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1. INTRODUCTION

Heat transfer occurs via radiation, conduction and convection, When the
radiative exchange is significant - which holds true for many important
agpplications - one can achieve energy efficiency by exploiting surfaces

with spectral selectivity. This term is taken to imply that the radiative
properties (i.e., the absorptance A, emittance E, reflectance R, and trans-
mittance T) are qualitatively different within different parts of the electro-
magnetic spectrum. Spectral selectivity is often obtained by use of

coatings onto substrates which are either transparent or opaque metallic.

The optical properiies are connectzd to one anoti~ 2% 2ach wavelength A by

the general relations

AR + R(A) + T(X) =1, {9
E(x} = A(x), (2)

Both relations follow from energy conservation. Equation (2), known as
Kirchhoff's law, states that at a given wavelength the absorptance is equal

to the emittance for matter in thermodynamical equilibrium.

In the lectures summarized on the following pages, we consider three
important applications of selective coatings. These are for

- selective transmission to achieve energy efficient windows;

- selective absorption of solar energy in orderlip produce useful heat;

~ radiative cooling by selective infrared emissjoh!towards the clear

tky. : é .
‘ \;igv i s

Section 2 contains some basic material which must be covered before we can
turn to the selective surfaces. It treats this film optics, models for
dielectric functions of uniform and non-uniform materials, and techniques

to evaluate dielectric functions from optical measurements. Section 3

introduces spe.iral selectivity for heating and cooling purposes by pre-
senting the ra.iative properties pertinent to our ambience and giving formulas
for computing -u:tably integrated optical quantities. Section 4 is devoted

to window coatings of different types and covers the spectral selectivity
demanded for hot and cold climates, a review over coatings for "solar control”
and for obtainin. Tow thermal emittance, a case study of the optical proper-
ties of ion-plat.d Ay films, another case study of e-beam evaporated ln203:5n
films, and a su-vey over optical switching coatings of electrochromic and
thermochromic type. The case §tud1es are not as restrictive as one may first
believe but iliustrate the salient features of coatings based on noble metal
films and on heavily doped oxide semiconductor films. Section 5 takes up
surfaces for seie.tive absorption of solar energy. Such surfaces are needed
in efficient s i2~ coliectors. e cover the required spectral selectivity,
give a oview o -oatings, and -2sent 2 uase siucy on coevaporated Co-A1203
composite Tilms. Sectius 3, £ -11y, dwells on materials for radiative
cooling to e temperatui ». 7 . vesource fo- radiative cooling under a clear
sky, materials with infrared-se :ctive emission, and infrared-transparent con-
vection shields are discussed. The reference list at the end of these notes
contains books, review articles and - to a limited extent - original scientific
papers of particular relevance. General reviews over selective surfaces for

heating and cooling are given in Refs, 1-6.
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1/2 2. 112
2. NOTES ON THE OPTICAL PROPERTIES OF MATERIALS i (e,.) cos8, - (cJ. - e;sin0;) (1)
s L]
2.1 Basic thin film optics (ci)llzcosei . (Ej . cisinzai)1’2
: 172 - 2, 4172
We consider 1ight incident towards the boundary b>tween two media denoted i i (Ei) (cj €;sin"8.) - €;6058, )
*
and i. The angle to the surface rommal is B;» as indicated i? Fig. t, (Ei)1/2(5j - cisinzei)flz & jcost,
. . s - . Cand €.,
The media are characterizec by their complex dlelﬁftr1c functions €; an €5 N 2(ci)llzcosei
Part of the light is reflected at the boundary {r'9) and part is trans- t = ()
ij . . s (c-)‘lzcosB‘ < fe; - c.sinzﬁ.)1/2
mitted {t'J) through the boundary. We distinguis: between Vight with t 1 3 i i
- 112
s-polarisation (E vectors normal to the Plane spanned by the incident, tij . 2(£i€j) €038, - .
reflected and transmitted beams) and with p-poiarisation (H vectors normal (Ei)ilzfcj - Eisinzei)1/2 . cjcosai

to the same piane). From Maxwell's equations, one can now obtain the well

! i field itudes. . . . .
known Fresnel 's relations for the reflected field amplitudes Fresnel's relations can be used to discuss the optical properties of a

thin film on » substrate. We consider the geometry specified in Fig. 2 and
let {2) denote the film (of thickness d} and (3) the substrate, A medium
(1} surrounds the coated substrate. Further we let (f) signify light

r‘i incident from the frontside and (b) signify light incident from the backside.
|
c N\ ®

o £ G \ / / ambient

®
=P . @ d  fim
’ @

TRRgK 77

! 1 i suhsh‘ﬂ*‘e
Figure 1. Definition of aymbols entering Fresnel's relations. ' @

¥

Figure 2. Geometry for discussing the optics of a thin film on a substrate.
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Equations (3) - (6) yield expressions for riZ, ¥23, t12, ¢%1, ¢23, +32 4

and t31. Neglecting the effect of the backside of the substrate, we obtain

the reflectance and transmittance amplitudes for the film, r, and t,, by

216
12 . r23 e

fofs Y (7
2 ” 12.23 2ié .
3.2i
1+ rgree
12,23 18
tf - st (8)
e 23 21 .
12_23 216
1+ roTSe
Relations of the same form are easily found for rgs. tgs. r;Eb- tzéb as well,

In Egs. (7) and (8), & is the phase change of the 1ight beam upon traversing
the film, Specifically

8 = Ene - s1n201)”2d. {9)

The measurable optical quantities are Tight intensities. These are the
squares of the absolute values of rgs etc., denoted by capital letters,

. f
i.e, for example st' L :
If the substrate is metallic, then the transmittance is\ zero and only the
reflectance has to be considered. Thus Hﬁe reflectance for s-polarised light
is obtained simply by squaring the pbsolute value of Eq. (7), and the
refiectance for p-polarised light is obtained in the same manner from an

expression analogous to Eq. (7).

If the substr--- is transparent, a more complicated situation exists, and
multiple refl-. ons in the substrate must be taken into account, They are
incoherent fo " urge substrate thicknesses and must be included through
addition of t’- intensities of the multiply reflected beams. The final

expressions for the reflectance and the transmittance are,

f ;b
T,.1,.R
£ 25257 3s
RS=R25¢__.E_.._.._, (10)
- RygRyg
f
1.
4. 3s
TS = L A . {11}
Vo RygRy
3
where T35-F “—Jrslplz and Tas,p = |t21p|2- Analogous relations are obtained

for the p-compor -nts.

Detailed descriptions of thin film optics may be found in the books by
Heavens {Ref.7) snd by Born and Wolf [Ref. B). Among many other things, these

books discuss how to treat multiple layer films through matrix techniques.



2.2 Dielectric functions of uniform model materials.

The optical properties of a material are conveniently discussed in terms of
a complex frequency-dependent dielectric function clw) = E,(m)+i£2(m).
Alternatively, one may use a complex refractive index N = n + ik = c1/2.

In the latter notation, n and k are known as the optical constants of the

material.

In many cases one can regard e as a sum of individual contributions originating
from different elementary excitations (cf, for example, the book by Mahan
(Ref.9)). In terms of susceptibilities xi = x: + ix;’ {in SI units) one can
write

£=1 4 XVE + xPH + XFC’ (12)

where VE = valence electrons, PH - phonons, and FC = free carriers (usually
electrons). The various susceptibilities can easily be distinguished if
their resonances fall in well separated wavelength regions. For a particular

x', the contribution far from its resonance is real and constant.

Figure 3 gives a schematic representation of the Xsi. The real and imaginary
parts are consistent with the Kramers-Kronig relations, For XVE and xPH. one
can often represent the susceptibilities by a sum of damped Lorentz
oscillators, i.e. by expressions of the kind

2
xLorentz - 1]

—_—, (13)

sz-mz - jwl

where @ is the oscillator strength, uy is the resonance frequency and T
represents the width of the resonance peak. For most good metals, XVE is
resonant in the ultraviolet, while xPH is resonant in the thermal infrared.

For xFC. one can make use of the Drude theory, at Teast for a first-order

description. The susceptibility can be written

w 2
xDrude s = . “4]

W+ iwy
where w, is the plasma frequency and v represents the width of the resonance.
More elaborate free-electron theories are required for quantitative assess-
ments. It is seen that xDrude can be obtained by setting W = 0 in
xLorentz_ Below hup, x1FC becomes strongly negative while szc becomes
strongly positive, as apparent from Fig. 3. The location of hmp depends
on the free electron density. For a metal, ﬁmp is normally in the ultraviolet.
For a doped semiconductor, ﬁwp can be in the infrared. In a metal, xPH is
usually not apparent owing to the dominating influence of ch. The lowest

part of Fig, 3 illustrates the ensuing performance of ¢ for a heavily doped

semiconductor,
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Figure 3. Contributione to the dielectrie function from susceptibilities due

to valence electrons, phonons, and Jree carriers.
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2.3 Dielec: ic functions for non-uniform model materials

Surface coatir 5 of interest for heating and cooling purposes, as well as
for other appi cations, are often non-uniform on a scale which is much
smaller than t»s wavelengths of concern. Frequently, the coatings comprise
a mixture of r tallic and 1nsu1atin§ components. (Under these conditions,
the catical p- formance of the coating is governed by a spatial average of
the propertie: »f the two components., The averaging, which is far from
trivizl for n¢. -dilute composites, s expressed in terms of an effective-

-medium theory (EMT}, which yields an effective dielectric function k.

EMTs :re of ir ortance both for basic scientific reasons and also because
they permit m¢ eling and optimization of the optical performance of coatings
by use of a ccuputer. Many EMTs have been formulated and investigated
recently. Muc* of this work has been motivated by its potential interest

for efficient <olar energy utilization. Reviews are given in Refs. 10-14,

Figure 4 serve< as a background for the formulation of different EMTs.

The averaging needed in the derivation of £ depends crucially on the speci-
fic microgeome ry of the composite, and parts {a) and (b) show two struc-
tures which ar. characteristic for many practically occurring two-component
composites., Ir order to formulate the EMTs, we want to single out the
essential feature of the structure; thus we need simplifying assumptions
which do not leave out the basic physics. This is done by the introduction
of random unit -ells (RUCs), as shown in Figs. 4 (c) and (d). The separed-
-grain structu. = is represented by a sphere of "A" surrounded by a concen-
tric shell of "% and the aggregate structure is represented by a sphere

having a probability f, of being “A" and 1-f, of being "B".

A basic defini:ion of an effeciive medium is that the RUC - embedded in the

effective medium - should nut > detectable in an experiment using radiation



confined to a specified wavelength range. Thus the extinction of the RUC
should be the same as if it were replaced by a sphere whose dielectric

function is €. An optical theorem for absorbing media states that

cext = 47 Re[é(o)/kf]. {15)

where Cext is the extinction of the RUC compared with that of the surround-
ing material and ${0) is the scattering amplitude in the forward direction.

Requiring now that cext = 0 yields

5{(0) = 0, (17)

which states the fundamental property of an effective medium.

MICROSTRUCTURES

ZZ Material "A"; filing factor {,
(T3 Material "B, filling factor 1-1,

RANDOM UNIT CELLS

Figure 4. Microetructures and randem unit cells for two types of composite

matertals.
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The RUC of the separated-grain structure is a coated sphere {cs) which

yietds!®17

3 (eg E)(cA+ 2eg) + fal2eg+ E)(cA- ey

$%(0) = 1(kb (18)

{eg+ ZE)(EA+ 2eg) 4 £y l2e,- 22)(:A- eg)
+ o|(kp)5].

The "filling factor* is given by fA = (a/b)a. where a(b) denotes the radius

of the inner (outer) sphere. For smal) particles, we set the leading term
MG
£

in $°* (0) equal to zero and obtain (with ¢ = )
-MG
E -Ca .t EA‘-EB “9)
Moo, ATt Zeg

which is the well known expression for the effective dielectric function

of the Maxwell Garpett {MG) them‘y..Ia
The RUC of the aggregate structure is a sphere (s) with'"" V7
5 le-¢ 5
$°(0) = 1(k0)® £2E 4 o[ (k)] (20)
E+ 2E

where € is either £p OF £p. In the small size limit we obtain (with

¢ = By
-Br -Br
¢ —Te"'[ o(l-fJf———B—B-E -0 (21)
AE1+2£r A %+Zér

This equation was first given by Bruggeman {Br).'g

It is passible to extend the EMTs to non-spherical particles and also to

set 1imits on the permissible particle dismeters. These and other aspects
are treated in Ref. 20. Finally, we note that there have appeared certain
general resuits (Bergman-Milton bounds) for ¢ which hold irrespective of the

detailed microgecmetry,21+22
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2.4 Evaluation of dielectric functions from optica) measurements

The extraction of optical constants of thin films from various types of
eptical measurements is a field of widespread interest, and a large number
of schemes using thin films for the determination of optical constants have
consequently been devised in the literature. The current interest in
coatings for enerqy efficiency has further created a new demand for

routine techniques of determining the optical constants of materials in

the visible and infrared wavelength regions. Such techniques should be
experimentally straightforward, compatible with conventional equipment, and

applicable in a wide wavelength range.

The most commenly used technique to determine practically the optical con-
stants n and k of materials involves measuring the normal incidence trans-
mission T and the near normal incidence reflection R of a thin film on a
transparent substrate. We refer to this technique as the {T,R) method.

It derives its popularity mainly from the experimental simplicity. No
angular adjustments, polarizers, or others special equipment are needed,
unintentional polarization effects in the optical system do not enter, and
the sample preparation is straightforward. An alternative technique, known
as the (T,Rm) method combines normal incidence transmission with near-normal
refiection Ry, against # metallized part of the substrate. The latter

technique is particularly useful for absorbind materials.
. ]

‘
The (T,R}- and (T.R,) methods have their specif;t ﬁré; and cons, which may
be conveniently {1lustrated from c?ntour maps. Thesefshow computed curves
for constant R,T and Ry in thé‘(n.kf.pfane. Figdre 5 shows a contour map
for T{n,k} and R(n,k) at wavelend?h.l for a thin film of thickness d, so
that d/x = 0.1, The film {S backed by a transparent substrate with refrac-
tive index n, = 1.5. One notes that the transmission contours constitute

a very regular grid in the (n,k) plane with the contours running virtualty

parallel to each other over a large region. The transmission value is

14

evidently determined almost solely by the imaginary part of the refractive

index whereas !
very weak, To
transmission d:
of contours or:
The accuracy of
namely, by the
A small spacing
For other orier
the (T,R) comb.

make a suitably

Notably only fo:

values near the

For aiwost any

section 1s quit.

Furthermore, in -

reflection cont
minor experimen
tractec optical
of the (T,R) me
set (7,R}). Thi
technique using
case in regions

betwees, differe

~e dependence of the real part of the refractive index {is
sotain an accurate technique for determining n and k, the
73 should be combined with an experiment with a regular grid
<nted approximately perpendicularly to the transmission grid.
*he determined optical constants is governed by two factors,
-pacing of the grids and by their angle of intersection y.
and perpendicular orfentation yields the highest accuracy.
Ations the inaccuracy is proportional to 1/cos y. Clearly
rtion s far from ideal. As shown in Fig. 5, the R contours
ariented grid in very limited regions of the (n,k) plane,

large k and small n {k > 1, n < t) and for very small k

+ axis do the contours intersect under a suitable angle.
Jint in the {n,k) plane at which n > k, the angle of inter-
small, leading to increased errors of the (7,R) method.
region close to the 1ine n = k+ t, the transmission and
+:rs run parallel to each other and as a result even a

i error in this region leads to gross errors in the ex-
zonstants, particularly in the real part. A further problem
tood is the fact that several sotutions {n,k) exist to each
v multivaluednes-, wnich is an inherent property of any

«wo intensity moasurements, produces & problem in the (T,R)
wear the conzoyr tangency points. which are branch points

rc solutions, A .riser experimenie’ sivwc in this vegion can

cause a branching from one solyution (n,.k,) to ancther solution ("2'k2)

which is physicaily incorrect.
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Figure 6 gives a contour plot for the (T,Rm) case. Contours of constant
transmission T of a thin film (/X = 0.1) on a transparent substrate

(ns = 1.5} are combined with contours of the thin film reflection Rm on a
metallic substrate, The optical constants of the substrate metal, Nyt ikm.
were arbitrarily set to Mo ™ 20, km = 70, which is typical of aluminium in

the mid-infrared. The exact choice of optical constant plays a very sub-
ordinate role for this contour plat. The (T.Rm) contour map evidently differs
from the (T,R ) map in several important ways. Particularly noteworthy is

the fact that the Rm contours form a regular grid oriented almost perpen-

dicularly to the transmission contours in a2 large region of the (n,k) plane

k

Imaginary part of refractive index ,

2 3 4
Real part of refractive index , n

Figure 5. Plot of the contours of constant normal transmigsion T and reflee-

tion R of a thin film, d/y = 0.1, on a transparent substrate, ng = 1.5,

16

{for n g 2.4). This means that the {T,Rm) combination makes an excellent
technique for the determination of thin fiim optical constants in this part
of the (n,k) plane. It is interesting to note that this good region of the
(T.Rm} technique includes the inherently troublesome region of the (T,R)
technique. The pole structure appareni in Fig. 6 can be moved by having a
different thickness of the film. This feature extends the applicability of
the {T.R ) technique. A more detailed discussion of the (T.R) and (T.R,)

methods, including error analyses, can be found in Ref. 23.

o
T

(2]
—

N
T

imaginary part of refractive index, k
1

o

0 1T . 2 3 4
Real part of refractive index, n

Figure . Plot of the eontours of econstant normal transmiseion T and ve-
flection B, of a thin film, d/x = 0. Lyon a partly metallized sub-
strate. Thin film refractive index n+ ik, transparent subgtrate

tndex n, = 1.5 and metal substrate index 20+ i70.
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The above mentioned optical techniques for evaluating €y and ey Or N and k
are by no means the only ones. A class of techniques is based on measure-
ments of polarimetric ratios. It has been shown to yield very high preci-
sion, mainly in the visible wavelength range. It relies however for fts
accuracy on excellent wide range polarizers and a very well collimated beam.
These are demands that are not easily met, particutarly in the infrared.
Speciaiized equipment (ellipsometers) are also needed to take full advantage
of the technique. Experimental methods, based on a single optical measure-
ment of, e.g., transmission or reflection and subsequent use of the causality
relations {Kramers-Kronig) of the optical constants to obtain n and k, have
the drawbach that experimental data over an extremely wide wavelength range
are needed; in principle, all the way from zerc to infinite wavelength. A
very direct approach utilizes Fourier transform interferometers, which
measure amplitude as well as phase in a transmission or reflection experi-
ment. This method has so far been restricted mainly to the (far) infrared
region and also demands sophisticated and specialized equipment, An ex-
haustive survey over techniques to determine € or n and k is given in Ref.

24,
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kA SPECTRAL ... ECTIVITY
34 Ambient r.. ative properties

Spectra’ selectsw .z, as a means to achieve energy efficiency, rests on the
radiative proper s of our ambience. These are illustrated in Fig. 7 with
a common logari "¢ wavelength scale on the abscissa, Part {2) depicts

blackbody spect.z ‘or four temperatures of practical interest. The vertical
scale gives pow-: er unit area and wavelength increment. The curves appear

betl-shaped. Pra .‘cally no energy is emitted for wavelength shorter than

E‘"‘n‘l LA I R R ] LI B A LI D DR S B § l[lll‘rL
t‘mg'iwnn’l ]
w00 Blackbody ]

JEm 50 radistion ]
y Q04 0o - - -
[ 002 -850 3
-0 ]

Ralative sensitivity of human
sy |photoplc siate)

NI IR TANE | SRR NN RS | IRTRNEVE Y

AT AN B R AN B N FITH

[} as 1 2 5 0¥ 2 50 x¢
Wavelength |um]

Figure 7. Speetra or (a) blackbody radiation pertaining to four tempera-

turee, . ) solar irradiation outside the earth's atmosphere (e)
typical -heorptance acrose the full atmospherie envelope, (d)
relativi sensitivity of the human eye and velative photen efficiency

of leavr in living plants.
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¢ um. Blackbody spectra pertaining o room temperature are peaked at be discussed in Section 4. The dashed curve shows that photosynthesis in
~10 um.  The thermal radiation from a real body is obtained by multiplying green plants uses radiation with wevelengths shorter than 0.7 um.

the blackbody radiation by a numerical factor - the emittance - which is

less than unity. In general, the amiitance is wavelength dependent.

Figure 7 {&} shoewe »n U ev enlem entt o fan dzeddeni on the

atmospheric envelope. The curve agrees rather wel? with a blackbody spectrum
defined by the sun's surface iev:irature {v & %Y, e observe that the
solar spectrum is confined te the 0.25 - 3-um interval, so that there is
almost no overlap with the thermal speciv: in =2 {a}. Hence one can have
surfaces whose properties are entirely different with regard to thermal

and solar radiation, as we return to for window coatings in Section 4 and

for solar collector surfaces in Section 5.

The applications of present interest take place at ground level, and hence
it is important to consider the role of the atmosphere. Figure 7 (c) shows
typical absorptance vertically across the atmospheric envelope. The pro-
nounced peaks are due to molecular absorption in water vapour, carbon di-
oxide, and ozone. It is seen that most of the solar radiation can be
transmitted through the air. In contrast, the thermal radiation from an
upwards facing surface is absorbed to a large extent except at 8 to 13 um
where the absorptance is weak {provided that the atmospheric humidity is
not too targe). The thermal radiation can be large in the B-t3-um interval,
and hence we conclude that a non-negligible part of the emitted energy can
go straight through the atmosphere. This phenomenon constitutes the basis

for radiative cooling, which is further treated in Section 6.

Figure 7 {d) presents two biological constraints which are important for
some applications. The solid curve shows that human eye is sensitive only
in the 0.4-0,7 um range. Hence a large part of the solar energy comes as

infrared radiation, which is an important fact for window coatings as will
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3.2 Integrated optical properties

For assessing the performance of surfaces with regard to energy efficiency,
we must know one or several suitab1y'averaged optical properties. The inte-
gration could be over the eye's sensitivity curve (to get the luminous per-
formance), over a typical solar spectrum, over a blackbody spectrum to get
the thermal performance, or over the atmospheric irradiance spectrum to find
the radiative cooling performance. Luminous, solar and thermal quantities

are discussed here, whereas the treatment of radiative cooling is postponed

to Section 6, Colour specifications also uses integrated optical quantities.

Integrated luminous (lum), selar (sol}, and thermal {therm) quantities are

conveniently obtained from the relation

XT = IdlﬂT(l)X(l)/IdkﬂY {x). (22)

Depending on which quantity we want to compute, we set DT equal to a]um'
”sol or Dtherm' For the function Blum it is proper to use the standard
tuminous efficiency function for photopic vision as specified by CIE (Ref.
25). For nso] one could use tabulated spectra appropriate to a certain air
mass (AM) and turbidity (Ref. 26). For example one could use AMD (extra-
terrestrial conditions), AM1 (sun at zenith), AM? {sun at 30° above the

horizon) etc. For i herm the weighting function can be written

Psterm = c1k'5[exp(c2/h) -1 (23)

with ¢, = 3.7418x 10"6I1vlrnz]. €, = 1.4388x 10-2 [rnl(]. and 1 signifying

temperature. X in Eq. (22) denotes the spectral property; for example normal

transmittance, normal reflectance, or hemispherical emittance E. The

emittance can be obtained from

22

E()‘) = 1 “h()‘)" Rh(l)o (24)
where Th is the emispherical transmittance given by

/2
1,00 = 5 }od(smze)Es(a.A)o TP(a.n]. (25)

and an analogov -elation holds for the hemispherical reflectance Rh' The

subscripts s ar.  in Eq, (25) refer to different states of polarisation.
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4, WINDOW COATINGS
4.2 The different types of spectral selectivity

We consider coatings which are transparent in at least part of the 0.3~100-um
range and discuss their applicability to energy efficient windows. This is

a large subject, and in order to organize it we first consider coatings with
atatic properties, i.e., coatings whose optical performance remains the same
irrespective of external conditions. This greup tan be conveniently sub-
divided into coatings for "solar control® and for providing low thermal
emittance.  The second group of coatings, which is presently emerging as a
self-contained research topic, have dyanmic pronerties and encompasses

optical switching coatings of different types.

With the purpese of introducing the “solar control” coatings, we note that
in a hot climate it is frequently the case that the solar energy which enters
through a window and is absorbed in the room causes to mych heat. Hence,
there is a need for cooling to abtain a comfortable indoor temperature.
Conventional air conditioning uses a lot of electrical energy, part of which
can be saved by the use of proper window coatings. From the upper part of
Fig. B, which contains basically the same information as in Fig. 7, it is
seen that only some of the solar radiation comes as visible light. It is
clearly effective to have a toating which is transparent only for

0.4 <A< 0.7 imwhile it is reflecting for 0.7 <3< 3 Wk so that the infra-
red part of the solar radiation is excluded., This spéctral profile is

shown by the solid lines in the lTower part of Fig. 8..1The improvement
caused by such a coating depends to some extent on the weather, but as a
Fule of thumb it is possible to decrease the solar heating by almost 50 %

at negligible loss of visible transmittance.

We now turn to the coatings with low therma) emittance and note that ina cold
climate & window is usually causing an undesired Yoss of energy. A large

part of this Joss is by thermal radiation to the ambiencz, It is clear

24

from the upper part of Fig. 8 that energy efficiency can be gained by
coatings which are transparent for 0.3 < A < 3 pym, so that maximum use is
made of the solar energy, while the emittance of thermal radiation is mini-
mized. The required optical properties are hence high transmittance for

0.3 ¢ A < 3 um and high reflectance for 3 < & < 100 um.  This performance

ts indicated by the dashed 1ines in the lower part of Fig. 8. The advantage
of low-emittance window coatings can be expressed in various ways: one is

to state that the same therma) insulation can be obtained in a window with
double gqlazing and one coating as in a window with triple glazing and no

toating. The lower weight of the former alternative is an important benefit.
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Figure 8. Upper part shows the luminous sfficiency of the ligh-adapted eye,
a typical solar epectrum for one air mass, and blackbody spectra
corresponding to three temperatures. Lower part ghows transmittance
and reflectance for idealized window coatings designed for "solar

eontrol” (aolid linea) and for low themmal emittance (dashed lines).
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The previous two types of coatings are of great value for energy efficient
windows. However, they have a fundamental limitation in their properties
being static, which make them incapable of adjusting according to the
variable demands on heating and lighting during the day or season. For
example, it may be that a coating which has low thermal emittance, and is
adequate during the winter in a midlatitude region, causes overheating during
the summer. It is obvious that a "smart window" should exhibit radiative
properties which can be automaticaly tuned in such a way that a suitable
amount of solar energy or visible light is introduced. The pertinent

coatings can be of different kinds:

photochromic (i.e., change their properties as a result of the jrradiation);
thermochromic (i.e., change their properties as a result of the temperature);
and electrochromic (1.e., change their properties as a result of the strength
and direction of an applied electric field). Here we focus mainly on the
electrochromic ones. Research on switching coatings for energy efficfent

windows are presently being started in different parts of the world.

Reviews of window coatings with static properties are found in Refs. 27-43,
Some work on electrochromic coatings is reviewed in Ref. 44. Useful informa-

tion of window coatings is found also in Refs. 1-6,
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4.2 deview g oatings with static properties

There ¢xist seve-al approaches to coatings which are transparent at short
wavelerqgths and :flecting at long wavelengths. The simplest one is
offered by very 1in metal filme. Best results are obtained for the free
electron metals . ¢, Ag and Au. Most other metals exhibit a pronounced

undesirable ints-oand absorption within the solar range.

The thickness of the coatings has to be above a certain threshold value,
since otherwise ihey tend to be broken up in a two-dimensional array of
discrete islands which do not exhibit metal-like properties. Figure 9,
taken from Ref. 75, illustrates the salient properties of a growing metal
film. Geing frc left to right, the figure presents growth stages, film
structures, thictsess scales and theoretical models for the optical proper-

46,47 when metal vapour condenses

ties. The growtn stages are well known:
onto a surface & :lei will be formed at certain sites; continued deposition
makes the nucle’ grow via surface diffusion and direct impingement; the

metal islands thus formed underge coalescence growth so that larger and

Growth stage Structure Thickness Model for optical properties
Metal nuclei c Q(n_m )l Maxwell Garnett theory

e Py (metal particies in air)
irregular metal islands 3- Increasing particle

. 3 l eccentricity and interaction
Large-scale coaiescence 10 Continuum percolation ?
Bruggeman theory

Non-uniform filn: - 6 {metal - air composite)

20 9 1 Decreasing void eccentricily

' Continuous metat film 1 i } Bulk metal

Figure 9. Survey i information c¢n gold filme coated onto glass by use of

conven. .onal evaporation (ec.e.) and ion-plating (i.p. ).
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considerable degree from the Lrude theory {cf. Sec. 2.2). For a window coating

more irregular islands appear; the growing film then goes through large- to be practically useful, it should have a thickness well above the one required
-scale coalescence so that a metallic network extends through the sample; for large scale coalescence.

d meor utar; and finally a uniform . . . . , .
subsequently the voids get smaller and more reg * y The optical properties of growing films, which were treated in principle
d. rresponding structures (with metal shown . . L )
metal Tayer may be forme The carrespo 9 ( in Fig. 9, are substantiated in Fig. 10. This figure is reproduced from a
d. The thickness scales pertain to the deposition L .
as black) are sketche e P P recent study42 of selective transmission in conventionally evaporated films
tional ration as well as by ion-
of gold onto glass by use of conventional evapo Y of Cu, Ag, Au, Cr, Fe, Co, Ni and Al. The shown data pertain to Ag coatings
- . i ss scale valid for ion- . . . .
Plating. One should nate the compressed thickness 2 of different thicknesses onto glass. The thickest films {thickness 36 nm;
- ing. j jon - h t 1y strong - . : : .
plating. A similar compression - albeit per aps Mot equally strong curves denoted a) display an essentially bulk-like behaviour with high re-
i , i d technique involves ) _
's expected for sputtered films, since this deposition que in flectance - and thus Tow transmittance - across the main part of the shown
. ions. . . .
bombardment with energetic ions. This observation is important because spectral range. For gradually thinner films, there {s an increase in
t i idely u today for the production of window
megnetron sputtering is widely used today P short-wavelength transmittance, while the reflectance for thermal radiation
coatings. Gen 1y, the thickness scales are dependent on many parameters .
ating erally ¢ scale pe Y P is not significantly affected. Thus there appears a gradual onset of
such as the deposited species, substrate material, substrate temperature, . .
selective transmission. For the thinnest film (thickness 6 nm; curves
vacuum conditions, the presence of electric fields, etc. However, even . . .
denoted €}, & qualitatively different behaviour is encountered which is
if the thickness scales may display a varying degree of compression and L .
indicative of a discrete nature of the film. We return to the optical
expansion, it is expected that the growth stages are traversed in a certain

order and hence that the optical performance varies with thickness in a t:

definite way. The corresponding theoretical #udels for the optical proper- -

ties are indicated in the right-hand part of Figure 9. The discontinuous L

metal film can be understood from the Maxwell “arnett theory (cf. Sec. 2.3), E &

provided that particle shape and interaction - Soth of which become in- | Pt

creasingly complicated with increasing thickas:s - are accounted for properiy. ¢ o

Around large-scale coalescence, the film is characterized by an interpene- *

trating maze structure and we conjecture that effects of continuum percola~ :

tion may be observable at optical frequencies. The non-uniform film can be |

understood to some degree from the Bruggeman theory (cf. Sec. 2.3) with due ’ Wovelength (um)
regard to void shapes. Finally, the continuous film can be understood to a Figure 10. Spectral trancmittance (solid curves) and reflectance (dashed

eurves) of selectively tranemitting eilver films on glass sub-
strates. The films have the followwing thickneases: (a) 36 nm,

(b) 16 nm, (e) 12 nm, (d) 9 nm, (e) & nm.
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properties of metal films in case study one reported on in Sec. 4.3.

The 1imited transmission in continuous noble-metal films is governed
Targely by reflection at the film boundaries rather than intrinsic absorp-
tion. Therefore it is possible to improve the transmittance by additional
coating(s) which act so as to antireflect the metal. We are then led to
consider dielectric/metal and dielectric/metal/dielectric multilayers.
Dielectrics with high refractive indices (such as 5n0,, Tiez. n0 and ZnS)
are useful for creating the desired induced transmission. By selecting
proper thicknesses, one can optimize the coating either for solar control
or for low thermal emittance. The optimization is conveniently done on a
computer. Figure 1t reports on a high-performance selectively transmitting

29 suitable for solar control (according to the ideal property in-

coating
dicated by the dotted Yines). The three-layer coating consists of titanium
dioxide/silver/titanium dioxide, where each layer is 18 nm thick., The

spectral transmittance and reflectance, shown by the solid curves, appreoach

T LANLEE DL § L | LB DAL | L | L B
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F oo P T Transmittance (T)
and reflectance {R)
50 of TiO,/Ag/TiO,
coating on glass
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Figure 11. Spectral transmittance and reflectance of a Tiogldg/ﬂoz coating

on glass. Experimental and theoretical data are reported and eom-

pared with an ideal spectral profile. Inset deopicts the coating structure.
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the ideal bers our and, in particular, the visible transmittance is as

large as about . %. The exporimental data are in fair agreement with a
computation (di- wed curves) based on the known optical properties of the
conslituent mav -Jals. The ensuing differences are probably caused by a

slightly non-hc -~geneous character of the silver layer.

Doped-semicond.. .or coatings v¥fer anather - principally superior -
possibility. ™ - energy gap must be sufficient to allow good transmission
down 0 0.3 ym - ¢ the structure must permit doping to a level so that the
coating exhibi. vree-electron-Tike behaviour beyond a plasma wavelength
of the order ¢  few ym. It is important that the doping does not
introduce subs.-..tial absorption at wavelengths shorter than the plasma
wavelength, 21 that the energy gap does not shift towards the visible
range as a corscquence of the doping. The useful materialsare oxide semi-
conductors base. on In, Cd, In, 5n and combiantions of these. The required
carrier densitiz . can be achieved by non-stoichiometry (intrinsic doping)
as well as by i-:lusion of foreign elements (extrinsic doping)}. Among the
most widely stucied materials we note SnO2 doped by F or $b, lnzo3 doped
via non-stoichicmetry or by Sn, ZnC doped by Al, and Cd25n04.

The interestirg oxide semiconductors have refractive indices of the order

or 2, and hence he short uavelepgth transmittance s limited by reflection
losses to an ungesirable extent. One is then led to reqard dielectric/
doped-memiconductor coatings, for which the dielectric with low refractive
index acts as an antireflecting layer. Figure 12 shows a specific case having
particularly gocd performance: an Sn-doped In203 layer antireflected by Mgf,.
It is found that the transmittance is high for short wavelengths (particularly
in the visible) and that the reflectance is high for long wavelengths, These
properiies are rather good for a Tow-emittance window coating; they would

have been even better if the onsei of high reflectance were moved towards
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the infrared, as can easily be done by decreasing the Sn doping. We return
to In203:5n coatings in case study two in Sec. 4.4 below., We note that

most low-refractive index coatings cannot be applied by high-rate sputtering,
which is a drawback for practical production. An exception to this rule
seems to be offered by certain novel metal-oxyfluoride coatings {Refs. 48,
49},

The final approach to selectively transmitting window coatings is to exploit
some of the new materials which are appearing today. Interesting results

have been found for TiN, La56 and AuA]z.
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4.1 Case study one: Selective optical properties of ion-plated Au films
{Ref. 45).

This first case study reports on the optical pruperties of thin gold films
made by ion-plating and Compares them with results obtained by conventional
evaporation. Film thicknesses on either side of the magnitude required for
microstructural uniformity are of interest. Several novel effects of potential
importance for improved window coatings are identified and discussed in

terms of theoretical models. There can be Tittle doubt that these findings

would apply equatly well to films of Cu and Ag,

Figure 13 is a sketch of the film deposition system. Gold was evaporated onto
unhezted glass substrates and simultaneously onto grids for electron micro-
stopy. The evaporation rate was maintained at a certain value r by use of ,
viarating quartz microbaiance connected to a microprocessor-based deposition
controliar which vegulated the power delivered from the evaporation power
supply. Most of the films were produced by ion-plating - i.e., by contimvous
bombardment of the growing film with energetic ions. The ion current, I,

was recorded via a small probe in the ion beam,

9auges
g4
L —
hoider
:ubstrate ‘“t'l"’;(
) % . Shutter X
_-L current :
1 probe

deposi~
tion

control
lon
source SR
controls o lon
source
evap,
Ar inlet source

to pumps

Figure 13. Schematie view of the ton~plating system and its process controls.
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fon-plating was performed as follows. After evacuation of the vacuum chahber
an Ar flow was introduced so that the pressure became 10" Torr. The fon
source was set to produce 500 eV Ar' dons with a certain flux s(Ar*}, which
was determined by measuring 1. The gold flux s(Au) was inferred from r.
Typical experimental parameters were 8 < 1 < 33 A/cm2 and 0,1 < r < 0.2 nm/s.
The Mux ratio, defined by

g = s(ar’}s{Au}, {26)

should be chosen property in order to benefit from ion-beam-assisted film
growth without having too much resputtering of deposited material. Empiric-
ally, we obtained good film properties with g = 0.1. Films with mass thick-

nesses in the range 4.5 < t < 18 nm were produced.

The microsctructure of the coatings was investigated by transmission

electron microscopy. Figure 14 shows a typical bright-field micrograph for

a ion-plated (g=0.1) film with t = 5.5 nm. A characteristic network Struc-
ture with an areal coverage > 75 % is observed. There is a striking similarity

to the sketch in Fig. 9. [Ion-plated films, made under favourable conditions,

Figure 14. Transmission electron micrograph of a nom-uniform iton-plated Au film.
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had network configuration at 4 < t ¢ 9 nm and appeared uniform at t > 9 nm,
Without fon img.ngement (g = 0), we obtained network films at mass thicknesses

as large as ~1, nm.

Figure 15 show spectral tansmittance T and reflectance R in the visible and
near-infrared. The left-hand part refers to ion-plated films cbtained with

g =0.1. The Aickest £ilm (< ~ 9 nm} displays an increase in R and a con-
comitant decre .e in T for wavelengths A > 0.5,m. This is characteristic
for tulk-1ike -u, and we infer that the film is approaching a uniform struc-
ture. The low ~ing of T for ~ < 0,5 ym is caused by interband absorption,
Thinner films .re qualita:isz ~““Tersug: Yor 6 < t € 9 nm there are plateaus

of Tand R in ne near-infrared, which are followed by a weak decrease in T

0 200 LI N I R A N B L B (O
00—

-

L o e e i e A N B B
100 —- 2

M
u‘%_a

Transmittance (%)

Transmittance (%)
K: \] L
. ﬁ
7 A .
!
/
iy

1o = {28

- z
£ .
i £
8 3
.
g £
]
] =
[
— of——m —_ ]
IO W TP T B T U OO U IO N U O | PRI NN I 1 A A0 U I W N N T U O N R e
0.5 T 1.5 2 25 0.5 1 1.5 2
Wavalength (pm) Wavslength (pm)

Fi@ré 15. Spectral normal tansmittance and near-nomal reflectance for thin
Au filma produced by ton-plating (left-hand part) and conventional
evaporatton (right-hand part) Data are shoun for filme with diffe-

rent mags thickneeses.

:

|||(i=|||H‘1|111111




35

and increase in R at the longest wavelengths. 1t will be found below that
the specific optica) properties of films with t < 9 nm can be understood
from considerations of non-uniform film structures, The right-hand part

of Fig. 15 pertains to thicker films produced by conventional evaporation
(g = 0). We note that near-infrared plateaus appear for t € 15 nm, which
is well beyond the thickness where the fon-plated films seem to be entirely
bulk-like. Curves resembling those in Fig. 15 have been reported also by

Valkonen et a1.42 in the paper from which Fig. 10 was reproduced.

Figure 16 reports Tsol and Rtherm versus t for Au films produced by jon-
-plating (g = 0.1} and by conventional evaporation {g = 0). These quanti-

ties were computed by use of the formulas given in Sec. 3.2 and 7 = 300 K.
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The most important result concerns Tso]' which can be significantly enhanced

as a result of the ion impingement. For example, one can combine Rtherm
76 X with Tsol = 51 % in an ion-plated film but only with Isol = 37 % using
conventional evaporation. Mence ion-plating can give significant gain in
transmitted solar energy. Ion-plating alse leads to some improvement in
the thermal properiies, Al of the ion-plated films with t < 9 am had

56 < T?um < 58 %. Large enhancements of Tsol and/or T]um can be achieved
by embedding the gold films between dielectric layers with high refractive

indices, as we have already commented on.

We first analyze the thicker of the Au films - those with t 2 9 nm in the
case of ion-plating. These films showed no evidence for non-uniformity,
and it is meaningful to apply the Prude theory ({Sec. 2.2) at 1 > 0.5 um.
It was verified that, in fact, the Drude theory gives a very good represen-
tation of the extracted dielectric fumction for uniform Au fitms. The only
feature worth further comment concerns the spectral dependence of the re-
laxation frequency y (cf. Eq. 14) which is intriguingly strong. It was

found that the experimental data were consistent with a relation

y=y"+ sz. (27)

where Yo and B are constants. An mz-dependEHCE of the relaxation frequency
has been reported before for metal films, but the present magnitude of B

{s considerably larger than the one found in earlier work on thicker films.
Several mechanisms could yield a relation such as the one indicated in Fq.

27; we can mention electron-electron interaction, elactron-phonon interac-
tion, a two-carrier mechanism accounting for crystalline grains and disordered
intergranular material, and surface electrodynamics. Recent uorksu showed
convincingly that surface electrodynamics plays an important role. Qur gb-
servation of enhanced gs in very thin ion-plated Au films is in accord with

this view. The analysis also yielded a magnitude of Yo which is consistent
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with the film thickness and crystallite size.

We now turn to the analysis of the non-uniform films consisting of 2 mix-
ture of gold and air-filled voids. Since the basic structural unite cannot
be taken as round, the Maxwell Garnett and Bruggeman EMTs must be generalized
50 as to account for appropriate values of the depolarisation factors.
Specifically, we take the two-dimensional images ?f the films to comprise a
metatlic phase represented by circular units (with depolarisation factor Lm x
1/3, pertaining to spheres) and a dielectric phase represented by elliptical
units (with depolarisation factors I.‘ and Lz, s0 that L‘ + L2 =1). The

generalization of Eq.(19) now reads

~MG

€ =€ 2 1-~-¢

N m =£ z m____ ., (28)
EIG + 2 €n i=1 GO Li(l-em)

and the generalization of Eq. (21) reads

~-Br ~Br
- E

2 1 +¢ £
FE e s o) — B . g, (29)
i=1 EBr . Li(1~EBr) EBr+ (Em - EBr)/3

where f is void fraction and ey refers to the dielectric function of gold
modified by standard technique551 so as to encompass a short mean free path
for the free electrons (set to 6.5 nm), It is then straight-forward to

Br and EHG versus A, t, f, L! and Lm. Finally, we obtained T and

compute &
R from Fresnel's equations (Sec. 2.1) and with the underlying substrate

represented by the dielectric function for amorphous $10, (Ref. 52).

Figure 17 shows spectral T and R for gold films characterized by different
void fractions. We use t = 9 nm and the Bruggeman theery for circular
structural units (L1 = L2 = 1/2). The dotted curves pertain to f = 0, i.e.,

to 2 uniform film. The calculated data are in good agreement with the
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measured res. 1ts for the thickest films reperted on Fig. 15. An increase

of the w3i¢ -action {5 sz e have “§3i72 ¢ 200 a1 the luminous perform-
anr? ol tg - eid 5 on “3te 0 izse oF T and decrease of R in the
infrared. § atz G L wes SZUELL Lelo.ant results. It considers a

gold filmwitn t = 7.2 nm a: % f = 0.2, 7he solid curve refers to the
Bruggeman theory for non-sperical voids (i.1 = 0.2). A comparison with the
upper solid curve in Fig. 17 demonstrates that the departure from circular
void shapes * 'ads to a characteristic plateau across the 0.5 - 1 - pm range.
Correspondin: results based on the Maxwell Garnett theory do not produce a

Plateau but * otherwise in good agreement with the Bruggeman data, as seen
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from the dashed curve in Fig. 18. Setting I.m = 1/2, as in the computation
giving the dotted curve, does not lead to significant departures from the
spectrum obtained with Lm = 1/3. The plateaus in the infrared transmittance
are important since they affect the solar transmittance, The plateaus are
further investigated in Fig. 19, where we vary L1 from 0.5 (circle) to 0.1

for films with t = 9 nm and = 0.2, The Bruggeman formalism

is found that the plateaus become increasingly wide when L, is decreased

{or the sccentricity of the elliptical voids s increased).

We now consider the computed spectra in some detail and discuss to what
extent we can understand the spectrophotometric data. We focus on the con-
spicuous plateaus in the infrared spectra. They were clearly seen in the
measured transmittance and were apparent alsa in computations based on the
Bruggeman effective medium theory applied to non-spherical voids. Three
specific points demand attention, First, we observed that the measured

Plateaus were widest in the thinnest film. Theoretically, this is to be ex-

pected since the most elongated voids occur closest to large scale coalescence
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{or the percolation threshold). Second, the measured plateaus were less
distinct than in the computations. This is also very reasonable when one
remembers that a broad range of depolarisation factors is heeded to
characterize a real nom-uniform film, Third, we observed that the trans-
mittance maxima on the short-wavelength side of the plateaus were more
prominent than expected from the Bruggeman theory. This is by no means
unexpected, though, since the complex structure of the experimental samples
makes one believe that features of both the Bruggeman and Maxwell Garnett
theories are present. Indeed, combining the solid and dashed spectra in

Fig. 18 makes the short-wavelength peak dominant. In conclusion, we find
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that most features of the transmittance plateaus can be reconciled with an 4.4 Case stud; two: Selective optical properties of e-beam evaporated
effective medium treatment based on the pertinent microstructure. This in,04:5n - - 'ms (Refs. 53-59)

theory also explains the increased solar transmittance of properly produced
Coatings of In,0,:5n (also known as indium-tin-oxide or 1T0) have been

non-uniform metal films, .
tnvestigated in capth during the last years. The theoretical understanding
seems to be more .dvanced for this oxide semiconductor than for the other
ones me.tioned 1 Sec. 4.2, Hence we think it is worthwhileto present a

detaile: analysi =f this particuiar material here.

ln203:5n coating: with selective optical provertizs can be produced by a
variety of techn. ues including evaporation {resistive, e-heam; non-reactive,
reactive) sputt-v.ng {diode, magnetron, ion-beam; planar, cylindrical; non-
reactive, reactiv ,, ion plating, chemical vapour depesition, spray pyrolysis,

dipping etc. In :ne work to be discussed below we used reactive e-beam
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Figure 20. Spectrc! transmittance and reflectance of a 0.4 wm thick Inzas:Sn

film . glaes. - insét srhowe a eketeh of the film deposition unit,
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deposition of ln203 + Snoz‘tablets onto heated substrates. This is a con-
venient technique for laboratory-type investigations, and it is also used

for industriat production of In,0;:5n coatings with high performance. The
inset of Fig. 20 shows a sketch of the film production unit comprising a
vacuum chamber with an e-beam source (whose input power is feed-back
controlled from a vibrating quartz microbalance), a heated substrate holder,
and facilities for controlled inlet of gases. In principle, this is the

same deposition unit as the one shown in Fig. 13. We found that the best
optical performance was obtained with substrate temperature ~ 300°C, constant
evaporation rate in the 0.2-0.3 nm/s interval, and constant oxygen pressure
in the 5-8x1074 Torr interval. Main part of Fig. 20 shows spectrophotometric
measurements of transmittance and reflectance for a 0.4-um-thick coating on
glass. The spectral selectivity is similar to the one shawn in Fig. 12,

which is the expected result., The deposition parameters are rather crucial,
which is true not only for evaporation but also for other techniques such as

sputtering.ﬁo’61

This is illustrated in Fig. 21, which shows the spectral
absorptance across the visible range for 0.3-um-thick In203:5n films deposited
at different temperatures. Only the film made at the highest temperature
has very good performance. in gur best films -2 havo found an absorptance

of only ~ 0.2 % at A = 0.5 um,

A [x}
M
N 150

20 /) s

[ ffg__,f”

[T as [*T] o7 A[ll'll]

Figure 21. Spectral absorptance (A) for In,0::5a filme (on glass) depostited

at four different substrate Lemperatures.
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In Fig. 20 it is seen that the visible transmittance exhibits pronounced
peaks, which are indfcative of optical interference. This will lead to a
slight colouring of the coatings. Further, if small thickness variations
exist across the coated surface - which may be hard to avoid for architec-
tural coatings - it will show iridescence, which is definitely an unwanted
effect for most applications. An improvement in the colour performance is
achieved by antireflection coats. Comparing Figs. 12 and 20 it is evident
that the HgF2 layer significantly cuts down the iridescence. The actual
MgF2 thickness is 90 nm in this example. The luminous transmittance can be
~ 95 % {including the substrate) while the therma) emittance is < 20 % for

0.3-um-thick ln203:5n films antireflection coated with 90 am of MaF 5.

Colour properties have not often received proper attention in scientific

works on selectively transmitting window coatings. This is somewhat sur-
prising, since colorimetric analysis is a well known subject treated in
several b00k5.25.62-64 As an example of the quantitative results one can

reach by colorimetric analysis, we present in Fig. 22 the x and y coordinates
referred to the CIE 1931 standard colorimetric system and a daylight-type
illuminant for normal transmission of light through glass coated with ln203:5n
(thickness range 250 to 400 nm} and MgF, (thickness, t, being 0, 90, 95, {00,
105 nmi. The data were computed hy use of the dielectric functions of In203:5n.
ﬂng and glass. the distance “2tweer a certain point on the curve and the
point C describes the excitation surity of the colour {the graph corresponding
to 1 % excitation purity is indicated), A full interpretation of the data in
Fig, 22 is beyond the scope of these notes; it is sufficient to obsarye that
the excitation purity {or perceived colour) is significantly decreased when

an Mng layer is applied. Specifically, it is found that an excitation purity
of <1 % in normal transmission and <10 % in normal reflection could be
achieved with ln203:5n thicknesses in the 220-260- or 335-365 nm ranges and
MgFZ thicknesses in the 90-105-nm range,
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We now turn to a trzoretical amalysis of the optical properties of ln203:5n.
To this end we 1 2:g.-d 1n203 35 2 host lattice to which the effect of the Sn
dopant is added. e bandstructuré of 1n203 - which forms the natural basis
for a theory of the optical properties - is not known in any detail, but we
believe that Fiy. /3 {a) gives a good working model. It shows parabolic and
isotropic bands segarated by a direct semiconductor bandgap Ego' which is
3.75 e¥. 1t has been proposed that the conduction band is mainly from
indium 5s electrun: and the valence band is from oxygen 2p electrons. The
Fermi energy EF 1ie: halfway between the energy bands. We next introduce
2 low density of dc-ar atoms. Under these conditions, donor states are formed
Jjust below the conc.ction band, and EF 1ies between the donor Tevel and the
conduction band miv.imum. For increased donor density, the donor states merge
with the conductior. band at a certain "critical” density n., whose magnitude
can be estimated us 3¢ Mott's criterion®

na,e - 0.25 (30)
The effective Bonr radius aa* (- SET R (1 W o !"553‘ Above N, the Sn atoms
are singly ionized. EF is deter..ined by the highest occupied states in the
conduction band. F.gure 23 (b} Gepicts the bandstructure of heavily doped
In203. A partia: filling of the conduction band as well as shifts .in energy

of the bands, relative to their location in ln203. are indicated.

As earlier discussed in Sec.2.2, it is often possible to consider the

complex dielectric function as & sum of contributions due to valence electrons,
free electrons, and phonons (cf. £q.12). Below we regard the susceptibilites
for these contributions for the case of ln203:5n. We begin our discussion

of XVE by noting that the fundamental bandgapofa heavily doped oxide semi-

conductor becomes wider as the electron density e is increased. The shift
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occurs as the net result of two competing mechanisms: a bandgap widening

due to a blocking of the lowest states in the conduction band (so that ab-
serption occurs for photon energies exceeding Eg rather than W in Fig. 23},
and a bandgap marrowing due to electron-electron and electron-ion scattering
{so that H<Ego in‘Fig. 23}. Hence bandgap widening occurs as a consequence
of the Burstein-Moss effect,66 which is pronounced because of the small
effective mass for the conduction electrons in In203:Sn. The empirical

data follow approximately the relation Eg - Ego « ne2/3. There is also a

smearing of the bandgap which increases in proportion to o and which may

also be dominated by effects of electron scattering (rather than of nonzero

(a) ()

Figure 23. Fart (a) shows the asswmed bandstructure of undoped In203 in
the vicinity of the top of the valence band and the bottom of the
conduction band. k is waveveetor anplitude and Hw is photon
énergy. FPart (b} deseribes the effeot of 8n doping. A ehift

of the bands is indicated. Shaded areas denote oceupied states.
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temperature). 1f we confine our attention to the solar range, it is
sufficient to regard the low-energy tail of the bandgap. Figure 24 shows
absorption coefficient, evaluated from spectrophotometric measurements,
versus photon energy for films of ln203 and In203:5n. The samples dencted
A, B, C, D have the thicknesses 0.075, 0.415, 0.11, and 0.41 um, and the
electron densities 0.4, 1.7, 6.2, and 8.0 x 1020 cm'3. respectively. The
ngs were obtained from cptically observed screened plasma energies. Below

4 Y, the data in Fig. 24 is seen to follaw approximately the relatian

10°* T ' T T T
T
£
L
10
&
]
v
3 L
o
(1}
B
o
2 10'
2 Symbols: Experimsntal
g F data
[ Lines: Logarithmic
bandedges
10° ] I ! \ 1
a0 4.0 50

Energy (eV)

Figure 24. Absorption coefficient vereus photon energy for filme of In203
and 1"303-'3”'- Symbole refer to measurements at room temperature;
the scatter {lluatpates the difficulty of using thin films to
determine amall absorption ecoefficients, The parallel lines

indicate logarithnic bend-edges.
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a=a"exp [a (hw-b)], (3

where a”, a and b are parameters, Such Togarithmic bandedges are often

67

referred to as Urbach tails, We may rewrite Eq. (3t) in terms of a

valence electron susceptibility, applicable in the bandedge (be) range, as

VE _

Xpe = fw - 14 (€m1/2

f2n))a" exp [alfw - b}]. (32)

The bandgap shift can be represented by

b =cn 2/3 +d,

e (33)

with ¢ and d being parameters. The empirica) results in Fig. 24 can be
reproduced by setting a" = 1 cm-1. a = 3,99 {ev)'i. c =0.376 x 10714 cn? ey,
and d = 0.979 e¥. Urbach tails may be connected with electric microfields

due to the ubiquitous ionized defectsﬁs. thermal fluctuations of the bandgap,69

etc,

Turning to the free-electron properties, we note that the spectral selectivity
required for a window coating rests to a large extent on these. The analysis
of free-electron properties is conveniently performed in terms of a complex
dynamic resistivity p = p1+ip2. which is connected with the susceptibility

viz the general relation
x = 1/(e wp), (34}

where E, 15 the permittivity of free space. This formalism §s usefulm since
Py ts directly related to the type of scattering which prevails amongh the
free electrons. The dots and solid curves in Fig. 25 show empirical results

for three heavily doped ln203:Sn films with somewhat different electron

densities., The 'ata is based on spectrophotometric measurements of trans-
mittance and ref :ctance in the solar and thermal ranges. We find that Py
is rather consta:t below the plasma energy ﬁwp and joins smoothly with the
measured dc resistivity Pee Above the plasma energy, Py falls off accarding
to a power taw. With due consideration of experimental uncertainties, it is

found that 2 rel-:tion
py w, with - 1,32 5> -2, (35)

is obeyed. At t.e highest enerries shown in Fig. 25, Py Tevels off and starts
to increase at tie approach of uhe sewiconductor bandgap, =Py 2150 follows a
power law with ar exponent between 0.85 and 1.0. Additional data for Fw < 0.1 oV

were consistent .ith the results in Fig, 25.

We now wish to .resent a quantitative theoretical model for p. To this end
we consider jons.z2d impurity scattering, which is unavoidable for n, » n..

Using the Gerlaci:-Grosse theory’u appropriate to a Coulomb potential we can

write
2
IN, e
1 2 1 w
plu) = 4 - ——n 1 K2k - g ] - =2y (36)
o Eofe W © [ e®9(K,w) 23(k.0) €0Ely

where 7 is the crarge of the impurities, Ni is their density, and 9 is the
dielectric functisn of the free-electron gas. For heavily doped ln203:5n,

we may set Z = § .nd N1 L thus assuming that the free electrons stem from
singly ionized 5n atoms.71 The remaining part of the theory regards 9. We
first consider s> Random Phase Approximationg'72(RPA). For electron collision
processes it is the longitudinal part of the dielectric function that matters,
and in the limiv of small damping we have for the degenerate electron gas

(with €9 = caph:
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3 2

-

0
cRPA( e
Ly Y
k st

) = e, + vP{kuw) = £ 4 e ify), {37)
where /3 if Fermi velocity. Explicit expressiess for f, and fz may be found
in Ref, 56. RPA is known9 to give a good description of the free-electron

oas particularly when the parameter
rg* = ag* (4mn s3)1/3 (38)

is small. For heavily doped In203:5n we can have rs* ~ 1. This is in fact
smaller than for metals, which attests to the applicability of the RPA.
Nevertheless, the RPA is not entirely satisfactory since it leaves out the
effects of exchange and correlation in the electraon gas, and it is of some
interest to invoke more elaborate theories. One such extension of RPA, which
includes exchange but not correlation, was introduced by Hubbard.’® Within

this theory, screening in the electron gas is represented (with %9 = aH) by
H _ H
ek} =g+ [1-6"(k) ] vPlk,w), (39)
"k) = k222 o k). (a0)

Here kF = (.‘inzne)u3 denotes the Fermi wavevector.

The dashed curves in Fig. 25 were computed from the theory outlined above with
no free parameter. We used empirical results for fgs the Hubbard correction
to the RPA, and

€ mc* =1.4m, {41)

where mc* is the effective conduction band mass and m is the free-electron mass.

The relation in Eq.(41) was taken from the detailed work by Kistlin et al."

Figure 25,
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The correspondence between theory and experiment is striking; not only the
slopes of the curves but also their mignitude in the whole spectra) region -
from the thermal infrared and well into the visible - are in agreement .
Specifically, the parameter s (cf. Eq. 35) obtained from the computation

was equal to - 1.5, which is as expected from jonized impurity scattering.

We thus conclude that the Gerlach-Grosse theory of ionized impurity

scattering, with screening in the electron gas represented by the RPA or an
extention thereof, provides a quantitative model for the free-electron proper-
ties of high-quality In203:5n films produced by reactive e-beam deposition.

The crystailite size of the analyzed coatings is ~ 50 nm, which is an order

of magnitude larger than the mean free path due to ionized impurity scattering
below the plasma energy. Above ﬁmp, the ions become less efficient scatterers,
and in the visible spectral range it may be that defect scattering is not
negligible. To account for this possibility one may use the provisional

formula

}
Je.

€qu plw)

+ in, (42)

with p taken to represent ionized impurity scattering only. For the coatings
considered here, it appears that n = 0.01. In general, n can be regarded as

3 quality factor whose magnitude depends on the fabrication technique,

We consider phonon absorption and present in Fig, 26 spectrophotometric
reflectance data for an Inzo3 film, The spectrum, given on a wavenumber axis,
displays three main peaks at 330, 365 and 212 cm". Shoulders on these peaks,
as well as smaller features at higher wavenumbers, are apparent. A1l of these
structures are believed to correspond to damped transverse phonon-polaritons,
whose effect on the optical data is a reflectance maximum, The Tongitudinal
polariton coincides with the plasmon resonance, which is a consequence of the

free electrons in !n203. In In203:Sn. the added free electrons effectively
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screen out the t-ansverse polaritons, so that hardly any observable structure
remaing in the : -ectra. According to White and Keramidas.75 a factor group
analysis predics 16 infrared active modes in ln203. It appears that 9 of
these can be id- .ified in the spectra. We may represent xPH by a sum of

three damped Lor: itz gscillators (cf. Eq. 13} according to

PH
P 3 a " )
. PHZ _ 7 . . 43
J (WJ ) w 1:.;;["1
For § = 1,2,3, : : takes the values 412, 365, and 330 cm", ng" takes the

values 330, 600, ind 450 cm™ !, and rg" takes the valves 5, 12, and 16 o !.

Equations (12}, .52}, (42) and (43) specify the dietectric function of
ln203:5n, from w..ich one can compute transmittance, reflectance, emittance, etc.
In the first calculations reported beiow we took the In203:Sn films to be
backed by a med..n characterized by a constant refractive fndex equal to 1.5.
This simulates . substrate of glass with low Fe,0, content in the visible

and near-infrarec, or a foil of a polymer such as polyester, polyethylene,

etc. In subsequent calculations we represented the substrate by the dielectric
function of amorinous 5102.52 Figure 27 shows spectral normal transmittance
and reflectance for a 0.2 - um - thick film with 1020 $ng € 3x 10?1 em3,
The bandgap widening, the onset of strong reflectance at a wavelength which
scales with Mg+ and & gradual disappearance of the phonon-induced structure
are all clearly scen, At ng = 6 x 102D cm'a. we find high solar transmittance
combined with higr thermal-infrared reflectance, and we conclude that such
coatings are of interest as low emittance window coatings, Setting n =

Ix 1021 e ? we nave high lumirous transmittance and high near-infrared
reflectance, whicn is the desired property for a selar-control coating.
However, coating. with n, 2 1021 en3 cannot be produced. Excessive doping

yields unwanted absorption due to various Sn-based complexes.71 so that the
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theoretical mode) breaks down for the highest electron densities considered
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Figure 26. Spectral reflectance of a bare Si subatrate (lower curve)
and after eoating tt with a 0.1 yn thick Jilm of In203 Figure 27. Speetral nommal transmittance {upper part) and reflectance

(upper curve) whose electron density wag ~ 0.5 x 1020 om ™3

The optical measurement used 70° angle of ineidence and

p-polarieed light. The experimental configuration is

shown in the inget.

{lover part) aa computed from the model for the optical
properties of Inzos:Sn. The shoun values of electron density

and film thicknees were used.
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We have now a sufficient background to assess the In203:5n films for use on
energy-efficient windows. To this end we need integrated luminous, solar and
thermal quantities, which were derived frem the spectral data by use of the

formulas given in Sec, 3.2. Figure 2B shows T and Rlum for anOJ:Sn

Tum
21

coatings with four thicknesses and 1020 <ng ¢ 3x 102! en”d, At ne < 107" cm

we find 75 < Ty 0 € B5 % and 10 < Ry o < 20 %;  the actua) magnitudes

of these quantities are strongly influenced by optical interference. As the

electron density goes up, there is a tendency for R]um to decrease while Tlum
10 | I 7T T 11 I
N Tlum 1
L =TT = t{pm)
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Figure 28. Luminous normal transmittance (upper part) and reflectance
{lover part) versus electron density ee computed from the
model for the optical properties of In,0,:5n. Reaulte ars

shown for four film thicknesaece.

Pt

58

varies in a morc erratic manner. Figure 29 is the counterpart for Tsol
and Roo1- It it seen that T o1 decreases and Reoq increases when n, goes
up. This can Y interpreted 55 a result of the plasma wavelength which
gradually move: into the sclar spectrum from the infrared side, At

n, < 5x 1020 ¢ 3 ve have Reoy = 13 % drrespective of film thickness.
Figure 30 report. on hemispherical thermal emittance. The solid curves were
computed for In?{.:3:5n films backed by a non-emissive material having a

refractive index of 1.5. In order to make valid assessments for a glass
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(lower part) versus :lectron densiiy as comuted frem the
mode. for the optical properties of Iny0y: 80, Resulte are
showr. for four film thicknesses. IThe curves for Roo1
corr. sponding to 0.2, 0.3 and 0.5 ym thiek films are almoset

overlapping.
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window, we also studied a configuration with an intermediate SiDz-Iayer
which was sufficiently thick so as to simulate bulk-Tike properties. The
dotted curves in Fig. 30 pertain to this lattes configuration. Generally,

there is a decrease in the emittance as the electron density and the film

60 I [ T T T T T
thickness increase, which is a direct consequenze of the increased number - E

. therm

of free electrons. We conclude from Fig. 30 that substrate emission is — £§]£i{ ]
R R I . In,0,:Sn

important for n, < 5x 1020 em 3, but negligible above this electron ~ : (8i0;)

substrate |

s
o
I

density provided that the In203:Sn films are thicker tham ~0.2 ym. This

latter fiims have E 15 % for ng « 162! 3,

therm <

Figures 28-30 show that In203:5n films can combine high transmittance of

N
[=]
|

Tuminous and solar radiation with low thermal emittance, and consequently

Thermal emittance (%)

they are useful for energy efficient windows. A fully quantitative optimiza- | —= In,0,:5n /substrate”

tion is outside the scope of these notes, but it is nevertheless possible to R In,0,:5n /5i0,/substrate

draw some general conclusions. To this end we first fix Esherm 3t @ Tow o ] 1 T ] L1l

10%° 107 102

value. It is not meaningful to diminish it to the extreme, since conductive -3
Eleciron density {cm™)

and convective heat transfer cannot be eliminated in an ordinary gas-filled
unit. Specifically, we took Ether‘m to be 15, 20 and 25 X. The dotted curves
in Fig. 30 yield corresponding electron densities for the investigated film
thicknesses, and the pertinent values of Tso] cén be read from Fig, 29.
Figure 3t displays solar transmittance a5 a function of film thickness with

Etherm as parameter. Requiring Ethem = 15 X ore cannot exceed T

sol = 10 %,

which is undesirably low for many applications. On the other hand, limiting Figure 30. Thermal hemispherical emittance versus electron density

the requirement to Etherm = 20 %, one can have Tsul ~ 78 %. At still a8 computed fron. the model for the optical properties of
Yarger values of Etherm Tt is possible to reach a marginally improved solar In,03:5n. The substrate is taken to be non-emitting with
transmittance. Optimum performance can be obtained with 0.2 - um - thick a refractive index equal to 1.5 (solid eurves) or having
ln203:Sn films having 4 < n, <6x 1020 en3, Spectral data for such a film proparties giuven by the dielectric function of amorphous
was shown in Fig, 27. The optimization of the luminous transmittance and 51202 fdotted eurves. The shown film thicknesses were used.

the colour properties can be regarded as a separate problem, whose solution

rests on antireflection treatments. These aspects were discussed in Sec. 4.2,
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three values of hemispherical therwal emittance, as
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only to guide the eye. The shaded area refere to filme with

n,o> 1021 cm-s, which cannot be produced experimentally,

Ye

4,5 Optical itching coatings for windows

Most of this se. .on will be devoted to inorganic electrochromic coatings.
At the end we 1, ude some results for thermochromic coatings. Electro-
chromism, i.e. . - persistent change of the optical properties under the
action of an el¢ cric field, is wellknown in oxides based on W, Mo, Ir, Ni
and others, as v i) as in numerous organic materials. Earlier work, mainly
oriented toward: non-emissive information displays, is surveyed in Refs, 44
and 76+79. Her: we first make some general remarks as to the design of an
electrochromic w.ndow coating and then discuss results for crystailine HO3,

amorphous H03. ard for ﬂiﬂx.

An electrochromi: coating for use on a “smart window" (i.e., a window whose
optical performaz ce can be altered in accordance with dynamic needs for
heating and cool .ng} must encompass several materials. figure 32 sketches

a basic configur:tion which is convenient for discussing the operating
principles. It comprises iwe t.-ansparent conducting layers, required for
applying the ele tric field, anu intervening materials serving as active
electrochromic 1.yer, ton conductor, and ion storage. The optical properties
of the electroch »mic material change under insertion or withdrawal of fons,
Either of the trinsparent electrodes can be a heavily doped oxide semicon-
ductor or, possiciy, a semitransparent metal film. These latter materials
were discussed 3 length in Secs,4.2-4.4. The ions needed in the electro-
chromic reaction are provided by the fon storage and are injected into, or
withdrawn from, ae electrochromic layer via the fon conductor. The detailed
design can be of :ifferent types: for devices using 1iquid electrolytes the
electrolyte can - .rve both as storage and conductor for the ions, while in
all-solid-state .evices the ion conductor can be an appropriate dielectric
and the fon stor.ge can be another electrochromic layer (preferably anodic

if the base elec -ochromic layer is cathodic, or vice versa). One may also
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combine the conductor and storage media into one layer. Further it is
possible to exclude the jon storage medium and instead rely on a replenish-
ment of H* ions, originating from the dissociation of water molecules
diffusing in from an ambience with controlled humidity; obviously, this

requires a substantial atomic permeability of the outer electrode.

The radiative properties of a “smert wi<cw=" :~  Liitehable between different
states. The nature of this switching can be di- farent depending on the basic
requirement on the window, f.2.. »iwno- twe s -s2t is to achieve control
of the energy flowing through the window apertu.e, or if daylighting and
glare control are of prime jmportance. Under certzin ~onditions it may also
be possible to have variable thermal insulation. In Fig. 33 we illustrate
idealized cases for energy control. For this application it is important to
remember that the solar spectrum extends over the 0.3~3-um range, whereas
the eye is sensitive only in the 0.4-0.7-um interval, The pertinent spectra
are shown by the shaded areas in Fig. 33; they were illustrated also in
Figs. 7 and B. Almost 50 % of the total solar energy comes as infrared
radiation, and hence it is possible - at least in principle - to change the

energy throughput within rather wide limits without affecting the luminous

transparency. The changed infrared transmittance can be achieved in two ways:

Figure 32, Basio deaign of an electrochromie coating for “emart windows”.

b4

by modulating the infrared reflectance as indicated in the upper part of

Fig. 33, or by modulating the infrared abserptance as indicated in the

Yower part. A gradua) decrease in the transmitted energy is obtained as

the reflectance edge moves towards shorter wavelength, or as the absorptance
goes up. Both types of modulation occur in electrochromic N03 as we will

see shortly: the properties of crystalline HOS films are conveniently treated
in terms of modulated reflectance, whereas amorphous N03 displays modulated

absorptance, The thermal properties of the “smart windows" are governed by
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Figure 33. Optioal properties of idealized switching coatings for controtled

enargy throughput in “smart windows". The performanee with medulated
reflectance and modulated abgorptance as working principles are shoum
(the spsctral position of the absorption bond ie samewhat arbitrary).
Shaded areas denote the Iuminous effectency of the eye and a typieal

sclar irradiance spactmm.,
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their reftectance in the 3-100-ym range. The all-solid-state concept,

which is preferable in a window, includes an extended outer transparent
conductor which provides low thermal emittance. In many cases this is the
desired property. If instead a high thermal emittance is required, this can
be obtained by applying a suitable external coating to the electrochromic

multilayer structure.

We now consider crystalline electrochromic H03. The reversible colouring
and bleaching is generally believed’® to be the result of a double injection

of positive ions (M) and electrons (e”) according to the overall reaction

WM+ oxe” 4 L : M MOy (a4)

with @ < x < 0.5 and y < 0.03. The optical properties can be understood

qualitatively from the formation of an electron gas. Since each injected
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Figure 34. Computed apectral reflectance for crystalline electrochromic WO,

films with different electron densities. Solar end lLuminous

speatra are shoum.
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fon is associate: with onedectron, it 1s possible to compute the limiting
perfermance of cr 2lectrochromic window coating including crystaltine HU3
by considering o: v the inevitable {onized impurity scattering, and dis-
regarding the ro..: of all layers except the electrochromic one. With this
premise, one car pply precisely the same theory as the one used to treat
the free-electror properties of !nzoa:Sn in Sec. 4.4, We set g, = 4.8,
=1 and mc' = ..5m Figure 34. reproduced from Ref. 80, shows some
typical data for —omputed spectral reflectance, The results pertain to a
0.2 um thick ele-:rochromic WO, film with 102! ¢ n, ¢ 10%2 cm-3 backed by

a glass substrat: whose refractive index was put at 1.53. With increasing
s the onset of strong reflectance is shifted towards shorter wavelength
and the transit: - becomes progressively sharper. This follows from an
altered plasma w.velength. The results may be appreciated by comparing them
with characteristic spectra for sunlight and for the luminous efficiency of
the eye (shaded - -eas). The potential for varying the reflection and trans-
mission of infreced sunlight is apparent; quantitative data are given in
Ref, B0, Experimental data on crystalline N03 have been published in Refs.
81 and 82.

We now turn to anmcrphous H03 films and discuss some recent experiments.aa'84

Also in this cas:. the colouring can be understood from the deuble injection
mode] in Eq. 44. The first design comprises a glass substrate, made electri-
cally conducting oy an ln203:Sn film, coated with a 0.3-um-thick layer
prepared by reac::ve e-beam deposition of H03. This sample was mounted so
that it formed t:e working electrode in a transparent electrochemical cell
containing a smai! Pt counter-electrode, and a Yiquid electrolyte of 1 M
Lic104 in C4H603. The sample was connected in a standard. three-electrode
potentiostatic configuration, with a saturated calomel reference electrode,

The whole cell wes put in the sample compartment of a Spectrophotometer.
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An analogous cell, containing clsciyplyte but - glass sample, was put in
the reference beam. Transmittance was recordec in the 1.35-1.3-pm-range.

In the combined electrical and opticsi measureiints, =z first applied a
voltage between the working electrade and referznce electrode until maximum
transmittance was observed. The '..vh’J3 layers wei= then coloured, by gradually
forming Lixuﬂa, through a reversal of the voltage. The colouring was halted
at intermediate levels in the tolour-bleach cycle and cerresponding trans-
mittance spectra and voltages (V; measured between the working electrode
and the reference electrode) were recorded. Figure 35 shows a typical set
of curves. Large changes of the optical properties are seen to occur as a

result of a low voltage. The devices exhibit open-circuit memory. The
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Figure 35. Normal 8pectral transmittance as a function of voltage for an
electrochromic configuration with a glass substrate, coated with

1"203:5" and wo_.,, immarged in o liquid Li'-etectmlyte.
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integiaiey sotar transmittance obtained from Fig, 35 1lies between 86 and 12 ¢

All-aolid-etate devices are preferrable for practical purposes, and the first
prototype products of this kind have been announced. Here we describe some
work of eurs.84 The specimen consists of - in order - Inzos:Sn. 0.15 um

of ﬁ03 oroduced by evaporation in the presence of 02. 0.05 to 0.1 ym of MgF2
produced by evaporation in the presence of water vapour, and Au. The top
electrode is ~ 15 nm thick and hence semitransparent at short wavelengths.
As a voltage (V) is applied between the ln203:5n and Au films, the trans-
mittance is changed. This may be caused by dissociation of HZO molecules

and subsequent formation of HxHOJ. Figure 36 shows some initial data on
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Figure 36, Normal spectral transmittance and reflectance as a function af
voltage for a glass substrate covered with a multilayer stack of

Inzos:Sn, H‘OS, Mng and semitransparent Au.
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variable transmittance and reflectance in the 0.35-2.2-pm interval. The
corresponding integrated solar transmittance varies between 25 and 3 % when
the voltage is altered. The durability of these coatings is not yet satis-

factory for practical use, and storage in dry air tends to deteriorate the

electrochromic property.

Generally speaking, durability may be a problem for Hoa-based devices, and
there is a need to have alternative electrochromic materials. One such
alternative is hydrated nickel oxide.as'a6 The inset of Fig. 37 shows a sample
configuration recently investigated by us.s6 A glass plate with an lnzoa:Sn
film was coated with Ninx by use of reactive rf-magnetron sputtering. The
samples were bleached and coloured during immersion in 1M KOH. It appeared

that the electrochromic reaction®’ could be written, schematically, as

colour 4 N
- Mi(OH), > NiOOM + H + e, (45)

bleach
Thus colouring is associated with hydrogen extraction {rather than hydrogen
insertion as for H03). Figure 37 shows normal transmittance T and near-
norma) reflectance R in the 0.35 < A < 2.5um wavelength interval. the
initial bleached film had T~ 75 % and R ~ 15 % in the mid-luminous range
(A = 0.55um), as indicated by the dotted curves. The performance remained
almost unchanged after ~ 104 colour-bleach cycles, as apparent from the
solid curves. Typical properties of aheavily coloured sample are given by
the dashed curves, which were obtained for a sample from which 150 mC had
been extracted. Now T ~ 12 % and R -~ 6 % at X ~ 0.55um. The large optical
modulation as well as the extreme durability of the coatings are noteworthy,
The window performance of the coatings was assessed by evaluating the
integrated solar and Tuminous transmittance by the formulas given in Sec.3.2,

Figure 38 reports Teoy 2nd Tyum YETSUS extracted charge as obtained from the

m

spectral norme} rransmittance cita. A monotonic decrease of the integrated
transmittance i: found with Tsol going from ~ 75 % to ~ 20 £ and T]um going
from ~ 75 % to < 10 3 when the charge extractfon is increased to 200 mC.

The rate of chance for Tsol and Tlum 15 largest for small amounts of

extracted charge.
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We end this section with some results from oﬁr laboratory on thermochromic is considerably higher at a Tow temperature than at a high temperature.
V0, coatings. Earlier work on thermochromic coatings is surveyed in Ref, 88, Thus it appears to be feasible to produce thermochromic window coatings
It is known that V02 undergoes a metal-insylator transition at 68°C. The based on VOz.

transition temperature can be depressed by altoying. Figure 39 shaws

spectral transmittance in the 0.35-2.5um range for a 0.2um thick VO2 film

above and below the metal-insulator transition, as taken from Ref. 89.

The sample was prepared by e-beam depesition of V metal at a substrate

temperature of 310°C and at a rate of 0.2 nms", followed by an anneal in

0.2 Torr of air at 400'C for 30h. It is seen that the solar transmittance
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Figure 38, Integrated solar (filled symbols) and luminous fopen aymbola)
transmittance for elecirochromie Hi()'ﬂ-based coatinga gecording
to the inget of Fig. 32. Squares, triangles and cireles refer
to 0, ~ 104. and ~ 2 z 107 eolowr~bleach cyeles, respeatively.

The curves are draun only as a guide to the eye. A furthep __g_____.“i ure 38. Spectral tranemittance of a thermochromic v02 coating at the

tndicated tempergtures,

*

decrease of the tranemittance was observed for 500 mc extracted

charge.
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5. SURFACES FOR SELECTIVE ABSORPTION OF SOLAR ENERGY

5.1 Spectral selectivity and review of coatings

It is evident from Fig. 7 that solar radiation comes at wavelengths

A5 3um. A solar collecting surface must absorb this radiation. The sur-
face then heats up and emits thermal radiation at A 2 3um. This reradis-
tion must be avoided if the solar collector is to operate at high tempera-
tures; hence the emittance should be low for A > 3um, We are then led to
consider selectively solar-absorbing surfaces with low reflectance at

A 5 -3um and high reflectance at A 2 3um. Surfaces with this property do
not exist in nature. Therefore - as expected from their large practical
importance - they have been subject to many vigorous development programs
in laboratories around the world during the last decade. The interest was
rather low in the 50's and 60's but rapidly went up during the 70's. The
increase was triggered by the “oil crisis™ fn 1973, which made the indus-
trialized world aware of the importance of the old {known as "alternative®)
energy sources. Around 1980 about 100 scientific papers were published
each year on selectively solar-absorbing surfaces. Although we are not
able to substantiate our contention by solid numbers, it is felt that the
pure research activities are now declining, and that selectively solar-

absorbing surfaces enter the stage of established technology.

Reviews on selectively solar-absorbing surfaces are found in Refs. 90-99,
An annotated bibliography, covering the period 1955-]981. has appeared

100

recently. It lists 565 scientific papers, including studies of almost

280 different coatings or surface treatﬁents.

It is possible to exploit several different physical mechanisms in order to
create selectively solar-absorbing coatings. The most straight-forward of

these is to use a material whose tntrinaic optical properties display the
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desired kind o* .pectral selectivity, Generally speaking, this approach
has not been very fruitful, but work 101 on ZrB2 and some other compounds

indicate that i: wrinsically selective materials exist.

Semiconductor-m: :al tandems can give the desired spectral selectivity by
absorbing shori-wavelength radiation in a semiconductor whose bandgap is

~ 0.6 e¥ and having low thermal emittance as a result of the underlying
metal. The usef.: semiconductors have undesirably large refractive indices,
which would tend to yield high reflection losses, Hence it {is needed to
antireflect the :urfaces in the range of solar radiation. The most wel)
known work in tk s category is that of the University of Arizoma group,

who have report. i02-104 extensively on Si-based designs prepared by

chemical vapour -apsition.

Multilayer absoi- :re can be tailored so that they become efficient
selective abhsor. s of solar radiation., It is comparatively easy to com-
pute their optic: performance, which facilitates optimization of the
designs. One in: :resting example is Alzoaluolﬂlzoa. which was orginally
developed within the US space program. This type of surface has recently

been produced by iarge-area magnetron sputtering.'05

Metal-dielsctric -amposite coatings consist of very Tine metal particles

in a dielectric host. The ensuing optical properties can be intermediate
between those of ihe metal and of the dielectric, as discussed in Sec.2.3.
The metal-dietectric concept offers a high degree of flexibility, and the
optimization of the solar selectivity can be made with regard to the choice
of constituents (which also affects the microgeometry), coating thickness,
and particle corzentration (which may be graded), size, shape, and orienta-
tion. The solar absorptance can be improved by use of suitable substrate

materials and antireflection treatments. The composite coatings can be
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produced by a variety of techniques such as electroplating to produce

“black chrame“.106 anodization of zinc sheet,107 inorganic colouration of
anodized aluminium sheet.108 chemical vapour depesition to make “black
molybdenum“.109 and co-deposition of metal and insulator by evaporation and
sputtering. Codeposited coatings are discussed in Ref. 110 and papers cited

therein. We return to some of these coatings below.

The final approach to be considered here is the textured surface absorbers.
Their high solar absorptance is induced by multiple reflections against metal
dendrites which are ~ 2um apart, while the long-wavelength emittance is rather
unaffected by this texture. Wellknown examples are dendritic tungsten pre-
pared by chemica) vapour depositic:m”I and textured copper, nickel and stain-

less steel surfaces made by sputter-etching."z

Only a few of the investinsin Drmrinaly zatas Lhrerhing surfaces have
reached commers ziizacicg. 0% 0 rhese o2iati. e Tesiied radiative
properties by a combination of tws a- moce of i alorementioned physical
mechanisms. The commercial coating which seems "5 be most fully understood
from basic principles is nickel pigmentey apadlc = iumiadym oxide.108 It is
produced by dc anodization in dilute phosphoric acid followed by black coloura-
tion via ac electrolysis in a bath containing Nisaﬁ. The inset in Fig. 40
depicts the ensuing coating structure, as revealed by a variety of experimenta)
techniques including electron microscopy, Auger depth profiling, and atomic
absorption anatysis, The A1203 forms a porous 0.7 - ym - thick structure some
of which is filled with Ni particles {layer 3). The'porous coating is separ-
ated from the underlying sheet Al by a compact "barrier* (layer 4), The Ni
content in lsyer 3 is ~ 23 vol. . The hemispherical reflectance is shown in
the main part of Fig. 40. Experimental data (sotid curve) is rather close

to the ideal spectral profile (dotted Tines)., Dashed curve was computed from

the Bruggeman effective-medium theory. The solar absorptance of these surfaces
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is 93 to 96 % and the corresponding thermal emittance is 10 to 20 %.

The most widely used selectively solar-absorbing surface seems to pe "black
chrome".106 which is a complex composite of metallic Cr and non-metallic
Crzﬂa. The metal concentration is low at the interface towards air and
goes up with increasing depth within the coating. The outer surface is
rough. Different preparation conditions tead to somewhat different proper-

ties.113

Figure 41 shows spectrally selective reflectance of black chrome
coatings on substrates of Ni (data by McDonald and by Mar et a1.) and of Cu
(data by Driver et al.). These results, which were obtained on electro-

plated coatings, are compared with measurements on cosputtered Cr-Cr203
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Figure 49. Speetral reflectance of a Ni-pigmented anodic Azzas coating on
#Al,  Ezperimental and theoretical data are reperted and compared
with the ideal epactral profile. Inset depicts the coating

structure,
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composite films (also known as "cermets). Reactively evaporated Cr - l:rzo3

coatings are also produced on a commercial scale,

Other commercial coatings or surface treatments include chemically treated
rough Ni surfaces (known as MAXORB; Ref. 118), "black nickel® made by electro-

plating.”s' 119

graded stainless-steel carbon coatings' developed for high-
performance tubular solar cullectors.'zn copper oxide coatings,121 and metal-
filled coloured stainless steel surfaces.122 Work on selectively solar-absorbi g

paints are worth noting since it holds prospects for extremely cheap surfaces, ‘23,124
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Figure 41, Spectral reflectanca of "black chrome” coatinge. The data are
taken from MeDonald (Ref. 114), Mar et al. (Ref, 115), Driver et

al. (Ref. 11€), and Fan and Spura (Ref.117). Inset eketches the

coating structure.
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5.2 Case study three: Selective absorption of solar energy in

coevapo: s ted Co~A1203 composite films (Ref. 110).

Coatings of co: aporated Co-M?_O3 have been {nvestigated in great detail,
and the optica- properties and solar selectivity have been analyzed and
compared with : ¥Ts, This may serve as a case study illustrating the per-
tinent charact -ization and analysis technigues, the degree of theoretical
understanding 1ch can be achieved, and the use of theoretical input data
in the design .4 production of optimized selectively solar-absorbing

toatings.

The coatings w ¢ made by coevaporation of Co and méos in a dual e-beam
system with acr .rate process controls. The unit, shown in Fig. 42, is in
essence the sar: as the one described in Figs. 13 and 20. Vibrating quartz
microbalances w.re used to obtain individual rate control of the vapour
beams and hence control of the composition of the film which was formed on
the substrate. The power on the e-beam sources was set by signals from the

microbalances, 'nd the system could be run via computer control, Coatings

with thicknesse: between 50 nm and 2 um were produced.

The microstruct. ~e of the Co-Al 203 composites was studied by high-resolu-
tion transmissiun electron microscopy. Figure 43 shows results for a
coating with - 30 vol.%X meta) obtained in bright-field and dark-field
modes. It is e ‘dent that a separated -grain structure is formed with
rounded Co part cles embedded in an A1203 matrix. Electron-diffraction
studies showed ~at the particles consisted of single-crystalline hcp
cobalt. The co position of the Co-l\l?_l.')3 was determined by a technique
based on stylus measurements. Compositional depth profiles were taken

by use of Auger depth profiling, secondary ion mass spectroscopy, and
Rutherford back scattering, Electrica) measurements gave independent

information on the microstructure,
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B0

Optical data on the ceatings were measured by spectrophotometry in the
0.3 - 40 - um range. These results were used to evaluate the complex dj-

electric function & by the techniques outlined in Sec, 2.4, This function

is of interest for several reasons: it allows reliable comparisons with EMT-

based calculations and hence makes it possible to understand the optical
vroperties from basic principles, and it forms the natural starting point
‘o computing the solar absorptance and thermal emittance and hence for

wempuier-based Gpsisizations of he solar selectivity. Figure 44 shows

€= Elf ic, for Lo-A1,0, composites with two experimentally determined

volume {ractions ¢ o {denoted fexn}‘ The high magnitude of Ez (i.e.,
the high absorption) for A 2 10 um }s due to absarption in the A1203
Figure 42. Schematic view of the dual e-been evasoration untt and the matrix  The dashed and dotted curves were obtained by using the Maxweli
process controls. Gsrnett EMT together with bulk data for Co and for AIZOJ.
EMT 1is adequate on account of the observed separated-grain topology. The

This particular

Co content used in the calculations (denoted fth) should be taken to have

bright field dark field ) a value somewhat Jess than the experimental one if best agreement is to be
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achieved. We interpret this as evidence that - 5 vol, % of the Co is dis-

!

; persed in the oxide matrix rather than occluded as particles. This conclu-

! sion is corroborated by independent optical measurements, It is evident

I that the agreement between theory and experiments becomes progressively worse

: with increasing meta)l content and is virtually absent at fexp>> 30 vol. %
This can be understood as a result of a gradual breakdown of the separated-

grain topology, and because multipole interactions between adjacent Co

‘-\‘ N, F"\‘:..\. >y

SRS LAY XN particles - which are not properly included in the Maxwell Garnett EMT -
begin to play an important role.
The empirical data on © can be used to optimize the solar selectivity.
Figure 43. Electron micrographs of a ceevaperated Co-Al 0, film. The parameters of concern are then the (normal) solar absorptance and the

hemispherical therma! emittance. For illustrative purposes, we consider here

the angular-dependent quantities, viz. Aso] (8), which is obtained by averaging
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1-R(0,)) over Borr and Etherm(a’ 100°C), obtained by averaging 1-R(9,1)
over ’thenn pertaining to v = 100°C. Clearly Asol (0) should be as close
to unity as possible and Etherm (8, 100°C) should be as close to zern as
possible. We carried out a detailed study of these latter quantities for
Co-n1203 coatings of different thicknesses and compositions and jaid on
different substrate metals. The solar absorptance did not exceed ~ RS {
which is undesirably Tow, and hence an antireflection coating of ﬁ1203

was invoked in the design. After extensive optimization by computation
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Figure 44.  Real and imaginary parts of the complex dielectric function of

Ca-A1203 eoatings with different compoeitions tn (a} and (b).
Solid curves are baged on meagured data. Dashed and dotted

curves are based on the Mazwell Garnett EMD,
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it was found t!. the optimum c2sign was the following:

0.07 um of Co—-.c.__,o3 with fuxp = 0.6 antireflected with 0.07 um of A1203
and 1aid on 3 “ransition-wetal :urface such as Ni. This configuration is
shown in the «nset of .Fig. 45. Main part of ihis figure shows solar
absarptance anc hermai amittc. o 23 a function of angle of incidence;
curwes refer to computaticns ba:  on measured € and circles refer to
evaluations bases on spec.rs’ . anguiar dependent reflectance. The two

sets of data are in good agreensnt. The peak of £ at large angles

therm
is due to the em:ssion of prpolarised 1ight. It is found that the solar
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Figure 45, Anguior dependent solar absortance and thermal emittance aa
evaluated from reflectance data {eircles) and as computed from
diclectric permeabilities (solid curves) for the optimized two-

layer coating eketched tn the inset.
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absorptance is ~ 95 € for 8 < 45" and that £ is low. The hemispherical

therm
emittance is calculated to be ~ 7 %, whereas the corresponding value measured

by microcalorimetry is ~ 9.5 %. Thus the spectral selectivity is very large.
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6. MATERIALS FOR RADIATIVE COOLING TO LOW TEMPERATURES

6.1 The resource for radiative cooling

We first look back at Fig. 7c, which indicated that the atmospheric ab-
sorptance can be weak in the 8 - 13 - um spectral range. The therma)
radiation is strong at these uaveleﬁgths for objects at normal ambient
temperature. If we consider a surface exposed to the sky, its emitted
radiation does not have to be balanced by counterradiation, i.e., the sur-
face can be spontaneously cooled. The magnitude of this source of cooling,
the desired radiative surface properties (which are selective), and materials
for thermal insulation of the radiatively cooled surfaces are covered below.
Materials deyelop@ent for radiative cooling is a rather new research topic.
No review has yet appeared, but references to eartier work can be found in

Refs, 125 and 126,

The radiance coming from the atmosphere is extremely CDmp]icated.127’123
The main gases, nitrogen and oxygen, contribute very little, whereas the
variable constituents water vapour, carbon dioxide, ozone, and ~ to a much
smaller extent - anitrogen oxides and hydrocarbons show important absorption
bands in the thermal infrared wavelength range. Water vapour has a strong
split vibrational band centered around 6.3 um and alsc shows significant
rotational absorption at A > 20 pm, This absorption can extend to shorter
wavelength if the humidity is hi~h, Carbon «.oxide has a broad intensive
vibrational band centered at ~ 15 wm, Ozope abserption is not equally
important but several absorption bands lie in the infrared. Most of these
are masked by water vapour and carbon dioxide, but a parrow absorption band
at 9.6 wm shows up distinctly. One concludes that the atmospheric downward
radiation shows two important features. First, the spectral radiance

has a minimum in an interval which lies between the major absorption bands

of water vapour and carbon dioxide, as we have already noted. Second, the
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overall spectral radiance depends strongly on climatic conditiens - par-
ticularly on the amount of water vapour. These features have been verified

by direct measurements,

For quantitative assessments of the coeling resource, it is useful to start
from detailed data on the spectral sky radiance representative of typical
climates at different latitudes. Such results can be extracted from a com-
puter program known a5129 LOWTRAN 5. It uses a single parameter band model
for the molecular absorption and includes the effects of continuum absorption,
motecular scattering, and aerosel extinction. Atmospheric refraction and
earth curvature are included for slant atmospheric paths, For radiative
coeling purposes, the LOWTRAN 5 program needs to be used exclusively in the
radiance mode, in which a numerical .evaluation of the integral form of the
radiative transfer equation is employed. The emission from aerosols and the
treatment of aerosol and molecular scattering are considered only to zeroth
order; additional contributions to atmosperic emission from scattered radia-
tion are neglected. Local thermodynamic equilibrium is assumed. The
radiance data obtained from LOWTRAN are know to be 1n a very good overall

agreement with measured results,

The LONTRAN 5 program is provided with data for five seasonal model atmos-
pheres together with the 1962 U.S. standard atmosphere, It {s also possible
to replace these by user derived or.meaSured values. The seasonal models
are representative of the following atmospheres:

tropical (15°N), midlatitude summer (45°N, July), midTatitude winter

{(45°N, January) subarctic summer (60°N, July), and subarctic winter

(60°N, January), The atmospheres are specified in terms of height pro-
files for temperature, barometric pressure, and densities of water vapour,
ozone, nitric acid, and of the untiformly mixed gases (COZ‘ “20' CH4. co, N2

and 02). The LOWTRAN 5 code alsgo contains several aerosol models,

Figure 46 shows &:mospheric radiance for all six model atmospheres,

as obtained from he LOWTRAN 5 program, The data are reproduced from Ref.
130. These curve are seen to drop below, or to follow approximately, the
blackbody radianc. spectra for temperatures chosen tg correspond to those

of the iowest k' eter of the various atmospheres (denoted by Ta) for
frequencies abov - 350 cm". At Tower frequencies, where no LOWTRAN data

are available, -«iy the blackbody curve is plotted. We find for al! atmos-
pheres that the . tual radiance lies far below that of the blackbody in

the B-13 um rang: {known as the "atmospheric window"). A secondary window
at 16-22 ym s of muwch smaller importance. The emittance in the atmospheric

window goes up wi*h increasing zenith angle.

We now turn to qu atitative predictions of cooling power and achievable
temperature diffc-ence. The net radiative flux from a surface which faces
the sky is obtaincd as the difference between outgoing and incoming contribu-

tions according 1128

n/e =
Prag * ™/ d(sfnzﬂ)lu DA[1-R18,1)] [Byperm(Pets) - 8300 (8,0)], (46)

where R(8,1) refers to the radiating surface whose temperature is T, and
‘atm (8,1) is the radiance for either of the model atmospheres. Thus ‘atm
{8,1) is obtaine. from the LOMTRAN 5 program for X < 28.6um, whereas

latm(ﬂ,l) * frhern (l,ra] above this wavelength. The difference between

the ambient and the surface temperature is denoted by AT, {.e.,

AT = 1, -~ . {47)

For AT > 0 it is recessary to consider the role of a nonradiative heat
Influx to the rac:ating surface. The practically useful cooling power Pc is
then

Pe ® Pag AT, {a8)

where the loss is specified in terms of a Vinear heat-transfer coefficient x.
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Figure 46. Spectral zenitd radiorce end correspe ding blackbody radiance for

six model atmospheres, as computed from the LOWTRAN 5 model.
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As seen from Eq. (46), the radiative flux depends strongly on the absorp-
tance (or, equivalently, the emittance) of the radiating surface, i.e.,
on the (1-R) factor. We now consider three cases. The first of these

regards a blackbody radiator defined by
R(8,x) = 0. (49)

This surface experiences the largest cooling power at ambient temperature.
Blackbodies serve as a good approximation for organic matter, soils, rocks,
water, concrete, asphalt, ordinary uncoated glass, etc. The second case is
the selectively infrared emitting surface designed for achieving the lowest
possible temperature. This surface shoyld have high emittance in the
8-13-um atmospheric window range, where the counter radiation is weak, and
low absorptance outside this interval, so that the main portion of the

radiation from |-|20 and CO2 is not interacting with the surface. Hence the

ideal property is

R(8,A) = R, (8,1) =0 for 8 ¢ X< 13 um, {50)

= 1, elsewhere. {51)

In Sec. 6.2. below we discuss practical surfaces which approximate this
tdeal preperty. The third case is the metallic surface with, ideally,

R{B,A} = 1. Now Prad = 0, i.e. no radiative cooling occurs.

figure 47 shows calculated results of Prad as a function of AT. The data
2pply to surfaces which radiate freely toward model atmospheres of the six
types earlier discussed. In Fig, 47 (a} the radiating surface is taken to be
a blackbody; in Fig, 47 (b) 1% hzs an ideal infrared-selective characteristic
according te Eqs. {50} and (51). For both cases, the incoming power is
governed by the hemispherical radiance, It is found that the radiative
cooling power at ambient temperature lies between 71 and 113 Hm'z

for the blackbody surface and between 58 and 93 WmC for the infrared-

selective surface. The largest powers hold for U.S. STD and the lowest for TROP.



89

The values for the infrared-selective surface lie below those for the
blackbody surface since onty the latter takes advantage of the nonzero

magnitude of (‘therm - ‘atm) outside the 8-13-um interval (cf. Fig. 46).
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Figure 47. Caleulated relation betueen radiative cooling power and tempera-
ture difference for aix model atmoepheres fof. Fig, 46} and two

tdeal surfaces.
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The radiative ..s1ing power is seen to decrease monotonically with increas-
ing AT, The de -ease is much slower for the infrared-selective surface
than for the bi- -kbody surface, since the former employs radiation balance
only in the B-1i-um range where the atmospheric radiance is weak, It s
seen that ultin te temperature differences between 14 and 26°C for the
blackbody surfa-.; and between 27 and 62°C for the infrared-selective surface
are predicted. Such large ATs cannot be obtained in practice, though, but
the role of coituctive and convective losses of cooling power must be in-
ctudes by use of a nonzero heat transfer coefficient. As a practical low
limit obtainabl - by use of an efficient infrared-transparent convection
shield we set + = 1 Wm 2 K*', Me return to this point in Sec. 6.3. This
requirement mak:s the shaded triangutar areas in Fig. 47 inaccessible for
a cooling devic:. It is seen from the figure that temperature differences
between 11 and J’!GC for the blackbody surface and between 18 and 33°C for
the infrared-sc:ective surfacc sre expected with ¢ = 1 wn ¢ K'i. Again

the higher valu. s pertzin to ©.5. STD and the lower to TROP. Analogous
computations fo. exchange only with the zenith atmospheric radiation are

found in Ref. 139. Some jiiprovement of the radiative cooling performance

can be obtainec under such cciic.: fons.
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6.2  Materials with infrared-selective emission The low reflectance in the 8-13-um wavelength range, and the high reflectance

1t is apparent that surfaces which are infrared-selective according to elsewhere, proves that the right kind of infrared selectivity prevails.

Egs. (50) and {51) have a potential for reaching considerably Tower tempera- For optimization purposes, it is convenient to define two parameters which
tures than non-selective surfaces. This ideal spectral profile is indicated govern the essential features of the radiative cooling performance of a

by the dotted lines in Fig. 48. Low temperatures are of importance for material with known infrared-optical properties. These parameters can be
applications related to the preservation of nutrients, vaccins, etc., as viewed as the counterpart of the pair of parameters which characterizes the
well as for many other important applications. This section is devoted to selectively solar-absorbing surface designed for optimum photothermal con-
different types of infrared-selective surfaces. version - viz. the solar absorptance and thermal emittance discussed above.

The first approach regards thin inorganic coatings backed by reflecting He first abserve {(cf. Fig. 46) that the atmospheric radiance deviates

metal. Particularly good results have been obtained by use of silicon pxy- significantly from the blackbody curve only in the 8-13-ym interval. It is
nitride, Coatings of this kind can be prepared by a variety of techniques. then approximately correct to set the atmospheric emittance equal to a low

In our own wor‘k‘al we used e-beam deposition of S'iqu under slightly reactive and constant value for 8-13-um and equal to unity elsewhere. This “box model”
conditions as wel) as reactive rf magnetron sputtering of Si.132 Figure 48 for the atmospheric radiationér:en leads naturally to integrated surface

shows spectralreflectance for a 1.34-ym thick e-beam deposited f{ilm of emittance values according to

5100.5"0.2 on Al. The composition was determined by Rutherford backscattering 52 2 Epporn: (521
spectrometry. The curves refer to 45° angle of incidence of polarised light.
WAVELENGTH (pm} P o {
s0 20 WAVELENGTH(um) 523 1 OPoermd )1 R0/ Lo Pineralh ) (53)
100} - L T T
s 1 H. =H ,=H
[ ~ N = e,/ (54)
sol h s2' s
® T . -
™ [~ - where we have chosen to keep the notation of Ref. 125. Essentially, e':z
L 60 ]
5 L 7 governs the cooling power at ambient temperature and nH governs the maximum
- I -
340 " . achievable temperature drop. Efficient cooling requires a large value -
P a5’} - -
W L — g : ' N ideally unity - of EHZ' and if Jow temperatures are to be reached we also
F eee R D 13apm S Al - s H
20_‘ ________ mt-l : b glass . require a large magnitude of n. The theoretical maximum of the latter
of " quantity is 3.39 at 1, = 0%.
N S T I
o 500 1000 1500 2000 Figure 49 chows the basic coaling parameters at T, = 0% for silicon

WAVENUMBER (cm™')
oxynitride and for silicon monoxide backed by Al. The computations used

Figure 48. Spectral reflectance for a film of 5i0, 6”0 2 deposited onto Al.

Dotted lines indicate the ideal spectral profile. as input the compiex dielectric functions of the two materials (determined
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according to the techniques outlined in Sec. 2.4). It {s found that si11-
con oxynitride layers with thicknesses in the 1-2-um range have very good
properties for radiative cooling. Practical tests with such coatings have

given AT = 20°C under favourable conditions.

A second approach to selective infrared emission is offered by polymer
coata on metal backings. Polyvinylfluoride {also known as Tedlar) has been

popular.
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Figure 49. Basie cooling parameters as computed for eilicon oxynitride
and silicon monoxide.
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A third approar  utilizes slabs of selectively infrared emitting gases
confined by ini .red-transparent foils and backed by metal. The gases
of interest are monia, ethylene, ethylene oxide, and mixtures of the
latter two. Ti .r radiative properties can be understood from the mole-

cular configurs tms.'33

Figure S0 show: nfrared transmission spectra for NHy withthree different
pathlengths ar  at normal pressure. The gas cells were tubes with two
13-um-thick poi thylene windows. TYhe upper graphs in Figs. 50 {(a) - (c)
indicate the tr smittence through air-filled cells. The two narrow
minima sfem Ty absorptiot 3. e polyativicat.  Tie lower graphs in Figs.
50 (a) ~ {c} we e recoiged ~*'0 as=tivizd w2 s. The differences among
the pairs of cv ves (shadea = .3} show hut ilh, dispiays a broad absorp-
tion band cover ng the desired 5-13-ym interval for pathlengths exceeding
“1cem  The in _resting absorption is centered around an infrared active

fundamental st e frequency 950 cm '.

The corresponding vibration can be
visualized as tic N atom moving perpendicular to the H3 plane of the
ammonia molecule while its pyramidal configuration is retained. This funda-
mental undergoe:. broadening as a result of several mechanisms including
inversion doubl:ing, rotation (i.e., quantization of the angular momentum),
centrifugal def- -mation, and pressure effects. It is seen from Fig. 50 that
the absorption i comes too high at the largest pathlengths and, in particular,
& strong absorp: .on due to 3 thermal population of free-roationalt levels
sets in at the {ar-infrared end of the spectrum, Data on CZH4 and C2H40

can be given ana‘ogous interpretations.133

The transmittanco data for the three gases were used to derive spectral
absorptance coe: Tictents, from which we obtained the basic cooling para-
meters in princ. 411y the same way as for the thin solid films, Figure 51

shows 622 and n} for gas slabs of thicknesses between 0.1 and 50 cm. The
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slabs are thought to be backed by Al. It is seen that for gas layers
thicker than ~ 1 cm, the cooling power at ambient temperatures is larger
for NH3 than for tne hydrocarbon gases. However, nH is larger for CZH4
and 62H40 than for NHy implying that the hydrocarbons display a higher
degree of spectral selectivity. Gas mixtures are also of interest. These
are discussed e]sewhere.133 Field tests of radiative gas cooling have

yielded temperature differences as large as 8.5%¢ in full daylight.
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different apex . ;les. The transmittance goes monotonically from ~ 99 ¢

6.3 Infrared-transparent convection shields (Ref. 134)

for a single fo' to ~ 60 % for Five foils, which is the expected behaviour.

Low temperatures can be produced by radiative cooling only #f the thermal Data for flat fo s, indicated by open squares, are in acceptable agreement
coupting between the radiating surface and the ambient air is weak. This with spectropho! etric recordings. It is found from Fig. 53 that the trans-
was illustrated by Fig. 47; clearly the non-radiative heat-transfer coeffi- mittance is higt - for corrugated foils than for flat ones; this is corrob-
cient must be smal? {or the non-radiative thermal resistance be high) in orated by recent “terature data.‘JE

order to obtatn high cooling power and large temperature difference. This
calls for a new type of material which combines high infrared tranemittance
with high non-raediative heat resistance. In earlier work known to us, simple
polyethylene foils have been used for this purpose. This would be an adequate
approach for radiative cooling devices placed in sti11 air. However, in
practice the flexible foits are moved by winds and forced convection tends to
deteriorate the cooling performance. One solution to this problem is to
construct the convection shield so that it comprises cells which are suffi-
ciently minute that air convection is insfgnificant, In practice, the cell

size should be ¢ 1 cm.135
Figure 52,

We have recently investigated a new type of infrared-transparent convec-
tion shield designed for radiative cooling.'®® It Is constructed from
crossed layers of vee-corrugated high-density polyethylene foil. The
individual layers are made by hot-forming. The design is sketched in

Fig, 52. The samples studied so far have h equal to 0.5, 1 and 1.5 cm and
6 equal to 90° or 45%,

The infrared transmittance through the material was determined by use of

the experimental arrangement shown in the inset of Fig. 53. The sample

is placed closely in front of a blackbody-tike radiator and is viewed by
fnfrared-imaging equipment. This type of measurement enabled us to evaluate
the transmittance as a function of the number of individual foils. Filled

circles and open triangles in Fig, 53 pertain to corrugated foils with

Figure 53,
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The non-radiative thermal resistance was measured by a modification of the
well known guarded hot-plate technige. The inset of Fig. 54 shows the
essential features of this technique. Highly reflecting Al foil was attached
to the plates in order to minimize direct radiative coupling between them.
Figure 54 shows non-radiative thermal resistance as a function of sample
thickness. The data for corrugated foils yield a consistent pattern with

a monotonically varying thermal resistance lying below the values for empty
air gaps. Heat flow through partiaily transparent materials is complicated,

and the shown data is not readily amenable to theoretical modeling.

Looking at Figs. 53 and 54, it is evident that an increase of the thermal
resistance is accompanied by a decrease of the infrared transmittance. With
regard to radiative cooling applications, there is thus a trade-off between
the two properties. As a characteristic result we find that at a thickness
of 4.5 cm - corresponding to three 1.5 cm-thick corrugated foils - the

thermal resistance is 1.!} mzKN" and the infrared transmittance is 73 %.
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