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response in the form of its reflectance, transmittance and absorption spectra

with an associated frequency dependence (dispersion). Thus, all materials |~
exhibit a sort of natura| or intrinsic optical selectivity. The response depth .
of the interacting radiation depends on its frequency and the optical con- -
stants of the medium. In the case of absorbing and/or reflecting media, this |
depth is confined near the surface/interface of the material, Since the res-
ponse is due to the optically mismatched interface, a significant change of ©
this response is possible by modifying the interface by adding more inter-
faces in the form of thin films/coatings/layers (these three words being used
interchangeably and synonymously in literature) of other materials. Conse- .
quently, the optical properties of a material can be changed and even tailor "

made to produce literally any desired spectral response, Surfaces, thin films ':;‘.' 3
or coatings (single or multilayer) which yield a desired and selective suppres- =

sion or enhancement of the spectral dependence of reflectance, transmitfance. ’
or absorptance are termed “‘selective”

Selective surfaces/films/coatings form the basis of a wide range of very ‘,
useful optical coatings and interference filters with very precisely defined .-

wavelength regions of transmittance or reflectance. The physics and technology
of “optical coalings™

find ways and means to convert solar energy efficiently have led to the deve- .

lopment of solar selective surfaces;coatings, The primary purpose of these'i“. i

coatings is to provide the useful-part of the solar spectrum for conversion’

by a given device as in the case of solar cells. In the case of photothermatl . ) ¥

conversion of solar energy, the selective coatings provide high absorptance of

the solar spectrum, attended by a low emittance or radiation of the absor-: - H:d

b

bed energy.

The subjects of optical coatings and selective surfaces/coatings are treated
in various text books and review articles {Chopra 1969; Heavens 1965;:: '
Macleod 1969; Koltun 1981; Agnihotri and Gupta 1981; Chopra and Kaur
1982; Seraphin 1979; Meine! and Meinel 1976; Seraphin and Meinel 1976;
Lampert 1979; Pandya and Chopra 1981; Tabor 1967). However, these refer-
* ences do not present a complete and up-to-date review of the rapidly evolving

- status of the research and development of selective coatings. This review

provides a comprehensive status report on the basic understanding, theoreticll
modelling, technology and applications of a variely of selective coatings.

2. BASIC CONCEPTS

As a result of the interaction of the radiation with the surface or bulk of
the material, the incident light is partly reflected {and scattered), partly
transmitled and partly absorbed. Since the total energy has to be conserved

R+ Thitomesl (2.1

is one of the most well established fields, both scienti- .. 3]
fically and industrially. The energy crisis and, therefore, intensive efforts to @ =
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Here, Ra. T and ay, are the total values of reflectance {sum of dilfuse and
specular), transmiltance and absorptance of the interacting material/surface
for a given wavelength. The above equation is valid for an optically passive
medium at each wavelength and at any temperature. A part of the absorbed
cnergy is radiated and the net energy radiated per unit area by the material

surface at a temperature 77, into an ambient at T3 is given by the Stefan-
Boltzmann law

W=eo(TT = T3 (2.2)
where o is the Stefan-Boltzmann constant and e is termed as the “eflective’”’
thermal emittance (or emissivity, though not an appropriate terminology).

Under the condition of thermodynamical equilibrium, total emitted ener-

gy must be equal to the total absorbed energy. This yields the well known
Kirchhofl's law

€= ay (2.3)

which is valid for cvery wavelength at a given temperature. If the material @
or its surface coating is non-transparent (73 =0), Egs. (2.1) and (2.3} yield

a=a=|- R (2.4)
Thus, selectivity in the reflectance spectrum of a material will also be reflec-
ted in the selectivity of its absorptance and emittance spectra.

In order to appreciate the requirements of selectivity for utilizing the
solar energy, let us examine the solar spectrum. The emission spectrum of
the sun outside the earth's atmosphere (AMO) corresponds approximately
10 that of a black body emitting at 5800 K and is given by Planck's law

Ca-3

M= G (AT~ @

where € can be taken equal to unity (the value for a black body} and ¢; and
2 are constants. The atmosphere of the earth significantly modifies this AMO
sclar spectrum due to the presence of absorption bands of water vapour,
carbon dioxide and ozone, The extent of modification (absorption)is a
function of the angle at which radiation is received at the carth's surface. *“‘
The AM2 solar spectrum incident on the surface of earth at an angle of 60°
is shown in Fig. 1. Also shown in this figure are the AM2 spectra at various
solar concentrations which would be required 1o obtain higher absorber

temperatures, If we compare this A M2 spectrum with that of a black body

held at 100, 300 and 700°C (also shown in Fig. 11, we note the following
features:

(N The solar spectrum is primarily confined to 0.3 to 2.5 um range.
{2) The emission shows a peak at Apue= 3§7?‘8 microns {called Wien's

law).

-2
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Fig. |. Spectral distribution of solar Mux at the surface of the earth under AM2
conditions for various solar concentration factors compar-ed 1o thermal flux
radiated by a black body at 100, 300 and 700°C. The inset shows the
variation of cut-off wavelength as a function of absorber temperature
and solar concentralion. A=1 sun; B=10 suns and C= 100 suns.

(3) About 25% of the emitted energy is below Amax and 7577 above iL.
Only 1% of the total encrgy is emitted at wavelength below 0.5 Amax. .

(4) There is very little overlap between the solar spectrum and that emn:
ted by a terrestrial source at a lower lemperatu.re. The wavelengt'h, calle
the cut-off wavelength (), at which solar flux is equal to the raldnaf.ed flux
from a malerial held at 7°K shifts towards shorter \'.vaveier'\glhs wuh' increas-
ing temperature and solar concentration as shown in the insct of Fig. 1.
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As alrcady pointed oul, the ability of a surface or coating to absorb and 100
emit radiations is expressed by the absorptance (=) and emittance (e) para- w r"v-ﬁﬁ—\r_j_'_ 100
meters respectively. Since, in this review, we are primarily interested in the W : @ i @
interaction of the solar spectrum with the surface coatings, it is necessary to — ! DARK .'
define “solar absorptance”. The parameter is simply given as the ratio of e IMIRRog! 17T H MCIOLD s
the absorbed energy flux to that of incident energy flux. Thus, L§ ! | RROA -

B3 am < sof A0 —Tei0) —— ] 8
j' (A dA g | 1L Ty 3
a, =483 pm (') 6) ) | | iy
! I'§pm e T | : 8
J I:(A) d)q 1Y) L} | —
0.3 pm @ 251 1 4L w
. . 1 | 125 w
Here 1.(4) is the spectral solar irradiance and the limits of integration are ! : 3
confined to the limits of the solar spectrum i.e. 0.3 to 2.5 um. Since for an 0 ! |
opaque body «{A) = | — R(A), «, could be calculated from the Ry data. 1. 100 e : 0
The hemispherical thermal emittance (er) is defined as the ratio of the ~™™ r——v——.——r—h‘_ @ Wmo
encrgy radiated per unit area at a given temperature to that radiated by the i HEAT o
unit arca of a black body surface at the same temperature. Hence R - f—‘\a 751 IMIRAG ] G?:?»‘\RBIRVE : .: los
- w ! J [ S?
J (AT s(AT) dA Q : . w
= do Qn < s0[~T=100 - 1L A=100 - } 2
I Wy T) A - S ' AR R
o ! W 1 1 Lo
- { ! I‘ LL‘J)

Here (4,7} is the spectral hemispherical emittance af a temperature T and W sk ; | ' I' z

Wu(A, T} is the black body irradiance at the same tempcrature 7. The prac- « ! H 125 W

tical limits of integration depend on the temperature of the emitting surface. ' " epm Mpm

For T < 1000 K, practical limits are 0.5 to 50 um. In the case of an opaque Obadmmni o d T N SR W [

body, €(3, T} can be replaced by [1 — R(A, 7)) and therefore 7 could be cal- 05 1 2 5 7020 05 1 2 5 10,20

culated from the R(A, 7) data. It should be noted that R(A,T) is the total WAVELENGTH (pm)

(spec:tﬂar + dilfuse) reflectance. For convenience, the suffixes in the terms o, Fig. 2, Reﬂfciancc profiles of different ideal selective surfaces: @) selective

and «7 arc dropped in the following text. absorber; (b) cold mirror; (c) heat mircor; and (d) radiative cooling

surface. 4=100 and T'= 100 respectively indicate the wavelength
3. IDEAL SELECTIVE SURFACES feBion In which the incident energy is either fully absorbed or
fully transmitted.
As already pointed out, all materials exhibit some sort of optical se]ecli-‘“r\..q " for conversion of solar energy into therrms

vity. Which optical property is to be selectively enhanced or suppressed, and reflectance in the visible aiyof tl‘: ' c1l'mnl energy. Type (t.’) exhibits unity

in what frequency or wavelength range and to what extent it is desired de- for wavelengths greater tlfan b ICOS;) ar spectrum and unity transmittance

pends on the application we have in mind. For example, interference filters 2 “cold mitror™ and s commg ?U .d pm. Such a sclccn_vlc surface is called
show very high selectivity of reflectance or transmittance (as the case may be) . radiation. The process allons ”:l ¥ ulsc to separate the visible from the IR

in & very narrow, or broad range of wavelengths. For thermal energy applica- hybrid photo-voltaic- hototh ¢ Slo ar sPﬂ:.trum t(? be effectively utilized for i

tions, four types of selcctive surfaces are of technical interest. The ideal form adopted in a green hopus chrma conversion, Tm.s procedure could also be

of selectivity in these cases is shown in Fig. 2. plants and the IR is use;, f:ch that the ws:ple tadiations are utjjized by the .

Type (a) represents a selectively absorbing surface/coating called a “dark called a “heat mirror”. has g ( cat t.hc °"V'r°"m.°"‘- ype {c), commo J
mirror™ with solar absorptance of unity in 0.3-2.5 #m range and a thermal solar spectrum and lf'u‘,']'s‘a ﬂrgnsm!t_tancg__qf_uyg_:ELhE Visible part of the
cwitance of zero beyond 2.5 um. This type of selectivity is ideally suited application i the ares F}; feflectance beyond about 0.7 um, it Hay 4 MaJaF

ured ebvolar arehitoeture deslgned 0 keep vt he therial

-3 -
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part of radiation of the solar spectrum (also called passive cooling). In con-
junction with a non-selective absorber, the resultant set-up behaves like a
“dark mirror’”. For this application, the heat mirror should have unity
transmittance for 0.3 to 2.5 pm and unity rellectance beyond this region.
The same heat mirror with A. at about 2,5 j#m could be used in winter/cold
conditions to prevent ambient thermal radiations from escaping through
windows {passive heating). Type (d) exhibits zero absorptance petween 0.3
to 8 p#m, unity absorptance from 8§ to 13 um and zero absorptance from 13
to 50 pm. Such a surface undergoes radiative cooling at or below room
temperature by emitting selectively into the ambient (atmospheric window).
This process offers interesting possibility of emissive cooling below the
ambicnt temperature,

4. SELECTIVE STRUCTURES

As we will see in the following scction, an ideal selectivity of the type
described in the preceding cannot be obtained by using a single surfuce or
interface of any known material. In fact, it is essential to use two or more
surlaces interfuces to obtain nearly ideal selectivity. Basically, selective sur-
faces/coatings/structures can be classified in three groups:

(a) Single interface (or a surface)
(b} Double interface (or a single layer on 2 substrate)
(¢} Multiple interface (or multilayers on a substrate).

Each type has several variations which are described in the following sce-
tions.

4.1 Single Interface

(a) Smrovth Surface: Metal surfaces show high reflectivity in the visible and
infrared due to the presence of high concentration of [ree electrons. The free
clectron gus exhibits plasma resonance at a frequency

47 Ne?
wy, = —
r 1" €

where N is the carrier concenlration, e is the electronic charge, m* is the

clectron effective mass and €e 13 the optical dielectric constant. For w > wp,

the radiation propagates through the mediuvm. The magnitude of the energy

teflected at the air/medium interface is given by the well known relation
(n—1P+4?

RCEANEYS @

For w < wp, the radiation encrgy does not propagate through the medium
and is compictely reflected. Between these two cxtremes of frequency, the
optical behaviour is complex and depends on the details of the clectronic

&

w .

._L',--
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band structure of the metal. This point is illustrated in Fig. 3 by the reflec-
tance curves of several metals.

100

REFLECTANCE (%}
o~
o

| 1
1.0 20 30
WAVELENGTH [pm)

0
02 03 05 5.0 10.0

Fig. 3. Spectral reflectance behaviour of polished metal surfaces of dilferent
metals showing high reflectivity regions due 1o plasma resomince {Hahn
and Seraphin, 1978)

K nowing the reflectance spectrum (or the corresponding optical constants),
the thermal emittance can be calculated. Vatues of emittance for a number
of metals range from 0.02 to 0.08. The emittance of a metat depends on the
d.c. resistivity and carrier density (Sievers 1978). For a Drude metal, in the
relaxation frequency approximation, the normal emittance is given by
(o 1:269 x 10 7p(T)

(r:,"ﬁ,l z
where p(T) is the resistivity at temperature T, r. is the radius of free electron
Fermi sphere which gives a measure of the free clectron density and B is
the linear thermal expansion coeflicient, Thus, the emissivily varies lincarly
with temperature (since the resistivity does so) as shown in Fig. 4.

In the case of semiconductor surfaces, absorption contributions arise {from
electrons in various bands depending on the photon energy. A typical absorp-
tion spectrum is shown in Fig. 5. Its main features are high absorptance
above the band gap energy, {ree carrier absorption at long wavelengths,
multiphonon and lattice vibrational mode absorption at longer wavelengths.
The band gap absorplance depends on whether the optical transitions are
direct or indirect, The infrared transparency region is determined by the
strength of the lattice absorption processes. If the plasma resonance condi-
tion is satisfied at a certain wavelength, A, high reflectance is observed at
wavelengths longer than 4,. Thus each semiconductor has a distinctive
absorption spectrum.

(+.2)
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Fig. 4 Experimentally measured variation of emittance with
lemperature for different metals (Hahn and Seraphin, 1978).

-
om
I

10

ABSORPTION COEFFICIENT (cr")

uv VIS IR

WAVELENGTH
Fig. 5. A typijcal qualitative variation of absorption cocfficient

of a semiconductor jn different ranges of spectrum,

Thf: absorption in the case of a dielectric surface is due to the band gap
transitions (which means near visible and deep UV), electronic polarization
{deep U\{) and atomic polarization {(infrared), Generally Speaking, farge

Xt
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We have seen that most single and smooth surfaces exhibit intrinsic optical
selectivity of limited technical interest. There are, however, a fow examples
of useful surfaces. For example HfC and LaBs (Meinel and Meinel 1976)
show a fairly good selective absorber behaviour (Fig. 6). Increased absorp.
tion in such cases s possible by modifying the plasma edge which occurs
very early in the solar spectrum. This is achieved by creating internal scatter-
ing centres as in MoO; (Gesheva et al., 1980, 1981), by hybridization of d
band electrons of transition metals with sp electrons of carbon or nitrogen
as in HIC (Williams 1957; Allword et a -» 1975) and localization of 4 band
electrons by combining with oxygen as in WO; and RcQ; (Feinleib et al,,
1968). The shift of the Plasma resonance edge is also conveniently achieved
by appropriate dopants in degenerate semiconductars as shown in Fig. 7in
the case of Sb-doped Sn0; films (Shanthi et al., 1981).

100— T T f f L ]
LaBg =
80 e §
Fd
- Y
X ; HfC
W60 - ” -
Z '
- /
o /
g 40 Pl
L L~
L -]
m 'I
201 7
0 ] I I - i
03 05 1 2 5 10 20

WAVELENGTH (pm}

Fig. 6. Mecasured reflectance profile of LaB, and HfC inirinsic
selective surfaces,

(b) Textured Surfaces. Absorption of a single surface can also be enhanced
considerably by texturing a surface (B eucherie 1980} in such a way that
multiple reflections take place as shown in Fig. 8. Among the different J
grooves, the best shape for multiple reflections is “‘Gothic Vea" obtained by
taking the crest of the Broove as centre of the curve of the opposite face.
This construction ensures double reflections for all rays including the very
oblique ones. A sand blasted surface can glso yleld muitiple Pqﬁééflbns, I
e 1€xHire 2 difeeiBiaty 198 EF‘E&HJ Blechiuil 6y e Oftatiy
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Fig. 7. Reflectance (near normal) and transmittance spectra of antimony doped 5n0O,
coating showing the shift of plasma resonance edge with doping concentration
’ (Shanthi et al., 1981).

in normally non-selective surfaces. The enhanced absorptance, o, depends
on the number (1) of reflections and is given by 2. =(1—- R =1-(l~ a)".

A warcguide method of obtaining selectivily as proposed by Horwitz {1974)
is to employ an array of deep holes in a metal, Light of wavelengths greater
than the hole diameter will not resolve the holes and hence will sce the
reflecting surface. Shorter wavelengths will propagate through the holes as
in a waveguide.

A dendritic textured surface can be created by employing suitable thin
film deposition techniques. Coumo et al. {1975) have deposited tungsien
flms by CVD process in the form of a dense forest of aligned needles whose
diameters are of the order of visible wavelength, with spacings between the
necdles of several wavelengths, The absorption here is dominated by the
geometrical factors. The emittance is the property ol the material but it is
increased due to increased eflective surface arca. Other materials like Ni
(Grimmer 1978), stainless steel (Beucherie 1980) and Rhenium (Seraphin
1979) with dendritic structures have also been produced.

4.2 Double Interface (Tandem Structures)

By depositing an homogeneous or inhomogeneous thin film/coating of a
semiconductor on a metallic substrate, a high level of sclectivity can be ob-
tained. 1t should be pointed out here that the optical properties of thin films

Solar Selective Coatings | 241

SOLAR RADIATION

THERMAL RADIATION

SUBSTRATE
(a)

GOTHIC VEE

{4

Fig. 8. Schematic diagram of opticul trapping: (a) in the random contours of
surface roughness: (b)Y in lexturized V-grooves of various shapes, and (¢)
in 30°-V-grooves as a function of angle of incidence.

are sensitively dependent on microstructure and hence depositionc ~nditions.
Therefore, thin-lilm optical constants rather than those of bulk must be kept
in ‘mind for practical structures. Moreover, in the case of uftra-thin (ilms
(~20 A for metals and ~ 100-500 A for semiconductors), quantum size
elfects can modify the absorptance of these (ilms considerably due 1o plasma
resonance effects. For example, such cifects have been reported in Ag and
InSb films (Payan and Rasigni 1964; Giaquinta and Mancini 1978).
Let us now examine the various combinations of coatings on surfaces.

-b-
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(a) Semiconducior! Metal Structure

In this “tandem"" structure the absorption is provided by the homogene-
ous semiconducting coating which is transparent in IR so that long wave-
length radiations see through and get reflected from the metallic substrate.
Semiconductors having band gap in the range 0.2 10 0.9 ¢V are best suited
as absorbers. This condition is satisfied by the elemental semiconductors Ge
and Si and several transition metat carbides, nitrides, oxides and sulphides.

Due 1o high refractive index of the semiconductor film of appropriate
band gap, the tandem structure suffers from high reflection losses, The re-
fractive index and the bund gap £; are related by an empirical relation

mE, =77 (4.3)

The reflection losses are given by Eq. 4.1. Riichie et al. (1977) have calcul-
ated the inteprated solar reflectance for normal incidence as a function of »
and A. These results are shown in Fig. 9. It is clear from these results
that idcal absorber coating should have low (< 1.5) » along with moderate
A 02 10 0.8) values, Most dielectrics and metals satisfy this requirement
of n but dictectrics have low A (< 0.2} and metals have high & (- 0.8)
values, On the other hand, many semiconductors have a moderate 4 but a
high n{.- 2), Thus, naturally occurring materials do not satisfy optimum
conditions of » and 4 for an ideal absorber.

=
o

EXTINCTION COEFFICIENT, k

o

o
w

1.0

REFRACTIVE INDEX, n

Fig. 9. Normal incidence solar averaged reflectance (R) contours as a function of
real and imaginary paris of refractive index, s and & for a thick film of uniform
thickness on aluminium substrate (Ritchie and Windaw, 1977),
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As shown in Fig. 4 the emittance of metals increases linearly with tem-
perature. The mectal/semiconductor tandem structure also shows a similar
variation of the emittance with temperature as shown in Fig. 10 for differ-
ent metals coated with the same thickness of a semiconductor having ideal
nand & values (Trotter et al., 1979). The solid lines further show that there
exists a minimum emittance value that can be obtained for such a tandem
structure at a parlicular temperature,

Among the practical tandem absorbers are FexO; on stainless steel, nickel
oxide on galvanized steel, spray pyrolysed blacks of Co and Cu on stainless
steel, magnetron sputtered carbon/stainless steel/Cu films on glass, sputtered

1 1 |

0.30

ost- ;
k
0.20 -
Nt
LIJ‘ i 1 2
] o0t 10 100
z WAVELENGTH { um) 1
—
pa
p3
w

010

0.00 I 1 1
800 700 800 900

TEMPERATURE (K)

Fig. 10, Variation of emitlance with temperature for ideal selective absorber coated
metal substrates, Inset shows the » and & variation for the material of the ideal
selective absarber (Trotler und Slevers, 1979).
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! ¥ Solar Sclective Coatings | 245
metal carbides and nitrides on metal substrates, electroplat i- ; i
m d : P plated and chemi- spray pyrolysed black cobalt on stainless steel (Chidambaram et al.. 1982).
cally converted sulphides of copper, cobalt and nickel on metal substrates. ; i i
; . . The depth profile shows that the coating consists mainly of CoO. The bulk
The = and € values of these structures are listed in Table I. The absorption P i
i e SrUCtEes i -, R, of the absorption is duc to CoO and the metal substrate dominates the
in these structures is mainly intrinsic. As an example of an intrinsic absorp- . - i
tion. ¥ig. 11 shows the reflectance spectrum and an Aupger depth fil emittance characteristics, The hump & 1:03 pm in the rellectas o
' B pth profile . intrinsic character of the material. This tandem structurc has x=0.92

BG\* . T T T and €100="0.15 and is stable up to 600°C. b -
2 Table 1 b
lf‘z_, &0 R Summary of selective surfaces R
'S “Marerials Fabrication Absorptance Emittance Refl. F
@0 T technique (TO 4 o
b e e e R [V . PE— A H
c 1 2 3 4 p v
20 —- % ] .
INGLE SURFACE (INTRINSIC) 4.
. Eu,0y Seraphin (1919 ik 'F.'
1 1 1 L i Lampert {1979} iy
0.5 1.0 15 2.0 25 ™ ReC, semgh;n (1979 o' :
WAVELENGTH (pm ! HIC Sputlering 0.65 0.1(100) " ..
i) v,0, '
Fig. 11{a}). Total reflectance spectrum ol spray pyrolysed LaB, )
CoQ on stainless slecl, DOUBLE INTERFACE (HOMOGENEOUS SEMICONDUCTOR ON METAL)
T l ] . . l a-S:I CvyD 0.77 0.1 Booth and Scraphin (1979)
1 a-Si Sputtering and 0.94 0.5 * Messier ct al, (1980)
chemical etching
a-Ge Sputtering and 0594 0.55 Swab ¢t al. (1980}
6 0 chemical etching
7] Si - Si,N, CVD | Vac. evap. 0,76 0.07(500) Donnodieu and
- Seraphin (1978)
< F i S - 1TO Spray pyrolysis 0.8V Q.05(100} Golduer and
e Haskel (1975)
i&: AR Cul. Chem. conv. 0.914 0.16{ 100) Mattox (1975)
w 1 Chemical etching 0.93 0.4 Driver and
3 McCormick (1978)
= Anodization 0.95 0.2 Potdar ct al, (1981)
':\: * Spray pyrolysis .93 0.11{80) Hottel and Unger (1959}
o Cu, O Thermal oxidation (.85 Aveline and
S Bonilla (1981)
2 CoQ. Anodization 0.93 0.24(260} Gillette {1960}, Kokoro-
poulas et al, (195% -
Thermal oxidation 0.87 0.07(60) Smith ¢t al. (1980,
K cuidhoff and
9 SL o ™ 1 van der Leij (1980}
0 s 30 3% Electroplating 0.95 0.2 Smith el al. (19801,
SPUTTER TIME {mm) ' Kruidho!f and
{b} van der Leij (1980},
Fig. 11(b). Auger depth profile of the above coating showing the variation McDonald (1980)
of cobalt and oxygen. The onset of Fe signal indicates the beginning of (Conrd.)
the substrate interface {Chidambaram et al,, 1982). .
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{1981
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van der Leij (1978)
Hom-haule: al. {1981)
van der Leij (1978)
Chidambaram et al.
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Simith eq al. (1980)

Muttox (1975) i
Gudgiletal. (1981) 8
McMehan and
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Marchini and Gandy

{19783, Mattox and '
Kominaik (1975)

Gupta et al. {1981)

van der Leij (1978)

Tabor (1967),
Peterson und
Ramsey (1975),
Pettit and Sowell
(1976), Gogna and
Chopra (1978, 1979)
Gogna and Chopra
(1979), Kumar
ct al, (19803

Carver (1979
Potdar et al. (1982)
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1 2 JV - 4

%———“—“&h——m
Spray pyrolysiy 0.2 0.14

CoOile ), Thermal oxidation 0,90 0 31140
Spray pyrolysis 0.90 0200100}

Zn() Chem, Cony, .93 0.08
Anodizetion 0.95 0.08

WO, Sputiering U.83 007

Co0 ; Cos Spray pyrolysis 0.93 0.30

Cos Eleciroplating 0.97 0.20

Cus Chem, conv, 0.7y 0.20200)
Spray pyrolysis 0.89 0.25

Pbs Vac. evap, 0.98 0.2(240)
Spray pyrolysis 0.92 0.21

FeC. Sputtering 0.80 0.02¢150)

Hlack

Nickef Etcclroplaling 0.95 .18
Chem. conv, 0.94 0.15

Black

Molybdenum Cvp 0.82 0.08
Elcclroplaling 0.85 0.1

Black Spray pyrolysis 092 0.15

Enamuly‘SnO_.

Simonis ¢t al.
(1979,

BDOUBLE INTERFACE UNHOMOGENEQUS SEMICONDUCTOR ON METAL)

AlLO,-Ni Vi, evap. 0.94 0. 10(150)

Elcctropluling 0.93 0.20

Niklasson ang
Grangvist (1979),
Craighcad et al. {1979)
Anderson ¢t al.
(1980), Kumar e 4.
(198
A

L

(P17 Fowibt

-9 -
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1 2 3

4
ALO,-Pt Vac. evap, 0.94 0.07(150}
Al Oy -Au Sputtering 0.95 0.025
ALO,-Cu Spullering 0.94 0.045
Al,O,-Cr Gas evap,
AlL0,-Co Electroplating 0.94 0.31
Cr,0,-Cr 0.92 0.08
.95 0.07

Plasma spray 090 0.5(3y

Ebonizing 0.99 0.50
510,-Fe Sputtering 0.9) 0.03
MgO-Au Sputiering 0.93 0.09
Cry0;-MoQ,  Electroplating 0.96
CuQ-Cu Sputtering 0.94 0.04(120)
CaF,-Si Sputtering 0.64 0.06
CaF,;-Ge Sputtering 0.72 0.10
Cr, Fe, Mo,
S8, Ta, Ti,
W-Siticides Sputtering 0,85 0,02
Cr, Fe, Mo,
Ni, Ta, Sputtering 0.90 0.06
W-carbides
Ni-NiC Spuitering 0.90 0.12
DOUBLE INTERFACE {TEXTURAL EFFECTS)
Tungsten CvD 0,949 0.26
dendrite
Steel CvD 0.89 0.47(260)
dendrite
Nickel CvD 0.95 0.6(100)
dendrile

Vac. evap. 0.70 0.35
Rhenium CvD

5

Craighead et al,
(1979

Craighead et al.
(1979)

Mckenzier (1979)
Niklasson and
Grangvist (1978),
Grangvist and
Niklasson (1977)
Kumar et al. {1982)
Fan and Sprua (1977)
Lampert and
Washburn (197y),
Window ¢l al. (1978),
Mcl3onald (1975),
Gogna and Chopra
{1979

Mautlox (1975)
Vaidyanathan et al,
(1981

McKendie (1979)

Fan and Zavracky
(1976)

Smith and Ignatiev
(1981)

Harding (1982)
Gittleman ey al,
(1919

Gittleman et al. (1979)

Harding (1978)

Harding (1978, {979,
Harding and
Craighead (1981)
Sikkens (1981, 1982)

Coumo et al. (1975)
Pettit et al. (1978)
Grimimeret al. {1978}
Beucheric (1980)

Seraphin and
Meinel (1976)

tosif
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2 ] 4
Gold Smoke Gas evap. 0.99 040 100)
Conducling
micromesh
Sn doped o sputt.
100y pinds
AL PLS 510y Vae. evap. .89 0020100y
NNEPHS/SHK)  Vac evap. Q.93 Q031100
SI0LOT 510 Vac, evap. 1. BY ol
Mgl Mo Vac. evap. Q.95 0.07
Ce(d, /Mo
MeFho! Vac. evap, 0.5Y 0.07
NMyF ‘Mo
Si0 Mo/ Vi, evap .86 0.1
SioMa
Ag/ALO, VI (.95 0.04
PhSiZnS Vi, esap. 075 0.027(100)
PhS AL, Ve, evay. .71 0.032¢10
PRS2 0 Sputtering 0.42 0.02
WO ALLY,  Spullening [IAYA) 0, 0%
Phs Cds Suin. growth 0.92 0,12
PLSSnt) . Soln, growth 4 spray (.92 0.16

MULTIPTUINTERFACL (INTERFERENCE)

AL, Mo
ALY,

AliGe S10)
NI Ge S0
Cr e 30

PAINTS
PbS i PP

PbS in EPDM

CdTe in
EPDM
Sb,Se, in
LPDNM
Sim EPDM
Cu-CtO. m
EPIDM
FeMnCu0.
i LPDM
FeMnCuO.
in PP

N, evap.
Sputering
Vic, evap.
AU vap,
Mg, evap,

Spray

"

1Ys

0.93

7

u.88

0,93

0.92

0.91

0.88

.80

.74
092

0.90

095

0. M L)
u.12
0,012¢100,
Q0150 10,
0. 11¢1om
0.89

0.68

0,80

0,53

.56
.30

0.27

0.90

5

O'Nueill et al. {1977)

Tlarwitz (1974}
lan et al {19760

I'lordal and
Kivaisi (1977
FFlordal and
Kivaisi (1977)
Matlox (1975)
Schmidt and Park
(1965)

Schmidt and Park
(1965)

Lictal (1977

Neinel et al. (1975)
Pasquetli (1975
Pasquelli {1975)
Martin et al. (1981)
van der Leij (1978)
Reddy ot al. (1981)
Reddy et al. (1982)

Peterson ed Ramsey
(1975

Thorntoen et al.
(1980}

I lordal and

Rivani {1977
Llordal and

Kivaisi (1977)
Flordal and

Kivaisi (1977}

Maitin et al, (1981)
-do-
Lin and Zimmer
(1977)
-do-

-do-
-do-

-do-

-do-

(Cantd.)
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1 2 3 4 s
FeMn-CuOa Spray 0.92 0.6 Lin and Zimnaee (1977
n EP
CuCrMn “ 092 (1.68 o
oxjde in
silkone
CoFeMn oxide " 091 0.60 ~do-

In silicone
Polyurathanc " PRV 0.03 lotving (1981)

lacquer with
pigmented soot

We should point out that by providing an antireflection (AR coating, the
reflectance losses can be minimized. For example. the absorptance ol Si in-
creases from ~ 0.6 to 0.76 with the help of SisN4 AR coating and that of
PbS from 0.6 to 0.82 by providing ZrO: AR coating. AlzO; on WO, has
been used both as AR coating and for improving the stability of the coaling.
These are, of course, examples of multilayer coatings which are discussed
later,

By providing a transparent conducting coating on a semiconducting sub-
strate, one obtains an inverse tandem structure. Nonstoichiometric Sni)z and
1203 films on §i substrates yield selective surfaces.

Semiconductor absorber layer on metal can be replaced by u layer ol spe-
cially treated commercial black paint to obtain partial sclectivity. Using stov-
ing black paints such fayers have been prepared on ditferent metal substrates
in the author’s laboratory by the dip technigque deseribed in Section 7. By
controlling the thickness of the pamt layer, through a control on the paint-
thinner ratio and pulling speed, » and € can be controlled. z=0.87 and <100
=0.32, have been obtained by this technique.

Partially selective and selective paints can alse be obtained by nixing
powders of semiconductor {Williams et al. 1963; Tabor 1967: Pettit and
Sowell, 1976) inorganic metal oxide (Mar et al. 1976) coated metal {Gupta
ct al. 1979) and organic black {Lin and Zimimner [977) with organic and in-
organic binders such as polyethylenc, polypropylene, ethylene-propylene,
cthylene-propylenc-diene and stlicone resins. Coating thickncss and pigment
volume concentration are the key parameters for achieving better optical
efliciency.

{b) Infiomogeneous Absorbing Coaring on a Metallic Surface

As already mentioned, optimized optical coatings of the absorber layer can
be obtained if the film is a composite or cermet consisting of metal particles
suspended in a dielectric matrix. The optical properties of sucha composite
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can be varicd over a wide range by changing the microstructure and compgo-
sition ol the composites. The optical absorption is mainly due to resonant
scattering between particles which are small compared to wavelength of the
radiation to be absorbed and are spaced far enough to act as independent
scatterers. The optical constants of such composite structures can be calcu-
lated by an appropriate “Effective Medium Theory™ (EMT) described in
Section 6.2,

The well known and commercially exploited example of this type of coat-
ing is the black chrome {Lampert, 1978) which is a composite of the Cr
particles in a matrix of Cr20; produced by electroplating. The film consists
of three regions:

(1) u thin Cr:0; top layer

(2) an intermediate CrzO3-Cr cermet

{3) a Crrich Cr-Cr:05 cermet dominated by Cr and the Nisubstrate, An m

Auger depth profile of this coating shown in Fig. 12 provides direct evi-
dence for the proposed structure,

a coating is also shown in Fig. 12, Values of « as high a5 0.98 and emittance
as low as 0.08 have been obtained. It should be pointed out that optical

1ODM

BLACK CHROME

80

60

£ (%}

0

ReFLECTA!

20

0?2 05 1 2. 5 llo—“
WAVELENGIH (pm)
fa)

20

Vig. 12(a), Toial reflectance Spectrum of electroplated black
chrome on nickel plated copper,
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Fig. 12(b). Auger depth of the above coaling showing the

variation of tolal chromium, free metallic chromium Cr°,

chromium in Cr 0, as Cr'? and oxygen. Scale al the Lop

shows the variation of oxygen to chromium ratio. The

onset of nickel signal indicates the beginning of substrate
interface (Lampert, 1978).

properties of black chrome are strongly dependent on local concentration of
ionic species in the bath during electroplating, layer conductivity, local field
gradients, electroplating parameters and substrate topology.

Similarly black nickel (Tabor 1967; Pettit 1976; Gogna 1979), consisting
of NiS and ZnS, is a well known commercially used composite coating. The
behaviour of electroplated black Ni is similar to that of black chrome.
Apart from mettalic particles of Ni and Zn, the coating consists of the oxi-
des and sulphides of Ni and Zn. The depth profile studies (Gogna 1979)
show that the concentration of £n is maximum at surface and continuously
decreases while that of Ni increases. Since Zn0 and Zns have £, > 3 eV,
the top layer consisting of these compounds acts as a transparent AR layer.
NiO and NiS possess semiconducting behaviour and in combination with
metallic inclusion of Zn and Ni are responsible for solar absorption. Such
coatings with « =0.94 and €00 =0.10 have been obtained on various metal
substrates like aluminium, GI, and nickel plated copper.
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The above mentioned black chirome and black nickel coatings are stable
only upto ~300°C. For high temperature applications, other cermets such
as Au-MpO (Fan 1976), Au-ALO; (Craighead 1979) Cu-Al:Os {McKenzie
1979) and Fe-Si02 (McKenzie 1979) have been prepared by sputtering onto
metallic or diclectric (g, glass) substeates. The optical properties of such
cermet films are dependent on the volume fraction of the mectal particles and
the micro-structure of the componeats. High (- 0.9) absorptance and low
(~0.1) emittance values with a thermal stability of upto 500°C have been
obtained. It should be possible to improve the performance further by n-
corporating refractive index gradient in the cermet films.

(¢} Craded Index Coatings
Another practical and effective way of reducing the high refiectance of the
absorbing layer in a tandem structure is to grade its refractive index to match
with that of inerface medium. In principle it is possible 1o have zero reflec-
tance if the refractive index can be varied gradually from the bulk material
value at the bottom to that of air (or the transparent dielectric layer, as the
case may be) at the 1op. In practice, this is not possible since the coating has
"a limited thickness and further the emittance would increase with thickness.
1t is, therefore, nccessary to optimise the refractive index grading profile
{Ritchie et al., 1977) to get minimum reflectance. The optical constants may
be graded by mixing diflerent volume fractions of two or more materials.
Ritchic ¢t al. (1977) have calculated reflectance spectra of coating with ditl-
crent gradients of their optical constants as shown in Fig. 13. Ttis clear that
the lincarly graded coating gives the best performance. Note that sublinear
gradients produce little effect on the absorptance. By assuming linear grading
to air at the interlace, the reflectance contours for different # and k values
may be calculated and these results are shown in Fig. 14. A comparison of
this data with that of Fig. 9 for a tandem structure without a gradient shows
clearly that grading provides a much larger range of # and k values to ob-
tain absorptance values greater than 0.9. For example, a metal surface gra-
ded linearly 1o the optical constants of Al20; yields a = 0.9 which increases to
0.95 il the surface index is graded to air. Simitarly, by grading Si surface
index lincarly to air increases « from 0.7 to « values greater than 0.99.
Pigmented (with Ni or Co) anodized aluminium surface (Grangvist et al.,
1979; Kumar ct al., 1982} is a pood example of graded index selective coat-
ing. According to Andersson et al. {1980), the surface of the Al substrate
in this case is covered with a thin layer of ALO: followed by a porous
A)0;. These pores are cylindrical in shape. The pigmented metal such as
Ni or Co fills the Jower part of the pores. The gradient of optical constants
is nchieved by varying the concentration with depth of metallic particles in
the pores. The metal rich bottom layer combined with the substrate ensure
high IR rellectance. Structural and metallurgical studies by Kumar et al.
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Fig. 13. Calculated reflectance profiles of sublinearly (— = =), lincarly (--) and super-
linearly (—- —) graded single layer interference coatings compared 10 that of & uniform
coating’(...). Thickness is set for each coating such that the first interference minimum
i+ positioned at A= 1.6 pm, The inset shows Lhe grading profiles of the refractive index
and extinction coefficient for the three type of gradings (Ritchie and Window, 1977,
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(1982) have established these results. The magnitude of = and ¢ are con-
trolled by the geometrical distribution of pores and the amount of Nj pig-
ment. Values of x as high as 0.92 and ¢ as low as 0.11 have been obtained

by tailor making the gradient of optical constants, A typical depth profile

of the composition of one such coating along with its reflectance behaviour
is shown in Fig. |5,

'_r—-ﬁ——u.r-—————-—-—r———--——-—---—rﬁ___ﬁ
2o ]
o -
Fd
<
S Ick ~
L
by
¥ 1
0 N
0.3 0% 1.0 20
WAVELENGTH {um)
{a)

Fig. I5ta). Toial refectance specira of Ni pigmented anodized
alumtinium coatings. J-—Kumar et al, (1983) (2) — = ~
Andersoner al. (1980).

AUGER AMPLITUQE (RELATIVE }

SPUTYER TIME {min}
ib)

Fig. 15(b). Auger depth profile of the coating( ) showing
the variation of Ni meital jn unodized aluminium. The
termination of oxygen signul indicates the beginning

of the pure aluminium substrate.

(d) Textnred Couting

We have alrcady mentioned that the absorptance of seniiconductors such
as Sk Geand PbS s low because of their high releactive v, Thw Felve:
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tance can be reduced by using an AR coating or by texturing the surface.
Texturing may be obtained by roughening the surface, by producing a den-
dritic or columnar structure using the technique of oblique deposition, or, by
obtaining a porous film by depositing it in poor vacuum. Surface roughen-
ing has to be at a scale to yield multiple reflections in the visible region. Gas
evaporation of Siand Ge (Matlox et al., 1975) has been utitized to obtain
coatings of high absorptance ~ (.95, Similarly, porous Ge and “black’ gold
coatings (Neill et al., 1977) of high absorptance have been obtained. Colum-
nar films of Si and Ge obtained by oblique deposition and also by post-
deposition etching of sputtered §i and Ge (Messier et al., 1980; Swab et al.,
1980} yield high « values,

A novel method of controlled texturing employed by Fan et al, (1976) is
lo produce a crossed grating or grid pattern in SnO; films coated on glass

ka by lithographic techniques. By controlling the physical dimensions of the

(I

B

-(3~

pattern, the desired reflectance spectrum can be obtained.

4.3 Multiple Interfaces

By depositing additional layers on the first layer on a metaliic substrate,
each new layer produces an additional interface between materials of diff-
erent optical constants. When light is incident on such a stack, it gets re-
flected at each interface and the phases of all the reflected radiations will
depend on the optical thickness of each layer. Hence by adjusting the opti-
cal thicknesses, we can either have a constructive or destructive interference.
In the following we discuss how such interference stacks can be used as

selective surfaces. The materials used for constructing such a stack can be
dielectric, semiconductor or metal.

() All Dielectric System

The use of dielectric films in optical systems for high transmission and
high reflection over a wide or narrow band of weil defined wavelengths js
well known. For a two layer system of indices o, m, nz, 13 (for incident
medium, say air, first layer, second layer and substrate) of equal oplical

thickness i.e. mtv=nay=Ad, 3A4... the reflectance is given by (Chopra,
1969)

ngno —nln 1\
m-.=(————-2 : ) (4.4)
o -t nim

. 2 2 3 2 3 b
R=0if nomy=miny and n3 = oy N = ng)

The above equation shows that single or double zero reflectance can be ob-
tained by having materials of proper refractive index and optical thickness.
Zero reflectance can also be obiained- by double layer combination, consis-
ting of high index films thinner than /4 and low index films thicker than A/4,
Figure 16 gives u voinpaiison of {ji ipkeral tellectitices ol ditkes bipey 8f

.
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tb) SemiconductorDiclectric Systemn

All diclectric systems are transpatent in the visible region. An absorbing
6 " ; : layer like a semiconductor or a metal must be incorporated in it to obtain
selectively absorbing coating. The semiconductor should have an appropriate
absorption edge. For example, in the system of PbS/CdS (Reddyetal. 198 1)
developed in the author’s laboratory by solution growth technigue, I’b3 has
absorption edge at ~3 pm so that it absorbs all wavelengths below it and
CdS deposited on top of PbS with absorption edge at 0.52 pm transmits all
wavelengths greater than 0.52 s#m. The emittance is still dominated by the
metal substrates. The reflectance spectrum and the Auger depth profile of
this system is shown in Fig. 17, High reflectance of CdS top fayeris dee-
reased by adding a final AR layer of $nO2 on PbS/CdS combination and
thus a higher absorptance is achieved (Reddy et al. 1982}

REFLECTANBE (%)
L

u A s
04 0.5 0.6 Q7 0.8

WAVELENGTH {
pm) . (c) Metalf{Dielectric System

Fig. 16, Calculated reflectance as a function of wavelength of Figure 18 sho_ws a schematic diagram of a four la;lfer_ metal 'dicleclric_ stack.
three types of triple layer coatings: \.~ The first metallic layer ensures that the reflectance in infrared region is high.

£1) quarter-quarter-quarter The second layer is a dielectric and its thickness is tuned so that the reflec-

(2) quarter-hall-quarter tion minima of this two layer dielectric/ metal occurs at the desired wave-

(3) quarier-half-three quarters.
The observed reflectance ol a quartec-half-quarter coating:
(4) consisting of MgF, (n,= 1,38} CeQ, (n,=2.15):

length. As the refllectance at air/dielectric interface is weak, this interference
eflect is also weak. Then a second reflective, partially transparent metallic

CeFa{n, = 1.7} is shown by dotted curve (Chopra, 1969). !ayer is adde(.j to _slreng.thcn the rcﬁFcEed wave und‘ muximi'zc the nternal
interference in dielectric layer. This is usvally a thin metallic layer ~50 A
trinle lavers on gl . and its optical properties are very different Chopra 1969} from those of bulk.
bcf[ cho)i(cc. n glass and shows that quarter-hali-quarter combination is the The perl'grmanf:)c cff this layer deends gre(atly :n the deposition conditions.
As th i . . . Th ond dielectric layer is used to broad high 2 ion, regi
com;lcxc l’él:tl;:f(-‘irin()gfllszegzincn:.;sc, the mathematical analysis becomes more ‘h;:;; the sul;prcs;?on if thlz higeh reﬂcctznc:l;}:iiel;glh;:)i\%rzt::;;T5|lin
. ove treatment to a stack of dielectric layers havin ' ) ¢
altern: : . 5 having -Mo- Dele . vy
:l'ltlu..rl‘w‘.nlc‘hfg‘l’: (,H) and I?/w (L) mdexcd. odd number of A/4 thick films, reflec- Tcﬂeclance s(i)cbclrum for A.IZO." MIO AI:QJ(SM:\; (Peterson ctal. 1973} coat-
l::(:';;h'l\tt;’)“x.r:::; lo 102/., Ctz_ull be obtained. The calculated maximum reflec- Ingo‘:‘rfgsr;dsisyo‘;vﬁ'?:zja:?gr:l ’;156;::2[':' (1[8(577)"1“(: studied the refl
; : = number of layers in air is given by - b ¢ -het al. ¢ icd the reflectance
cil et il of metal/dictectric stacks using a wide range of metals like Cu, Ag, Au, Al
R=|f_—hi ol Cr and Mo and dielectrics like MgF2, SiO, Al:Os, CeOa.
ey =1 (4.5}
o kL my r.‘
where subscrints . - ) - (d) Antireflecting Coatings
the index of IIE(: St{b:tr:'iti stand for high and low refractive index and s is The condition for a layer to act as an antireflecting (AR} layer on a given
Ifac i : . surface of refractive index, m is n1= A/ noma where my is the refractive index
b d‘_.Lon_th-alCd reflectance plroﬁle.s is required, then such a filter can also f the AR layer, and ng is the index of incident medi The elfecti
¢ desipned (Liddell 1981) by using dilferent numerical methods (Section 6.1). ° e ° um. € eliectivencss

of a single layer AR coating is limited by the available materials. Moreover,

Usil‘lg Such IllclhOdS and COdC it cgque i Il it n ( i ¥ n rrow wave-
pUSIllOn,’S q |'|l|ai d(.‘ ositio le } q in- ce C e 1 € y i
miques 1n €170 reﬂeclan e can b Obla‘n d at Onl one wa C|Cnglh, inana

volving dille ials it i i ;

dcsifef sP‘ec::?ir::.;:g;:;lznl;zp';?;s;l(eplzb?ﬁ:,ff glézr)s \;jl:h ajlmost any length region. These difficulties can be overcome by using multilayer (two
arises due to imperfection of the layers and an i - 1€ naccuracy or more) structures with properly selected layer thicknesses and refractive
their optical constants and controiling of E:;:e S:Sil::;dcqu:):;itle knf_OWI‘r:dge_or indices. Such layers would provide a broad reflectance minima and thus are
index. profile ol refractive useful 1o suppress the high reflectance of a high index top semiconductor

-_[[{,._




258 Chopra, Pandya and Malhoira

60 T T T T

e~y ¢00 A
AR 1200 A
I 4OF STAINLESS STegl _
o]
rd
S
Z 5
& -
1] ] | I
0.5 07 1.0 2.0
WAVELENGTH {jm)
{a)
¥
8
g
3
&
o
2
5
g
o
s
g
3
L
g
(6
=2
-«

SPUTTER TiME { min)
{c)

Fig. 17, Tota] reflectance Spectrum of solytion growth Pb§/Cds
WO layer selectjve surface on stainless stee] substraie, Auger
depth profile of the above coating is shown (L) ax dopo
stted und (¢ ufier unneafing at 400°C for 12 hrs

(Reddy ¢q gl 1982)

OO g

- Solar Selective Coatings | 259

100 T T H T
80 -
< I
L
w 60 SOLAR 7]
Q RADUATION  INFRA-RED
2 |
b L.
u 4“0 CMELECTRIC ]
& | METAL ]
LECTRIC
il 20k METAL, 7 7;—7 7 @ i
i fa XY |
] 0 fl [l | 1 - |
b 03 0.5 1 2 3 S 10

WAVELENGTH (um)

Fig. 18. Spectral reflectance of Al,0,-Mo-AlLO, (AMA) coating on Molybdenum
substrate (Peterson and Ramsay, 1975). Iaset schematically shows the cross-
sectlon of such a three layer dielectric-metal-diclectric system,

layer in selective absorbers. As a tonsequence, propagation of the incident
encrgy into the semiconductor layer is enhanced, Both, all-dielectric and
semiconductor-dielectric AR coatings are discussed in literature (Cox and
Hass 1964; Macleod 1969),

The necessary condition for zero reflectance in a double layer system js

Hal_m (4.6)
"o n m2
Combining Eqs. 4.4 and 4.6, one obtains the indices of the two layers for a
given set of ng and ;.

For example for Ge surface (nGe=4.0) we need ny=1.59 and nz=2250,
Thus, 7. may be selected from the materials like SiO, Al;0,, didymium fluo-
ride, CeFs, while m could be a layer of CeOa, ZnS, TiO; or Si, Both the
layers must be quarter wavelength thick so that mys, = 1212 = Amin/4 (Amia is the
wavelength at which R =0 is to be obtained). Combinations of 5i0+2ZnS
and didymijum fluoride +Si on Ge and MgF2+CeO; on Si have been used
as AR layers, .

An easier but less effective approach to obtain AR layers for high index
materials like Si, Ge and PbS is to follow the inequality relation 2> \/';;l;
2 n2. In this relation, there is o upper limit to i (whieh Iy the Index ef
outermost layer) and n1 is one of the low index materials. Exampley of this

—{1

e —
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system are Ge + MgF2 on Ge and ZnS + MgFz on Si. The double layer AR
coatings have the advantage of being less absorbing since the thicknesses of
the individual layers and the total optical thickness of the double-layer coat-
ing are less than quarter wavelength at the wavclength at which R=0is
desired. In Ge+ MgF2 coating on Ge, Ge has mfi=A/4 at 0.6] pm and
MgF2 has nary=4/4 at 1.03 um for R=0at 2.7 pm.

The condition given by Eq. 4.6 can be extended to

for three layer AR coatings with ) = rana, 13 =nin? and 1§ = ngne with each
layer being a quarter wavelength, Anexample of this system is MgF21+CeOa
+§i coating on Ge which is antireflecting in the range 2 to 7 pm.

To conclude this section, we present in Table 1 the compiled data on use-
ful selective surfaces prepared by various techniques.

5. ABSORPTION PROCESSES

We have described in the preceding section a varicty of selective structures
which utilize various physical phenomena to yield highly selective spectral
response of their optical properties. As we have already noted, some coat-
ings depend on multiple absorption processes for their selectivity. The physi-
cal processes involved can be classified as follows:

(a) Inrrinsic: The metallic and semiconductor surlaces and thin films of
oxides and sulphides of various transition metals and of HC and 1.aBs fall
in this category of electronic absorption.

(b) Geomerrical Trapping: Textured roughened surfaces, and dendritic
and porous films utilize geometry based multiple scattering process.

(c) Optical Marching: Graded index films exploit this process to produce
sclectivity.

(d) Muitiple Interference: A variety of multilayer films utilize multiple .

interference cffects to yield any desired spectral response.

(e) Plasma Resonance: Controllably doped degenerate semiconductor films
such as transparent conducting oxides based on Sn, ln, Zn and Cd exploit
this property for selectivity.

() Resonant Scartering: Inhomogeneous and cermet type of particulate
coatings utilize resonant scattering processes taking place between the absorb-
ing particles. ‘Such coatings also utilize intrinsic and geometrical {and in
some cases, plasma resonance) effects.

-{b-
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6. OPTICAL MODELLING ;:?j E’“
T ."'.
The optical modelling of selective surfaces helps in designing and tailor f &
making of the coatings. To maximise the solar absorptance, one has to cal- [
culate the reflectance values of given system from known optical constants N

data. In the casc of single surface or single Jayer, it can be done easily. But
in multilayer structures, the number of layers, their order and thicknesses
determine the reflectance spectrum. It is generally advisable to design theo-
retically the optimum number of layers, their arrangement and thicknesses
prior to deposition. In this section, we mention some of the standard methods
for this purpose. In case of the composite or graded structures, one has to
divide the coaling into a number of layers with such thicknesses that no
significant change in the composition of individual layers occurs. The elfec-
tive optical constants of these individual layers can be calculated using one
of the applicable effective medium theories described in this section.

P
Y
L
i

Y

‘- 6.1 Single and Multilayer Coatings
The theoretical calculations of single layer or a multilayer systcm can be
performed using the simple matrix multiplication method (Macleod, 1969;
Liddell, 1981; and Macdonald, 1971). The optical behaviour of a stack of
layers can be represented by a 21 matrix, which can be obinined by multi-
plying m characteristic (2 ~ 2) matrices M for each layer and a 2 < 1 matrix
A, for substrates in the same sequence. That is,

he

M =11 M; <M, (6.1)
jul
cos Oy isin &/N;
where M= (6.2)
iNysin §; cos 9y
where 8; =20 Nidy/A
dy = Thickness of the jth layer
A = wavelength
Ny =y~ ik;, complex refractive index of the jth layer.
and
|
M,= (6.3)
N,

N.=complex refractive index (s~ ike) of the substrate at A,
The specular (normal) reflectance (R) and transmittance (7} are given by
_ (noMn - le)( ngMu — M )"’

noMu + Mai

6.4
noMu + M (64)
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where no is the refractive index of the medium of incident radiation* deno-
tes the complex conjugate of the bracketed value.
7= 4N L .
(noMu + My R (6.5}

Thg maltrix multiplication method is widely used in design of multilayer
optical coatings.

Multilaver Optical Filter Design

As 'discussed in Section 4.3, using multilayers of all dielectrics or metal-di-
elec.:lr.n: layers, one can fabricate a coating with any specified optical charac-
teristics. The basic designing process of such a coating consists of two steps:

(1) Analysis: This involves the computation of the spectral characteristics.
of multilayers whose optical constants and thicknesses are known,

.(2) Synthesis: This involves the determination of the optical constants and

tiplication method or graphics method (Liddell, 1981). In designing termino-
Iog‘)‘/, the {nethods which can be used to carry out the first part are termed
as “analytical techniques”. Liddel| (1981) has explained a nurober of such
methods. The techniques which have been developed to carry out synthesis are

generally known as “refining techniques’’, Most i
vl . of these techniques
on analytical methods, uenare based

ftcalion in any of the designing parameter, the merit function—defined as the
integrated difference between the required profile and that of calculated—is
calculatcc] and is used to make next correction in the right direction. (2) In
the Fourier transform method (Dobrowolski and Lowe, 1978, and Pegis
lﬁ%l)‘ the r.cﬂectancc or transmittance of n layers can t;e rep’rcscmcd as.
l-our'ncr series which can be integrated and used to obtain the optimized re-
frflC!lVC index profile. (3) Finally, the refining can be done by standard elcc-‘
trical filter designing techniques (Seeley et al,, 1973; Liddels, 1981),

6.2 Composite Coatings

Tl:c optical prope_rlics of heterogencous Systems consisting of a metal and
a dielectric or two dielectrics have been studied for over a century

nett n 1904 derived the well-known Clausius-Mossotti-Lorcntz-Lorcnz rela-
tion fqr a glass S)lfstcm containing small metal regions. A new approach to
the elleetive medium theory (EM 1) was tiven by Bruggeman (1935). Both

>
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the Maxwell Garnett (MG) and Bruggeman (Br) theories have been revised
to incorporate the size, concentration, shape and distribution of the metallic
particles. The physical basis of the validity of different EMTs has been
brought out by the works of Smith (1977, 1979), Bergman (1978, 1979),
Stroud (1975), Hori and Yonezawa (1977), Milton (1980, 1981a, b, ¢) and
Lamb et al. (1978, 1980). An excellent review of a comparative analysis of
the theories is provided by Landauer (1978) and Granqvist and Hunderi
(1977). The derivation of EMTs with a unified approach due to Smith (1977,
1979) and Lamb et al. (1978, 1980} is described briefly in the following
section.

6.2.1 Unified Approach EMTs

Heterogeneous materials can have a variety of microstructures. The com-
monly known microstructures of composite materials are of four types as
shown schematically in Fig. 19. One is a separated grain structure in which
particles of material A are dispersed in a continuous host of material 5. The
second refers to an aggregate structure being a space filling random mixture
of the two constituents. The separate grain structures can be represented
by a random unit cell being a coated sphere consisting of a core with diclec-
tric permeability €4 surrounded by a shell with permeability e5. The volume
ratio of the concentric sphere is chosen so as to correspond with the over-
all filling factor of the inhomogeneous material. This random unit cell forms
the basis of the MG theory.

The aggregate structure, on the other hand, corresponds to a random unit
cell with structural equivalence of the two constituents. Therefore, this cell
15 taken to be a sphere whose dielectric permeability is <. with probability
/f, and «p with probability (I —f). This random unit cell leads to the Brugge-
man theory.

The following variations of the above mentioned microstructures are in-
teresting and have been treated theoretically.

The coated sphere microstructure (MG theory) may show spatial varia-
tion of the ratio of two materials. In some regions, material 4 may be co-
vered with B and in other places, 8 material is completely covered by A as
shown in Fig. 19. The effective dielectric constant of such a system has been
derived by Ping Sheng (1980a, b).

If the material 4 is always covered with a shell, whose dielectric constant
i1s influenced by the core material, the microstructure (Fig. 19) is intermediate
10 that of the MG and Bruggeman theories. The theoretical expression for
such a system has been obtained by Hanai (1960),

The effective medium may be defined as follows. The effective medium is
that in which the embedded random unit cell should not be detectable in an
experiment using electromagnetic radiation confined to a specified wave-
length range. In other words, the extinction of the random unit cell should

b(?"
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Fig. 19. Schematic diagrams of the microstructures and cor-
responding unit cells of- inhomegoneous 1wo phase systems
composed of two materials 4 and 5. Figures (a) and (b)
respectively show the microstructures where A is surrounded
by B and where A and # are distributed randomly.
Figures (e) and (f) show the random unit cells for the
modified models of Ping Sheng and Bruggeman-

Hanai theory (Niklasson, 1982).

be the same as il it were replaced with a material with the effective diclectric
permeability.

The extinction Ceu, is related to the amplitude function S(f) by the follow-
ing equation (Kerker 1969).

Cent=4m Re [S(e)iszl (66)
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where &k =2 7é' A, ¢ is the cflective dielectric constant of the medium and
¢ is the angle of scattering. For forward direction, 6 =0°, so that

Cont =47 Re [S(0)/k%] (6.7
From the definition of an clfective medium, it follows that

Cent = 0, so that

5(0)=0 (6.8)
which states the fundamental property of an effective mc._'dium. Frcsn.cl's
cquations then apply at the boundaries of the effective medn.lm.. The dcnv.a-
tion of the expression for dielectric constant in the above mentioned the.oncs
has been done in the same way. That is, the forward scattering amplitude
function, S(0), for different unit cell {coated sphere, heterogencous sphere

. etc.) has been obtained and equated to zero.

Maxwell Garnert Theory )
Guttler (1952) has developed a series approximation for the scattering
coefficient of the coated sphere (CS) by expanding the Bessel lunctions in
power of their arguments. The assumption in this derivation is that both the
dielectric constants (¢4 and €g) and the particle dimensions are sulliciently
small so that these series can be terminated after one or two terms. The
scattering amplitude function for coated sphere is given by (Kerker 1969)

SG =i (B PUH OB+ .. 6.9)
where

(ep— €M) (eq+ 2ep) +fa (2en+ €M) (e~ €5)
= (€B+2eMG)(u+2£a)+f4(2e5-—2:“‘?(«,4—@)

Py

} -
fa= (%) where a is the radius of the inoer sphere in the random umt cell

and b is that of the complete sphere. The accuracy of calculated values de-
pends on the number of terms we consider in Eq. 6.9. The higher order
terms in Eq. 6.9 can be replaced by a quantity 3MG_ which is a measure of

*‘ the accuracy (Niklasson 1981). Thus, this equation becomes

SES =i (kb) Py +8MC (6.10)

Asan example, if the 84S value is of the order of0.015, the corresponding
error in «M% would be = 107%;.

By neglecting 5M¢ and using Lgs. 6.3 and 6.5, we get Py =0. Therefore
(es— ‘MG) (ext2ep)+fal2ept MO) (ef—€a) _

6.11
(e +2MC) (e 4+ 2 €p) +fa (2e8— 2 €¥C) (ea—<5) (6.11)
which yields
eMC_ep €4~ €8 6.12
MG 4+ 2ep /4 €4t2ep (6.12)

-(% -
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Solving for €6, e get

MG (a4t 268) 42 fy(e 1= e )
(Cat2en) = f (eq—cp)

An analogous formula for the |
g 4 with & and vice versa.

Bruggentan Theory
The random unit cell in thi
forward scattering (6 = (°) amplitude can be written as a series
Hs ) E—etr
Sw) =i (kb) ?“;—2?87 +0 (k)
We can replace ¢ with ¢4 or €z,

can. with corresponding fif) facto
considering small metallic sphere ¢ "

particles, we have

SHS = 3 _E — EB:L'# r
o) =1 (kb) < oen + 58
From the definition of the

neglecting 6% we get

€— glr

—»*=0
€+ 2eBr
and

(A"‘-(‘B’ ) €g— ¢br
ad2m U0 Sy =0

Ja

(6.16)
This equation y

ields the effective dielectric constant of 3 binary mixture
Fing Sheng Theory

This theory is g Symmetrical generalization of the MG theory and takes

ing to different positions

. ‘ For a sphere of material 4 surr
rial B, this number Fi is given by

Vi=(i=fa0p

of the inner sphere in the
ounded by a shell of mate.-

For the reverse case, (@17
Fa=(i = (1 ~ £y

(6.18)
the small sphere

is obtaj Mg imi i
amed. Taking imit as in case of the MG theory

(Eq. 6.9), we get

v, (fg—tps_)(<4+2ts)4-fAL2_f_ﬂi¢‘°S) (ca~es)
(ent-2e#S)(e s v 3 ) +2 fi(eg— «S) (e = €a)

5 case being a heterogeneous sphere (HS), (h

Inverted structure can be obtained by replac-

c

(6.14)

Again, by ;

&

(6.15)

cifective medium theory §Hs (0)=0, so that

-@-

-(9-
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(m_,pS)(EBJ,‘;AHu_fd)(2u+e”)ga-u) =0 (6.19)
(£4+2€P5){£a+264)+2(1—fdit“_‘ Ken—<a)

This is clearly a symmetrization of the MG theory which approaches the
Maxwell Garnett result when f approaches 0 and 1.

+ V2

Bruggeman-Hanai Theory -
This theory is applicable for a system having a microstructure intermediate
between that of the Bruggeman and MG cases. From Eq. 6.9, we obtain

de (eq-+2 €PH=2de) 4 f* (38— 240) (4= ¢BH 4 dey = (6.20)

where f* is the ratio of the volumes of the inner sphere 1o the whole random
unit cell. The filling factor of the cell is f4 and that of the shell is (f4— 4f).
Hete de and 4f are the contributions to the shell due to the influence of the
core cell. Thus, we obtain

fa=(fa-Af) (1 ~f*) 1 f* (6.21)
which is equivalent to
. ar
I*= 1 —fa+df
Since de € «*H and Af € f4, Eq. 6.20 yields
de (e q+2 8H) af (6.22)

FePH (e g eBH)™ | = f

By integrating this equation, we obtain the Bruggeman-Hanai (1960) equation.

(ea— ,sh-_) - -fA) ( eBH )l/:

(€a—es) €8

(6.23)

6.2.2 Fundamental Limits of the EMTs

(a) Size Limit

The incorporated particle size must be sufficiently large so that the mac-
roscopic dielectric properties can be applied. But it should not be so large
that it approaches the wavelength of interest. The former condition allows
the metal particles to be represented by a frequency dependent dielectric

constant, while the latter condition assumes the existence of a dielectric cons-
tant for an ensemble of particles,

(b) Filling Facror Limit :

In principle, the filling factor can vary from 0 to 1.0. However, for suffi-
ciently large filling factors, one may reach a point where the detailed geome-
metrical configuration of the interacting particles in heterogeneous material
starts to play a significant role. The practical limitation of the filling factor
is governed by the grain size, dielectric constants of the ingradient materials
and the required accuracy of calculations (discussed later).
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(c) Particle Shape

The preceding theoretical treatments arc based on the assumption that
the particles are spherical in shape. In practical systems, the shape of the
particles may be cilipsoidal, a mixture of ellipsoidal and spherical, cylindri-
cal or conical. The presence of diflerent shapes in a particular system cllects
the diclectric properties. The variation in the shape can be accounted for by
modifying Eqs. 6.9 and 6.14. For example, the MG theory for eilipsoidal
particles (Cohen et al., 1973) yields

eMG--ég €4—€n

M2~ M e = Lutes (6.24)

The particles are assumed to be identical in shape and orientation with cha-

racteristic depolarization factor La. Similarly, for cylindrical shapes (Cohen
ct al., §1971), one obtains

MG = (] - f)en+feq (6.25)
The axis orientation is assumed perpendicular to the incident field with

Lm=0. Il the particles are oriented paralle] to the incident field, the equa-
tion changes to

L _=f S

MG P P

for Lm =] (626)

The Bruggeman case (Polder and van Santen 1946) for cllipsoidal parti-
cles yield

: {eq—P) (ep—€Pr) (1=
[T Lafea= ) T I Ly /=0 (02D

Here, the cllipsoids are assumed to be identical in shape and orientation
and

aibicy

= "ape
where g, b, ¢ are the lengths-of the semi-axes of the random unit cell and
a1, by, ¢y refer to the inner ellipsoid.

Figure 20 shows how the shape of particles alTects the optical properties
of the Ag-5i02 composite system (Cohen et al., 1973). The absorption peak
shifts towards lower wavelengths as spheres are replaced by cylindrical par-
licles at a given filling factor with no change in the peak position of trans-

mission,
6.2.3 Bounds of EMTs

The complete calculation of the effective dielectric constant requires the
knowledge of the dielectric constants and filling factors of the different in-

gredients, and their detailed geometrical configuration. In case the structural
information is not known completcly, it is only possible to calculale the

MAar 26l LA D RS

i e A
Aq S0y LERME!

p

(Ag SPHERES!

{Ag CYLINDERS)
04

/h# Ag SPHERESAND CYLWOERS!)

ST

0 20 AU 60 80 100
vOLUME PERCENT  Si0;

Fig. 20. Dependence of peak absorption wavelength A,
and peak transmission wavelength Ar on th_e srfape
of Ag particles and volume percent of §i0, in
Ag-Si0, cermet films (Cohen et al.. 1973

eflective dielectric constants within certain bounds. These bounds can be
theoretically predicted for any practical system. The calcui-._uions become
complex with increasing number of phases. The simplest casc 15 a Lwo phase
svstem. Hashin and Shtrikman (1962) have calculated bounds for a non-
ai)sorbing two phase system, The case of a system with complex dielectric
constant has been studicd by many workers (Milton 1930, 1981 .a.b,c,
Schulgsser and Hashin 1976). Bergman {1980, 1981, I9§2). has ‘dcscnhed a
two phase (complex) system, in terms of a complex variable defined as

F(.¢)=‘-B_f (6.28)
€g
where,
¢ = ‘M'G or E‘B'
and
PL {6.29)
[Pk 7]

Calculations have been carricd out for the case of a Co-Al:05 composite
i Niklasson 1981) using the reported dielectric constant data for Co (Johason
and Christy 1974} and Al20; {Harris 1962, Cox ct al., 1904). These calcula-
tions show that the bounds widen with increasing inaccuracy in the calcula-
1ed dielectric constant (Fig. 21} and become narrower with decreasing wave-
length for a given accuracy. : .

Figure 21 shows the computed particle radius as a lunction of the ﬁll-mg
factor at a given wavelength A=1.0 pm for difTerent bounds and accuracies.
The calculations are limited to / < 0.7 for the MG case since the separated
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Fig. 21, Limiting radius versus filling factor in Co-AlL,OQ, cermet for
the Maxwell Garnely and Bruggeman effective medium theorjes as
computed for a fixed wavelength (A=1.0 #m). The theories are correct
10 a precision governed by 3MG and aBr (Niklasson and
Granqvisl, 1981).

small /, the prediclions of the two theorics approach cach other, as expected.

For higher filling lactors, the Bruggeman theory is valid upto a smailer limi-
ting radius than for the MG theory.

,.c.,
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Figure 22 shows the calculated radius as a function of the filling factor at
different wavelengths for a given accuracy (1%, i.e. & =0.003). At all wave-
lengths, though, the overall behaviour is similar 10 that of Fig. 21, Note
that the limiting radius is larger, the longer the wavelength.

6.2.4 Practical Applications of EMTs

The microstructural details of most of the practical coatings is not known
precisely. Therefore, one calculates optical constants on the busis of both
MG and Bruggeman theories. If the composition of the coating (filling
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factor) varies with thickness, the coating is divided into a number of layers
of such thickness that no significant change in filling factor occurs over its
thickness. The reflectance of the coating can then be calculated by using the
standard matrix multiplication method described earliear (Section 6.1).

Figure 23 shows the calculated and measured spectral reflectance of a Ni
pigmented Al2Q3 composite coating (Andersson et al., 1980). This system has
been divided into four layers: (1) pure Al metal substrate; (2) Al barrier;
{3) Ni pigmented Al:0x composite; and (4) porous ALQ; region. Using the
EMTs 1o calculate the effective n and & values, the reflectance has been cal-
culated with the help of the matrix multiplication method. This system
shows a fair selectivity with A at 1.2 pm for the MG theory model and at
5.0 #m for the Bruggeman model. Comparison with the experimental data
shows that the Bruggeman theory gives a better description of the measured
data.

The surlace roughness can also be taken into consideration for reflectance
calculations by assuming that the top few layers are graded with air. Thus,
Berthier and Lafait (1979) bave calculated the reflectance of black chrome
coating by assuming the surface roughness 1o be due to spherical and coni-
cal particles. As seen in Fig. 24, the calculated values show a good agree-
ment with the measured values.

7. DEPOSITION TECHNIQUES

Selective coatings/tilms can be deposited by one of the many physical and
chemical techniques. Physical techniques include evaporation, sputtering and
their numerous variations. Here, the coating material is first converted into
vapour phase and then condensed atom (molecule)-by-atom {(molecule) on a
given substrale material. Deposition of atomic/ionic species by pyrolysis,
chemical reactions, clectroplating, anodization and pigmentation, chemical
conversion and solution growth falls in the category of chemical techniques,
Extensive reviews of deposilion techniques for thin (ilms are available in va-
rious books (Chopra 1969, Maissel and Glang 1970, Vossen and Kern [978,
Lowenheim 1978) Chopra and Kaur 1983) Chopra etal., 1982,. In this section,
we describe briefly some of the commonly used methods for depositing large
area selective coatings onto a variety of commercially available substrates.
These substrates include: aluminium, copper, nickel plated copper, nickel
plated stcel, galvanized iron, stainless steel, molybdenum, tungsten and glass.

(a} Evaporarion :

" This is the simplest and most well established technique to deposit thin
films wherein the material is converted thermally into atoms/mioecules which
are condensed onto a substrate, Among the numerous deposition parameters,
the substrate temperature, evaporation rate and vacuum quality alfect the
microstructure and surface morphology of the coatings significant. If
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Fig. 23(a) Four layer structure mode! for Ni pigmented anodic

AlO, containing 0.62 g Ni per m'. Filling factor for layer 3 is

0.23, (b) and (c) show reflectance bchaviour as calculated for

individual layers and combination of layers by using Maxwell

Garnett and Bruggeman Lheories respeclively. Experimentally

measurcd reflectance curve has been added for cqmparison with
theroy (Grangvist et al., 1979).
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Fig. 24 Calculated reflectance of b]_ack chrome coatfng
deposited on copper assuming conical {QO) and spherical
(@} surface roughness using (a) Bruggeman theory and
(b) Maxwell Garnett theory. The calculated curves have
been compared with the measured reflectance curve
(——) (Berthier and Lafait, 1919),

deposited at very high rates and under poor vncuum.condnllons, nucl;muon lc:sl"
the material takes place in the gas phase itscif to' vield powjvdery an porlcé.
fitms which exhibit good absorptance due to opu‘cal ltrappmg. Black .go'l is
a good example of such a deposition process (O'Neill et a].., 1977(;. Slmlta':
ly, deposition of films at an angle other than normal can yield under certai

conditions columnar films with mivroveids whivh prodtiee gk ErlpRIng
ellects.
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» by sequential evaporation with a good control over thi

components. A modification of (he ]
deviation js reduced, i

systems 1o obtain larg
scale production exce

(b) Sputrering

a material (the target) by
“bombardment with energetic particles is called sputtering. The major advan.

tage of this method is thay almost any material can be sputter deposited by
One or more sputtcring variants, DC, rf, magnetron and ion beam Sputtering
are the commonly used modes, Significanily high rates of deposition compar-

able 1o that for vacuum evaporation are possible today by magnetron
spultering.

By introducing a mixtyre of inert
films of carbides, nitrides, oxides
tive Sputtering process. Also by ¢
have a gradient index or have int
trol is possible, it is an attractive
stacks, Multicomponent compos
deposited by cosputtering,

An important advantage o
tion of the sputtered film s

gas and a reactant jp gas form, thin
and hydrides can be produced by this reac-
hanging the composition of the gas, we can
erference stacks. Since good thickness cop-
technique for the fabrication of interference
ite scmiconductors can be very conveniently

f the Sputtering technique is that the composi-
nearly the same as that of the cathode and that

» this method s
atings on complex shapes ang geometries, This

(¢) Cheniical Vapour Deposition
In this technique, the formation

of the film is duc 10 the
reaction taking place at or ne

heterogeneaus
ar the substrate surface. The re

actants are in

(1) The proeess takes plaee generalldr dt dtthosphetie presslike g ilidt wlgs
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(2) The high temperature of deposition helps in the elimination of stresses
and delamination of the coating.

(3) Like sputtering technique, hard, adherent and coherent coatings are
obtained.

The drawbacks of the process are that it is difficult to control the unifor-
mity of the deposit and the reactive gases used for deposition and volatile
reaction products formed are in most cases highly toxic and corrosive. Also

the substrate must be inactive to the reaction species and should withstand
high reaction temperatures.

(d) Electroplating
Electroplating is one of the most widely used methods to deposit oxides

and sulphides on metals. Black nickel and black chrome are the two well .
known sclective absorbers prepared on commercial scale by eiectroplatin’ -
o

“In the plating process, parameters like pH of the solution, temperature
the bath, current density and plating time affect the microstructure, topogra-
phy and composition of the coatings obtained which ultimately afTect the
selectivity. To illustrate this point, keeping all other parameters constant, the
effect of plating time on « and € for cobalt sulphide (Chidambaram et al.,
1983) is shown in Fig. 25. Such a large number of variables and their inter-
relationship being not very well known makes precise controf and reproduci-
bility difficuit. But the method has the advantage that it is suitable for large

area coatings and mass production even though only conducting substrates
can be uscd.

1.0

0.80-

ABSORPTANCE , &
EMITTANCE | €

1 1 L ¥ I | Q.0

PLATING TIME (min)

Fig. 25 Variation of absorptance a and emittance €,
of clectroplated cobalt sulphide on stainless sieel with
plating time (Chidambaram ct al., 1983).
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By varying the current density while plating we can obtain a stack of
numerous finely divided layers with a continuous gradient of composition
resulting in a continuous gradient of refractive index. The structure of the
surface can also be textured to have pores and voids.

To deposit oxides, either an oxidising agent is used in the bath, or a metal
and an oxide are codeposited where the formation of oxides is due to oxidi-
sing ability of the anions. If a plated metal is oxidized, the stability of the
coating increases as compared to a plated oxide.

Since electroplating has been one of the most commonly used techniques
to prepare a large variety of black coatings, in Table 2 we summarize the
bath and plating parameters along with the typical values of = and ¢ obtained
for some of the well known coatings.

(e) Anodization and Pigmentation

Anodization is an electrolytic oxidation process in which a metal is made
the anode in a suitable clectrolyte so that when an electric current is passed
through the electrolyte, the metal surface is converted to its oxide. Depend-
ing upon the solvent action of the selected electrolyte on the anodic oxide
and the operating conditions employed, a porous anodic oxide film can be
grown on the anode. By carrying out a.c. clectrolysis of this anodic film in

a metallic salt solution, fine metal particles can be embedded in the pores of

the anodic oxide film, giving rise to a black colouration to the coating. In
this way, the metal particles can be inhomogeneously dispersed in a dielec-
tric medium. ]

The operating parameters like composition of the electrolyte, concentra-
tion, pH and temperature of the bath, and plating time have to be optimised
to get good selectivity, Data in Table 3 illustrates the role of some of these
parameters on the = and ¢ values of the nickel pigmented anodized alu-
minium coatings (Kumar et al., 1983).

() Chemical Conversion

A conversion coating is the one produced by chemical or electrochemical
treatment of metallic surface which gets converted into one of its compounds.
In a sense, aimost all metals exposed to the atmosphere have on their sur-
faces “conversion coatings’ formed by the chemical reaction of constituents
of the atmosphere such as oxide or hydrated oxide on iron, sulphide tarnish
on copper and silver, and basic carbonates and sulphates on copper. Among
the more widely used conversion-coatings processes are chromating, phos-
phating, black oxide finishing on iron, copper and its alloys, and various
colouring processes for copper, brass, bronze, etc. Oxides of copper and iron
on the respective metals have been prepared -by the chemical conversion
(Gogna and Chopra 1979d) and found to exhibit selective optical bechaviour.
The coatings form an integral part of the substrate and thus have strong
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Ref.

‘ . .
Deposition conditions 100

Bath composition

Substraie

Coating

Smith and
Ignatiev
(1980

0.25

0.94-0.98

5C,

-

Temp.

16.5g1

CoSO,

Electroplated

nickel

Black Cobalt

Current

: 100-1000 A/m?

1 5.25 sec.

Density
Time

Gogna (1980)

0.14

0.94

Current

Nicke! plated Chromic acid :

Black Chrome

:0.3-0.45 Ajm?
12535C

Density
Temp,

300-400 g/1

Na:SiFS
Sucrose

NisSO,

copper. aluminium

:50-70 g !

:2.4-3.0 g/l
:50-70 g1

Gogna et al.
(1978)

0.08

0.93

1 5.6-6

pH

Galvanised iron,

aluminium

Black Nickel

60-80 gt Current

NitNH,), SO, :

12545 Afm*
13045 C

Density
Temp.

11535 g1

NaSCN
ZnSO:
CoS0,

KSCN

1 25-36 g1
: 210N
137 g/l

0.25 Smith and

0.92-0.93

~

Temp.

Electroplated

Cobalt Suiphide

1gnatiev (1950)
and Chidam-
baram ct aj.
(1983)

Current

nickel, stainless

steel

2 100 Aym®

1 90 sec.

Density

Time

e
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Table 3

50% H,PO, 159 H,S0,

€ioe
{w/v), ml. {w/v), mi,
——————
0 200 0.96 0.46
20 180 0.95 0.45
40 160 0.95 0.44
60 140 0.95 0.4]
80 120 0.95 0.39
100 . 100 0.95 0.34
120 80 0.94 0.32
J~ 140 60 0.93 0.29
- 160 40 0.92 0.23
N 180 20 0.92 a.11]
200 (W]

0.90 0.06

adhesion, Typical preparation parameters for black Nij,

Cu, and Fe are
listed in Table 4.

(g) Imniersion Plating Ele
If a substrate consistin
solution containing ions

diplace the less noble me
place is

ctrofless Comversion
g of a less noble metal say My s
of more noble metal M,,
tal at the substrate syr

immersed in a
the more noble metal jons
face. The reaction taking

MU+ M3 MO At
The metallic ions taking part in this
zed in the presence of suitable oxidiz
que has been used 1o deposit oxides
1980, Cathro 1981, Gogna and Ch,

exchange reaction can partly get oxidi-
ing species in the solution, This techni-
and suiphides of nickel (Kumar et al.,

plating bath and dipping time. This is

s the variation of « and € of cobalt syl-
phide coatings on galvanized iron as a function of dipping time. In this tech-

nique also the coating becomes an integral part of the substrate and behaves
as a composite of metal oxide/sulphide and metai particles. Typical plating
parameters for black nickel and cobalt coatings are given in Table 4,

th) Solution Grow
This technique is bas;

cally a modification of
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Fig. 27 Variation of film thickness as a function of deposition
time for solution grown films of (1) CdS (pH=12.5, T=60 C)
and (2) PbS (pH= 11~ 12, T=30"C).

Using this casy and low cost technique oxide films have also been depo-

sited in our luboratory (Chopra et al,, 1983). Among other advaniages of this
method are:

(i} 1t is a low temperature technique
(ii) It does not need elaborate vacuum equipment
(in) 1t can be used 1o deposit on any substrate,

(i) Spray Pyrolysis

Spray pyrolysis involves spraying a solution usually aqueous, containing
soluble salts of the constituent atoms of the desired compound onto a heated
substrate. Every sprayed droplet reaching the substrate undergoes pyrolytic
decomposition and forms a single crystallite or a cluster of crystallites
of the product. The other volatile byproducts and the excess solvent escape
in the vapour phase. The substate provides the thermal energy for decom-
position and subsequent recombination of the constituent species followed
by sintcring and recrystallization of the clusters of crystallites and thereby
resulting in a cohcrent film. The atomization of the chemical solution into
a spray of fine droplets is effected by a spray nozzle with the help of a car-
rier gas. The solvent serves 1o carry the reactants and to distribute them uni-
formiy over the substrate area throughout the spray process.

Diflerent parameters like volume of solution sprayed, substrale tempera-
ture, solution and gas flow rates, concentration of the solution have to be
optintized to get the best combination of « and «. Figure 28 illustrates a typi-
cal dependence of the absorptance and emittance of coatings on the volume

&
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Fig. 28 Variation of absorptance and emittance at 100°C of spray pyrolysed
cobalt oxide coating on stainless steel substrate with volume of solution

sprayed for two different, 0.025 and 0.05, molar concentrations of the
spray solution (Chidambaram et al., 1983).

100 700

of spray solution and its concentration and hence film thickness. Note that
this method is suitable for those substrate materials which remain inert at
the spray temperatures. :

() Withdrawal Technique

This technique involves dipping o substrate ina bulh containing the mate-
rial to be deposited (in a liquid form) and subsequently withdrawing it at a
constant rate. According to Landau and Levich (1942), the thickness, ¢, of
the fluid film obtained by this method is given by the expression (Groenveld
1970)

f=constant (nu/pg)!i
where v is the withdrawal velocity, p and 7 are the density and viscosity of
the fluid, respectively and g is the acceleration due to gravity,

Thus, the thickness of the coating is determined by the viscosity (solid
concentration} of the liquid and the withdrawal velocity of the substrate.
Thin uniform and smooth coatings of commuercial black paint possessing
moderate sclectivity have been obtained by Opiimizing the thinner to paint
ratio and withdrawal speed (Malhotra et al., 1981). The same technigue has
also been used to prepare carbon pigmented SiQ; colloid selective surfaces
(McKenzie and Zybert, 1981). Thus jt is a very useful and economic
technique to apply sclective paint coatings on any substrate in a controlled
manner. The technique is superior to conventional spray fechnique for paints
where a large quantity of material is wasted and the control of thickness is
poor,
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In (-:oncludin-g this scction, let us emphasize again that each deposition
tcc':hmquc has its own characteristic parameters and yields films of a specific
microstructure. As a consequence, the optical propertics of films of the
same material {particularly multicomponcnt alloys/compounds) deposited b
dlchrenl. techniques are not necessarily the same, Which technique is morz
npprqprlalc]y suited for a particular selective coating is to be determined b
technical and economic considerations, The comprehensive Table | listin;

It g ]50 llSlS l’ Y
Yurious SC]LC[IVC coalings a the" dchSIl!Oll tBChlllqueS em 10 cd 10[

8. CHARACTERIZATION TECHNIQUES

b'|l'? orFlcr to undc.rs_land the optical selectivity behaviour and structural sta-

ility of coatings, it is necessary to have information on their surface topo-

gmphy,. structure, composition and its depth profile, optical and thermal

{)}::s;:crtlcs: Various tcaniqges and instruments employed to characterize

o ccl)g;lggilgre described in standard texts {Chopra 1969, Maissel and

I9‘Ing' , Hirsh 1965, Kane and Larrabee 1974, Czanderna 1975, Carlson
y Richmond 1963) and are summarized in the following sections.

(a) Thickness and Surface Roughness
o i '
coalinl:: ofClhc most |mp0rta.nt mcasurements is that of the thickness of the
oo g o.mmonly, the thickncess is measured by using the Talystep instru-
belwe:; \;'Imh adsh:lrp-hppcd diamond stylus moves over a geometrical step
et cc;a;c and an uncoa:ted regions of the substrate. The vertical dis-
he thiCkno t l;lj.tyll(us on passing this step is amplified and recorded Lo yield
css. Thickness from down to ~ 20 A i i
~ to a few microns with
aceur -5% i "
ey aarg;ydo\f '_L.SA can be measgred by this technique. In practice, since coat-
su%rac c.p(;sttcd on commercially available metal substrates which have a
o ]F roughness much larger than the coating thickness, specially polished
o allic or plass substratcs have to be used for this measurement. In doing
: ;Oanci-lmus; assumne that the rate of deposition is the same on a smooth and
Lo %hesur ace, which may not be always valid. In addition to the film thick-
o lh.e e slgmc :nstr'ument can be used to measure the rms surface roughness
atings, an important parameter of interest in rough and textured
surfaces for optical trapping.
in i i i
twhn:gzccsass];)ft:?u:ulayer sc;le;:ltwe coatings prepared by vacuum deposition
, icknesses of the individual layers c: in-si
oianes: e t yers can be measured in-situ
mcasfr;igppsmon by employing a quartz-¢rystal-monitor. The thickness is
o 0?1”]((:?13 ql‘ anl:equency shift of an AT cut quartz crystal duc to
¢ deposit. The crystal has to be pre-calibr [
of deposition conditions a i ng. doposit e
nd the material being deposi i
; ¢ r g deposited. Frequency shift of
Hz/sec corresponding 10 a fraction of angstorm per second can be measured
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with this instrument. In case of interference coatings in multilayer stacks,
an optical thickness monitor in transmission or reflection mode is generally

employed.

(b) Topography and Structure
Surface topography of coatings is directly observable in a scanning

eleclron microscope. Transmission electron Microscopy of replicas of the
surface of coatings also provides useful information on the topographical
details. For rough and non-specular surfaces, the angular dependence of
reflectance yields rms roughness value,

The microstructure, distribution of grain sizes and inclusions, and crystal-
lographic structure of coatings can be determined with the help of transmis-
sion electron microscopy and diffraction techniques. However, for this
purpose, the coatings must be thinned down to << 1000 A. Selected area
diffraction of crystallites/inclusions, segregated regions yicld information
regarding their crystallographic structure and orientation. For thick
specimens(> 0.5 pm), reflection electron diffraction and x-rdy diffraction are
used for the determination of the crystal structure and orientation eflects.

(c) Composition
Composition on the surface and in bulk and its variation along the thick-
ness of the coating can be determined by the Auger Liectron Spectroscopy
(AES) technique. In this technique, an electron beam incident on the speci-
men interacts with the atoms involving {hree atomic energy levels in the pro-
cess and yields the so-calied Auger electrons leaving the atoms doubly ionized.
The energy of these Auger clectrons is characteristic of the atom and the
energy levels of the atom :avolved in the Auger process. The Auger transition
probability and hence the Auger clectron yield decreascs with increasing
atomic number. Due to the small range of escape depth of Auger electrons,
the technique has a high (~ 30 A) depth resolution. Therefore it is ideally
suited for obtaining the depth profile of the constituents (i.c., the concetra-"
tien of elements along the thickness of the specimen). Whereas the technique
can detect the presence and rclative concentrations of the elements to con-
centrations as low as 0.1 at. o/ the accuracy of absolute atomic concentra-
tion determination is limited to a few percent because of the uncertainty in
the sensitivity factors of the elements. A detection limit of 10-*at. %(1 ppm)
can be achieved with a Secondary lon Mass Spectroscopy (SIMS) technique.
With this technique it is also possible to establish the chemical state of the
elements present in the specimen. On the other hand, the AES technique
gives information on the presence of dilferent elements only. For obtaining
the chemical state and chemical mapping of the constituents, the better suit-
ed technique is that of Electron Spectroscopy for Chemical Analysis (ESCA).
[n this technique, an x-ray photon knocks-of an clectron from the K-shell.

_0%—
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The measurement of the kinelic enerpy of the resulting electron yields the
value of the binding energy of the electron. Since the binding energy of an
atem depends on the environment in which it is sitting, the chemical state
of the atom can be identified by the ESCA technique. Thus presence of vari-
ous chemical compounds in the coating can be estimated. The chemical map
provides the distribution of the various chemical species present in the film.

(d) Absorptance and Emittance Measurenionts

The measurement techniques for solar absorptance and hemispherical
emittance can be classified into three calegories: (1) Reflectance, (2) Radio-
metric, and (3} Caforimetric. The principles, accuracy and limitations of the
techniques in terms of spectral and surface characteristics arc described in the
following (Dutta ct al., 1980, Richmond 1979),

(1) Reflecrance Technique
Reflectance measurement as a function of wavelength yields absorptance
and emittance values directly while angular and wavelength dependence of

reflectance provides valvable information on the surface topography if the
coatings are rough.

(1) Swrfuce Roughness and Topography: When light is reflected from a rough
swrface, both specular and dilfuse oplical scattering take place. The fraction
scattered diffusely depends on the ratio of the roughness to the wavelength.
If the rims roughness is small compared to the wavelength, the reflectance is
primurily specular and corresponds (o that of a smooth surface. If the sur-
face roughness is large compared to the incident wavelength, reflection takes
place in difTerent directions, The angular dependence of the reflectivity of a
rough surfiace for dilferent wavelengths provides a usefyl technique for charac-
terizing the rms roughness. The experimental set-up for such measurements
is simple and straightforward, as shown in Fig. 29a. Polarization studics can
provide additional information.

Figure 30 shows the angular dispersion of the normalized reflectance at an
angle of incidence of 40°, The angular spread in the refected beam s due to
the scatiering. The spread in the specular aluminium coating is because of
the instrument function. It is clearly scen from this figure that the angular
spread of scattering for black chrome is higher than that of dull nickel. The
larger roughness of the black chrome is also indicated by the higher solar
absorptance of this coating (Gogna and Chopra [979¢).

Figure 3i shows scattering for electroplated black chrome at two angles of
incidence 20° and 60° and for two wavelengths 2.3 and 10 p2m for a sample
with rms roughness of 1.8 gem. It is clear that scattering decreases either with
higher angle of incidence or with higher incident wavelength. As cxpecled,
the curve for A = 10 pm and 60° angle of tncidenre shows minimum Seattering
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Fig. 29 Schemalic diagrams showing the cxperimental set ups for (a) measurement

of angular and wavelength dispersion of refletcance for the surface roughness

characlerization, (b) integrating sphere reflectometer (alphameter) for evalualion

of solar absorptance, (c) cllipsoidal emissometer for thermal emittance charac-

lerization of solar absorber panels, and (4) calorimetric set up for the absolute

measurement of absorptance emittance and slagnation temperature under dynamic
conditions {Dulta et al., (1980),

and approaches that for a specular sample. However, there is an increase
in scattering at A=2.3 xm and 45° angle of incidence in comparison to angles
of incidence on ecither side of 45°. This is due to the fact that roughness is
of the order of wavelength {Behaghel 1979).

Informaiion obtained from the above technique can be used to design
selective surfaces by deliberately roughing the surface of a specular coating.
For example, Lafait ¢t al. (1981) has demonstrated that

speeular TiN ¢an be enhateed From —; =335

the sclectivity of a

.9 ;
[£5] 8,5 Weredting an iy
surface roughness of 0.2 ju m,
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REFLECTANCE (normalized)

0 1
e-3° -2 8-1° 8 B+1° B+42° 9+3°

Fig. 30 Angular dispersion of reflectance for sodium light incident

at an angle of 407 on specular aluminium coating (O}, bright nickel

plated stee! (@), dull nickel plated steel {J) and electroplated black
chrome coating {A) (Gogna et al., 1979¢).

(i} Ahserpiance: The reflectance is measured on a double beam spectro
photometer as a function of wavelength in the range 0.3 to 2.5 #m against
a freshly smoked MgO standard reflector. Due to the presence of both spe-
cular and diffusc components, it is generally essential to measure the integra-
ted total reflectance of the selective coatings using an integrating sphere reffec-
tance accessory. The averaging over given solar spectrum is carried out
using numerical integration (Olson 1963) or by drawing the reflectance curve
in distorted wavelength graph (Bradford and Hass 1963) and taking the area
under the cuvre with the help of planimeter. In the later case, the wave-
length interval is proportional to the solar energy falling within that inter-
val, This method is called spectrophotemetric method.

Intcgrating reflectometers of different designs have been developed to mea-
sure the solar reflectance apd transmittance directly without the need of com-
putation. These reflectometers use white light source for illumination of the
sample and need either the sample of known absorptance or MgO standard
for evaluation of the « of the specimen by comparison method. Pettit et al,
(1978) have evaluated commercially available instruments and suggested
modifications to improve the accuracy of measurcments. An improved
intcgrating sphere reflectometer fabricated in our laboratory (Fig. 29b) uses

-38 —
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¢—h=10 um
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NORMALIZED REFLECTANCE
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Fig. 31 Angular dispersion of reflectance of electroplated black chrome coating
{surface roughness=1.8 um) al 20° and 60" angles of incidence using two
different wavelengths, 2.3 pm (O) and 10 gm (). The instrument function

is shown in Lerms of dispersion of reflectance from a specular gold
film (Bchaghel et al., 1979}

tungsten lamp as the light sourcc. The sample is either fixed at the surface of
the sphere for evatuation of  or at the centre of the sphere for the angular
hemispherical reflectance measurements. The white light source could be
replaced by a monochremator to study the wavelength dependence. Silicon
photocell and PbS detector with a silicon window have been used to cover the
complete solar spectrum range. A pyroelectric detector havinga flat response
in the solar spectrum is a better choice except that the signal output is low.
The signal from the detector is fed to a lock-in-amplificr locked to the chop-
ping frequency of the incident light beam. The eflective solar reflectance is
calculated by comparing with the reflectance of a flat response Mg Oreflector.
it may be mentioned that although the emission spectrum of the tungsten
source does not match the solar spectrum, the integrated absorptance values
obtained from the reflectometer are found to be in good agreement with those
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calculated from the spectrophotometric method provided that the reflectance
behaviour of the sample and the standard do not show any well pronounced
variation,

Gy Entittanee: For the direct evaluation of the thermal emittance by spec-
trophotometric method one needs to measure the total reflectance in the
nfrared range of ~2 1o 20 #m. Non-availability of integrating sphere reflpe-
tometers in this range of Spectrum poses a problem for this direct measure-
ment. However, one could measure the specular reflectance and compute e
by averaging over the black body spectrum at agiven temperature, by numeri-
cal integration method. Since at higher A and low surface roughness the
total reflectance is almosy Same as specular component (Scction 8(d){1)) the
€ calculated from specular reflectance data provides a good cstimate of total
thermal emittance.

In practice, heat cavity reflectometers can also be used for cvaluation of
total thermal emittance ai any given temperature (Hembach et al., 1963;
Behaghel et al. 1979), The sample is inserted into a black body cavity and
Hluminated from all directions by the radiation from black body walls or
from the hot source kept inside the sphere. The thermal encrgy reflccted in
a specific dircction is compared with that reflected or emitted by the cavity
wall. The sample temperature is controlled and kept constant by circulating

water through sample holder so that the eflfect of sample radiation can be
minimized.

(2) Radiomerrie Technique

Direct radiometric measurements (Gaumcer et al, 1963, Balickenderfer,
1976) arc made by measuring the radiance of a heated sample and of 3 black
body radiator at the same lemperature and under the same spectral and
gcometric conditions and calculating the enittance as a ratio of the two radi-
ances. If the radiation emitted in the complete hemisphere is measured then
total hemispherical emittance can be obtained. We have designed a simple
emissometer (Fig. 29¢) 1o measure the total hemispherical enittance, It
consists of an cllipsoidal concentrator machined fro
cylinder. The internai surface s polished to get high surface reflectance. The
radiation cmitted from the sample/black body (or a € standard) into hemi-
sphere when the same s kept at one of the two focii

other focal point, A

response. The signals
from the sample and black body are measured and then the emin

ance
caleulated by tuking their ratjo.

(3) Catorimerric Techniygue
The total hemispherical emitlance an
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of the heat lost or heat gained from the surrounding. The rate of heat trans-
fer is evalutated in terms of threc modes: (a) temperature changc.and heat
capacity of the sample (Balickenderfer 1976, Gaumer 1963, Wlllrath and
Gammon 1978), (b) heat input required to maintain the sample in thermal
equitibrium (Curtis 1966), and (¢) heat flow from or to a sink (Meinel and
Meinel 1976). In those modes, since the sample is kept thermally isolated,
the heat transfer to the surrounding is mainly by radiation and the other
losses are negligible.

(i) Dynamic Method: Figure 29d shows the schematic of a calorimetric set
vp. In this method, the sample is heated by the absorption of photon flux
from a solar simulator and cools by radiation. The solar absorptance, hemi-
spherical emittance and their ratio can be calculated from the measured rates

“ Qof heating and cooling and the equilibrium temperature of the specimen by

using the following simple heat balance equations, o
When the sample is exposed to solar radiation the absorptance, «, is given

by
_EEE ﬂ) 8.1
a_Alf, (th‘ A (8.1)

. . iy .
where n1 is the mass of the sample, C,, its specific heat, and (;IT);. its heat-
ing rate. A, is the irradiated area of the sample and /, is the irradiation in-
tensity. In this equation the radiation losses are neglected by assuming that
T o= T, the ambicnt temperature.

When radiation source is turned-off, the sampie cools and we have

_omG (‘_’Z) (8.2)
Azo(T3—73) \dt ],

where (;,E) is the cooling ratc at temperature T of the sample, Tz is the
t /e

temperature of the surrounding, Az is the total area of the sample and o is

'ﬁ‘ the Stefan-Boltzmann constant,

Under constant irradiance from solar simulator an cquilibrium is reached
when heating and cooling rates are equal and sampie attains a stagnation
temperature, 7. Then we have
_ A0 {T]=TH
€ [:AI

The most important advantage of the method is that it yields absolute values

o

(8.3)

. « _
without the need for any comparison standard. Also eand Tasa function

of temperature could be obtained.

3(-
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(ii) Steadv State Method: In this method the sample is maintained at a
constant temperature with an external heating source. The specimen tempe-
rature and the power required 1o maintain the temperature are measured.
With this data, hemispherical emittance can be caleulated by mcans of the
Stefan-Boltzmann law.

The specimen heater with resistive heating is attached to the sample and
a goud thermal contact between the two is ensured. This assembly is placed
in a heat shicld so that there is no heat toss by radiation from the buck and
edpes. A thermocouple is attached to the specimen for the measurement of
temperature. The heater and thermocouple leads are so arranged that only a
neglipible amount of power is Jost via conduction through them. The sample-
heater assembly is placed in a vacuum chamber in which cxists a provision
1o illuminate the sample from outside. The hemispherical emittance of the
sample is calculated by comparing the power required 1o maintain at same
temperature the samples ol unknown and known emittance.

The absorptance is determined in a two-stage measurement. The power
required to muintam the sample at the same temperature is measured under
wo conditions: with and without simulated sofar flux incident on the sam-
ple. The dilference between the two power measurcments is the rate al which
the incident solar energy is being absorbed. Thus by knowing the incident
encrgy, the absarptance can be calculated.

g

(i) Heat Flow Method: The sample is placed on a heat-sink-block of
copper, whose temperature can be varied. The sample is interfaced with the
block by means of a high conductivity lubricant/paste, A heat flow sensor is
placed between the sample and the block. The complete assembly is placed
in a double walled vacuum chamber in which a window is provided to allow
solar fux to impinge on the sample. The chamber wall s maintained at
ambient temperature through water circulation. When solar Nux is allowed
to be incident on the sample, its temperature rises and reaches to an cquili-
brium determined by the rate of water flow through the copper block.
Under equilibrium

af,=co(T4— T3) + O (water) (8.4) "o

If we adjust the water flow such as to hold the sample at the same tempera-
ture as that of the chamber (i.e. T*= T2), the emitance of the sample can be
neglected and = can be measured directly from the rate at which the heat llows
from the sample into the block.

To measure ¢, the incident solar flux is cut-olf and sample raised toatem-
perature higher than the chamber temperature, 72, so that heal radiates out
from the sample. The emittance is calculated from the rate at which heat
flows from the block into the sample,

We conclude this section by pointing out that cvery method for the
measurcments of optical and thermal properties of sclective coalings has its

S TEIN LS I L S AL B T LA

own merits and drawbacks. 1 he accuracy of spectral reflectance measure:
ments (used for calculating solar absorptance) depends u?,lhc spcctrophotf)-
meter used, With great care it is possible to achieve :: Ve o‘fcr:\ll'accurm‘.)".
This method is applicable to all types ol specimens irrespective 0'. the spec-
tral characteristics of the sample. The o measured with an integrating sphere
reflectometer using white light source is highly dependent on lhc- spcct}ral
characteristics of the sample. ‘T'he heat cavity reflectometer hirs the limitation
that the sainple must be cut lo 4 specific size and should hc. a n:'usonub!‘y
good thermal conductor. Radiometric method and the calorimetric FCChl‘I.l‘
gue under steady state need a standard for comparison. [hurculonmcmc
technique in the transient mode gives absolute values, but requires 4 sample
with identical coatings on both the sides. The spectral charactenstics of th_c
sample do not aflect the wmecasurement and the coating paramelers (€ in parts-
cular) could be obtained under conditions more close to those under acl.uai
“operation. However, a great care must be exercised to reduce the conduction
and convection losses.

9. DEGRADATION PROCESSES

Photothermal converters function at temperatures ranging {rom IQO‘C for

. flat plate collectors lo over 600°C -for two axis tracking parabolic dish con-

centrators and central receivers. Daily diurnal cycles, cloud passage, loss of

coolant and exposure to humidity and atmospheric gascs may seriously aflect

the life and performance of these coatings. The coatings are also exposed to
U.V. flux that may initiate photochemical changes.

The physical and chemical mechanisims leading 1o the degradation 9r selee-
tive coatings have not yet been [ully investigated although a considerable
amount of rescarch is poing on in this field at present (Gogna 1980, Hahn
and Seraphin 1978, Seraphin 1982). A selective surface may degrade by one of
the following processes.

(a) Substrate Degradaiion '

Lack of homogeneity and structural integrity at the coating/substrate
interface may result due to the formation of intermetallic compounds between
the metailic constituents of the lower part of the coating and the sublstrale
metal or within the substrate. This may lead to scvere microcracking 1 the
deposit.

(b) Thermochemical Changes N

The coating may undergo thermal decomposition resulting in the volatili-
zation of hydrated metallic compounds or thermally decomposable com-
plexes. It may react with the atmospheric gases like Oz, CO;, waller vapm-lrs
undergoing oxidation or carbonization. The resulting products, if volatile,
would escape out or remain in the coating causing changes in the fill factors
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of the metattic and dje

leetric constituents and (hus changing the elective di-
clecteie constint of 1he

medium which conseiquently feads to changes in the
optical propertics of 1he coating.
€y Diffusion ity

A graded hndes tmctal-diclectric) materiad ur a multiliyer stick nuy under-
eo interdilusion of thye coating constitucnts to 4 homogencous distribution
of the components. '} hug the absorptance would change (o the
of 4 humogencous coating. One or moge components of
also diftuse into the subslrate or vice versa
ellective thickness of (he coating. At higher tem
vl may diluse out 1o the surface
combined processes of diflusion
oxdation may convert an initi
Such particulate
ference peahs of

values typical
the coating may
leading (0 an increase in the
peratures, the substraie mate-
and undergo atmospheric oxidation. Such
of substrate material and Hs consequent

transformation of the coating may wash out the inter-

A is-deposited coating.

(W Topenas dyic al Chanees

Heat ireatmenys miay change the parcle shape and size leg

ading to changes
hle of the coating. Heating muy convert non-spherical
particles o more spherical patticles due o surface tension elfects which re-
duces the particles surl

I the rellectance pre

e energies.

ek Phase Transformationy

Heating may lead 1o a phase transformation of so

coating. For example, on heating a black chrom
the initial amorphous form of the oxide Cea
line form

me constituents of (he
¢ coating at or above 400°C,
O3 is converted into polycrystal-

We will now

describe the degradation of some
m the

important selective coutings
el of the processes given

1 the preceding,
(1Y Black Chromie: Spuz and coworkers have carned out a Jet
tural and compositiona| analysis of their bluck chrome litms
350 O oy ttehic ¢t al LY979/1980) I'rom the SEM, TEM
tron dilvaction studices of as-deposited and anneal
distinet structural ang compositional ¢h
P35 10 As deposited itms consist ol orj

particles embedded ia an unddentitied amorphous phise. Several other oxides
ot Cr, mely, (i, Cr0. 05 and CraOy are also present in the form of
fine grains. Annealing for 24 b results in (he transformation of needle Jike
BEHINS into sphericad srains and most of the amorphous phase and various
chramium oxides transform 1o the stable Cra0s phase.
ina complete transtormation of needle like
only Cr and Cratdy are present in the film, Als

ailed struc-
annealed at
iand the elee-
ed fikms, they observed
anges on annealing for 24 h and
cited needle like mea]ic chromium

P35 h anncal results
particies to sphetical ones and
o the vrientation of pHarti-

ally smooth lilm 1o 4 particutate type of ﬁlm..- " Q
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cles changes from (111) to (100). No malc'rial loss from the .Ml.n. orrn:}at‘cr;'zl
gain from oxygen adsorption is observed. The solar absorplance v ; b]: i
deposited film changes from 0.93 w {).BS-t‘or 24 h anneal and 1n)30.f _
135 h anncal and the room temperature emittance changes from U_; (‘);‘nsc
deposited film to 0.1 and (.08 rc~.pcclivc|y,=1[ seems that 1.hc Ch.‘l.”gL ns .llp_
of chiromium particles on anncaling at 35(ll C 1S the most |ll\])UIl.ll‘1‘[ morpho
logical change accompanying the degradation in solar zﬂm)rp‘l.llm. -

According to Lampert (1979a), the black chr‘omc consint LTI :hrcg‘ }1|‘lljuru{\t.
regions: (1) thin Cr203 top layer; (2) a graded m:‘crmc‘(h;nc (‘1';();1( v u'.rmu,
and (3) a Cr-Crz0; cermet dominated with Cr. The Cr20; cither is |n“1'm(')1i-
phous or very line crystullite form. The coating Jdegrades il.bU\'L' 400 ( in air
and 300°C in vacuum. The major mode of degradation bcmgl the ‘ds‘llusmn
controlled oxidation. Dittusion of Ozis enhanced b){ outgu‘m.ng ol CO and
CO2 resulting in cracks in the film. Thus, prcﬁ:runlm! dvitusion paths are
provided. During the oxidation process metallic chrommm gets dcplf:fcs_j :1_nd
growth of Crz0; takes place at the surface. With time, couting densifies w:l.h
climination of porous structure and the absorption is dominated by the metal
Su?ai;:::ef‘md Ignatiev (1979, 1982) have also invcsligm?q mcuh:mism‘s :L'ldd
ing to high temperature degradation of black chrome. They have postulate

i 5 of degradation. A

thr(‘i:;: lé?ari]:tirgr?docl%voids L:hu: to the escape of volatile conslilu.cn!s, il any, of
the fitm and the surface decomposition of Cr (OH); of the film at tempera-
tures less than 300°C according to reaction,

3 Cr (OH)s — Cra05+3H:0 +

(i) Oxidation of Cr to Cr2Os in the temperature range of 300-300°C with
associated changes in the optical properties. . ' o

(iii) At temperatures above 500°C, the underlying Nl'dcposn starts Lllﬂl:lS-
ing out to the top surface and ussociated with its oxidation results in a major
degradation of the system. ' . ]

The SEM and AES depth profile’data of high tcmpem‘turc( e St)Q Y de
graded black chrome coating, has shown the existence of a ,mui’th NIOAIaycr
at the top surface below winch lies a layer of lincar gradation frm.n NiO ;10
Ni. A good agreement between the reflectance calculzucld according (o the
model and the experimentat data has been established, This :,ugg.c:,ls that lhj
high temperature degradation of black chrome prepared on {lfckcl coate
metal substrates is primarily a Ni substrate dominated process. I'has _rcpl.lu_,-
ment of nickel with other high temperature stable materials could increase
the stability of black chrome.

(2) Black Nickel: The main reason of optical degradation of black nickti‘l
coating even at relatively lower temperatures (%EQQ“( .}.IS ducto tllulf:lrgqnlf
rafion of tha et M nides of nictd 0 Svireding Lo e v dtune

..33_-«
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degradations, the outer surface is passivated by a process such as chromatiz-
ing. High temperature (200 to 500°C) degradations of black nickel probably
result from mechanisms similar to the black chrome coatings. In clectroless
black nickel coatings (Kumar et al. 1980) deposited on galvanized steel, sub-

strate degradation occurs at a temperature = 300°C due to the formation of
a Fe,Zn, compound and the coating starts peeling oll.

(3} Selurion Grown Multilayer Stacks: Extensive studies on the degradation
mechanisms of the solution grown multilayer stacks of PbS/CdS, PbSe/CdSe,
PbS/Sn0: and PbS/Zn0 sclective coalings have been carried out in the
authors’ laboratory (Reddy et al. 1983). The following has been cstablished:
(i) Atmospheric oxidation was responsible for degrading the PbS/CdS coat-
ing at temperature > 380°C and PbS/SnOz coating at temperatures >400°C.
(i) Inter-diTusion of layers occurred in Pb5/ZnO coating at temperatures~
400°C and at temperatures ==440°C in the Pb3/CdS system. (iii} PbSe/CdSe
coatings degraded duc to the thermal decomposition at temperatures >>250°C.
In (i), the atmospheric oxygen was found to be ingorporated in the PbS layer
in both the coatings. Also the slightly higher temperature stability of the
PbS/Sn0: coating arises because of the thermal stability of SnQOa. In {iii), the
thermal decomposition of the CdSe layer of the PbSe/CdSe system occurs.

The AES depth profiles for as-deposited and annealed PbhS/CdS stack is shown
in Fig. 17, )

(4) Nickel Pigmented Anodized Aluminium: Anodic alumina is an integral
part of the substrate in these coatings. Alumina, being a high temperature
stable material and an excellent diffusion barrier of oxygen atoms, resists
thermochemical changes and is also chemically inert (o atmospheric gases,
Further, nickel particles are embedded inside the pores of the anodic alumina,
thus avoiding dircct exposure to the environmental gases. The coating thus
has a higher stability compared 10 the black chrome and black nickel coat-
ings for medium temperature (200-400°C) applications, Humidity, however,
poses a scrious problem 1o the aluminium substrate. Aluminium corrodes
slowly at higher temperatures on long term exposurcs under saline water

conditions. Thus, in this case the substrate corrosion is more likely than the
coating degradation,

(£} Passivation Processes

Sclective coalings can in some cases be passivated by post-deposition treat-
ment against degradation. Driver and McCormick (1982) have shown that
the black chrome coatings prepared by electrolytic processes show higher sta-
bility if films are deposited at low rates in order to minimize deposit stresses
and to provide stabilizing oxide layers on the surface particles. For high tem-
perature applications, all black chrome coatings would probably benefit from
an initial deposition in excess of the as-plated optically optimum coating
followed by a post-deposition annealing to remove the voiatile matter.

‘ quent 3 days humidity exposure gave «=0.96 and ¢ =0.20. Similarly, a coat-

-3l‘f"'
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A novel approach to increase the low temperature (= 200°C) slabnh?rh;i
black nicke! coatings has been reported by van de l',cclst ct al. {198tl ).1 their
treatment consists of applying an overcoating by dtppnrl\g in ;hneu ;:swuins

i i i black nickel coating. The p
mate solution which passivales the ; : L+
i iti f a thin chromium oxide layer,
treatment results in the deposition o hro e it
i i f the initial black nickel gepost.
does not change the oplical properties © ‘ . pos!
Another passivation process is by electrochemical treatment using apc:jlf;g::
reversal of current. The passivating solution in l.)oth the casez a;; a e
chromate solution of 10 g CrOj; per litre solution alfa p[:.= l. ndc;‘clmidhy
i i tion. Results of ambientand,
chemical treatment give & better protec o respec.
he initial @ and ¢ values of 0.95and 0. p
exposure tests showed that 1 ; ° e tter 3 dnys
i i i ting changed to0.38 and .-
tively of a typical black nickel coating - ]
of hﬂmidity exposure when no passivating lreatm.ent was given. Anotgcr cc;::-
ing with an initial = 0,96 and €=0.25 on chemical passivation and su

ing with an initial « =0.96 on ambicnt exposure for one .ycaf chat;g:du;tt::
to 0.88 while the same coating on electrolytically passivating at a4 T f([! ony;
of 0.75 Hz and a current density of 0.4 A/dm? had an a=0.94 alter

* ient exposure. _ _
)’e*ﬁ :l?omu:)c;el;: no‘t)cd that the passivation is not pos?ible in case tlaf :)Ldulr::x
bright nickel coatings, but the presence of ;n particles in th? elec rl gbmcs
and electroless black nickel coatings and thesr sma?l particle size cont bt
to the formation of Cr oxide required for pa§sivatlon. After pass1lvauon,h_Ch
electrode potential of black nickel coatings Fhﬂ‘ts to more noble values, whi
confirms that the new coaling obtained is indeed a passive one.

10. APPLICATIONS

10.1 Solar Thermal Conversion . . ' ‘
in order to appreciate the role of selective coalings In the performanc;i:h

collectors for photothermal conversion, let us hrs..lexanuf\c the facl;)rs wuec‘

determine the conversion efficiency. The conversion efficiency, 7, of a co

tor system is defined as

Energy exgrac(cd from the system
Energy input

TJ=

’

E.

_ Ee (10.1)
Al

where A1 is the area of the absorber exposed to the solar flux and 4 t!\c inci- 2
dent solar flux. The extracted energy, £, from the system can be writlen as

E.=(Energy absorbed)—(Energy lost)
= (’a)AII: - UI.
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where (1a) is the cffective transmiltance absorptance coellicient product for
a single covered collector, ¢ is the transmittance of the cover glass and /g
the overall loss of energy from the absorber, £/, is the sum of three para-
meters that are involved in this process, namely, radiation, conduction and
conveelton losses.

Radiation losses, governed by Stefan-Boltzmann law, are proportional to
the emittance of absorber and to the fourth power of the temperature. The
other two losses, strongly dependent on the configuration and environment
of the system, are lincarly proportional to the temperature, The cstimation
of collecior clliciency will become cumbersome and also vary from place to
pPlace when we consider the conduction and convection losses. Hence, to ilfus-
trate the cilective role of the sclective absorbers in photo-thermal conver-
sion, we first consider a simple casc of collectors, where we assume that the
conduction and convection losses are negligible compared to that through
radration process. This assumption is perfectly valid for practical cases also

ses will also be considered for 7 calculation.
For the firsg case, Ut term in Eq. 10.2 can be replaced with the radiation
loss term, 50 we get
E.=(ta)Au], ~ o dae( T~ T?) (10.3)

where 42 is the area of the absorber, € thermal emittance at temperature T
of the absorber, T3 the temperature of the ambient,

From Egs. 10.1 and 10.3, we have
=7£_.£_=(!R)A|/;"0A'1€(T‘—'T;)
Ky Ad,
UA;E‘ 4 ‘
=(ra)~ 2T 10.
(1a} A;l,(T T3 (10.4)

since in practice Ay = 43 and if we are illuminating the absorber with a con-
centrated solar flux of concentration ratio X, we can write Eq. 10.4 as
o€

1)=(I:)"E(T‘—T;) “0_-5)

In both tlat plate and concentrating collectors, we see that to maxinizc n
we must reduce §/y and conscquently the radiative losses to the maximum
possible cxtent while at the same time holding the absorptance-transmittance
product close (o unity. It would seem difficult to meet both these conditions
simultancously, But, this is possible if we examinc in Fig. | the separation
between the cnergy distribution of solar spectrum (== 5800 K. black body)
and the black body radiation specirum at 100, 300 and 700°C. It is this shift
between the 1wo spectra which makes it possible for a number of materials
to have high solar absorptance and low thermal emittance. The cut-off wave-

o e
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length, A., at which both these spectra intersect, is dependent on lhefrabso:;
ber temperature. Figure 1 also shows th.c dependence o'I' the cut-o l\:vav
length and absorber temperature for various concentration factors.”“ or a
selective surface, the cut-off wavelength is defined as the wavelength corres-
ponding to 50%, of the reflectance value.

Some featurcs of the performance of photothermal convcrlc‘r‘s depend on
« and € separately. Thercfore, sometimes (Seraphin 1979) a tc'rm absurptanc.c
of merit”, w., which is nothing but 9 with no cover (r=1 in Eq. 10.5), is
used. From Eq. 10.5, we have

ea(TH=T3) -
7

Hence the absorptance of merit gives an upper limit for the conversion effi-
ciency of a solar converter. Figure 32 shows the dependence of the abson-
tance of merit on the thermal emittance for two solar absorbers——one with
a=0.95and another with « = 0,90, for a temperature 7= 500°C. For X = IQOO,
reducing the emittance to smaller values does nlot compensale for the diffe-
rence in « of 0.05. However, for X =250, lowering the cmltta-ncc by 0.4 for
the inferior « value coating renders it equal to the surface w:th. x=0.95, .In
case of concentration of 100, reduction of only 0.15 in the emittance with
«=0.90 makes the coating as eflective as the = 0.95 coatings.

(10.6)
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Fig. 32 Absorptance of merit as a function of cmittance

for solar absorbers of a= 0,95 ( )and 0.90(——-—)
al various solar concentrations showing the effective-
ness of selective absorber and the relative impor-
tance of the magnitudes of am and €, The operaling

temperature of the absorber Is 500 C
(Seraphin, 1979),
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It is clear that by using a selective surface, the collection efficiency can be
improved. Winegarner (1975) has calculated the » values of typical Nat plate
and concentrating collectors with one glass cover. Figure 33 shows the eflect
of using n solar sclective surface for a single glass covered solar absorber
operating at 95°C as evaluated by Gogna (1980). Because of the low ther-
mal emittance of the selective absorber as compared 1o a non-sclective onc,
the thermal losses are reduced from 31.7% to 19.7%.. Thus the efficiency of
the collector is raised from 43.6% to 53.8%. Similar evaluation for para-
bolic concentrator type solar collector has been carried out by Winegarner
(1975). Figure 34 shows the results as obtained by him.

NON-SELECTIVE SELECTIVE

of= 096, € = 0.96 Q94 g#0.90

A

100
/G.O 4.0\
/s N
. GLASS 7.7
”‘——11_72‘___%— cuass —ﬂ—“*‘_\_mt)——

51 85 19.7
1.7 3.7
3 8> A7 aesomeer AN
sy \
43.6 53.8
1
6.3 6.5
= - —_ e =y
INCIDERNT REFLECTION CONDUCTION RADIATION EXTRACTED
ENERGY LOSS LOSS LOSS ENERGY

Fig. 33 Estimated net collection efficiency of a given selective absorber compared
1o a non-sclective one for a flat plate collector operating at 95 C with ambient
letnperalure of 25°C (Gogna, 1980).

Spitz {1977) evaluated the collection-efliciency in terms of collector tem-
perature and concentration. Figure 35 shows graphically the efficiency nomo-
gram constructed by him,

We can measure the output in terms of the mechanical work also by using
a Carnot efliciency cycle. The Carnot ciliciency, delined as the ratio of the

output work to the input heat for a particular thermodynamic cycle, is given
by

W Qy— -7,
T](C‘ruouﬂ-—- .Q_}’_-.——Q.-'.. =T‘h_T

Or  On T (10.7)

“~u

..'36..

Solar Selective Coatings [ 301

BLACK ABSORBER &/6+0.95 /0.95

SELECTIVE ABSORBER «/¢ =0.95/0.06

SELECTIVE
COATING

(b}

Fig. 34 Estimated net collection efficiency of a given selective absorber
compared to a non-selective one for a concentrating parabolic collector
operating at 315°C with ambicnt temperature of 21°C (Wincgarner, 1975).
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Fig. 35 Conversion cfliciency as

a lunction of operating temperature and concentra-
tion for a solar coliector us

ing a selective absorber with «=090, ¢=0.10
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where Qs is the input heat, Q. the exhausted heat, T input temperature, 7,
the cxhaust temperature and W the output work. Based on Carnot efficiency
{(Spitz 1977), the collection efficiency calculated in terms of the mcchaniqa
output for a solar collection is shown in Fig. 36. vEr

Now we consider some practical aspects of collectors in the 7 calculations,
As we already mentioned in the beginning, the conduction and convection
losses are strongly dependent on the environment (wind velocity, humidity,
ambient temperature) and on the configuration of the systems (number of
glass covers, space between the covers and the absorber, tilt angle of col-
lector, and the thickness of the insulating layer at the bottom of the absor-
ber). Hottel and Whillier (1955), Hottel and Woertz (1942), Bliss (1959),
Whillier {1967) and Gupta and Garg (1967) have discussed the thermodyna-

mic equations governing the efficiency of solar collectors. In practical flat

.! plate collector system, the extracted energy can be redefined as the cnergy

‘transferred to the flowing liquid. Thus,

E.=WMCp(To-T)) (10.8)

where 7t is the mass flow of the heat transfer uid (usually air or water), Cp
the heat capacity of the working fluid, 7o and T} are outlet and inlet tempe-
ratures of the fluid respectively. Therefore n can be written as, from Eq. 10.2,

o= TCATo=Ti) _ (an)— YT = T3) (10.9)
A, I

where Uy, the energy loss, is a function of (T,—T2). Ty is the avcrage plate
temperature. The terms on the right hand side in Eq. (10.9) correspond toa
straight line equation. The slope of the line is the overall collector heat loss
UL and the ordinate intercept is equal to (ar),

The efficiency can also be plotted as a function of the average Nuid tem-
perature Ty= (73 To)/2, and the inlet temperature 77,

9= Fofat- v ] (10.10)
* and ’
’ '3=FR[’XF—UL(_T£—_T2!] (10.11)

Frin Eq. 10.10 is called the plate efliciency factor and is the ratio of the
actual useful energy collected to the useful energy that would have been
collected if the entire recciver plate were at the average fluid tcmperature.

Similarly, £z is the heat removal elliciency factor and is the ratio of the use-
ful energy collected to the useful cnergy that would have been collected if
the entire plate were at the entering fluid temperature, Fp and Frarcindepen-

dent of the solar intensity, the collector operating temperatures Ty and T
and the ambient temperature,

--3%""
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For concentrating type solar collectors, Eqs. (10.9}, (10.10) and (IO.I_I)
are essentially valid. The efliciency of concentrating collector is given by

MCe{To— T)) UL(Tr—Ta)
K v v T [‘”B _'—71,—]
where B is a cosine factor that is the weighted average of the angles of inci-
dence of the concentrated rays.

The efTect of the «, € and number of glass covers on the conversion effi-
cicney has been calculated by Gogna et al. (1980) for a typical flat plate
collector, Table 5 shows the values of various parameters used for this
cvaluation, These valucs are typical of a clear day in Delhi.

(10.12)

Table §

Typical configuration and operating parameters used in the calculation of
plate ciliciency

Solar Insolation. {, =800 W/m*
Wind velocity =22 m/fs
Absorber temperature =95'C
Ambicnl temperature =25C
Radiation incidenl angle =0C
Collector tilt angle =45°
Back thermal insulation thickness (glasswool) =5¢cm
Gap belween absorber and cover =3 cm
Thermal emittance of glass ={}.85
Infrared transmittance of glass =0.0
Solar (ransmiltance of plass =0.84

The collection chiciency thus oblained is plotted as a function of thermal
cmittance in Fig. 37 and as a function of solar absorptance in Fig. 38. Itcan
be clearly seen that emittance has a signilicant eflect on the collection effi-
ciency, particularly for a single cover collector. In the case of collection
elficiency as a function of solar absorptance, it is scen that the 1 change is
signilicant in the cases of both single and double covers.

In practice, the » of a single cover system is more alfected by the convec-
tion heat losses {through the atmosphere) rather than by the optical proper-
tics of the absorber surface. ITowever, for two cover systems, the solar
transmittance losses are high duc to the reflection and absorptance at each

cover. Also, the two cover systems substantially reduce the heat losses and
increasc the clliciency.

Experimental Resulis

The thermal performance characteristics of a flat plate solar collector can
be measured with the help of a simple set-up operated either in an open
mode or a clesed mode. The test vig consists of (1) a variable inclination
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08 08 10
EMITTANCE , €

Fig. 37 Calculated conversion efficiency as a function of thermal
emillance lor solar absorbers of «=0.84, 0.92 and 0.96 using
single ( ——) and double (—~ — —) glass covers. Operating
temperature is 90 C (Gogna, 1980),
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1
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Fig. 38 Calculaled conversion efliciency as a function of solar

absorptance for absorbers with €=0.1, 0.4 and 0.9 using single

(— ) and double { — — —) glass covers. Opcrating temperature-
"is 90 C (Giogna. 1980).
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stand to hold the collector and (2) instrumentation to measure insolation,
water inlet and outlet temperatures, ambient temperalure and water mass
flow rate. Using this test rig, the conversion clficiency of a sclective coating
over that of a non-selective one have been evaluated (Gogna ct al. 1980),
The black nickel selective coating (2 =0.93 and €100 =0.1) used as absorber
was preparced by the chemical conversion process. The non-selective collector
pancel was made by coating a flat black paint (@=0.96, e100=10.90). The
curves of therma! ciliciency for both the non-selective and sclective coated
collectors are shown in Fig. 39. Knowing «¢ and using Eq. 10.10, the magni-
tudes of Fr and V. could be calculated. These values in this case have been
found to be 0.84 and 0.92, and 13.0 and 9.2 Wm~2C™! respectively for non-
sclective and selective coated collectors. The lower value of U, and higher
Fr, despite a low =, is a consequence of lower « of the selective coating. The
maost important feature to be observed from Fig. 39 is that a respectabl
thermal efficiency (= 25.30%) is obtained when the sclective coated collec-
tor is operated around 95-100°C, In sharp contrast, the non-selective coated
collector has an clliciency of only 8%

10.2 Antireflection Coatings

As already described in Scction 4.3, reflection losses are reduced by anti-
reflection coatings and are thus required to enhance the efficiency of both
solar cells and solar thermal conversion systems. An AR coating thus becomes
an important part of the convertor design. The material chosen for an
AR coating depends upon the optical properties of the outermost surface
considered and nature of the application that needs it. The applications of
the AR coatings can be divided into three categories: (a) solar cell, (b) solar
thermal collector and (¢} cover glass for a solar collector.

() Solar Cell

Maierials used in solar cells such as Si, GaAs, and CdTe have high indices
of refraction and consequently have high reflection losses. For example, bare
polished silicon (n=3.85 at A=0.8 pm) reflccts an average of 357, of the

incident selar radiation in the 0.3-1.2 pm region. The optical propertics of sy,

the AR coating matcrials to be used in this application must satisfy two
requirements: they must havea perfect transparency in the wavelength range
of sensitivity of the solar cell (e.g. 0.4-1.1 pm for Si) and should produce a
maximum reflection reduction in this spectral range. A number of such die-
electric materials are listed in Table 6.

As discussed in Section 4.3, properly designed single layer and multilayer
structures can be used as AR coatings. The best advantage of single layers
15 in the case of obtaming the AR coating, For example, for Si, neglecting
dispersion, a quarterwave AR layer requires a material of refractive index
1.96 ti.e. v/ 3.85). Such a material happens to be silicon nitride. The thick-
ness o ol 3Ng which gives zero rellectunce at o given Amin is determined by
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Fig. 39 Experimzntally measuted conversion efficiency curves for single glass covered
flat plate collector: ((O) with selective black nickel coating (=09}, ¢=0.09) prepared
by chemical conversion and (@) with non-selective black paint coating (a=0.96,
€=0.9). Inset show the operating parameters of the collector{(Gogna et. al., 1980).

dmin=4 nd. A guarter wave Si;Ny coating with Az at 0.55 pm reduces the
reflectance of Si surface to an average of 12% in the spectral range of 0.4-
1.1 #m. Another useful single layer material is SiO with refractive index of
1.8-1.9. However, this material has some absorption losses in the visible
region. A substitute for SiO is CeO2 which has a low absorption in visible
but a higher refractive index of 2.2, Koltun (1981) has reported that ~0.15
pm layer of SiO is the optimum layer on Si solar cell under AMO itlumina-
tion. This layer produces a 45 % increase in the short circuit current, Jye of the
cell and also largely modifies its spectral response (Fig. 40). The optimum
optical thickness required has a range of values which is an advantage from
production point of view as well as for satisfying other requirements such
as mechanical strength and integrated absorption cocfficient of the coating.
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Tahle 6

Refractive index in visible and IR regions and wavelength region of transparency of some
diclectric materials useful for preparation of single/multiple layer AR coatings

Refractive index Region of

Material

Visible  Infrarcd Transparency, gm
Aluminium Oxide (A1,0,) 1.59 1.59 0.3-1
Ceric Oxide (CeQ)) 2.2 2.2 0.4-16
Cryolite (NayAlF,) 1.35 — 0.2-14
Germanium {Ge) 4.2 4.0 1.7-100
Indium Oxide (In,0,) 1.8 — 0.3-1.5
Magnesium Fluoride (MgF,) 1.38 t.35 0.21-10
Silicon {Si) 3.8S 3.5 1.1-10
Silicon Menoxide (SiQ) 2.0 1.7 0.5-8
Silicon Dioxide (Si0y) 1.46 1.44 0.2-8
Silicon Oxide (Si0.} i.52 — 0.3-8
Titanium Dioxide (TiQ,) 2.2 —_ 0.35-12
Tin Oxide (SnQ,) 2.0 2.0 0.3.1.7
Zinc Oxide (ZnO) 2.0 0.4-2.0
2 700
[3
=
- -
Y o
< T 500
\ e
2 5
= Z 00
d wy
v g
10 o
o 100
(V5
4] z & [T SV I |
174 0.6 08 1.0 11 06 0.8 1.0

WAVELENGTH (um} WAVELENGTH {pm)

{a) . {b}

Fig. 40 Wavelength dependence of {a) refleciance and (b) absolute speciral sensitivity
of a silicon solar cell with an AR coaling of Si0. (1} without AR coating (2} with
8i0 coating of optical thickness 0,125 um and (3) with SiO coaling of optical
thickness 0.2125 prm. It should be noted that with change in optical thickness
of 8i0, the position of reflectance minima changes and consequently Lthe
spectral sensitivity can be enhanced in a selected spectral region (Koliun, 1981).

As alrcady pointed out, single layer AR coatings have a limitation that
the reflectance in the vicinity of Amin increases rapidly yiclding a high value
of average reflectance. The average reflectance can be further reduced by
cither using multilayer AR coating or by texturizing the surface of the cel

#

e, i
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and then depositing the single AR layer. A number ol multilayer AR coat-
ings are possible and have been studied by Koltun (1981) for silicon solar
cell. Figure 41 shows the reflectance of a silicon solar cell with a number of
single and multiple layer AR coatings. Deposition of the 1wo layer CeO2+
8i02 or ZnS + MgF2 AR coating on Si solar ccll produces a 55% increase
in Jse. Curve 4 of Fig. 41 shows the reflectance profile of a glass encapsula-
ted Si solar cell with a five layer AR coating consisting ol TiO2+CeQ2 +
Zn02+5i0 + Al20;. The increase in the low reflectance region over the
complete range of 0.4-1.1 um by increasing the number of luyers is cvident
from this curve. '

REFLECTANCE (%}

s a6 08 L0
WAVELENGTH (um)

Fig. 41 Reflection profiles showing the reduction in
reflection loss of silicon solar cells with 0.15 um AR
coating. (1) without AR coating, (2) CeO, or Zn$S
single layer coaling, (3) CeQ, +-SiQ, or ZnS| Mgk,
double layer coating, und (4) TIO,+Ce0, | ZrO, ¢
SiO +Al,0, five layer AR coating along with a layer
of transparent adhesive and top glass cover
(Koltur, 1981).

(b) Sefar-Thermal Conversion

The high absorption coellicient for solar radiation of many solar selective
coating materials gives rise 1o high complex refractive index und therefore high
reflectance at solar wavelengths. Most of the transparent conducting oxide
coatings, which are used as heat mirror coatings, have their refractive indices
in the range of 1,75-2.0. Since the refractive index of semiconductors range
from 3.0 to 5.0; these oxides can be used as AR coatings for sciective absor-
bers using semiconductor materials, An AR minimum in the visible region
can be obtained by properly choosing the thickness of the oxide layer. With
appropriate dopant and dopant concentration, the relractive index of the
oxide layer can be varied over a range of values so as to optically match a
given semiconductor.

The usefulness of SnOz and ZnO AR coatings has been investigated in
our Laboratory by Reddy et al. (1983} for making solar selective coatings
using PbS as an absorber semiconductor deposited on metal substrate. The
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thermal emittance of such a system incorporating the AR coating is decided
'_oy the combined reflectance behaviour of the oxide layer and the underly-
ing metal substrate. However, only if the IR reflectance of the AR coating
is more than that of the underlying metal, the former controls the emittance
of the system.

Angl.hcr way of using AR coating for solar absorber applications is by
depositing it over & metallic layer and obtaining a sclective AR layer-metal
tandem. Mectals with good electrical conductivity and low emittance (¢.g.
Al an_d Cu) have insufficiently small values of « whereas metals with I.ov»:
electrical conductivity (nickel, tin and iron) have higher « and relatively higher
¢ values than Al and Cu. Now, il we deposit a film of Ni or Sn over Al or
Cu, the resulting system will have an « determined by the Ni or Sn coating
and an « approaching that of the Al or Cu substrate. When an AR coating

is deposited over such a combination, further improvement in the « value"

will be po_ssiblc by lowering the reficction losses in the solar region. For
example, if we usc the optical constants of Ni at A =0.589 pm, we see that an
{AR layer with a refractive index of ~2.55 is nceded. Sincc' the refractive
mdex‘of 100-400 A thick Ni film is higher than the bulk Ni, AR layer
malerials with index lower than 2.55 can also be used. This maices it possi-
ble to use materials like Al2Qy, Si0O, 8i02 and ZrOa. The energy maxinmum in
the solur spectrum occurs at ~ .55 j2m, so that the optimum optical thick-
ness, for the AR coating is 0.15 #m and the optimum geometrical thickness
will be 0.06 to 0.10 m for refractive index ranging from 2.5 to 1.5 respectively,
A;(olmn_ (1981) has L.nvcstigalcd a range of materials which would provide

coating on a thin (~ 250-300 A) layer of Ni on substrates of Cu, Al

or its alloys. Table 7 shows the @ and ¢« obtained on depositing some of these
AR layer-metal tandems.

Table 7

Abiﬂfp_‘ancc and cmittance of solar selective absorbers prepared by depositing
a ariety of AR coatings on copper covered with ~300 A thick Ni layer.
The refractive index and the (hickness of the AR layer is also given

Film n

d{pm) a €
MgF, 138 0.15 0.8 0.07
510, 1.45 0.15 0.82 0.07
sio 1.9 0.15 0.86 0.05
CeQ, 2.2 Q.15 .87 0:05
Zs 2.3 0.15 0.88 0.05
SI0 | Mgk, 194138 0.15-0.75 0.9 0.06
Z0S § MgF, 234138 0.1510.75 0.91 0.05

i
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(c) Cover Glass
Although the solar reflectance of most glasses does not exceed 5%, its
suppression’ can improve the efficiency of & converter considerably, particu-
larly if several covers are employed. An antiteflection coating can reduce
the reflection losses by taking the AR material of intermediate refractive
index between air (or vacuum) and glass. The ideal coating lor glass should
have a refractive index of 1.23, but no material is known to have a refrac-
tive index of this value. A common AR material is MgF: with n=1.38
which gives a reflectance ~ 1.6% at 0.6 um.. To get closer to the ideal
coating, multilayer dielectric coatings described in Section .3 are employed.
It should be noted that Winegarner (1975) has shown that, because of the
breadth of the solar spectrum, a single layer of MgF3is superior to a multi-
layer system in suppressing the surface reflectance of glass cover on a solar
collector. Another approach to obtain a broad low reflectance profile of
glass is to chemically treat the glass surface so as to obtain a porous SiO2
layer on its surface {Lin and Zimmer, 1977), An average rclicclance of
~ 0.5% has been obtained by leaching of the glass surface to remove the
absorbing metallic oxide constituents of glass.
Low index polymer coatings are other examples of AR coatings on glass.
A coating of Teflon FEP dispersion (n=1.34) has been investigated by
Goldner and Haskal (1975). In case tedlar sheet is used in place of glass, its
transmiftance can be improved by dipping it in acetophenone (Lin and
Zimmer, 1977). .

10.3 Heat Mirrors

/As already described (Fig. 2(c) ), sclective coatings which allow the teans-
mission of the visible part and reflection of the IR part of the solar spectrum
are called heat mirrors. Such coatings are obviously of considerable interest
in controlling the temperature of closed spaces with windows in buildings
and of devices (such as solar cclls) and instruments {c.g. in aspace satellite)
exposed to solar radiations. Also, these selective coatings could be used to
keep the heat confined within a closed space with windows ina cold cnviron-
ment, or a solar collector.

The selectivity requirements for dilferent applications are clearly expected
to be different. Whereas conservation of space heating would require window
materials to reflect back the far IR, emitted from within, the conservation
of space refrigeration would require window materials to reflect the near IR

B e

(above 0.8 m) from solar radiations. The later requirements are also appli-
cable 1o solar cell devices. The single layer selective coatings which may
have the desirable properties are those of doped and nonstoichiometric
oxides of In, Sn, Cd, Zn and their alloys. Typical refleclance and transmit-
tance spectra of In(90): Sn(10) oxide (calied 1 TO), F-doped tin oxide (called
FTO) and In-doped ZnO are shown in Fig. 42 The optical spectra are domi-
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‘nated by the electron transport paramecters, particularly due to the onset of
plasma resonance. The plasma resonance edge can be shifted continuously by
doping (see, Fig. 7. Shanthi et al. 1980) from about one to several microns.
Thc presently available trasparent conducting oxide films are, thercfore, well
suited for keeping hecat radiations confined ina building, but oﬂ‘er]liu]c
ndw.fantat_gc to keep out the heat radiations from the sun. For the later appli-
cation, it is nccessary Lo develop new materials with reflectance edge around
0.7 um. In a way, partly transparent films of high conductivity metals (c.g.
Al, Cu) provide some desirable features at the expense of reduced visible
trunsmission. Among the promising materials which need to be further studied
are R.COJ and Na.WO; (Fan et al. 1974) and rare earth hexaborides. Muliti-
layer interference coatings (Section 4.3) of a variety of materials can provide
excellent IR selectivity at desired wavelengths. Such sophisticated coatings are
normally used for special applications such as solar cells.
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F[g. -’:12 Sp_cclral reflectance and transmiltance of ~ 0.5 pm (hick spray pyrolysed
indium tin oxide (-—-—.—), flourine doped tin oxide (——_) and zinc oxide
} films on glass showing the high transparency visible, near IR
region and high reflectivity IR region.

The hil‘;h. IR l‘cﬂccluncc of transpurent conducting oxides yields low ther-
;nT.ll enussivity (. lO..I.\): A typical variation of the emissivity with resistivity

O.ofﬁlrps 1s‘shown in Fig. 43. This variation is represented by an empirical
relationship (Frank et al. 1981).

e=]~{1+0.0053R))? (101N
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Fig. 43 Variation of thermal emittance at 80°C with the sheet resistance of doped
1n,0, coating on glass substrate. Solid curve shows the best Bit carve according
to cquation €=1—(14 O.OOSJRU)" {Fraok et al., 1981).

The low emissivity of transparent oxide films can be elffectively utilized to
increase the efficiency of solar cnergy conversion in a collector havinga
cover glass coated with such a film. The net emissivity of such a system
given by
1 1
+——1

|
€ncl €y £

{10.14) X

where €ner is the net emitiance, €q and €, the emitiance values of thc absor-
ber and cover plate respectively. ¢nec is low whether the absorber is selective
or nonselective. However, it is clear that, to conipensate for transmission
losses in the oxide film, the absorber coating must have as high an absorp-
tance as possible. Thus, a poor absorber in conjunciion with an oxide film
heat mirror is counterproductive. The necessity of the heat mirroc increases
with increasing temperature of the absorber such as in the case of concen-
trator type of coliectors because of the highly increased radiation losses.
However, the experimental data in this area is rather meagre and uareliable.

( Finally, selective coatings provide a good method to control the tempera-
rature of instruments inside a satellite. A passive system is based on using )
coatings of such absorptance and emittance properties as to provide a desired
heat balance. If the heat gencration or dissipation level changes during the
flight of a satellite, it is necessary to employ an active system consisting of -
mechanically activated surfaces of different and predetermined absorptance/
emillance ratios. )
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10.4 Radiativa (Emissive) Cooling

The cooling of surfaces by radiation is a well known phenomenon. To
increase the cooling cefficiency of the surface, the emittance spectra of the
surface and that of the sky have to match. By this we mean that in the 8-13 um
region where the atmosphere is transparent, the emittance of the surface
has to be high, so that the radiations are coupled directly to the outside
atmosphere thereby increasing the cooling efficiency. The ideal spectral profile
for such a surface is shown in Fig. 2(d). With this type of cooling, blackbody
can achieve temperatures 10-15°C below ambient.

The infrared transmittance of the sky depends on the meteorological con-
ditions and the zenith angle (Granqvist and Hjorisberg, 1981). For increas-
ing zenith angle, the atmosphere becomes gradually more like a blackbody
at all wavelengths. The radiative cooling power and temperature drop below
ambicnt for horizontal surfaces which radiate towards the sky can be evalu-

ated (Grangvist, 1981) for modcl atmospheres. For a heat transfer cocllicient %

of | Wm *K ', the maximum temperature dilference for a device with a
non-sclective black surface {a=1, €=1) is 11-21°C and for an IR selective
surfacc is 18-33"C. The desirable optical properties of a surface to exhibit
emissive cooling are indicated by the following analysis due to Granguvist
ct al. (19811,

Considering a planc surface facing the clear sky, we can write the incom-
ing and outpoing radiative powers per unit area as

P =j:ea(A)e,(A)W(r,,, A) A (10.15) +

Pour= I: ‘J(A)W(Tg, A) dA “0 1 6)\(

where H is the Planck function, subscripts a and s refer to atmosphere and
surface respectively, The radiative cooling power can be written as

Peool = Pout— Pin

~ eo(TH =124 f " W(Ta, N = e(NesD)

Ipm
2 qo(TH=TH+(1 —e,,z)le,zj W(T, ) dh (10.47)

!
8

where
1ip

"W M = ROY] dA

€2 Eipm
J HWA(Te, A) dA
8

Iere o is the Stefan-Boltzmann constant,

€52 is the average atmospheric
emittance. :

Id

“a
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To achicve good cooling (that is, the largest temperature dtﬂcrcncc 1h§l
can be achieved), % =¢s2/e; must be maximum so that the cooling power‘ls
governed by €. Such surfaces have been produced by.cvaporaung 510
(Grangvist et al. 1982} on aluminized glass sheet. Tht?_ prohlc Qcpcnds on th'e
thickness as shown in Fig. 44(a). The reflectance minimum in .8-13 Hm is
due to strong lattice absorption combined with destructive mleurference.
Grangvist has shown that using such surfaces, temperatures ~l4. C below
the ambient can be obtained. The same authors have prepared _Sl;N.; films
on Al coated glass substrates [Fig. 44(b)]. These coatings showed higher values
of 3.
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Fig, 44 Mcasured spectral reflectance of selective
surfaces lor radiative cooling. (a) SiO on thick
aluminium film on glass for different thick-
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Jand 1.2 pm (+ - -} and (b) Si,N,
film on thick aluminium coated glass
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Spitz (1980} has carried out studies on radiative cooling of cvaporated
Te on polyprepylene film. They found that a volume of 12 m? containing
60 litres of water could be maintained at 4°C while the ambient temperature
varied from 7 1o 18°C.

10.56 Selective Coatings for Incandescent Lamps

Heat mitror coatings are also useful in making a considerable saving in
the energy required in heating the filament of the incandescent lamp and
reducing the unwanted heat radiation in the area illuminated by the lamp.
In a conventional lamp, the tungsten filament is at 2650 K and emits about
90% heat and 10% visible radiation. Normally both the heat and light pass
through the glass envelope. An ideal solution to improve the efficiency of
conversion of clectrical energy to light energy is to coat the tungsten fila-
ment with a selective heat mirtor coating. Materials such as Lalls have a
high visible transparency but the emissivity is also high at the high operat-
ing temperatures. Thus, there is an urgent need for the development of other
rarc carth hexaboride coalings for such an application.

A more practical solution is to apply a heat mirror selcctive coating on
the glass envelope of the lamp. With the help of such a coating, the thermal
part cun be reflected back to heat the filament and only the visible part will
be transmitted (see the inset of Fig. 46). Thus power consumed to heat the
filament is reduced considerably and a cool visible illumination is received.
To have an effective heat mirror coating, the cut-ofl wavelength of the selec-
tive heat mirror should be ~0.7 um. Frank et al. (1981) have studied the
useflulness of tin doped 10205 heat mirror coating for this application. Figure
45 shows the spectral transmission and reflection profiles of such a coaling
having a carricr concentration of 15 x 102 ¢m 3 (A ~1.2 um) and an AR
overlayer of 0.1 am thick SiOa. Also shown in this figure are the 2650 K
Planck’s spectrum and the visual sensitivity curves. Figure 46 shows a plot
of calculated effective visible transmittance, TYre {by calculating the weight-
ing functions for cqual log A intervals from Fig. 45) and the effective non-
transmitted filament radiation 1 - 7oy K, which is a measure of the IR reflec-
tance (rejection), as a function of the Inz0; layer thickness. Since a oain in
one feature causcs a loss in the other, an optimum thickness must be used.

Because of the overlap of filament Planck’s-spectrum and visual sensitivity
curve and unavailability of 1n303 layers having A, less than | um (owing 1o the
limit imposcd by the free electron density oblainable in 1n203), it becomes
diflicult to scpurate visible and IR radiations. This problem s not there in
the case of [520; ayer used in a sodium lamp because of well separated Na
emission and 540 K heat radiation spectra. A better coating for an incandes-
cent lamp is that of a TiO2-Ag-TiOz multilayer stack. The transmission and
reflection proliles for this stack is also shown in Fig. 45. [t is clear that, with
the help of this coating, the IR can be completely eliminated. The position
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of the higher A transmission edge and reflectance step can be varied by ad-
justing the thickness of the three layers (Fan 1981). Using this multilayer
stack, Spura et al. (1980) have shown a saving of 50% on electricity for the
same light output. These heat mirror coatings can be deposited on both in-
side or oulside of the gluss envelope with only minor sacrifice in the perlor-
mance.

11. CONCLUDING REMARKS

(1) Selective coatings of nearly any desired solar spectral teflectance and
transmittance, and thermal emitlance characteristics can be designed by stan-
dard optical modelling techniques and tailor made in the form of multilayers
by a number of deposition processces.

() Several eliective medium theories have been developed to predict the % ‘

diclectric functions and optical behaviour of composite structure selective
coatings, Also, a number of optical absorption processes taking place in
different structures have been identified. The mathematical analysis, however,
continues to be empirical in nature, A more fundamental approach to this
problem based on fundamental parameters of atomic polarizability and per-
colation processes need to be developed. Such an approach would necessarily
involve very large number of calculations.

(3) Most practical and effective selective coatings have a complex micro-
structurc based on a mixture of tandem, gradient index, and composite
structures. Such structures include blacks of chrome, nickel and cobalt, and
pigmented aluminium. Solar absorptance ~0.95 and emittance (at 100°C)
of ~0 1 arc readily available for scveral coatings on large surfaces.

(4) Numerous coating materials have been studied and utilized. Materials
with high ( - 300°C) temperature stability are few and far between. Such
materials with optimized optical and thermal properties pose a challenge to
materials research in the arca of new composites or multicomponent com-
pounds.

(S} The surface roughness and topological details, and fim microstructure
play a very dominant role in determining the propertics of sclective surlaces.
Techniques for measurements of roughness and topographical details need
1o be improved, Further related theoretical analysis techniques have to be
refined.

{6 Among the applications of selective coatings, the efficiency of conver-
sion by solar-thermal collectors is decidedly and markedly improved in the
temperature range 100-500°C. Such applications as emissive cooling, im-
provement of the efticicncy of tungsien incandescent lamps and passive
cooling of buildings are still in the proving grounds, partly because of the
lack of appropriaic and economic structurcs. These problems pose a
challenge Tor future R/ work in the arcs.
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(7) The choice of an effective selective coaling, substrate material and
deposition process depends on (i) application, (i} availability and cconomics
of materials and chemicals, (iii) cnergy input, and (iv) desired system life.

(8) Due to numerous technical, economic and commercial variables, it is
not advisable to make cost projections at this stage. However, it should be
noted that, at today’s costs, typical cstimated costs for black nickel and
chromium are $ 2/m? and $ 10/m?, respectively, Though these costs are higher
(by no more than a factor of 2) than that for nonsclective black paints, these
are still only a fraction of the cost of the total coliector system. The signifi-
cant improvement in the efficiency of conversion made possible by selective
coatings thus makes their use absolutely essential and desirable.

(9) Though used in a thermal conversion technology of only medium
level sophistication (at least in the 100-300°C range), the sclective coating
deposition technology is a high level technology. In other words, good and
precise control of deposition parameters evolved on the basis of extensive R/D
work utilizing a host of very sophisticated analytical facilities is required.
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