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(57) ABSTRACT

Aspects of the present disclosure are directed to providing
and/or controlling electromagnetic radiation. As may be
implemented in accordance with one or more embodiments,
an apparatus includes a first structure that contains an object,
and a second structure that is transparent at solar wavelengths
and emissive in the atmospheric electromagnetic radiation
transparency window. The second structure operates with the
first structure to pass light into the first structure for illumi-
nating the object, and to radiatively cool the object while
preserving the object’s color.



Patent Application Publication  Sep. 15,2016 Sheet 1 of 7 US 2016/0268464 A1

w— 100
110

130

120

0‘?’/@40

RS

Yo
&)
4

FIG. 1

| suibusjeaep Jejos / >
/



Patent Application Publication  Sep. 15,2016 Sheet 2 of 7 US 2016/0268464 A1

FIG. 2




Patent Application Publication  Sep. 15,2016 Sheet 3 of 7 US 2016/0268464 A1

8 13 20 30

A [um]

FIG. 3

AAndiosqy/Aaissiwg



Patent Application Publication  Sep. 15,2016 Sheet 4 of 7 US 2016/0268464 A1

0 10 20 R 30 40
h. (W/m~/K)

FIG. 4

L

430
20071
130+

50+

AT (K

0 10 20 30 40
h,, (W/m~/K)

FIG. 5



US 2016/0268464 Al

Sep. 15,2016 Sheet S of 7

Patent Application Publication

| Wn WwIpG — wing

e




US 2016/0268464 Al

Sep. 15,2016 Sheet 6 of 7

Patent Application Publication

fane
et

-WWQL — wnglL

wglL - wupolL




Patent Application Publication  Sep. 15,2016 Sheet 7 of 7 US 2016/0268464 A1

p— 1000

FIG. 10




US 2016/0268464 Al

ILLUMINATION AND RADIATIVE COOLING

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

[0001] This invention was made with Government support
under contract DE-AR0000316 awarded by the Department
of Energy. The Government has certain rights in this inven-
tion.

FIELD

[0002] Aspects of various embodiments are directed to the
passing of electromagnetic radiation, with illumination and
radiative cooling.

BACKGROUND

[0003] Many structures, circuits and other apparatuses ben-
efit from temperature control. For many applications, sun-
light is desirably provided to and/or used (e.g., in a solar cell).
In addition, the color of an object under sunlight may be
determined by the object’s absorption spectrum over solar
wavelengths. However, this absorption of sunlight in turn will
cause the object to heat up to temperatures substantially
above ambient air temperatures. For instance, solar cells heat
up under sunlight. The resulting increased temperature of the
solar cell has adverse consequences on both its efficiency and
its reliability. Accordingly, illuminating an object with sun-
light or otherwise can result in undesirably high temperatures.

[0004] These and other matters have presented challenges
to both the illumination of objects and temperature control
thereof, for a variety of applications.

SUMMARY

[0005] Various example embodiments are directed to meth-
ods, apparatuses and their implementation, involving illumi-
nation and radiative cooling.

[0006] According to an example embodiment, an apparatus
includes a first structure that contains an object, and a second
structure that is transparent at solar wavelengths and emissive
in the atmospheric electromagnetic radiation transparency
window. The second structure operates with the first structure
to pass light into the first structure for illuminating the object,
and to radiatively cool the object while preserving the
object’s color.

[0007] Another embodiment is directed to a method as
follows. A first structure is provided, and an object is con-
tained therein. A second structure that is transparent at solar
wavelengths and emissive in the atmospheric electromag-
netic radiation transparency window, is used for illuminating
the object with light by passing the light through the second
structure and into the first structure, and for radiatively cool-
ing the object by passing thermal radiation from the object
and via the second structure, while preserving the object’s
color.

[0008] The above discussion/summary is not intended to
describe each embodiment or every implementation of the
present disclosure. The figures and detailed description that
follow also exemplify various embodiments.
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BRIEF DESCRIPTION OF THE FIGURES

[0009] Various example embodiments may be more com-
pletely understood in consideration of the following detailed
description in connection with the accompanying drawings,
in which:

[0010] FIG. 1 shows a structure and apparatus, in accor-
dance with one or more embodiments;

[0011] FIG. 2 shows an apparatus, in accordance with
another example embodiment;

[0012] FIG. 3 shows a plot of emissivity/absorptivity for an
apparatus and/or method in accordance with one or more
embodiments;

[0013] FIG. 4 shows a plot of temperature versus heat
exchange characteristics, in accordance with one or more
embodiments;

[0014] FIG. 5 shows a plot of a temperature difference as a
function of heat exchange, as may be implemented with one
or more embodiments;

[0015] FIG. 6 shows a photovoltaic apparatus, in accor-
dance with another example embodiment;

[0016] FIG. 7 shows another photovoltaic apparatus, in
accordance with another example embodiment;

[0017] FIG. 8 shows another photovoltaic apparatus, in
accordance with another example embodiment;

[0018] FIG. 9 shows another photovoltaic apparatus, in
accordance with another example embodiment; and

[0019] FIG. 10 shows another apparatus, in accordance
with another example embodiment.

[0020] While various embodiments discussed herein are
amenable to modifications and alternative forms, aspects
thereof have been shown by way of example in the drawings
and will be described in detail. It should be understood, how-
ever, that the intention is not to limit the invention to the
particular embodiments described. On the contrary, the inten-
tion is to cover all modifications, equivalents, and alternatives
falling within the scope of the disclosure including aspects
defined in the claims. In addition, the term “example” as used
throughout this application is only by way of illustration, and
not limitation.

DETAILED DESCRIPTION

[0021] Aspects of the present disclosure are believed to be
applicable to a variety of different types of apparatuses, sys-
tems and methods involving illumination and radiative cool-
ing. While not necessarily so limited, various aspects may be
appreciated through a discussion of examples using this con-
text.

[0022] Various aspects of the present disclosure are
directed toward apparatuses and/or methods as exemplified or
supported by aspects of the underlying description/embodi-
ments, involving radiative cooling of an object while passing
light having solar wavelengths to the object. Such an
approach may, for example, be implemented for preserving
the color of the object, or otherwise achieving benefits of
passing sunlight to an object while also radiatively cooling
the object. The cooling effect may persist in the presence of
considerable convective and conductive heat exchange, and
for different solar absorptances. Accordingly, daytime radia-
tive cooling can be achieved while maintaining an object’s
color or otherwise providing solar light to the object for use
thereat (e.g., in generating solar energy). For instance, the
temperature of an object having a given color is lowered while
preserving about all of the object’s color as relative to light
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incident thereupon. Achieving such a color-preserving day-
time radiative cooling effect can be implemented to provide
energy-free, passive cooling in various situations, such as
those in which the color of an object is to be maintained for
aesthetic or functional purposes, or in which solar light is
desirably passed for energy production.

[0023] According to a particular embodiment, an apparatus
includes a structure that is transparent at solar wavelengths
(e.g., including visible light) and emissive in the atmospheric
electromagnetic radiation transparency window (e.g.,
between 8-13 um). The structure passes light for illuminating
an object, and radiatively cools the object while preserving
the object’s color. In some implementations, the object is
contained in or on another component over which the struc-
ture is placed for passing light and thermal radiation, such as
by placing a light-passing film or other component over the
object and a container/structure in which or on which the
object is located. In connection with one or more such
embodiments, it has been recognized/discovered that such
cooling may involve, for example, providing a non-radiative
heat exchange coeflicient as large as 40 W/m*/K at an ambi-
ent temperature of 300 K with an equivalent of direct sunlight
striking the structure, reducing the temperature of the object
by 7.7 K at 900 W/m? incident solar absorption, and/or oth-
erwise reducing the object’s temperature by at least 31K (e.g.,
31.4K).

[0024] The structure or structures implemented for passing
light and radiative cooling are implemented in a variety of
manners to suit particular embodiments. For instance, a light-
passing layer or grid may be implemented to pass the illumi-
nation light to the object and also emit/pass thermal radiation
from the object. In some embodiments, an array of SiO, (e.g.,
quartz) bars or other components are used to pass electromag-
netic radiation in this regard. In certain more specific embodi-
ments, a periodic array of quartz bars with 10 um periodicity
is provided, in which each quartz bar has a square cross
section of 7 pm. Further, the second structure can suppress the
absorption in at least some wavelengths in the visible spec-
trum.

[0025] As may be implemented with one or more embodi-
ments herein, such a structure overcomes an impedance mis-
match with air (e.g., between silicaand air) at a broad range of
wavelengths to promote radiative cooling. For instance,
impedance mismatch can be reduced or eliminated at
phonon-polariton resonant wavelengths. Such an approach
can provide a gradual refractive index change. In some imple-
mentations, periodicity in the structure provides a spatial
gradient in effective dielectric function to overcome such an
impedance mismatch at thermal wavelengths.

[0026] A variety of objects may be cooled in manners as
described herein. In some implementations, clothing is
cooled by promoting thermal radiation while maintaining
color of the clothing as viewed. Similarly, overheating of
devices whose efficiency seriously degrades at higher tem-
perature, such as outdoor electronic devices, can be prevented
orreduced. Forinstance, in a more particular embodiment the
object being cooled is a solar cell that generates charge car-
riers in response to incident light in the solar wavelengths.
Solar light is passed to the solar cell, and thermal radiation is
passed from the solar cell, through a structure as noted above.
In some implementations, the structure includes a light-pass-
ing layer that passes incident light to the solar cell and radia-
tively cools the solar cell structure by passing thermal elec-
tromagnetic radiation emitted from the solar cell (and any
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enclosure/structure that the solar cell is in or on). In a more
particular embodiment, a multilayer film of dielectric mate-
rial having varying indices of refraction is placed over the
light-passing layer, which may be implemented with such a
solar cell having a reflective conductor. For instance, each
layer in the film may have a thickness of between 100 nm and
10 pum, and which may include layers of the dielectric mate-
rial. Such light-passing layers may be implemented to pro-
vide thermal emissivity and absorptivity of electromagnetic
radiation having wavelengths between 4-100 microns while
maintaining more than a 0.8 average transmission of solar
light having wavelengths between 250 nm-4 microns to the
solar cell. Accordingly, heat absorption in atleast some wave-
lengths in the visible spectrum can be suppressed.

[0027] Another embodiment is directed to a method as
follows. An object is illuminated and radiatively cooled using
a structure that is transparent at solar wavelengths and emis-
sive in the atmospheric electromagnetic radiation transpar-
ency window. The structure is arranged relative to the object
for passing illumination light (e.g., at solar wavelengths that
include visible light) through to the object, and for passing
thermal radiation from the object while preserving the
object’s color (e.g., as viewed). In some implementations, the
objectis contained and/or placed on another structure, and the
illumination light is directed into the other structure for illu-
minating the object, while thermal radiation is passed from
the object and other structure.

[0028] The radiative cooling is carried out in a variety of
manners. In some implementations, a non-radiative heat
exchange coefficient of about 40 W/m*/K is provided at an
ambient temperature of 300 K under conditions in which
direct sunlight strikes the object and/or a structure in which
the object is contained. In other implementations, an array of
SiO, barsis placed over the object (and any structure in which
it is contained), and used to pass light of solar wavelengths to
the object as well as to pass the thermal radiation from the
object. In these or other implementations, the temperature of
the object can be reduced by at least 31K at an ambient
temperature of 300K while illuminating the object by passing
sunlight through the second structure (e.g., with the tempera-
ture reduction being relative to direct exposure of the object to
the sunlight). In certain implementations, the array of SiO,
bars is provided (e.g., placed, or manufactured) with the bars
having a cross-section of about 7 um and a periodicity of
about 10 pm between the bars, thereby providing.

[0029] In a more particular embodiment, the object
includes a solar cell that generates charge carriers in response
to incident light in the solar wavelengths. The solar cell is
contained and illuminated via light at the solar wavelengths as
passed through a light-passing layer. The solar cell is radia-
tively cooled by passing thermal electromagnetic radiation
emitted from the solar cell via the light-passing layer at wave-
lengths in the atmospheric electromagnetic radiation trans-
parency window.

[0030] Another embodiment is directed to an apparatus
having a solar cell, which may be implemented with one or
more embodiments as noted above. A light-passing (e.g.,
silica or glass) layer is arranged over the solar cell, and both
passes light to the solar cell and passes radiation from the
solar cell to provide cooling thereof. Accordingly, light is
passed to the solar cell, which generates power from the light,
and thermal radiation is allowed to pass through the thin (e.g.,
between 100 nm to 10 um) light-passing layer, therein cooling
the solar cell. In some implementations, the solar cell is
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located on a substrate having upper and lower surfaces, with
the solar cell being arranged over or on the upper surface.
Such an approach may enhance thermal emissivity and
absorptivity of radiation having a wavelength of 4-100
microns while maintaining more than a 0.8 average transmis-
sion of solar light having wavelengths of 250 nm-4 microns to
the solar cell structure. Cooling may be achieved in this
regard, to provide a reduction of temperature of between
10-25 degrees Celsius, at least 15 degrees Celsius, or at least
20 degrees Celsius.

[0031] In some embodiments, a multilayer film is located
over or on a surface of the light-passing layer, over the solar
cell. In certain implementations, the multilayer film includes
layers of dielectric material, with the respective layers having
varying indices of refraction. Such an approach may be
implemented with the solar cell being on a reflective conduc-
tor substrate.

[0032] Various embodiments are also implemented in
accordance with one or more embodiments in U.S. Provi-
sional Patent Application Nos. 61/903,541 and/or 62/019,
195, which are fully incorporated herein by reference. In
particular, for information regarding details of other embodi-
ments, experiments and applications that can be combined in
varying degrees with the teachings herein, reference may be
made to the experimental teachings and underlying refer-
ences provided in the Provisional patent applications, includ-
ing those in the appendices that form part of the applications.
For instance, various embodiments may be implemented for
cooling different types of objects, such as solar cells. Embodi-
ments discussed in the underlying provisional applications
(and the appendices therein) are not necessarily intended, in
any way, to be limiting to the overall technical disclosure, or
to any part of the claimed invention unless specifically noted.

[0033] Various embodiments are directed to cooling a vari-
ety of structures. In some embodiments, a structure at tem-
perature T and having a spectral and angular emissivity E(3.,
Q) is cooled. If the structure is exposed to a clear sky, and is
subject to solar irradiance, and atmospheric irradiance corre-
sponding to an ambient temperature T, ,. The net cooling
power per unit area of a structure, P,,,(T), is given by

P el DL rad D)=L aon L) ~Posn 4]
where
P oa(D=JdQ cos 0" dMpp(TMEMR) @

is the power radiated by the structure per unit area,

P oo L) =1dQ co8 0" AN (T g, MEMQE 4 2.y
Q) 3)

is the absorbed power per unit area emanating from the atmo-
sphere, and

P ANEMD Liagy s(W) (C)

1s the incident solar power absorbed by the structure per unit
area, Here, [dQ={"2d0f,>"d¢ is the angular integral over a
hemisphere. L, ,(T.A)=(2hc¥/A>)[¢"**-1] is the spectral
radiance of a blackbody at temperature T, where h, ¢, k; and
A, are the Planck constant, the velocity of light, the Boltzmann
constant, and wavelength respectively. In obtaining Eq. 3 and
Eq. 4, Kirchhoff s law may be used to replace the structure’s
absorptivity with its emissivity €(1,Q). The angle-dependent

Sep. 15, 2016

emissivity of the atmosphere is given by €, (A,Q)=1-t(A)"
cos 6, where t(A) is the atmospheric transmittance in the zenith
direction. In Eq. 4, the solar illumination is represented by
AMI1.5 Global Tilt spectrum with an irradiance of 964 W/m?,
which represents the average solar conditions of the conti-
nental U.S. If the structure is facing the sun, the term P, is
devoid of an angular integral, and the structure’s emissivity is
represented by its value in the zenith direction, 8=0.

[0034] In accordance with one or more embodiments, a
modified structure is provided with an emissivity/absorptivity
spectrum that facilitates illumination and radiative cooling of
an object. To preserve the color of an object while lowering
the object’s temperature via radiative cooling, the modified
structure maintains the original structure’s absorptivity at
solar wavelengths while being highly emissive at thermal
wavelengths. Generally, (P, ,~P,,,.) does not dominate the
solar absorption, and for T=T ,,,,, P,,.,<0, the structure heats
up even with radiative cooling, reaching an equilibrium tem-
perature T>T,, . However, with the large (P,,,~P,,,,) added
by the radiative cooling, the modified structure can reach
thermal equilibrium at a lower temperature than a structure
that is not modified in this regard. In some implementations,
absorptivity is unchanged or nearly unchanged at solar wave-
lengths (e.g., to preserve the color), while emissivity is unity
or nearly unity at thermal wavelengths. This design may be
derived by maximizing (P, ~P,,,.), when T>T .. From the
emissivity/absorptivity spectrum in such a design, at
T=T,,,=300 K, P, (T)=424 Wim* P_, (T, .)=209 W/m®,
and P, -P,, =215 W/m?® The large (P,,-P.,), though
smaller than solar absorption P, cools the structure to a
lower temperature compared with the original structure.

[0035] Invarious embodiments, the temperature of a struc-
ture is lowered considerably, in the presence of large non-
radiative heat exchange. The effects of conductive and/or
convective heat exchange may be accounted for by adding a
term P, 7.com=1(T-T,,.,) with T>T_ . in Eq. 1 above.
Thermal equilibrium temperature T, is then determined by:

ProalTeg) =P aon Lo} ~Poth Tog=Tmp)=0 5
For instance, the presence of 1 m/s, 3 m/s and 12 m/s wind
speeds would result in a combined non-radiative heat coeffi-
cient value h_of approximately 6, 12, and 40 W/m?*/K respec-
tively. In FIG. 1¢, we show the dependence of the equilibrium
temperature difference (AT=T,_ ...~ 1oy modisiea) DETWEED
the original structure and the modified structure on h,, for
different P_ . The modified structure achieves considerably
lower equilibrium temperatures than the original structure
across a large range of h_. It has been recognize/discovered
that, even with the presence of non-radiative heat exchange
coefficient as large as h_=40 W/m?/K, the temperature reduc-
tion is ameaningful 7.7 K for 900 W/m? incident solar absorp-
tion (a value that corresponds to the sun’s irradiance at mid-

day).

[0036] Color-preserving radiative cooling may also be
implemented, in accordance with various embodiments, in a
robust manner against different values of solar absorption
(P,,,.)- Using Eq. 5 both for the original and modified struc-
tures, exploiting the fact that for the original structure P,
(T,,.5)=0, P, (T)=~0 (when T is not exceedingly high so that
thermal emission at solar wavelengths is negligible), and that
solarabsorption is the same between two structures, provides:
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AT = (6)

Prad,modiﬁed (Teq,modiﬁed) - Parm,modif:ed ‘ Tamb )
he

Tegoriginat = Teqmodified =

ASP o dific AT, gmaifie ) increases as T, gmodified and qu’
modified> 1 4, Bq. 6 provides:

ambs

Prad,moaiﬁed(Tamb) - Parm,modiﬁed(Tamb) (7\'

AT =
h

Eq. 7 becomes an equality when heating is negligible (e.g.,
T, modified™ L ams (a5 may be implemented for large h,. and
small P__)). Eq. 7 is independent of the absorptivity at solar
wavelengths, as at terrestrial ambient temperatures T=T _,,,,
the corresponding thermal radiation spectrum does not
extend into solar wavelengths. Thus, Eq. 7 provides a lower
bound on the achievable temperature reduction. When
T ,mi=300 K,

215 W/m?

Eq. 7a=z .

which is a general lower bound for AT between the original
structure and the modified structure, and independent of solar
absorption. Therefore, at T ,,,,=300 K, the temperature reduc-
tion is at least 18 K for h. =12 W/m*/K (corresponding to 3
m/s wind speed), and 5.4 K for h =40 W/m?*/K (correspond-
ing to 12 m/s wind speed). The lower bound for temperature
reduction provided by Eq. 7 may be consistent with actual
calculations for different P, . Inthe regime of h_<1 W/m?*/K,
which is far from most practical situations, a violation of Eq.
7 may occur. In such a case, the heating of the original struc-
ture is so strong that the thermal radiation partially extends
into solar wavelengths, making P, , non-negligible for the
original structure. Eq. 7 can thus be used to estimate tempera-
ture reduction.

[0037] Inamore particularly color-preserving approach, a
silicon nanostructure having a periodic array of silicon
nanowires are placed on top of an aluminum substrate. The
silicon nanowires have a square cross section with 100 nm
side length, and the periodicity between the nanowires is 500
nm. Using the rigorous coupled-wave analysis (RCWA)
method (e.g., as in V. Liu and S. Fan, Comput. Phys. Com-
mun. 183, 2233 (2012), which is incorporated herein by ref-
erence). Absorptivity may be averaged for both polarizations
at normal incidence, with the emissivity of the structure at
thermal wavelengths being negligible with substantial solar
absorption present at optical wavelengths. The CIE 1931
chromaticity coordinates of the original structure for normal
incidence reflection, and averaged over two polarizations, are
(x=0.3598; y=0.3342), which corresponds to a light pink
color (e.g., as determined in accordance with T. Smith and J.
Guild, Trans. Opt. Soc. 73 (1931), which is fully incorporated
herein by reference). To preserve the color of the silicon
nanostructure while lowering its temperature via radiative
cooling, a material that is transparent at solar wavelengths
while strongly emissive in the atmospheric transparency win-
dow between 8-13 um is placed on the silicon nanostructure.
In some embodiments, o-Quartz is implemented in this

Sep. 15, 2016

regard, to provide phonon-polariton resonances at the rel-
evant thermal wavelengths and transparency over visible
wavelengths.

[0038] Turning now to the Figures, FIG. 1 shows a structure
110 and apparatus 100, in accordance with one or more
embodiments. The structure 100 provides transparency for
passing light that illuminates an object 120 at solar wave-
lengths, while also passing thermal radiation from the object
120. This passing of light and thermal radiation may, for
example, be carried out in accordance with one or more
embodiments discussed herein, such as for preserving color
of the object 120 or providing light for photovoltaic applica-
tions (e.g., a solar cell), while also providing radiative cool-
ing. The structure 110 may, for example, be implemented
with layers on an upper surface thereof, or other materials
consistent with one or more embodiments herein (e.g., as
shown in FIG. 2). In some implementations, the object 120 is
placed on or within a structure 130, upon which the structure
110 may be placed. Accordingly, various embodiments are
directed to the structure 110, and other embodiments are
directed to an apparatus 110 that includes the structure 110,
object 120 and structure 130.

[0039] FIG. 2 shows an apparatus 200, in accordance with
another example embodiment. The apparatus 200 includes
quartz bars with bar 210 labeled by way of example, on an
underlying structure (e.g., silicon nanowires) including bar
220 labeled by way of example, over a substrate 230. The
quartz bars may be implemented in various shapes, sizes and
spacings, shown by example as having a square cross section
with a 7 um side length, and periodicity between the quartz
bars of 10 um. While two bars are shown in each layer by way
of example, a multitude of such bars may be implemented in
a similar fashion.

[0040] FIG. 3 shows a plot of emissivity/absorptivity over a
wavelength range of 0.3-30 microns for an apparatus and/or
method in accordance with one or more embodiments. Such
characteristics may, for example, be implemented with the
apparatus 200 in FIG. 2 with the quartz bars facilitating large
emissivity at thermal wavelengths while the absorption spec-
trum in the visible range is almost entirely unchanged, main-
taining color of underlying components.

[0041] FIG. 4 shows a plot of temperature versus heat
exchange characteristics, in accordance with one or more
embodiments. The vertical axis shows equilibrium tempera-
ture (T,,) subtracted by ambient temperature T,,,,=300 K,
with a non-radiative heat exchange coefficient h. shown on
the horizontal axis, as may be implemented with an apparatus
such as shown in FIG. 2. Plot 410 represents a structure
unmodified (e.g., without a light-passing/emissive structure),
and plot 420 represents a modified structure having a quartz
bar array such as shown in FIG. 2. Under sunlight, both
unmodified and modified structures heat up considerably, but
T, forthe modified structure with quartz bars is considerably
lower.

[0042] FIG. 5 shows a plot 510 of a temperature difference
(AT) between equilibrium temperatures for the original and
the modified structures, as a function of The modified struc-
ture has a meaningfully lower equilibrium temperature even
for large values of h,_. Using such an approach in various
contexts, a temperature reduction as shown can be achieved
for about 31.4 K for h =6 W/m*/K (corresponding to 1 m/s
wind speed), 14.[[:]]4 K forh =12 W/m?*/K (corresponding to
3 /s wind speed), and 4 K for a non-radiative heat exchange
coefficient as large as h,=40 W/m*/K (corresponding to 12
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m/s wind speed). Therefore, the added quartz bars can lower
the temperature of an underlying structure by a meaningful
amount under direct sunlight, even in the presence of consid-
erable non-radiative heat exchange associated with wind or
thermal contact.

[0043] While various embodiments herein characterize the
use of silicon, other materials can be used to achieve similar
effects. For example, the temperature of a structure may be
lowered while illuminating that structure (e.g., for preserving
color or photovoltaic use), utilizing a microstructure of opti-
cally-transparent thermally-emissive materials like quartz or
SiO, characterized above, or other materials that provide
similar transparency and emissivity. Fused silica, glass, plas-
tic and other light-passing matetials may also be used.
[0044] FIG. 6 shows aphotovoltaic apparatus 600, in accor-
dance with another example embodiment. The apparatus 600
includes a photovoltaic cell 610 on a substrate 620, with a
cover material 630 over the photovoltaic cell 610. The cover
material 630 is an enhanced cover material that improves
thermal emissivity of photovoltaic cell while cooling the cell,
using approaches as characterized herein. By way of
example, the cover material 630 is shown having exemplary
thickness. In some implementations, thermal emissivity is
provided from 4 pm-100 pm while maintaining greater than
0.8 average transmission (weighted to the relevant solar spec-
trum) of light over solar wavelengths (e.g., from 250 nm-4
microns). The photovoltaic cell 610 (and those characterized
elsewhere herein) may be implemented with silicon (mono-
and poly-crystalline, amorphous), CdTe, GaAs, CZTS,
CIGS, organic photovoltaic materials and multi junction
cells.

[0045] FIG. 7 shows another photovoltaic apparatus 700. in
accordance with another example embodiment. The appara-
tus 700 includes a photovoltaic cell 710 on a substrate 720,
with a cover material 730 over the photovoltaic cell and an
emissivity enhancer 732 on the cover material, with exem-
plary thicknesses shown. The emissivity enhance 732
improves thermal emissivity of the photovoltaic cell 710,
such as in a manner characterized with FIG. 6.

[0046] FIG. 8 shows another photovoltaic apparatus 800, in
accordance with another example embodiment. The appara-
tus 800 includes a photovoltaic cell 810 on a substrate 820,
with a cover material 830 over the photovoltaic cell and a
multilayer portion 832 on the cover material, with exemplary
thicknesses shown. The planar film layers at 832, which may
be implemented in accordance with multilayer structures
characterized herein, provide emissivity and transparency
characteristics such as those characterized with FIG. 6.
[0047] FIG.9 shows another photovoltaic apparatus 900. in
accordance with another example embodiment. The appara-
tus 900 includes a photovoltaic cell 910 on a substrate 920,
with a cover material 930 over the photovoltaic cell and a
non-planar top layer 932 on the cover material, with exem-
plary thicknesses shown. The non-planar top layer 932 (e.g.,
patterned portions of cover material 930) enhances thermal
emissivity of the photovoltaic cell 910, such as characterized
with FIG. 6.

[0048] Insome embodiments as may be implemented with
FIGS. 6-9, microphotonic structures can be achieved through
a one-dimensional multilayer films on top of a thick, bulk
silica film, which improves performance of such a film in IR
wavelengths around 8-11 microns where the bulk silica film is
reflective and not emissive. Further, in certain embodiments,
a multilayer film (such as characterized elsewhere herein)
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includes of alternating layers of dielectric material with vary-
ing indices of refraction (high and low). Example materials
include, but are not limited to, S10,, TiO,, HfO,, MgF, and
AlLQ;. Interference effects and the intrinsic absorption of
these layers are exploited to provide emissivity in regions
where the bulk silica/glass is a weak thermal emitter (e.g.,
between 8-11 microns where there is a large emissivity dip).

[0049] FIG. 10 shows another apparatus 1000, in accor-
dance with another example embodiment. The apparatus
1000 includes an electronic device 1010, such as a solar cell,
on a substrate 1020. A silica layer 1030 on the electronic
device 1010 includes pyramid structures 1032, and operates
to pass light into the electronic device and pass thermal radia-
tion from the electronic device. By way of example, dimen-
sions are shown in FIG. 10, in which the apparatus 1000 may
be expanded (e.g., providing an array of a multitude of the
pyramids 1032). Specifically, the square lattice of silica pyra-
mids 1032 is provided with 4 pum periodicity and 20 pm
height, on top of a 100 um thick uniform silica layer. In some
embodiments, at 800 W/m? solar heating power with device
1010 implemented as a solar cell, the temperature reduction
of the silica pyramid is 17.6 K relative to, compared with the
bare solar cell (without silica layer 1030). Such a temperature
drop may result in a relative efficiency increase of about
7.9%. If the solar cell efficiency is 20%, this temperature drop
corresponds to a 1.6% absolute efficiency increase. The
absence of sharp resonant features associated with silica
phonon-polariton resonances and hence broad-band near-
unity absorption is achieved via the pyramids 1032, which
provide a gradual refractive index change that overcomes the
impedance mismatch between silica and air at a broad range
of wavelengths including the phonon-polariton resonant
wavelengths. Further, the silica pyramids 1032 have a size of
several microns, and is significantly larger than wavelengths
in the solar spectrum. Due to this strong size contrast, the
silica pyramid does not degrade solar absorptivity, which may
be achieved in the presence of an anti-reflection layer. This
silica pyramid structure is compatible with anti-reflection
coating design, by not degrading the solar absorptivity of the
solar cell.

[0050] While pyramidal structures are shown in FIG. 10,
various embodiments are directed to nanocone or microcone
structures with a similar aspect ratio. Such structures may be
fabricated using various methods, including Langmuir-
Blodgett assembly and etching, and metal-dotted pattern and
etching. In some implementations, such structures are imple-
mented with superhydrophobicity and self-cleaning func-
tionality, via rounded tips or microcone patterning. This func-
tionality mitigates or prevents dust accumulation which could
otherwise block sunlight and impair performance. In various
implementations, the periodicity of silica pyramid structures
as characterized herein may be altered within the structure,
while providing a spatial gradient in effective dielectric func-
tion to overcome the impedance mismatch between silica and
air at thermal wavelengths.

[0051] The embodiments and specific applications dis-
cussed herein may be implemented in connection with one or
more of the above-described aspects, embodiments and
implementations, as well as with those shown in the figures.
Various embodiments may also be implemented in connec-
tion with the underlying provisional patent applications ref-
erenced above, including the Appendices therein that form
part of the provisional applications.
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[0052] As illustrated, various modules and/or other circuit-
based building blocks may be implemented to carry out one or
more of the operations and activities described herein or in the
Appendices, and/or shown in the block-diagram-type figures.
In such contexts, these modules and/or building blocks rep-
resent circuits that carry out one or more of these or related
operations/activities. For example, in certain of the embodi-
ments, one or more modules and/blocks are discrete logic
circuits or programmable logic circuits configured and
arranged for implementing these operations/activities, as in
the circuit modules/blocks that may involve solar power gen-
erator or other functions. In certain embodiments, the pro-
grammable circuit is one or more computer circuits pro-
grammed to execute a set (or sets) of instructions (and/or
configuration data). The instructions (and/or configuration
data) can be in the form of firmware or software stored in and
accessible from a memory (circuit). As an example, first and
second modules/blocks include a combination of a CPU hard-
ware-based circuit and a set of instructions in the form of
firmware, where the first module/block includes a first CPU
hardware circuit with one set of instructions and the second
module/block includes a second CPU hardware circuit with
another set of instructions.

[0053] While the present disclosure is amenable to various
modifications and alternative forms, specifics thereof have
been shown by way of example in the drawings and will be
described in further detail. It should be understood that the
intention is not to limit the disclosure to the particular
embodiments and/or applications described. Various embodi-
ments described above and shown in the figures and attach-
ments may be implemented together and/or in other manners.
One or more of the items depicted in the drawings/figures can
also be implemented in a more separated or integrated man-
ner, as is useful in accordance with particular applications.

1. An apparatus comprising:
a first structure having an object; and

a second structure that is transparent at solar wavelengths
and emissive in at least one atmospheric electromagnetic
radiation transparency window and configured and
arranged to transmit electromagnetic radiation having
wavelengths in a range that is between about 8 pm and 30
wm, the second structure being configured and arranged
with the first structure to pass light to the object, and to
radiatively cool the object.

2. The apparatus of claim 1, wherein the second structure is
configured and arranged to pass the light to the object at solar
wavelengths that include visible light to illuminate the object
and to preserve the object’s color, wherein the at least one
atmospheric electromagnetic radiation transparency window
provides a normalized atmospheric transmission of greater
than 0.5.

3. The apparatus of claim 1, wherein the second structure is
on the first structure and configured and arranged to control
electromagnetic radiation passing into and out of the first and
second structures.

4. The apparatus of claim 1, wherein the object is an elec-
tronic device and the second structure is configured and
arranged to pass sunlight to the electronic device, and to
mitigate overheating of the electronic device by promoting
thermal radiation therefrom.
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5. The apparatus of claim 4, wherein the second structure is
silicon-based and in contact with the electronic device.

6. The apparatus of claim 1, wherein the second structure
has a periodic shape.

7. The apparatus of claim 1, wherein the second structure is
on the object and configured and arranged to interact with
ambient atmosphere to inhibit overheating of the object by
enhancing radiativity of the object, relative to radiativity of
the object without the second structure on the object.

8. The apparatus of claim 1, wherein the second structure is
configured and arranged to cool the object at a non-radiative
heat exchange coefficient of about 40 W/m?/K at an ambient
temperature of 300 K with direct sunlight striking the second
structure, by passing about all of the sunlight striking the
second structure to the object, and by passing heat from the
object via thermal electromagnetic radiation.

9. The apparatus of claim 1, wherein the second structure
includes an array of SiO, bars configured and arranged to
provide transparency at the solar wavelengths and emissivity
at electromagnetic wavelengths in the at least one atmo-
spheric electromagnetic radiation transparency window.

10. The apparatus of claim 1, wherein the at least one
atmospheric electromagnetic radiation transparency window
provides transmission of electromagnetic radiation having
wavelengths of between about 8-13 um.

11. A method comprising:

providing a first structure having an object; and

using a second structure that is transparent at solar wave-

lengths and emissive in at least one atmospheric electro-

magnetic radiation transparency window, wherein the

second structure is configured and arranged to transmit

electromagnetic radiation having wavelengths in a range

that is between about 8 pm and 30 pm,

illuminating the object with light by passing the light
through the second structure, and

radiatively cooling the object by passing thermal radia-
tion via the second structure.

12. The method of claim 11, wherein illuminating the
object with the light includes preserving the object’s color by
passing incident light to the object at solar wavelengths that
include visible light.

13. The method of claim 11, wherein

the object is an electronic device,

illuminating the object includes passing sunlight to the

electronic device, and

radiatively cooling the object includes mitigating overheat-

ing of'the electronic device by promoting thermal radia-
tion therefrom.

14. The method of claim 11, wherein radiatively cooling
the object includes contacting the second structure to the
object and radiating thermal energy via the second structure.

15. The method of ¢laim 11, wherein

the second structure has a periodic shape; and

radiatively cooling the object includes interacting the sec-

ond structure with ambient atmosphere and using the
periodic shape of the second structure to enhance radia-
tivity of the object via the interaction.

16. An apparatus comprising:

an electronic device; and

a light-passing structure over the electronic device, the

light-passing structure configured and arranged to:
pass about all incident electromagnetic radiation at solar
wavelengths to the electronic device,
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emit thermal radiation in at least one atmospheric elec-
tromagnetic radiation transparency window and to
transmit electromagnetic radiation having wave-
lengths in a range that is between about 8 um and 30
um, and

radiatively cool the electronic device.

17. The apparatus of claim 16, wherein the light-passing
structure is on the electronic device and configured and
arranged to interact with ambient atmosphere to inhibit over-
heating of the electronic device by enhancing the radiativity
cooling of the electronic device, relative to radiativity cooling
of'the electronic device without the light-passing structure on
the electronic device.

18. The apparatus of claim 16, wherein the light-passing
structure exhibits a periodic shape that facilitates emissivity
at thermal wavelengths from the electronic device.

19. The apparatus of claim 16, wherein the light-passing
structure includes an optically-transparent thermally-emis-
sive material.

20. The apparatus of claim 16, wherein the light-passing
structure is silicon-based.
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