to match with the independent spec-
ular + diffuse reflectance (red curve) measurement by a Perkin Elmer
Lambda 950 spectrophotometer (with an integrating sphere attachment).
The scaling factor in this work of 1.45 provides a good match, such that
reflectance does not exceed 100%.

ments is 0.3 — 2.0 um with 10 nm wavelength steps. Calibration of this method is
performed with a reference sample at room temperature. The presence of the window
and the pinhole introduces a scaling factor into the calibration. This scaling factor
is first calibrated at room-temperature, as shown in Fig. 3, and is used to correct
all subsequent high-temperature measurements. The high-temperature spectra are
smoothed by a 5 adjacent point moving average to clearly depict the data.

The direct thermal emittance measurement is performed on the setup introduced

in Chapter 4. For good thermal contact with the heater, the thin-film samples are
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attached to graphite foil using high-temperature silver paste (597-A, Aremco). To

Lis set.

measure such a broad band spectrum, a low mirror velocity of 0.1581 cm - s~
Each spectrum is averaged over 100 scans for acceptable signal to noise ratio. The

thermal cycle is performed using the same setup without optical measurements.

5.2.3 Simulation of High-temperature Emittance

The theoretical high-temperature emittance spectra in the range of 0.4 — 10 pm
are simulated using S4 [171]. For high-temperature simulations, the complex refrac-
tive index of SizgNy is extracted from the work by Kischkat et al. [196]. Temperature-
dependent dielectric constant of Ag is calculated using the Drude-Lorentz parameters
derived by Reddy et al. [195]. For Si, a semi-empirical model [197][39] is used to cal-
culate high-temperature refractive index. To match different experimental conditions
of the two measurement techniques, emittance simulations are performed at 18° in
0.4—2 pum (for ellipsometry setup), and angular-averaged from 0 to 32° in 2,0—10 pm
(for direct thermal emittance measurement setup).The angular-averaged spectra in
2.0 — 10 um are given by fogo dfe(A, 0) cos() sin(6)/ fogo df cos(0) sin(6), where €(\, )
is the emittance at wavelength A and angle 0; 6, = 32°. In Fig. [5.5(a) - (b), both
spectra are separated into two regions (shaded red and unshaded), reflecting different

characterization techniques.

5.3 Results

The high-temperature emittance spectra measured at two temperatures using the
aforementioned techniques are plotted in Fig. [5.5] (a) - (b). High-temperature sim-
ulations are shown for comparison (gray curves). As discussed in Section 2.3, the
differences between the two characterization techniques affects our interpretation,
giving rise to a jump as we transition between the two techniques at 2.0 pm. For
both temperatures (505 °C and 595°C), the experimental data matches well with our

simulations. An increase in the mid-IR emittance is observed as temperature rises,
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induced by higher intrinsic carrier concentrations. In Fig. (b), the emittance
spectrum of an SSWS measured at 535°C [53] is plotted (green curve) for compari-
son. Significant suppression of mid-IR emittance is achieved, which would lead to less
re-radiation loss for solar thermal applications and less sub-bandgap emission loss in

TPV applications, compared to its wafer-based counterpart.

10 1.0 ——
S4 simulation S4 simulation
—Dreataml | gl || preems
8 —— Ellipsometry 3 —— Ellipsometr
§ 0.61 § 0.6-
5 0.4 & 0.4
0.2 0.2
T=505°C T=595°C
0.0 T 0.0 T
1 10 1 10
Wavelength [um] Wavelength [um]

(a) (b)

Fig. 5.5. High-temperature T emittance spectra for SSTFS: (a) T" =
505°C, (b) T = 595°C. The high-temperature ellipsometry data (blue
curves) and direct thermal emittance measurement data (red curves) are
plotted together with numerical simulation results (gray curves) for com-
parison. Overall, a good match is observed. The high-temperature emit-
tance of an SSWS measured at 535°C [53] is also plotted in (b) (green
curve). The reduced Si thickness suppresses € from 0.60 to 0.23, even
though the temperature is 60 °C higher.

For solar thermal applications, the measured emittance of SSTFS gives @ = 0.76
and € = 0.23 at 595°C. The thermal transfer efficiency 7, following Eq. [5.1] is
0.61 under 50 suns. However, the SSWS, even at a lower temperature (535 °C), has
€ = 0.60 over the spectral range of the green curve in Fig. (b). As expected,
reduced Si thickness strongly suppresses thermal re-radiation. Compared with other

state-of-the-art selective absorbers reviewed in [179], the SSTFS shows strong sup-

pression of thermal emittance at the operating temperature. Since emittance increases
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with temperature, this compares favorably with values summarized in [179], which
were mostly measured at low temperature or extrapolated from room temperature.
Furthermore, although the solar absorptance of SSTFS is slightly lower than those
listed in [179], a near 15% relative improvement can be achieved without sacrific-
ing the structural simplicity using a multi-layer ARC [23]. Importantly, all of the
absorbers listed in [179] have substrates, which limit their mechanical flexibility. In
contrast, the SSTFS demonstrated in our work is a free-standing thin-film that can
conformally cover curved surfaces. Such unique property, combined with its good
optical performance at high-temperature, makes our SSTFS more adaptable to real
applications.

The SSTFS also shows major advantages as a selective thermal emitter for TPV
applications. First, its strong spectral selectivity at high temperatures is desirable for
high system efficiencies. One way to quantify this is calculating the spectral averaged

emittance for above-bandgap spectrum €,,,,. and below-bandgap spectrum €y, as:

 fasdae(N)Ips(\, 1)

€above = (52)
I N gp(\,T)
10
d/\E(/\)]BB()\, T)
Epelow = ng (53)

S d\ (A, T)

where ), is the wavelength [um] corresponding to the bandgap of PV diode; Igp(A, T)
is the Plancks blackbody radiation function at wavelength A [um] and temperature 7.
Assuming a TPV system with the bandgap of PV diode at 1.1 eV, such as ¢-Si PV,
the above-bandgap spectrally-average emittance €., = 0.68 while the sub-bandgap
spectrally-average emittance €y, = 0.23 at a temperature of 595°C. Second, the
low sub-bandgap emittance may reduce PV diode heating, helping to maintain high
TPV efficiencies [198]. In real TPV applications, the two factors discussed above
depend not only on the thermal emitter, but also on the PV diode and other system

parameters. Therefore, a system-level comparison must be performed.
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5.4 Discussion

The improvement in spectral selectivity, as demonstrated above, can greatly en-
hance the performance of semiconductor-metal-dielectric trio in high-temperature ap-
plications. To illustrate such enhancement, we compare the performance of an SSTFS
with an SSWS in solar thermal and TPV applications. The strong agreement be-
tween measured high-temperature emittance and theory indicates our model may be
safely interpolated to intermediate temperatures where characterization has not yet
been performed. For fair comparison, the thickness of SizNy in both structures is set
to 92 nm, consistent with the fabricated SSTFS. Per Tian et al. , such thickness

of SizNy is very close to its optimal value.
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Fig. 5.6. Selective solar absorbers. The (orange curves) and (blue curves)
are simulated at different operating temperatures for SSTFS (triangle
symbol) and SSWS (square symbol), respectively. The thermal transfer
efficiencies (green curves) are calculated assuming 50 sun concentration.
SSTF'S outperform SSWS at temperatures > 450 °C.
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5.4.1 Selective Solar Absorber

Fig. shows the @ (orange curves), € (blue curves) and 7, (green curves) of the
SSTFS (triangle symbol) and SSWS (square symbol) as solar absorbers at various
SSWS, since Si has an indirect bandgap. However, the € of the SSWS increases
rapidly with temperature, while the € of the SSTFS remains low. As a result, the
1; of SSTFS is higher once the temperature passes 450 °C. The improvement in 7
is most pronounced at higher temperatures, corresponding to a 52% relative increase

around 600 °C.

5.4.2 Selective TPV Emitter

Another important application is the selective emitter for a TPV system. As
mentioned above, reduced spectral selectivity of emitters not only increases losses from
sub-bandgap emission, but also decreases PV diode efficiencies through heating. Both
factors significantly impact the conversion efficiency. Fig. compares the efficiencies
of two TPV systems with different selective emitters: an SSTFS and an SSWS.
The relative increase in TPV efficiency, given by Rlyw = (Mipv—t — Mipv—w)/Mpv—w, 18
calculated for various PV bandgaps and emitter temperatures, where 7, and 7,y
are the TPV efficiencies for SSTFS and SSWS, respectively. The TPV performance is
estimated at various emitter temperatures (400 — 600 °C) and PV bandgaps (0.5 - 1.2
eV). For PV diodes at different bandgaps, an external quantum efficiency (EQE) of
0.9 and ideality factor of 1 are assumed. Dark current density at room temperature is
calculated by a realistic model that reflects the state-of-the-art PV performances [199).
The view factor F' from emitter to PV diode is assumed to be 0.99.

For Fig. (a), a more realistic TPV model is used, which incorporates PV
diode heating from unused radiation in a self-consistent manner. The tempera-
ture of PV diode is determined by solving the power balance equation: F'- P.,;; =
P.e(Tpy) + Puis(Tpy) + Praa(Tpy), where P, is the total emitted power from the

emitter; P..(Tpy) is the electrical power output from PV diodes at temperature Tpy;
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Fig. 5.7. Selective TPV emitters. The relative increase of TPV efficiency
(RI,) when the SSWS is replaced by the SSTFS, is calculated for dif-
ferent PV bandgaps and emitter temperatures. (a) Parasitic heating of
PV diode is considered. (b) The PV diode temperature is assumed to be
300 K. Except for the area enclosed by the red curve, where RIy,, is neg-
ative, reduced sub-bandgap emission and PV diode heating significantly
improves TPV efficiencies.

Puis(Tpy) and P,uq(Tpy) are the heat dissipation of PV diodes through non-radiative
heat transfer and radiative heat transfer, respectively. An effective cooling coefficient
of 20 mW - K~ is assumed so that the maximum PV temperature is below 200 °C.
The PV diodes are assumed to have 100% absorption across the spectral range consid-
ered to take into account the fact that most PV diodes have sub-bandgap absorption.

Fig. (a) indicates that the SSTFS is superior to the SSWS for most PV
bandgaps and emitter temperatures considered, except for the area below the red
curve, where Ry, is negative. Although the absolute TPV efficiency is limited by
the operating temperature, the relative increase in efficiency is significant, especially
for high emitter temperatures and large bandgap PV diodes (> 1 eV). For example,
when a c¢-Si PV diode with bandgap of 1.1 eV is used and the emitter is at a tem-
perature of 600 °C, Ry, is as high as 340%. This can be explained by the fact that

SSTFSs are more selective than SSWSs at elevated temperatures, suppressing both
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the sub-bandgap emission loss and parasitic heating of the PV diode. Even when the
PV diode temperature is well-controlled at 300 K, as shown in Fig. (b), Rl can
still reach 200%.

5.5 Thermal Stability

In practical solar thermal and TPV applications, the absorber and the emitter
must withstand high-temperature operation at least several hours a day. Typically,
the highest concentrations of sunlight are available around 6 hours (hr) per day under
clear skies [200]. Therefore, it is important to investigate the thermal stability of
SSTFES at such time scales. In this work, an SSTFS is heated up to 600°C under
ultra-high vacuum (~ 107 Torr) for two thermal cycles. The first cycle (thermal
cycle #1) dwells at the maximum temperature for 1 hr; the second (thermal cycle

#2), for 5 hr more. The temperature profile of thermal cycles is shown in Fig. .
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Fig. 5.8. Full temperature profiles of the two thermal cycles used for
the thermal stability tests. (a) The first cycle (thermal cycle #1) dwells
at 600°C for 1 hr and (b) the second cycle (thermal cycle #2) dwells at
600 °C for 5 hr. Both cycles are performed on the same sample under ultra-
high vacuum (~ 10~7 Torr). The temperature is measured by a type-K
thermocouple attached to the sample by silver paste (597-A, Aremco).
The same sample remains at 600 °C for 6 hr in total.
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After each thermal cycle, a room-temperature emittance spectrum is measured.
Fig. |5.9|compares the emittance before and after each thermal cycle. The interference
fringe amplitude is smaller than the high-temperature results, due to much weaker
absorption in Si and the larger size of the incident beam used in room-temperature
reflectance measurements. A slight degradation in IR reflection occurs after thermal
cycle #1, while the emittance peak stays nearly intact. After thermal cycle #2, the
degradation slows down significantly even with a 5x longer dwell time. The overall

spectral selectivity is maintained after 6 hr total annealing.
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Fig. 5.9. Thermal stability test. Room-temperature emittance spectra of
SSTFES are measured before thermal cycle (green curve), after the first
thermal cycle that dwells at 600 °C for 1 hr (yellow curve) and after the
second thermal cycle that dwells at 600°C for 5 hr (red curve). Slight
elevation in emittance is observed and is mainly caused by the degradation
of the Ag back reflector.

To test the lifetime of the SSTFS, 4 consecutive 6-hr thermal cycles are performed

on a pristine sample. Maximum temperature for each thermal cycle is still 600 °C.
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Room temperature emittance spectra are measured at various spots on the sample

surface after the fourth thermal cycle.

As shown in Fig. [5.10, more significant

degradation is observed. It should be noted as well that the extent of degradation

Emittance

Fig. 5.10. 24 hr Thermal stability test.
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spectra of SSTFS are measured after the 4th 6-hr thermal cycle that
dwells at 600 °C. More significant elevation in emittance is observed and

the degradation varies with location.

varies with the location, indicating non-uniform delamination in the structure. To

further explore the root cause, Scanning Electron Microscope (SEM) images are taken
from the back side of the SSTFS. As shown in Fig. discontinuity in the Ag layer
is apparent. As we zoom in the view (Fig. |5.11|(a) - (d)), traces of Ag dewetting the Si

surface, a well-known effect [195], can be found. Given that most of the degradation

happens at energies below the Si bandgap, and that the thin-film Si is stable even

at 900 °C for 4 hr, we conclude that the dominant mechanism is the degradation of

the Ag back reflector and/or the Si/Ag interface. Therefore, further improvement in
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thermal stability lies in replacing Ag with a refractory back reflector. Nonetheless,
the SSTFS shows great thermal stability at 600 °C over a 6 hr period of time, closely

resembling a real (outdoor) application.

0 20.0kV x120 SE

54800 20.0kV x5.00k SEU tern et 54800 20.0kV x22.0k SE(U)

Fig. 5.11. SEM images of the back side of SSTFS after 24 hr Thermal
stability test. (b) Corresponds to the circled area in (a). (c) same image,
zoomed in further, and (d) corresponds to the circled area in (c¢). Apparent
dewetting effect of Ag from Si surface is observed.

5.6 Conclusions

In summary, we have fabricated a free-standing, high temperature, spectrally-
selective thin-film Si absorber/emitter (SSTFS) composite that exhibits a good bal-
ance of all three figures of merit for new solar thermal or TPV applications. Its stan-
dardized CMOS-compatible fabrication processes make it possible for scalable man-

ufacturing. Its tremendous mechanical flexibility allows it to be adapted to a wide
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range of applications. High-temperature emittance characterization has been per-
formed, and shows an excellent match with the corresponding numerical simulations.
Compared with its wafer-based counterpart, the thin film design strongly suppresses
thermal emittance in the mid-IR, resulting in a stronger spectral selectivity and su-
perior performance across a broad range of operating conditions for solar thermal
and TPV. Furthermore, its thermal stability is demonstrated in multiple long-term
thermal cycles, corresponding to prospective use cases. The presented selective ab-
sorber/emitter design strategy is certainly not restricted to Si, Ag and SizNy. Further
improvements are possible for SSTFS composites. For example, a multi-layer ARC
may improve the solar absorptance. Direct-bandgap semiconductors may replace Si
and effectively suppress free-carrier absorption without sacrificing above-bandgap ab-
sorption. Also, thermal stability / lifetime may be further enhanced by replacing
Ag with refractory metals in future work. Other thin-film fabrication technologies,
such as anisotropic wet etching of a Si boule, epitaxial lift-off, or high-throughput
techniques like solution processing/ roll-to-roll printing, may further reduce the com-
bined material and fabrication costs. Most importantly, this work paves the way for
large-scale development and deployment of efficient, low-cost, and flexible selective
solar thermal absorbers/emitters, which might be particularly beneficial for producing
high-temperature steam in low concentrating selective absorbers, as well as opening

up new possibilities for future solar and thermal technologies.
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RADIATIVE THERMAL MANAGEMENT ON TPV

Chapter 6 and Chapter 7 focus on theoretical studies and experimental demonstra-
tions of applying radiative cooling, as a PV thermal management strategy, to TPV
systems and concentrating PV (CPV) systems.

Specifically, Chapter 6 presents designs of a spectrally-selective radiative cooler
and its theoretical cooling effect on a TPV system.

Chapter 7 presents an experimental demonstration of radiative cooling on a CPV

system. The demonstrated cooling strategy can be extended to a TPV system.
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6. IMPROVING TPV THERMAL MANAGEMENT

THROUGH RADIATIVE COOLINGE]

Radiative cooling has recently garnered a great deal of attention for its potential as
an alternative method for photovoltaic thermal management. Here, we will consider
the limits of radiative cooling for thermal management of electronics broadly, as well
as a specific application to thermal power generation. We show that radiative cooling
power can increase rapidly with temperature, and is particularly beneficial in systems
lacking standard convective cooling. This finding indicates that systems previously
operating at elevated temperatures (e.g., 80°C) can be passively cooled close to am-
bient under appropriate conditions with a reasonable cooling area. To examine these
general principles for a previously unexplored application, we consider the problem
of thermophotovoltaic (TPV) conversion of heat to electricity via thermal radiation
illuminating a photovoltaic diode. Since TPV systems generally operate in vacuum,
convective cooling is sharply limited, but radiative cooling can be implemented with
proper choice of materials and structures. In this work, realistic simulations of sys-
tem performance are performed using the rigorous coupled wave analysis (RCWA)
techniques to capture thermal emitter radiation, PV diode absorption, and radiative
cooling. We subsequently optimize the structural geometry within realistic design
constraints to find the best configurations to minimize operating temperature. It is
found that low-iron soda-lime glass can potentially cool the PV diode by a substan-
tial amount, even to below ambient temperatures. The cooling effect can be further
improved by adding 2D-periodic photonic crystal structures. We find that the im-

provement of efficiency can be as much as an 18% relative increase, relative to the

!Adapted from: Z. Zhou, X. Sun, and P. Bermel, ”cooling for thermophotovoltaic systems,” in
Infrared Remote Sensing and Instrumentation XXIV, vol. 9973. International Society for Optics
and Photonics, 2016.
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non-radiatively cooled baseline, as well as a potentially significant improvement in

PV diode lifetime.

6.1 Introduction

Radiative cooling is a strategy to dissipate excess heat into remote heat sinks (such
as the clear sky) via thermal radiation [68]. The crucial value of this technique is in
enabling additional passive cooling for lower temperature operation of a broad range
of solid-state devices than otherwise possible. The key for this approach to create a
substantial benefit is achieving enhanced radiation over a window where the medium
of exchange is highly transmissive [69]; for the sky, this corresponds to a transparency
window of approximately 8 — 13 um [70]. Early work showed the potential for limited
selectivity in certain materials, notably titanium dioxide [74}/75], amorphous silicon
oxides [78], silicon nitrides [77], and zinc sulfides [74]. While the cooling power of
zinc sulfides is calculated to be quite significant at 52 W/m? [74], it is much smaller
in experiments [76]; it is also difficult to find a natural material that has a perfect
match to the ideal, and thus a higher radiative cooling power.

Fortunately, with the emergence of new classes of selective infrared emitters |11,
20,/79], based on photonic design principles [80], interest in this approach has in-
creased substantially in the last several years. Recent calculations first indicated, for
instance, that 2D nanophotonic structures can provide a cooling power in excess of
100 W/m? at reasonable temperatures [81]. A 1D stack of hafnia and silica, con-
sisting of seven bilayers, was shown to be sufficient to achieve cooling below ambient
temperatures in experiment [82]. In related work, it was shown that this approach
can be applied to solar cells to theoretically achieve cooling as much as 18.3°C below
ambient [83], with an actual 13°C cooling effect being observed in experiment [84].
Similarly, despite their lower self-heating, GaAs nanowire-based photovoltaics could
potentially experience a radiative cooling of 7°C [85]. As a result, it was estimated

that a performance improvement of 2.6% absolute in photovoltaic performance could
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be achieved for photovoltaics in near-earth orbit [86].

Given these significant benefits, it seems appropriate to consider what other sys-
tems could potentially benefit from the radiative cooling approach. Clearly, the most
appealing application space would be devices with considerable self-heating and a sig-
nificant need for energy efficiency. Within this group, concentrating photovoltaics and
thermophotovoltaics stand out as particularly relevant. The former is a clear exten-
sion of prior work on flat-plate photovoltaics, where it may be more valuable because
of elevated operating temperatures, which can reach 140°C under 24 suns when us-
ing traditional passive cooling techniques [132]. Similarly, thermophotovoltaics can
experience radiative heating on the order of hundreds of suns. However, the overall
challenges with temperature regulation are likely to be much more severe for two
key reasons: (1) reduced opportunities for cooling, given that TPV systems typically
operate in vacuum to limit convection from an emitter up to 1500°C [61]; and (2)
greater sensitivity in the open circuit voltage to elevated temperatures, due to the
smaller photovoltaic bandgap [153]. Thus, even water-cooled TPV systems typically
can only go down to temperatures around 65°C [201], and often exceed 200 °C with
only passive cooling components. The resulting drop in efficiency can be tremendous;
potentially, over 50% of the relative performance [88§].

As a result, it is critical to develop new strategies for cooling thermophotovoltaic
systems that are nearly or fully passive, as opposed to active, to preserve overall
system efficiencies and to substantially decrease operating temperatures, improving
TPV system performance. In the best case, this additional cooling power could re-
sult in operation below ambient, potentially enabling record TPV efficiencies. In this
manuscript, we develop a physics-based modeling framework to capture the energy
balance observed in a realistic thermophotovoltaic system. We use this model to
investigate the impact of introducing radiative cooling in the ideal case, and then
consider a small set of simple structures based on real materials, such as low-iron
soda-lime glass, some of which take advantage of nanophotonic design principles. We

then show the benefit of increasing the area of the radiative cooling element, given a
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suitable heat spreader, and then show conditions under which below-ambient cooling

can be achieved. We conclude by showing a clear path to experimental demonstration.

6.2 Calculation Framework

To model the performance of the photovoltaic cells in a TPV setup, we must
calculate the energy balance of the system, by tracking its heat inputs and outputs as
illustrated in Fig. [6.1] which include: (a) Py, the thermally emitted power absorbed
by the photovoltaic (PV) cell; (b) Py, the electrical output from the PV cell to the
external load; (¢) P,gcen, the emission from radiative recombination in the cell; (d)
P44, the thermal radiation from the cooling emitter to the atmosphere; (e) P, and
Pun, the absorbed radiation from the atmosphere and the Sun; and (f) Py, the
convective heat transfer to the ambient air. In the steady state, these inputs and

outputs must balance, which yields this expression:

Pabs (TEmitter) + Patm(TA) + Psun = rad(TA7 TCell) + Prad,cell<TCell)

+ Pout (TCell) + Pconv (TA7 TCell)7

(6.1)

To quantitatively investigate the cooling effects, we have developed an opto-
electro-thermal coupled simulation to investigate the temperature of the photovoltaic
cell under different cooling conditions. Optically, we calculated the absorbed and
emitted power (Pups, Patm, Psun, and P..q) by integrating over the full emissiv-
ity /absorptivity spectrum (from 0.3 pwm to 40 pum). Electrically, the output power
(P,yt) as well as radiative recombination (P,qq,cer) from the PV cell is calculated using
detailed balance, i.e., the ShockleyQueisser limit [202], for the equilibrium cell tem-
perature and input spectrum. Thermally, the convective power is calculated based
on the temperature difference between the cell and the ambient. Finally, we self-
consistently solve for the steady-state temperature of the PV cell by solving Eq. [6.1]
We have made the following assumptions to investigate the cooling gain in the best
case: (i) the selective thermal emitter inside the TPV is at 1500 K, with a unity
emissivity profile between E, and E, + 0.07 eV, where £, = 0.7 ¢V is the bandgap
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of the PV diode and 0.07 eV bandwidth is to maximize the TPV efficiency [11]; (ii)
the TPV efficiency is defined as n = P,/ Paps and photon recycling is not included.
Since all the emission from the emitter are above the bandgap and fully absorbed
by the PV diode, P,ps = Ponit; (iil) the metal layer sandwiched between PV cell and
cooling emitter is assumed to be a perfect thermal conductor, so that the temperature
profile is uniform, and there is no lateral temperature gradient; (iv) the atmospheric
transmittance profile is for New Delhi at Spring ; and (v) the effective convective
coefficient h is only 2.5 W/(K m?), which aids in achieving below-ambient cooling, as

will be explained later.

Cooling
Emitter

= e e e = =
| vacuum 7 Heat spreader
[ =
| Thermal — Aol
i —_—
| emitter —
I (1500 K) —_— Acooler
| e

Pemit = Pabs

rad,cell

Metal

Patm + Psolar

P convection

Fig. 6.1. Schematic of a TPV system with outdoor radiative cooling. The
thermal emitter and the PV diode are enclosed in a vacuum chamber. The
cooling emitter and part of the heat spreader are exposed to ambient with
certain amount of convection. The area of the cooling emitter, Acoorer,
can be larger than that of the PV diode, Acey.
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Two of the key design factors in the cooling system are the choice of cooling
emitter structure and the area ratio between the PV cell and the cooling emitter. We
begin by investigating two ideal emitters with emission windows of 2.5 pm—40 pm
and 8 pm—13 wm, respectively. The first one is chosen to minimize thermal solar
absorption (with a cutoff of 2.5 wm) and ensure that the bandwidth is wide enough to
maximize thermal radiation (radiation above 40 pum is negligible for objects at ~ 300
K). The spectral response of the latter emitter perfectly matches the transparent
atmospheric window between 8 um—13 pm [69], which allows direct radiative energy
exchange with the cosmic background at ~ 3 K. Fig. demonstrates the cooling
effect as a function of the area ratio. At a low area ratio, the cell temperature with
both cooling radiators is significantly lower than without radiative cooling. But the
cooling effect is still unsatisfactory since the efficiency is far below the one with T =
300 K, as shown in Fig. (b). As area ratio increases, Ty drops substantially to
even below ambient and then saturates due to convection. It is worth noting that
radiative cooling allows the PV diode to operate below 300 K, resulting in an improved
TPV efficiency limit. For T > 300 K, the 2.5 um—40 pwm cooling emitter provides
a superior cooling effect than that of the 8 pm—13 pm emitter, because of larger
thermal radiation with broader emission width. However, the opposite result occurs
for Toey < 300 K (i.e. 8 pm—13 wm emitter cools more). This can be explained by
the reduction in thermal emission from the atmosphere (300 K) associated with using
a narrower bandwidth.

In the next section, we will propose realistic designs of the thermal emitters, and
demonstrate the corresponding cooling gain using the aforementioned opto-electro-

thermal coupled simulation framework.

6.3 Radiative Cooling Emitter Design and Results

The cooling emitter structure proposed in this work consists of a 1.5 mm-thick slab

of low-iron soda-lime glass. This material is a good candidate for day-time radiative
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Fig. 6.2. (a) PV diode temperature as a function of the ratio of the
cooler to cell areas for convection with h = 2.5 W/(Km?). Both ideal
selective cooling emitters represent a great improvement, and may achieve
below-ambient cooling for a sufficiently large area ratio. Above ambient
temperatures, the ideal selective cooling emitter with an emission band of
2.5 pm—40 pum (red curve) is most effective, while below ambient, the ideal
selective cooling emitter with an emission band of 8 um—13 pm (magenta
curve) is most effective; (b) TPV conversion efficiency as a function of area
ratios at a given h = 2.5 W/(Km?). For a sufficiently large area ratio,
the radiative cooling improves the optimal TPV conversion efficiency via
below-ambient cooling.

cooling for solar panels due to its high emittance in mid-IR and low absorption in
solar spectrum [120]. The angular dependent emittance spectra are simulated by
S4 [171]. For all the optical simulation results in this work, a Drude model silver back
reflector with 1 wm thickness is added at the back of the soda-lime glass to capture the
reflection from the heat spreader in the proposed structure in Fig. [6.1] The dispersion
of low-iron soda-lime glass is taken from [204]. As shown in Fig. [6.3[(b), the emittance
spectrum of a bare glass has a dip within the atmospheric window (shaded region).
Such non-ideality reduces the radiative cooling power that can transmit through the
atmosphere. It has been proposed that properly designed photonic crystal (PhC)

structures can enhance the thermal emission over a broad spectral range, including
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the atmospheric window, and show better cooling effects [84]. Following the same
idea, a simple 2D low-iron soda-lime PhC is proposed in this work to enhance its
radiative cooling effect for TPV systems. The schematics of the PhC cooling emitter
design is shown in Fig. (a). It consists of a square lattice of air holes with a
lattice constant of @ = 6 wm. Each air hole has a radius of r = 2.5 pm and depth
of d = 10 um. The simulated emittance spectrum of the low-iron soda-lime PhC,
as shown in Fig. 6.3 (b), shows a substantial improvement over the bare soda-lime
glass. Its emittance in the atmospheric window is closer to unity, while the absorption

in solar spectrum is kept below 0.1; this ensures below ambient cooling, even in the

daytime.
1 0_' Soda-lime glass photonic crystal
r=2.5 um d=10 um 1
> - I 8 0.8+
= <
a=6 um S Bare soda-lime glass
tgiass = 1500 pm T 061 1
Low-iron soda-lime glass w 1
0.4 .
Drude model silver back reflector 0.2 -
tsitver = 1 pm
0-0 L] L] LJ LJ J v

5') 10 15 20 25 30 35 40
Wavelength [pm]

(a) (b)

Fig. 6.3. (a) Schematics of the soda-lime PhC cooling emitter structure.
The proposed structure has a 2D square lattice of air holes etched into
the 1.5 mm-thick low-iron soda-lime glass slab. The radius and the depth
of each air hole are 2.5 um and 10 pwm, respectively. The back reflector is
a 1 pm thick Drude model silver layer; (b) Simulated emittance spectrum
of the bare low-iron soda-lime glass (blue curve); the low-iron soda-lime
PhC (red curve). Obviously, the PhC structure improves the emission
within the atmospheric window (shaded region).
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The performance of the proposed cooling emitters is examined by the same cal-
culation framework discussed in the previous section. As shown in Fig. [6.4] (a), the
temperature of the PV diode, T¢y, decreases with the increasing area ratio. As-
suming a convection coefficient h = 2.5 W/(Km?), bare low-iron soda-lime glass
achieves below-ambient cooling when the area ratio Acoeer/Acen = 88.6. With the
thermal emission in atmospheric window enhanced, low-iron soda-lime PhC achieves
below-ambient cooling at a slightly lower area ratio of Aceerer/Acen = 69.5. To see
the effect of radiative cooling, the area ratio dependency of PV diode temperature
without radiative cooling is plotted in Fig. (a) for comparison. The inset in
Fig. [6.4] (a) shows the comparison of cooling effect with area ratios from 80 to 1000.
It is obvious that low-iron soda-lime based cooling emitters reduce the temperature
of the PV diode in a TPV system by a fair amount. Furthermore, the PhC struc-
ture improves the cooling effect and gives lower T.;. Under the conditions where
Acooter | Acen = 88.6 and h = 2.5 W /(K m?), for example, the bare low-iron soda-lime
glass cooling emitter contributes a 12.3 K temperature drop via radiative cooling and
the low-iron soda-lime PhC has a slightly larger cooling of 13.0 K.

In Fig. (b), TPV conversion efficiencies are calculated at different area ra-
tios. Apparently, radiative cooling from low-iron soda-lime based cooling emitters
can greatly improve the conversion efficiency of a TPV system. When the area ratio
is 10, operating temperature drops from 434 K to around 343 K with bare low-iron
soda-lime emitter, a difference of 91 K, resulting in an efficiency rise from 49% to 58%,
an increase of 9% absolute or 18% relative. Additionally, a recently developed model
for photovoltaic reliability suggests that every 20 K drop in operating temperature
can increase the mean time between failures a factor of 2 for certain failure modes,
which would suggest a lifetime improvement up to a factor of 23, although clearly
other failure modes could be much less temperature-dependent [87]. Furthermore,
when below-ambient cooling is achieved with a sufficiently large area ratio, the con-
version efficiency starts to exceed the optimal value calculated for when T, = 300

K. Therefore, radiative cooling with low-iron soda-lime glass based emitters not only
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has the potential of resolving heating effect on PV diodes, but also improves the TPV
performance due to its below-ambient cooling potential. It should be noted as well
that daytime operation of outdoor TPV is assumed in all our calculations. In fact,
TPV systems are capable of 24-hour operation. During the nighttime, a larger radia-
tive cooling effect and conversion efficiency improvement should be expected, since

the radiative cooler no longer risks absorbing solar irradiance.
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Fig. 6.4. (a) PV diode temperature as a function of area ratios at a given
convective coefficient of 2.5 W/(Km?). For a sufficiently large area ratio,
both bare low-iron soda-lime glass and low-iron soda-lime PhC achieve
below-ambient cooling. The PhC structure slightly improves the cooling
effect; (b) TPV conversion efficiency as a function of area ratios at a
given convective coefficient of 2.5 W/(Km?). For a sufficiently large area
ratio, both cases improve the TPV conversion efficiency via below-ambient
cooling. The PhC structure gives slightly higher efficiency compared with
the bare low-iron soda-lime glass.

6.4 Conclusions

In this work, we propose to exploit radiative cooling as the passive cooling mech-

anism to resolve the heating effect on the PV diode of a TPV system. The area ratio
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between the cooling emitter and the PV diode plays an important role. When the area
ratio is sufficiently large, below-ambient cooling can be achieved and TPV conver-
sion efficiency is further improved. Such below-ambient cooling effect can hardly be
achieved through other passive cooling mechanisms. Through simulations of realistic
materials, we show that low-iron soda-lime glass can potentially cool the PV diode
by a substantial amount, even to below ambient temperatures. The cooling effect
can be further improved by adding PhC structures. We find that the improvement
of efficiency can be as much as an 18% relative increase, and the increase in mean
time between failures can be great as 2200%. Our results show that effective radia-
tive cooling in TPV systems may be achieved by using relatively simple materials
and structures. In future work, it would be appropriate to experimentally test these
predictions and characterize the actual effects on temperature and efficiencies under
steady-state operation. Some non-idealities may need to be added to the model to

achieve a close match to experimental results.
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7. RADIATIVE COOLING FOR LOW-BANDGAP
PHOTOVOLTAICS UNDER CONCENTRATED
SUNLIGHTE]

Radiative cooling is a uniquely compact and passive cooling mechanism. Significant
applications can be found in energy generation, particularly concentrating photo-
voltaics (CPV) and thermophotovoltaics (TPV). Both rely on low-bandgap PV cells
that experience significant reductions in performance and lifetime when operating at
elevated temperatures. This issue creates a significant barrier to widespread adoption.
To address this challenge, we demonstrate enhanced radiative cooling for low-bandgap
PV cells under concentrated sunlight for the first time. A composite material stack
is used as the radiative cooler. Enhanced radiative cooling reduces operating tem-
peratures by 10 °C, translating into a relative increase of 5.7% in open-circuit voltage
and an estimated increase of 40% in lifetime at 13 suns. By using a model, we also
estimate that the same setup could achieve an improvement of 34% in open-circuit
voltage for 35 suns, which could reduce levelized costs of energy up to 33% for high-
activation energy failure modes. The radiative cooling enhancement demonstrated
here is a simple and straightforward approach, which can be generalized to other

optoelectronic systems.

7.1 Introduction

Radiative cooling is a passive cooling mechanism that dissipates excessive heat to
the clear sky via thermal radiation [68,72,]205]. The uniqueness of radiative cooling

stems from the existence of atmospheric transmission windows in the infrared [68,69).

! Adapted from: Z. Zhou, Z. Wang, and P. Bermel, "Radiative cooling for low-bandgap photovoltaics
under concentrated sunlight,” Optics Express, vol. 27, no. 8, 2019.
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Radiation of photons that have wavelengths within these windows (e.g., 8—13 wm, can
be transmitted through the atmosphere to exchange heat with the cosmic background
at a temperature of about 3 K [89]. This property creates an effective heat sink that
allows passive cooling [82,|102]. Two types of radiative cooling have been studied
in the literature: above and below ambient cooling. The distinction is that above-
ambient cooling aims to encompass nearly the entire blackbody spectrum for maximal
cooling power at temperatures above ambient. For daytime applications specifically,
the radiative cooler for above-ambient cooling should have near-zero emittance within
the solar spectrum (0.3—2.5 um) and high, broadband emittance otherwise. In below-
ambient cooling, exchange is strictly limited to atmospheric transmission windows,
to prevent reheating by the ambient outside the transmission window. Therefore, the
radiative cooler for below-ambient cooling should have high spectral selectivity with
strong emittance only within the atmospheric windows (particularly 8 — 13 wm), with
near-zero emittance otherwise.

To achieve optimal cooling in both cases, various radiative cooling materials
have been proposed and demonstrated. Early work starting in the 1970s focused
on below-ambient cooling via bulk materials with strong emittance peaks overlap-
ping the atmospheric transmission windows [69,(77,|105,|109]. In the last decade,
improved performance has been achieved using nanophotonic structures to further
suppress out-of-band absorption [81},82,/115]. Recently, radiative coolers suitable for
above-ambient cooling have been studied. Multilayer stacks [131,206], photonic crys-
tals [83,84/116,[207] and metamaterials [208] with high broadband mid-IR thermal
emittance have been proposed, fabricated, and shown to exhibit passive cooling ca-
pabilities in experiments. Daytime radiative cooling may also be further enhanced
by angular selectivity, as calculated theoretically [209] and demonstrated experimen-
tally [210]

The unique, passive nature of radiative cooling makes it an important approach
to meet increasing demands for thermal management when energy efficiency is at

a premium. For instance, using radiative cooling for more energy efficient heating,
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ventilation, and air conditioning (HVAC) has recently been demonstrated in several
studies [117,211-213]. The theoretical limit of energy conversion also increases with
larger temperature gradients, based on Carnots law. As a result, novel energy [214]
and water harvesting strategies [215,216] based on below-ambient radiative cooling
have also been proposed.

Another related application is the thermal management of photovoltaics (PV).
First, the overall PV diode efficiency generally drops substantially with operating
temperature [217]. Another challenge imposed by the elevated temperature is de-
creased lifetime, since many failure modes are strongly related to thermal-activated
degradation [87,218]. Above-ambient radiative cooling, with higher cooling power
density than below-ambient cooling, is more suitable for supplementing the cooling
capability of PV systems. Recent theoretical and experimental studies have applied
radiative cooling to flat-plate PV systems [83]84,|120}207]. For instance, a compre-
hensive cooling method combining radiative cooling with sub-bandgap filtering has
been proposed [87,(131]. To date, the greatest temperature reduction achieved experi-
mentally without vacuum is about 13°C [84]. Although an open-circuit voltage (Vo)
improvement of a PV cell was not demonstrated in that experiment, if the silicon (Si)
absorber were replaced by a state-of-the-art Si solar cell, and its Vo decreased lin-
early with temperature at a rate of —2.2 mV/°C [217], the reduction in temperature
would translate to a relative increase in open-circuit voltage (Vo) of around 4.7%.
For PV applications with high incident powers, such as concentrating photovoltaics
(CPV) and thermophotovoltaics (TPV), cooling is far more critical due to the higher
heat loads and the typical use of low-bandgap PV diodes. A higher heat load will
result in higher operating temperatures when cooling is insufficient, and the conse-
quential relative decrease in Voo will usually be greater for lower bandgap PV diodes.
Furthermore, the PV reliability challenge is much greater in CPV and TPV systems,
because of the higher operating temperatures [87]. Therefore, radiative cooling may
yield more benefits in these cases. A configuration of CPV systems with Fresnel lens

concentrators is shown in Fig. [7.I] The radiative cooler may surround the solar cell
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Fig. 7.1. A concentrating photovoltaic (CPV) system with a Fresnel lens
concentrator and an enclosure. The radiative cooler can be added to the
heat spreader underneath the solar cell.

at the center. The heat spreader below conducts heat from the solar cell to the cooler.
Such configuration approximately maintains the footprint of the original structure,
as long as the radiative cooler is smaller than the concentrator.

Significant cooling has been predicted by theoretical studies of radiative cooling
on CPV [87,[131}[133] and TPV systems [116]. However, few experimental demon-
strations have been reported. In this work, we apply enhanced radiative cooling to a
low-bandgap GaSb PV diode in a CPV configuration. The enhanced radiative cool-
ing is achieved by a cooling assembly that significantly increases the radiative cooling
capability of an off-the-shelf PV diode. The temperature reduction due to radiative
cooling and its instantaneous enhancement in PV performance are experimentally
demonstrated in a field test. Theoretical models are developed to compare with ex-

perimental results for a better understanding of its performance. In the following
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sections, the methodologies of the experiment and modeling are introduced first, fol-
lowed by the discussion of results from the outdoor field test. Finally, we conclude by

discussing the key findings in this work and potential directions for future research.

7.2 Methodology
7.2.1 Outdoor Field Test Setup

The demonstration of radiative cooling on low-bandgap PV under high input
power resembles the structure shown in Fig. [7.1] Next, we present our experimental

design for outdoor tests.

1.6 1.0

AM1.5D e

‘e e (Expt)| i
§1_2_ c | 0.8
§ | 106"
< 0.8 ,.: T
N VN 1047,
Lo . T w
s %4 Lo
<E }

0.0 A —10.0

10
Wavelength [um]

Fig. 7.2. Emittance spectrum of soda-lime glass radiative cooler (e.).
The simulation (dashed yellow curve) matches well with the measurement
(solid green curve). The spectrum of AM1.5D (red curve) and atmospheric
transmittance (7,) of mid-latitude summer sky (blue shaded region) are
plotted together. The low absorption in solar spectrum and strong emis-
sion in atmospheric window makes the cooler suitable for daytime above-
ambient radiative cooling.
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The radiative cooler used in this work is a composite material stack that consists
of soda-lime glass, an inexpensive material, and aluminum (Al). It combines both the
high reflectivity of Al over a broad spectral range and the spectral selectivity of soda-
lime glass. Multilayer structures [133] and photonic crystal structures [116] based on
soda-lime glass have been proposed as radiative coolers in prior works. For scala-
bility, the radiative cooler used in this work is a 550 pum thick double-side polished
soda-lime glass wafer (1631, University Wafer Inc.) with 300 nm Al evaporated on its
backside. As shown in Fig. [7.2] the measured emittance of soda-lime glass radiative
cooler (solid green curve) exhibits desirable spectral selectivity for daytime radiative
cooling. Its low emittance in solar spectrum (red curve) suppresses the absorption
of incoming solar irradiance. Beyond the solar spectrum, high emittance covers a
broad spectral range including the atmospheric window (blue shaded region), allow-
ing strong thermal radiation that is favorable to above-ambient cooling. Furthermore,
the measured performance of soda-lime glass radiative cooler can be reproduced via
optical simulations using S4 (dashed yellow curve) [171]. The optical constants used
to model the cooler are extracted from references [204}219].

In addition to the aforementioned spectral selectivity, a good radiative cooler for
daytime above-ambient cooling should have strong mid-IR emittance over the entire
hemisphere. Therefore, the specular reflectance of soda-lime glass radiative cooler is
measured using an FTIR (Nexus 670, Thermo Fisher Scientific) at various incident
angles (30°, 40°, 50°, 60°). The emittance is calculated by (lreflectance) following
Kirchhoffs Law. As shown in Fig. [7.3| (b), the measured emittance shows good uni-
formity over the measured angles. It also matches well with the simulation, shown
in Fig. [7.3| (a), with only minor differences. A close match between experiment and
simulation, as indicated in Figs. and [7.3] allows us to use simulated cooler emit-
tance in the model discussed in the next section, as it covers a broader spectral range
than the measured emittance.

Our experimental setup consists of three polystyrene foam chambers. As shown

in Fig. (a), each chamber is sealed with a piece of 15 pum thick low-density
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Fig. 7.3. Comparison between simulated and the measured angular de-
pendent emittance of the soda-lime glass radiative cooler. (a) Simulated
emittance of the cooler as a function of wavelength and angle. (b) Mea-
sured emittance of the cooler as a function of wavelength and angle. The
simulation matches closely with the experiment.

polyethylene (LDPE) film (ET311115, Goodfellow Co.). It limits convection and
provides high transmission over a broad spectral range, as shown in Fig. keep-
ing the radiative heat transfer almost unaffected. The enclosure with polystyrene
foam side walls strongly suppresses conduction and convection. To concentrate the
incoming sunlight and maintain radiative cooling in mid-IR, a special IR-transparent
Fresnel lens (IR Fresnel Lens, Edmund Optics) is mounted above each chamber. Its
transmittance spectrum is shown in Fig. Its position is adjustable, to tune the
focused sunlight beam spot. Inside the chamber sits the cooling assembly [Fig. |7.4
(b)]. It consists of a GaSb PV diode, a copper heat spreader and a radiative cooler.
Electrical probes are connected to the diode to measure Vpe in real time. A type-K
thermocouple (TC, SCASS-020U-12-SHX, Omega) is connected to the rear side of
the copper heat spreader to monitor the assembly temperature 7.,,. Both Ve and
Teupt are collected by a data acquisition instrument (DI-245, DATAQ Instruments) at
a sampling rate of 0.25 Hz at resolutions of 0.12 mV and 0.096 °C, respectively.

Fig. (c) is a photo of the cooling assembly in Fig. (b). The GaSb PV
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Fig. 7.4. Experimental setup to test radiative cooling in a CPV system.
(a) A schematic of the testing chamber. Temperature and open-circuit
voltage are measured in real time. (b) An expanded schematic of the
cooling assembly consisting of PV diode (GaSb) and the cooler (soda-
lime glass). A piece of copper serves as the heat spreader. (c) A picture
of the structure in (b). (d) Picture of the entire setup during an outdoor
test. Chamber 1 (with radiative cooler) and Chamber 2 (without radiative
cooler) are almost identical while chamber 3 measures the concentrated
solar power. The setup is capable of manual solar tracking.

diode is bonded to an aluminum nitride (AIN) substrate. Four soda-lime glass ra-
diative coolers surround the PV diode. Both the PV diode and the radiative coolers
are pasted (Pyro-Duct 597-A, Aremco) to the copper heat spreader below to conduct
heat from the PV diode to the cooler.

Given the finite thickness of the copper heat spreader, the TC is slightly displaced
from the exact position of the PV diode. Therefore, the difference between the actual
temperature of PV T}, and T¢,, should be quantified. Furthermore, the lateral tem-

perature uniformity should be verified as well due to the large surface area of the heat
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Fig. 7.5. Transmittance spectrum of the low-density polyethylene film.
For 0.3 — 2.5 um, the transmittance is measured on a spectrophotometer
with an integrating sphere (Lambda 950). For 2.5— 15 um (yellow shaded
region), the transmittance is measured on an FTIR (Nexus 670). In the
model, the transmittance beyond 15 pum is extrapolated as 0.899.

spreader. The temperature uniformity (lateral and vertical) of the cooling assembly is
determined by first applying a negative DC bias of 1.9 V to the PV diode to raise its
temperature. The current is measured to be 1.2 A. Then, two type-K TCs are used
to measure the temperature of the PV diode (Front probe) and the rear side of the
copper heat spreader (Rear probe), respectively. As shown in Fig. (a) and its in-
set, the rear side temperature is only 1.5°C below the PV diode. The temperature of
the cooling assembly approaches steady state about 1 hr after the heating starts, and
the temperature difference stabilizes 5 minutes after the heating starts. As for lateral
temperature uniformity: thermal images, as shown in Fig. [7.7| (b), are taken using an

IR camera (Therm-App TH) about an hour after applying the bias. The emissivity
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Fig. 7.6. Transmittance spectrum of the IR Fresnel lens, extending up
to 25.5 um is provided by the vendor (Edmund Optics); transmittance
beyond is extrapolated to be 0.825.

€ is set as 0.72 and the room temperature is set as 20°C. A uniform temperature
distribution is observed across all four pieces of soda-lime glass radiative coolers. The
inset of Fig. [7.7 (b) shows a photograph of the cooling assembly. The temperature
scale is uncorrected for emissivity; within each material region, it is evident that the
temperature is quite uniform. Furthermore, we have shown that good temperature
uniformity (within 4 °C) can be achieved at much higher heat loads (up to 30 W /cm?,
equivalent to 300 suns) [133].

Two chambers, Chamber 1 and 2 in Fig. [7.4] (d), are almost identical. Chamber
1 has soda-lime glass radiative cooler on the cooling assembly while Chamber 2, as a
reference, has none. The copper heat spreader in the cooling assembly of Chamber
2 is coated with 300 nm Al instead. The emittance of the Al coated copper heat

spreader, as shown in Fig. , is comparable to the soda-lime glass radiative cooler
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Fig. 7.7. Temperature uniformity of the cooling assembly. (a) The tem-
perature difference between the rear probe (blue line) at the backside of
the cooling assembly and the front probe at the GaSb PV diode (red line).
Only a slight temperature difference of 1.5°C is observed. (b) The ther-
mal image of the cooling assembly when a bias is applied to the GaSb PV
diode. The temperature scale does not account for differences in emissivity
between objects.

throughout the solar spectrum. However, the high DC conductivity of Al ensures low
mid-IR emittance. Chamber 3 is designated for concentrated solar power measure-
ments. It resembles the other two in most of its optical components, ensuring the
measured solar power is almost identical to that incident on the solar cells in Chamber
1 and 2. A thermal power sensor (S314C, Thorlabs) is inserted. To maintain suffi-
cient convective cooling of the sensor, Chamber 3 is an open compartment. Since it
only measures the solar power, it will not be discussed further in subsequent sections.
To ensure reliable readings from the thermal power sensor and the data acquisition
tool, the setup warms up outside for 30 minutes before tests, to help minimize mea-
surement errors. All three chambers are mounted on a platform, where height, yaw
and pitch are manually adjusted to track the sun. Chamber 3 is designate for con-
centrated solar power measurements. It resembles the other two in aspects of optical
components. However, the cooling assembly is replaced by a thermal power sensor

(S314C, Thorlabs). To keep sufficient convective cooling to the sensor, Chamber 3 is
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Fig. 7.8. Emittance spectrum of the copper heat spreader evaporated with
Al. The emittance is derived from diffuse + specular reflectance measured
by a spectrophotometer with an integrating sphere (Lambda 950). In the
model, the emittance beyond 2.5 um is extrapolated as 0.05.

an open compartment. All three chambers are mounted on a platform. Its height,

yaw and pitch can be manually adjusted to track the direct sunlight.

7.2.2 Theoretical Models

In conjunction with the experimental setup described above, theoretical models
are developed to better understand the outdoor field test results. Two separate models
are developed to calculate the steady-state temperature of the cooling assembly and
the real-time V¢ of the PV diode, respectively.

The first one is to calculate the steady-state temperature of the cooling assembly

T. by solving a power balance equation [82]:

P5+Pa:Pr+Pca (71)
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where P; is the total solar power absorbed by the cooling assembly; P, is the atmo-
spheric thermal emission absorbed by the assembly; P. is the outgoing radiative power
from the assembly at steady-state temperature T.; and P, accounts for the outgoing
non-radiative heat transfer. This model can be applied to capture the steady-state
temperature with and without radiative cooling either in our experimental setup, or
a commercially-relevant high-concentration photovoltaic (CPV) setup.

The total absorbed solar power P, can be calculated as:
Ps:Pcs—f_Pig_{'Pésa (72)

where P, is the absorbed concentrated solar power, Pj is the diffuse sunlight ab-
sorbed by the cooler through gaps uncovered by the lens, and P!, is the diffuse sunlight
absorbed by the cooler through the lens.

P., can be calculated as:

PCS = CAp’U/d)\ep’u()\)IAMl.5D<)\>Tpe()\)7—l()\)7 (73)

where C' is the solar concentration factor determined by the concentrated solar power
Py, measured by Chamber 3 as C = Pyy/ [ dANApIanisp(N)7pe(A)7i(N), Apy is the
area of the GaSb PV diode; €,,()) is the emittance of GaSb PV diodes at wavelength
A (see Fig. [7.9); Lanisp(A) is the AM1.5D solar irradiance, and 7,.(A) and 7,(\) are
the transmittance of low-density polyethylene film (see Fig. [7.5)) and IR Fresnel lens

(see Fig. [7.6)), respectively.
The absorbed diffuse sunlight can be calculated as:

PY — AF, / ANe. (N DHI(\) e (M), (7.4)

Py = AR / NN DHIN 70 (M)A, (7.5)

where A, is the area of the cooler, F;, and F; are the view factor from the cooling

assembly to the uncovered gap and the IR Fresnel lens, respectively. DHI()) is
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Fig. 7.9. Emittance spectrum of the GaSb PV diode. For 0.3 — 2.5 um
(blue shaded region), the emittance is measured by a spectrophotometer
with an integrating sphere (Lambda 950). For 2.5 — 15 um (yellow shaded
region), the emittance is measured on an FTIR (Nexus 670) at 30° angle

of incidence. In the model, the emittance beyond 15 um is extrapolated
as 0.68.

the diffuse horizontal solar irradiance calculated using PVLIB [220], and e, (\) =

2/, /2 dfe (A, 0)sin(0) cos(f) is the averaged emittance of the cooler over incident
angles 6 from 0° to 90°. For the cooling assembly with no radiative cooler, the
angular-averaged emittance of the evaporated Al is the same as the experimentally
characterized emittance (see Fig. [7.8)).

The absorbed atmospheric emission P, can be calculated as:
P, = F(PP + P9 4 Py, (7.6)

where F'is the view factor from the radiative cooling platform to the open sky, PP¥ is

the atmospheric emission absorbed by the PV diode, P9 is the atmospheric emission
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absorbed by the cooler through gaps uncovered by the lens, and P%! is the atmospheric
emission absorbed by the cooler through the lens. The quantities in Eq. can be

calculated as:

P = A, / AAepr.a N I\, To)Tpe(N)T1(N), (7.7)

PS9 = A.F, / déea M) Ipa(N, Ty)Tpe(N), (7.8)

Pl — AR, / dNeeaOV Iap(0 T (MmN, (7.9)

where € ,(\) fﬂ/z dfe;(\, 0)ea (N, 0)sin(0) cos(0) (i = c or pv); €,(N\,0) = 1 —

To(N)/ 9 is the angular dependent emittance spectrum of the atmosphere with
normal transmittance 7,(\) [69,[221]. Here, we use a MODTRAN mid-latitude sum-
mer sky model is used to represent the transmittance spectrum of the atmosphere at
the time of the outdoor field test. Ipp(A,T,) is the blackbody radiation spectrum at
ambient temperature T,.

The radiative cooling power P, can be calculated as:
P, = F(PP" + P9 4 P, (7.10)

where PPV is the radiative power emitted from the PV diode, P99 is the radiative

power emitted from the cooler through gaps uncovered by the lens, and P%! is the

radiative power emitted from the cooler through the lens. The quantities in Eq.

can be calculated as:

PP = A, / AN 55\, T) e (N7 (N), (7.11)

P9 = A.F, / dre( NI\, To)The (M), (7.12)
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Pl — AR, / NN (0 T ()TN, (7.13)

where T, is the temperature of the cooling assembly. The model assumes that the
angular-averaged emittance of the PV diode €,,()) is the same as the experimentally
characterized emittance (see Fig. [7.9).

The non-radiative cooling power P, is calculated as:
Pc - 2Acsheff(Tc - Ta)a (714)

where hegy is the effective convection coefficient. The assembly surface area is A,
and the factor of 2 accounts for both top and bottom surfaces.

The second model calculates the real-time Voo of the PV diode at measured
temperatures 7, using diode equation. Parameters of the GaSb diode, including
dark current density, ideality factor and series/shunt resistance, are determined by
fitting its dark I-V measured near room-temperature 7, (25.2 + 0.3°C).

As shown in Fig. 11(b). Using the fitted parameters summarized in the caption

of Fig. [7.10} dark current at elevated temperature Io(7},) is first calculated as [217]:

Io(Ty) = To(T,) (T)p [% (Ti . )] | (7.15)

pv

where T}, is the temperature of PV diode, ¢ is the elementary charge, k is the Boltz-
mann constant, and Eg is the bandgap energy in [eV] of the PV diode at 0 K. An
uncertainty of 01.5 °C above the measured T, is accounted for in the calculation. To
remove the noise in temperature measurements, 7, is smoothed using exponentially
weighted moving-average with an exponential weighting factor a = 0.05.

After Iy(T,,) is calculated, the Voo can be calculated by solving the following

equation:

% v,
Isc = Io(Tpy) [exp (gk;C> - 1} + 2 (7.16)
pv
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Fig. 7.10. Dark I — V characteristics of the GaSb PV diode. The dark
I—V measurement is performed on a temperature-controlled stage (25.2+
0.3°C) with 4 probes. The extracted PV parameters are: Iy = 9.4798 X
107 A n =1.63134 4+ 0.005 R, = 0.818864 Q Ry, = 26.52 Q

where n is the ideality factor and R, is the shunt resistance. The short-circuit
current Ig¢ is calculated by multiplying the short-circuit current measured under 1

sun (AM1.5G) with the concentration factor C. Here, C' is calculated as:

_ fd/\CI)AMl5D()\)EQE()\)TPE<)\)TI(/\)
[ dAP ari156(N)EQE(N) ’

C’ (7.17)

where @ is the photon flux of the solar spectrum and EFQF is the external quantum
efficiency spectrum of GaSb provided by the vendor (JX Crystal). The uncertainties
in PV parameters and temperature measurements are also included in the Vo mod-

eling throughout this work.
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7.3 Results and Discussions

The outdoor field test is performed on July 13th, 2018 at West Lafayette, IN.
Throughout the outdoor test, the geometrical solar concentration C' is about 37, ex-
cluding optical losses at the Fresnel lens and the LDPE (13 suns with losses included,
1 sun = 900 W/m? for AM1.5D). The real-time temperature T,,; and open-circuit
voltage Voo are plotted in Fig. (a) and (b), respectively. As shown in
Fig. [7.11] (a), temperature of the cooling assembly in Chamber 1 (with soda-lime
glass radiative cooler, solid green curve) is always lower than the cooling assembly
in Chamber 2 (without soda-lime glass radiative cooler, solid red curve). The differ-
ence in temperature after reaching steady state is 10°C. Given that the two testing
chambers are almost identical, the reduction in temperature is mainly due to the ra-
diative cooling from the soda-lime glass radiative cooler. The theoretical steady state
temperature of the cooling assembly T, is calculated using the model introduced in
Section 7.2.2.

The model results, indicated by the dashed lines in Fig. [7.11] (a), show a good
match with experiment. Important parameters used in the model are listed in Ta-
ble [7.1] It should be noted that the effective convection coefficient hes; for the two
chambers are not supposed to be the same. The temperature of the cooling assembly
in Chamber 2 is higher, leading to stronger convection [67]. An estimate following
reference [67] shows that the h.s; of the Chamber 2 should be roughly 20% higher
than that of Chamber 1. In our model, important quantities such as the net radiative
cooling power density I, ,.; can be estimated by:

I F[(Pp9 + PP — (Pg9 + PYY] — (P, + Py,)
rnet — )
b Ac

(7.18)

For Chamber 1, I, ,; from soda-lime glass cooler is 63 W/ m?. Given the optical losses
at the Fresnel lens and the LDPE, the estimated I, ,¢; is comparable to reported values

in prior works [206,208]. More importantly, about 43% of the total net cooling power,
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P, + I, netAe, is contributed by radiative cooling. On the other hand, I, ,. without
radiative cooler (Chamber 2) is close to zero, as the absorbed diffuse horizontal solar
irradiance cancels out the radiated power. Though the cooling assembly in Chamber
1is 10°C lower than the one in Chamber 2, its net radiative cooling power is much
greater. Furthermore, radiative cooling in Chamber 1 plays a role as important as

non-radiative cooling.
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Fig. 7.11. Outdoor testing results on July 13th, 2018. (a) Real-time tem-
perature reading with radiative cooling (green curve) and without radia-
tive cooling (red curve). After about 1 hr of operation, radiative cooling
induces a temperature reduction about 10°C compared with the control
sample. Steady state temperatures calculated using a steady state model
are indicated by the dashed line in corresponding color. (b) Real-time
Voc measurement of the GaSb PV with radiative cooling (green curve)
and without radiative cooling (red curve). The temperature reduction
due to radiative cooling translates to an increase in Vp¢ of about 20 mV
(5.7% relative increase). Theoretical predictions including experimental
uncertainties (shaded regions) are plotted for comparison. A reasonable
match within the error bars is achieved.

Modifying our experimentally-validated model to account for the key differences
between our experimental system and a commercially-relevant high-concentration
photovoltaic setup (specifically, increased non-radiative convection, higher concen-
tration factors, and the need for a heat spreader), indicate that potential reduction of

temperature in a commercial HCPV system with radiative cooling at 300 suns may
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reach as high as 25°C.

Real-time Voo measurements are shown in Fig. (b). Because of its lower
operating temperature, the Voo of the GaSb PV diode in Chamber 1 (with radiative
cooler, solid green curve) is higher than the one in Chamber 2 (without radiative
cooler, solid red curve). The absolute increase in V¢ is as large as 20 mV, which is
equivalently a 5.7% relative increase. The theoretical Voo at measured temperatures
is calculated using the Ve model introduced in Section 7.2.2. The results are plotted
in Fig. (b) for comparison. Uncertainties due to variations in temperature (7},)
measurements and PV diode characterizations are indicated as the shaded regions.
Overall, a reasonable match between experiment and theory is achieved, especially
during the second half of the measurement. The discrepancy during the first half of
the measurement may have resulted from the larger temperature gradient between

the GaSb PV diode and the TC probe before reaching the steady state.

Table 7.1.
Comparison of theoretical steady-state temperatures and experimental
results
Chamber /! Sky model e e
W/(m?K) [C] [C]
1 1.8 Mid-latitude summer 50 51
2 2.15 Mid-latitude summer 61 61

A separate outdoor field test has been performed on July 18th 2018. Fig.
shows the field test results. Similar to July 13th 2018 outdoor field test, a temperature
reduction of 10 °C through radiative cooling is achieved. Such cooling effect translates
to an increase of 20 mV in open-circuit voltage Vpc. This proves that the results are

reproducible even when the environmental conditions are slightly different.
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Fig. 7.12. Outdoor testing results on July 18th, 2018. (a) Real-time
temperature reading with radiative cooling (green curve) and without ra-
diative cooling (red curve). After about 1 hr of operation, temperature
reduction similar to the July 13th results (about 10 °C) is achieved. Steady
state temperatures calculated using a steady state model are indicated by
the dashed line in corresponding color. (b) Real-time Voo measurement
of the GaSb PV with radiative cooling (green curve) and without radia-
tive cooling (red curve). An increase in Voo similar to the July 13th
results (about 20 mV) is observed. Theoretical predictions including ex-
perimental uncertainties (shaded regions) are plotted for comparison. A
reasonable match within the error bars is achieved.

The steady state temperature modeling is summarized in Table [7.2] It should
be noted that the wind speed on July 18th is 60% higher than that on July 13th,
which increases the convection coefficient by about 10%. Therefore, h.ss in Table
is slightly higher than the value in (within 10% difference). The modeled
temperature is plotted as dashed lines in Fig. [7.12| (a). The modeling results of
Voc, with uncertainties considered (same as the July 13th calculation), is shown
in Fig. [7.12] (b) as shaded regions. A reasonable match between experiments and
simulations is achieved. It should be noted that the temperature is noisier on July
18th due to the stronger wind. Such noise in temperature affects the calculation on
Voc. The measured Voo is less noisy, indicating that the fluctuation in temperature

measurements may be more affected by the environment.
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Table 7.2.
Comparison of theoretical steady-state temperatures and experimental
results
Chamber ey Sky model Lo Lean
W/(m*K) [C] [°C]
1 1.9 Mid-latitude summer 50 50
2 2.2 Mid-latitude summer 61 61

In addition to instantaneous effects such as the increase in Vo, long term ben-
efits from radiative cooling including prolonged PV lifetime are equally if not more
important. It has been shown that for certain temperature-induced failure modes
(activation energy around 0.31 eV), every 20 °C reduction in operating temperature
would increase PV lifetime by a factor of 2 [222]. Along the same lines, the 10°C
reduction in operating temperature demonstrated in this work could translate to a
40% increase in PV lifetime. For higher activation energy (0.89 eV) failure modes,
the increase in PV lifetime could even approach 160% [87].

Yet greater improvements are expected under higher solar concentrations, even
with the same system. For example, when C = 100 (35 suns after optical losses),
our experimental setup could yield a temperature difference of 27 °C, translating to
an increase of 77 mV in Voo (34% relative). For certain high activation energy fail-
ure modes, the net effect can be a potential reduction in levelized cost of electricity
(LCOE) of 33% for high-efficiency Si HIT cells [223]. Therefore, it is worthwhile to
further explore radiative cooling as an important approach for higher performance,
enhanced reliability and lower LCOE.

It is important to note that the demonstration in this work is not only limited to
GaSb PV diode or one particular CPV configuration. It can be extended to many

other outdoor optoelectronic systems, such as thermophotovoltaics, where thermal
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management is critical for high-performance and good reliability. Possible config-
urations are depicted in Fig. [7.I3] A CPV system with reflective concentrators,
similar to the previously discussed CPV system in Fig. [7.1]is shown in Fig. [7.13
(a). It may share a similar radiative cooling configuration with transparent heat

spreader |1331224] and the cooler on the opposite side of the solar cell.

CPV TPV
(a) (b)
Sunlight
Thermal
emission
Vacuum mmm
S % %
Input Heat
Concentrator I Solar cell W Heat spreader
Radiative cooler Il Thermal emitter Transparent heat spreader

Fig. 7.13. Applications where radiative cooling can supplement the stan-
dard cooling capabilities of photovoltaics for improved performance and
reliability. (a) A CPV with a reflective concentrator. The radiative cooler
can be added to a heat spreader made of transparent conductive dielec-
tric. (b) A thermophotovoltaic (TPV) system, where the radiative cooler
is placed above a heat spreader, inside a vacuum chamber.

TPV systems operate differently, converting input heat into electricity via thermal
radiation, which illuminates a low-bandgap photovoltaic cell [14,23]. As shown in Fig.
7.13| (b), the thermal emission from the thermal emitter is received by the PV cell.
The total power received can be much greater than 1 sun. Furthermore, the vacuum

enclosure that prevents non-radiative heat transfer between the emitter and the solar



140

cell also suppresses the cooling of the solar cell. In such cases, radiative cooling can
be implemented by facing the radiative cooler towards the mid-IR transparent side

of the chamber (indicated by the dashed line).

7.4 Conclusions

In this work, enhanced radiative cooling of low-bandgap PV diodes in a CPV
system is demonstrated in outdoor field tests. Using a composite radiative cooler
consisting of soda-lime glass and Al back reflector, a temperature reduction of 10°C
is achieved. The lowered operating temperature translates to a 20 mV absolute
increase, or 5.7% relative increase, in Voo from the PV diode. This is the first ex-
perimental demonstration of significantly enhanced Vi under concentrated sunlight
via enhanced radiative cooling. Furthermore, a substantial improvement in the PV
reliability is estimated as a result of the reduction in operating temperature. Both
the instantaneous and long-term performance is enhanced. The demonstration shows
that radiative cooling can be an important thermal management strategy for out-
door optoelectronic systems, especially those with high heat loads and temperature
sensitive performance. Implementing radiative cooling is straightforward in many
cases. Such simplicity allows for potential use of a range of different radiative cooling
materials. Furthermore, the prototype demonstrated in this work may pave the way
for future use of radiative cooling in a wide range of electronic systems used in out-
door and/or space environments not only CPV and TPV systems, but also power

electronics, satellites, and more.
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8. CONCLUSION AND FUTURE WORK

In this thesis, selective thermal emitters and solar absorbers have been studied first.
Photonic designs have been optimized to tailor thermal emission spectrum and en-
hance TPV /STPV efficiencies. To achieve a good balance among product scalabil-
ity, mechanical versatility and high-temperature performance, a thin-film selective
absorber /emitter has been fabricated and characterized using a customized direct
thermal emittance measurement setup. On the system level, thermal management of
the PV diode has been studied. The effect of radiative cooling has been investigated
via numerical simulations, as well as outdoor experimental demonstrations. These

contributions are summarized below.

e Chapter 2 addresses the challenge of suppressing sub-bandgap photon emis-
sions from the thermal emitter. An integrated photonic crystal emitter (IPSE),
consisting of a 2D W PhC and a 1D chirped multilayer filter, is proposed.
Through numerical simulations, it is shown that the TPV efficiency can be as
high as 41.8% at an emitter temperature of 1573 K when paired with a GaSb
PV diode. In comparison, the efficiency for a bare 2D W PhC is only 35.2%.
The physics of such performance improvement is discussed from the perspective
of photon recycling. It is found that the integration of 1D chirped filter induces

non-perturbative photon recycling, maximizing the recycled power.

e Chapter 3 addresses one main challenge of selective solar absorbers, which is
achieving high thermal transfer efficiency at high temperature while solar con-
centration is low. This imposes the requirement of very strong spectral selectiv-
ity. To achieve that, an integrated photonic crystal selective absorber (IPSA)
is proposed. It is a combination of a 2D W PhC and a 1D chirped rugate fil-
ter. The thermal transfer efficiency at 1500 K and 100 suns is estimated to be
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65%, only 6.9% below the ideal absorber. Because IPSA and IPSE (discussed in
Chapter 2) both have W as substrates, they can be combined into a monolithic
absorber /emitter assembly. For an STPV system that operates at 1450 K and
100 suns, the assembly provides an STPV efficiency of 24.3%.

Chapter 4 introduces an experimental setup built for high-temperature direct
thermal emittance measurement. The setup is a critical characterization tool
for selective thermal emitters and solar absorbers. It consists of a high-vacuum
chamber where sample-under-test is heated to high temperature and an FTIR
where thermal emission signal is collected. The optical path is carefully designed
to ensure sufficient signal and low noise. A calibration procedure has been
developed and proved to be consistent and robust. The method was applied
to tilted-Ag/TiN nanopillar-based metamaterials and validated in experiment

from 2 — 10 pm.

Chapter 5 addresses the challenge of making selective thermal emitters and solar
absorbers that are scalable for manufacturing, mechanically flexible to cover
various surfaces and high-performance at high operating temperatures. A thin-
film Si-based selective absorber/emitter is fabricated and characterized at high
temperature, using the setup introduced in Chapter 4. The fabrication process
only involves standard wet etching and PVD, making it possible for large scale
production. Furthermore, the absence of rigid substrate gives rise to strong
mechanical flexibility. High-temperature characterization shows good spectral
selectivity at 595 °C, resulting in a thermal transfer efficiency of 61% under 50
suns. Also, thermal stability at operating temperature is experimentally proved.
Therefore, the thin-film Si-based absorber/emitter is a good balance of three

aforementioned figures of merit, and is a strong candidate for real applications.

Chapter 6 addresses the challenge of PV diode thermal management in a TPV
system via radiative cooling. A cooling structure is proposed to enhance radia-

tive sky cooling. The proposed radiative cooler is a 2D PhC made of low-iron
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soda-lime glass. Through an opto-electro-thermal coupled simulation frame-
work, it is found that radiative cooling can lower the PV temperature by as
much as 91 K. Such cooling effect translates to a relative increase of 18% in
TPV efficiency. Furthermore, it enhances the PV reliability by increasing its
lifetime by 2200%.

e Chapter 7 demonstrates the cooling effect of enhanced radiative sky cooling on
a CPV system. An outdoor testing setup is built. Soda-lime glass is used as
the radiative cooler. For GaSb PV diodes under an effective solar concentration
of 13 suns, a 10°C temperature drop induced by radiative cooling is observed.
Such cooling effect causes an unprecedented relative increase of 5.7% in open-
circuit voltage. Furthermore, when the temperature induced degradation has
an activation energy of 0.31 eV, the 10°C temperature drop translates to a 40%
increase in PV lifetime. Though the demonstration is on a CPV system, the
similarity between the tested system and a TPV system makes it possible to

extend the cooling strategy to an actual TPV system.

To summarize, the thesis studies selective thermal emitters and solar absorbers for
TPV and STPV applications, as well as radiative cooling as a novel strategy of ther-
mal management. The works explore photonic designs for optimized performance
(TPV/STPV conversion efficiency and cooling effect) via numerical simulations on
both component and system levels. They also experimentally demonstrate viable
solutions that can be scaled up for production or generalized across various applica-
tions. While these works address challenges in TPV and STPV systems, future works
are warranted to achieve better component-level performance and successful system

integrations. Summarized below are some future works worth exploring:

e Based on the thin-film Si-based selective absorber/emitter demonstrated in
Chapter 5, better performance may be achieved by material and design opti-
mization. One of the primary focuses is the choice of materials for the back re-

flector. To improve high-temperature stability while maintaining strong broad-
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band reflectivity, refractory metals like Mo and rhodium (Rh) are on top of the
list. Another direction of improving selectivity at higher temperatures is ex-
ploring other thin-film semiconductors that have lower direct bandgap, so that
strong above-bandgap absorption can be maintained while layer thickness is
significantly reduced to suppress intrinsic carrier absorption. Of course, other
factors including high-temperature thermal stability and the shift of cut-off
wavelength due to bandgap narrowing should be considered as well. Finally, for
applications like selective solar absorbers where broader absorption band can
be beneficial, replacing the single-layer ARC with a carefully designed multi-
layer front coating [23] should improve the conversion efficiency. The absence
of in-plane structure still ensures relatively simple fabrication process, and the

mechanical flexibility can be preserved if the multilayer is thin.

The outdoor testing of radiative cooling on CPV systems can be extended to
higher solar concentrations (50 - 1000 suns), which is closer to actual industrial
applications of HCPV. At such level of concentration, the cooling effect induced
by enhanced sky radiative cooling is expected to be greater than the values
reported in Chapter 7. As a result, the corresponding improvement in open-
circuit voltage will be greater. Furthermore, new radiative coolers like porous
low-iron soda-lime glass can be fabricated using sol-gel method [225]. Its near-
ideal emittance in the atmospheric window can further improve the cooling
effect of. While the demonstration is on a HCPV system, the cooling strategy
can certainly be applied to other systems such as TPVs, due to the similarity

of having high heat load and the using of low-bandgap PV diode.

A demonstration of radiative-cooling-enabled TPV system is a critical step to-
wards the development of an all-passive-cooling TPV. The demonstration re-
quires a working TPV testing setup and the capability of switching radiative
cooling on and off. As estimated theoretically, a cooling effect of 91 K temper-

ature drop is expected from radiative cooling when the thermal emitter is at
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1500 K, and the cooler (low-iron soda-lime glass) is 10 times larger than the
PV diode (GaSb) [116]. Fundamentally speaking, a cooler PV diode can raise
the efficiency limit (Carnot efficiency) at a given emitter temperature. For long
term benefits, lower PV temperature can significantly enhance the reliability of
both the PV diode and the TPV system as a whole. There are two ways to have
access to sky radiative cooling. The first one is to build a portable TPV de-
vice that can operate in outdoor conditions [79]. The second is to simulate sky
emission in lab. Basically, a blackbody heat sink can be placed in front of the

radiative cooler and be cooled to an effective below-ambient sky temperature.

As a promising renewable energy technology, TPV is undergoing a rapid development
thanks to the recent advance in nanophotonics and semiconductor device fabrications.
Nonetheless, there are still many challenges to be addressed. While many researchers
in TPV have primarily focused on system efficiency, the cost, scalability, and relia-
bility may be equally if not more important factors to realize certain applications.
Similarly, radiative cooling, with its unique mechanism, warrants further explorations
to make it more effective for various applications. Though the research on radiative
cooling started decades ago, its development and applications only started to grow
substantially very recently owing to the use of new cooler designs and the ever-
increasing demand for cooling. When combined together, the two technologies are
complementary to each other. Radiative cooling offers a new path of cooling strat-
egy for TPV system, and the high heat load of TPV system manifests the effect of

radiative cooling.
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