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COATINGS FOR ENHANCED PHOTOTHERMAL ENERGY COLLECTION»I
Selective Absorbers ital

Carl M. Lampert
Materials énd Molecular Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Mineral Engineering,
College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT

For economical and efficient utilization of solar energy various
types of absorber coatings and preparations can be used for solar
collectors. In this study several varieties of commercial and research
selective absorbers are reviewed and tabulated for application. For
many of thése coatings, detailed reflectance, emittance, and thermal
stability data are presented. Selective coatings can take advantage
of various optical absorption methods including light trapping,
particulate qoatings, semiconductor-metallic layers, multilayer films,
quantum size effects and also intrinsic absorption. The results of
this study revealed many promising low temperature (150°C-300°C) absorber

coatings along with a few highly engineered coatings which can withstand

temperatures above 500°C.
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1. INTRODUCTION. -

associated with usage of particular coatings.

L

If we are to utiliie.solér:energy_for specifié purposes qr end

uses ﬁe_néed to know thevrole"qoatings:can play'eSpeciallvahén

they are a crucialland important coﬂsideration'in_terms oflenergy
collection and CQst effectiveness,; Aiéq?uyé_ghould know‘how various
cdatings peffdfm, the.typés 5v§iléb1é; prdjected éost énd'potéﬁtial.
areas of application. Then it is imporﬁaht to point out ﬁrbblems 

The following study is aimed at the:technical ;eader who is concerned
about the properties of selective absorber cdatings for_tﬁe collection

of solar thermal energy. The scope of this repoft is to put forth

data about commercially available or potentially available absorber

surface coatings and to study them in the context of their potential

usefulness, inherent limitations and applications to various end use

temperatures.

It is important to review briefly the current applications of
coatings. Selective surface coatings play an important role when

temperatures are required in the vicinity of boiling water because

radiative losses become large at these temperatures. At higher steam

%

temperatures, evacuated tubes and selective absorbers‘are used to
cut down on increaéing convective and radiative loségs;’usually, these
collectors are of the concentrating design.

Many of théAvarious'selective surfaces can be applied to a variety
of materials. Common absorber‘pléte materials are Qteel, copper and
aluminum and to a lesser degreé,-glasé and stainless steel have'been

employed.



After a brief outline of optical measurements, the following
sections will reveal details about the usage of various materials
and the combination of their physical properties to obtain useful

absorber coatings.

-



2. OPTICAL MEASUREMENTS |

 _Iqimost éaéés reporfed,vfoi78§1éqﬁivé é6dtiﬁg;@‘feflectéﬁce
me#shremgnts are ugedito=défk§ebbotHSABSOrpténte.(ﬁw);énd:emitténcéE'
.(eQ)Aof:the.vétioﬁgbhéte;iAlé,:-Iﬁ pfacticé,>both.ébéoré;aﬁce énai?
»emiﬁténcevare_integfate& Qalues,'howaQef;lémissometeps_éte employed
'”to ﬁeasure:emittanée. Somé inéestigators use direct beam'spectral
feflectance meésurements to characterize their samples, while others
#;e.hemisphgrical specffal reflectance . and calorimetric metﬁods.
On the 6ﬁher haﬁd, many'do not even_réﬁoftﬂtbe techniques'used-to
.Qbﬁéin tﬁeir values. As a resﬁlt, disérepéﬁCieé'dué t§ éﬁﬁipment
:and,techniques_are comménvand-aﬁsoiute values for any‘one'particuiar

surface are not well defined.



3. SOLAR SELECTIVE ABSORBERS
In general, a selective absorber, sometimes eeiled ; selective
surface,'is e mater{el or coating which exhibits‘optieal selectivity;
tharﬁis,:Bpticellproperties which vary grestly from one spectral regisﬁ
to arother. in the field of soler energy a selectiVe:absorber.efficieﬁtly
captures solar energy in the high 1nten31ty v1sxb1e asd the near infrared
Spectral reg1ons wh11e exh1b1t1ng poor 1nfrared rad1at1ng’pr0pert1es
Accordlngly, a select1ve coating will absorb and retain a hlgh amount
of energy from the sen while a non-selectlve surface,‘such as an ordlnary
black palnt w111 lose much of its absorbed energy by reradiation. 'For
_ Optlmum efflclency the solar absorber should possess the maximum poss1b1e
absorptance in the solar spectrum while maintaining a minimum 1nfrered
emlttanee. An example of this effect is shown in Fig. 1. The blackbody
specfra shown in this figure represents the ideal distribution of
energies raeiated by the selective absorber Operatihg at a specific
temperature. Also, in this figure the werelength-distribution of
the solar air mass I‘Spectrum is shown for comparison.
Solar selectivity can be obtained by a variety of methods. These
techniques are outlined in the following tabulation:
1. Intrinmsic seler selective materials.
2. Optical trapping by surface cavities or physicsl wavelength
discrimination. |
3. Particulate coatings, composite film
45‘ Absorbing semicondqctor/reflecting metal tandem;
5. Multilayer thin films.

6. Quantum size effects.



vﬁany-sctuai seiectiueVCdatingsIcnnsrst'of’conbinatinns’of'these*d
‘grOups. For ekample; a“surrace_mey exhibit both_narticulstesscettering i'
.and semiccnductor/metal;tandentprcperties. In the_SectionS'tojfollnw;m.
l these basic methods in cbtaining selectivity will be discussed and’

exemp11f1ed by selected current research and commercial processes

A summary table (Table 2) will be presented at the end of thls ‘section

.tfor_comparlson_cf the various absorber types.

"3.1. Intrinsic Absorbers

There is no intrinsic material occurring in nature which exhibits

"~ ideal solar selectivity. There are, however, materials that approximate

the required solar selectivevcharacteristics, as shown in FigureS'3'

- and 4. By study of these unusual materials 1t may be possxble with

the knowledge obtalned to synthes1ze new or 1mproved intrinsic selectxve‘

absorbers. To reach this goal it is necessary to understand complex

electronic structure and its influence on optical properties. ' If

such an understanding is obtained then it would be possible to design
absorbers outright by using solid state physics.

Two categories_of materials are good candidates for intrinsic
absorbers because they already exhibit at_lesst one desirable absorber
characteristic. They are transition metals and semiconductors. For
each one to serve as an intrinsic absorber would mean that it would
have to be greatly modified.d In general metals exhibit-a'plasma edge
(See Fig. 2) too early in_the solar spectrum to be good absorbers.

By creation of 1nternal scatterlng centers it is poss1b1e to shrft
this plasma frequency.towards the infrared. An example is MoO3 dOped

Mo developed by Seraphin and Associates [1], as shown in F1g. 3.



Pure tungsten is shown for comparison; it is one of the most wavelength
éeléctiygbﬁetals. "By making a semicénducto:.highly’dégénerate it

: ﬁay:be ﬁoésible to éupﬁress its plasma frequency in the infrared,'
making it a ﬁoor emitter then. Unfértunatelf, these adjustmenté'to.
_atomic struéture are not as siﬁple as portrayed; there are manj subtletieé
and unkﬁowns iﬁvolved. Further considerations of Ehese'deﬁails énd
 coﬁje¢tur;s are discuésed Sy Seraphin.[1~3] ;nd Ehrénreich [41. - In

the folléwing discussion.unuéual materials will be-lookéd'at, as'they.
possibly maf provide insights into the creation éf truly intrinsic
-ébsofbers,vnot to mention advancement of the field of solid state
£héory éppliea to optical matefials design.

' :fhréevt;énsition oxides clearly indicating selectivity are shown
in.Fig.vh; All of these“oxides exhibiﬁ optical transitions too eariy
in ﬁﬁé energy spectra, #s depicted by the bracketed Qisible region;
1f, by éomg‘matérials science means these spéctra could.Be shifted
to loﬁger wavelengths; an ideal selective absorber might be created.

The aistinct feafufe”of these oxides, as noted by Ehrenfeiéh et al. {41,
is an incompletely filled d—sheil of the metallic ion. When this ion

is combined with oxygen, these electrons become locélized, resulting
iﬁv;his dptical prOperty. Also underlspeculation by Seraphin [3] is

the additioﬁ of sédium to tungsten'trioxide, Wos, resultiﬁg in a methllié
.éxide like ReOj3. .Another matéfial is lanthanum hexaboride (LaBg), a
transmitting selective material exhibiting 85% transmission in the
visible and 90% reflectance in the infrared. This paterial might have
a heat mirror appiication if it were overcoated with ; dieleﬁtfig'

layer which would cut down the visible reflectance.v To further devélop



these intrinsic absorbers one must investigate the band structure
of these various materials and others related to them. It is also
'necessary to dhdérstand the materials science of these compounds aﬁd
its‘effect upon the resulting Opticai properties. Another important
consideration is to determine the influence of structural imperfec-
tions, such as dislocations, vacancies and interstitials, upon the
optical properties of these materials.

3.2. Optical Trapping

A common technique used to obtain opticai:trapping of energy

or wavelength discrimination is surface roughening. It is possible

to produce a sﬁrface which would appe&r rough and absorbing to visible.
energy while appearing mirror like'and poorly.emitting in the infrared.
An important point to note here is that the unroughened ﬁateriﬁl would
not have to exhibit a high intrinsic absorption coefficient in the
visible region and because of this, metals roughened by some technique
might ﬁake excellent optical trapping solar absorbers. Nearly ideal
surfaces have been produced by chemical vapor deposition (CVD). The
CVD deposition of rhenium by Seraphin [7] and tungsten by Cuomo et

al. [8] results in a dendritic structure. These dendrites appear as
.conicalvneedles‘gr whiskers. The dendrite forests absorb high energy
solar radiation by the geometry of multiple absorpfion and reflection
as depicted in Fig. 5. The sum of these absorptions are very high
"with respect to‘the incoming radiation, althoughva single absorption
might be quite low. In the thermal infrared region the wavelengths

of energy are much larger than the dendrite spacings; the surface

appears fairly smooth, acting like a poor radiator of energy.



The tungsten dendrite structure is made up of three distinct
'regiéﬁé; The'bése ig a contihuohsvﬁoiyérjstalline layer exhibiting
a high degrée of texture. On’toﬁ of.this layer are two different
éizes 6f‘deﬁdrifes. This dual fafest ﬁfoﬁably is rééponSiblé for the
wide raﬁée_of op#ical‘abéorption, anomalous to a broad band absorption
fiitér{?.Petfit eflai. fQ], found that anodizétion can improve the
Optical éelectivity‘bf the tuﬁé§teﬁ surface. A ﬁdtéhtiai,advantége
with the'dendrité absorber is‘that'it can be used at an elevaféd témper-
ature forvhighly concentrating collectors or high témperaturé steam
gener#tors; Mééﬁqtypés of.sélédtive surfaces.caﬁnét withéténd
higﬁvtémperatﬁ;es‘greater.;haﬁ.350°c.

'A faiflf réﬁdom dendrite coating can be formed direétiy on collector
“plaééé By reécting'lamihétedvmétal fa&ers in an exofhérmié étmosphére}
éébdbﬁe.bivSantala and Sabol [10]. The most succéséfhl of this type
of iﬁﬁérmétailic gbsprbef is the aluminum-nickel surface which consists
of visible-waveléﬁgthmsiée.cavities as depiéted in Fig; 6. In géneral,
optical trapping surfaces Afe in the developméntal stage so mény per-
“tinent properties"of the materials and teéhniéﬁes are unknown for
immediafe'solar colléctor:application.“Various dptical trapping surfaces
are listed in Téble 1 aiong with their solar ﬁroperties. |

Reducing thé size of surface roughening fé the order of the
yavelengﬁh of eﬁergy desired to be absorbed, can incréaseﬁthe>nét
abéérpténcé of the absorber, but it can'af the same time increase
tﬁe infrared emittance. vThé améunt of incre#sea emittance is related
to the ﬁicro-rdughhess and érysfaliite size. The net effects of micro-

roughness can be quite complex for a realistic absorber. At very



- fine surface roughneés:thére is a trade—off_bet&een vhat is'known
as reflective scattering, due to cavities,xand:£53t dfzresbnant:
scattering which is dependent upon the material and its. morphology in

the sub-wavelength size range. In the following section on particulate

";;absotﬁers the_details of résqnant scattering will be discussed at
: 1¢ngth.  : S , _ : ,
3.3. Particulate Coatings
There are two different ﬁechanisms of absorp;ioﬁ‘f6r partiéﬁi€£é”f:

coatings, reflective and resonant scattering.v Reflective 5catteriﬂg

is obtained purely by the geometry of imﬁedded surface particlesﬂ

fhese particulate surfaces appear to be wavelength,selective'by ﬁurely
geometric mulgiple reflection meané. Resonant scattering, on the

other hand, deals with both the size and optical properties of the
phrticles and surrounding media. The Mie effect and Maxwell-Garnet
theory deécribe resonant scattering in an idealized way. These theo}ies
predict high forward scattering from particles much less than 0.10 of
the wavelength of the incident enegy. Actﬁally, botﬁlthéories are
inadequate in describing real sysﬁems of particulate selective absorbers
which consist of complicated dispersions of metallic or semiconductor
particles in dielectric or conductive matrices.  Suspensi6n of metals
such as chromium, copper, calcium and titanium can exhibit broad visible
region resonance or absorption while appearing highly reflective or
transparent in the infrared wavelengths. The exact frequencies of
reflectance transition andAabsorption are -controlled by the size,

shape, distribution, and individual opticai properties of the media

involved. Characterization of a real system such as the quite promising



10

electroplated black chrome‘surface is difficult, because it is hard -

to identify and controi éhrbmihm pértiéle size and shape and the exact
matrix composition of an amorphous oxide phase (Crp03), investigated

by Lamﬁerf [11]. Shown in Fig. 7 ié anjelectron micrograph depicting
sﬁ#ll particlés of chfohium‘ih the size range of 150A;imb¢dded in

a chrémiﬁm oxide host matrix. Aléo, th1s~rea1 surface sﬂows reflective
sgattering b& its surface, as seen in Fig. 8. Other investigators

such as Driver [12] and‘Pe;tit [13], have noticed this effect in similar
.t§pés of black chrome. The effect of éﬁbsﬁtate foﬁghnessband'refléctance
vuﬁon thé propérties-of black éhfoﬁé_have'been investigated‘aléb by

Hogg and Smith [14]. Thisbcdafing has been modeled"bywﬁhyéicél scattéring
theories by both Granqviét:and;ﬁunderi [15] and Ignatiev;'et al. [16],
-althbugh tﬁis coatiﬂg appears to be much:more complex than these models
can éasily describe. Reflectance values for various types of this
successful coating are presented in Fig;-9. In this figure four types

of electroplated black chrome are ‘shown along with a cermet, made

by Fan and Sprua [17], conSiétingwa_29Z chromium particies in a Cr03
matrix with crystallite sizes of the ofder ISOA. 'The cermet surface‘
attempts to model the more complicated,black chrome sﬁrface and shows
that RF sputtering can yield a Vefy seleétiﬁe'éhrOmium quck. By
ch;nging the thitkness of the Slack'cﬁroﬁé‘;urfagé fhédopticaf transition
can be adjﬁsté& as noted byvﬁcDonald [20,21] and Lampert I22]. The
" black chrome surface in hany ways appeats as a simple téﬁdem.absorber;
the infrared spectraluresponse does depend upén ;hé ﬁropefties of
the base metal.- Tandem absorbers will be discussed ih'fhe'foiléwing

section.
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'O;her_pérticulate'éurf#;éé; ﬁé&égby_ﬁilliéﬁs.e£ a1.:[23];'can ,.
consiét_of,very finé semiconductipg particles suéh as PbS imbeddea
Tin'é §i1icon paint, brushed énto a_me;allic coilegtétQéuffaceﬂ
-These.fihely'diQided.ﬁérticiés giVé'é:high.deéfeevdf férwérd scaﬁtering
_to #§compiish absérption as-shbwn.iﬂ-Fig. 10. ‘fiﬁ.particles, 400A . -
size,ISuspende& in a MgF, matrix represent another successful system,

- made by Zeller and Kuse [24], which exhibits high visible opacity

and infrared transparency. Shown in Fig. 10 are various types of
particulate absorber films depicting optical transitionsveither in the
infrared or of visible wavelength regions. The silicon pow&ér absorber
coating investigated by Warren [25] represents a novel meﬁhod of producing
a semiconductor metal tandem. However, the nature .of surface scattering
remains as a very important consideration when such systems are employed
iaé solar absorbers.

One hope in the utilization of tﬁe particle scattering phenomena
for solar energy collection is by use of very fine particle sizes. If
a paint consisting of very fine pigment particles could be made to
satisfy the requirements. for the Maxwell-Garnett Theory; then
a painted metal might make a good selective absorber. This technique
has already been attempted with some success by Moore et al. [26].

3.4. Semiconductor/Metal Tandems | |

If a metalvis ovérlayed with a semiconductor then the semiconductor
will absorb high energy solar radiation, while in the infra;ed wave-
lengths the tandem will act like a poorly emitting metal. The metallic

like character of the tandem is due to the high transparency of the
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semiconductor iﬁ this region. A schematic cross section of a tandem
absérber is shown in Fig. 11.

One of the simplest single layer absorbers is an oxidized metal,
where the oxide provides the necessary solar absorptance. Figgre 12
"shows‘representative'materials. ‘Such ‘natural oxides appear very promis-—
ing, if they :can be stabilized and ‘made to exhibit similar mechanical
| properties seen in the substrate. With témperatufé cycling, oxides:

can c¢rack -or ‘spill, which may be a majof draw back to their usefulness.
Recently‘éffechniqué has been perfeﬁtedﬁto color stainlesé-steel by
"hot acid dipping. As a result, a complexvoxide.coaﬁing is formed
- and gén-be used as a tandem absorber (see Fig. 13). This technique
" has been analyzed By Karlsson and Ribbing [29]. They found that if
this'cbating was to be used above 2000C it would require a passivating
layer.

There are numerous éemiconduct§r+metal combinations; a number
of successful types are shown in Fig. 13. 'The oldest and possibly
‘the easiest to make is Cu0 on Al; it was formed by spraying a solution
of CuO on the metal plate and heating to make the final absorber.
The other copper oxide surface noted in this figure is formed by a '
ciemical conversion process much like_méthods’tovbé discussed‘later.
The lead sulfide coatiﬁg was Qacuum evapofate&.ovefvéiuminum; This
PbS coating shows.an interesting contrast to that of thé PbS dendrite
particulate coatings. Cobalt oxide is known refractory oxide and recent
work has appliéd‘this coating to solar aBsorbers,‘by electfodeposition,

oxidizing and doping procedures.
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Another interesting tandém’abéorber is fhat7qfvinéO3 on silicon
‘investigafed by Goldner énd Haskal [35]. This coating combination -
works in reverse of the regular fandem,coatiﬁg;f_Thé top iayer reflects
the.infrared;wavelengths while.ghe bottom Siliconvlayer absorbs the
‘ high'energy visib1é light. In the visible range in203 appears transparent,
as may be séen'in thé section on heat mirrors. 'The.reflééfance for
this unusual absorﬁer is shown in Fig. 13.

A well fefined tandem absdrbe;_is the University of Arizona's
silicon absorber, produced by Seraphin and co-wdfketgf[3]. It consists
of a silver reflection film covered by a diffusion b#rrier (anti-
agglomeration layer), in turn ;oveted with a silicon absorber. To
reduce the high reflectivity of the silicon layer an antireflection
layer is used. This may seem to be an over desigﬁed aBsorber but it
is one of very few sﬁrface coatings which can withstand continuous
temperatures in excess of 500°C with good stability. The reflectance
-of this high temperature absorber is shown in Fig. 14.

Tandem absorbers can be made from crystalline or amorphous
mateéial; in the form of powders or éontinuouS'filmé. Sometimes the
presence of grain boundaries, imperfections or lack of Atomic order
can be beneficial in deriving-the desiréd absorber characteristics.
These absorber layers can be formed by various electrochemical, reactive
and depositiyenméans. It is because of all these factors that the
tandem absorbgr is bne of the most popular Qbsorber designs.

3.5. Multilayer Thin Films
Multilayer thin films known as interference staéks are dielectric,

metal combinations which act like a selective filter for energy absorption.
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The desired effeet of an interference stack is to trap emergy between
semi-transparent metal,;dieiectric and metal alternations. farticula;
weeelengths of solar energy are absorbed by multiple reflection in
the dielectric-metal_layefSQ_ Other Vavelengths not corresponding
to the absorption frequency of ‘these layers are reflected.  In general
?thesdielectrie need noe;exhipit intrinsie absorption in the visible
energies: ‘THe thin metal layer usually is oniy ~50A thick, to'appea:
semi-transparent to incoming‘radiatibn. Being such a thin layer the
aetdelVéoﬁposition ie ﬁbt well defined. 'Most of the incoming energy
?'iﬁ"bélieved tevbe‘etﬁepuated in this metal 1ayer._ Quehtum size effects,
fo be discussed leyer,‘may.help‘deSCfibe the actual process of absorption
response. Most multilayer films are produced by vacuum deﬁosition
‘or chemieel\vapog'depositioﬁ. ;

‘An example of a variation of the standard interfererice stack
is.electrodepbsited black nickel; two types:are shown in Fig. 15. The
‘Tabor coating exhibits the classic eouble-minimum for interference
films, shown around 0.4 and 1.0 micron wavelength. This coating consists
of two layers ZnS and- NiS brbpghtiabout by a simple change in plating
ciirrent density during electrodeeosition. Honeywell has improvee
this process to give the uppef~curve'in Fig. 15. Aleo by heat treating
the coating, drastic shifts in the op#ical transition wavelength can
be'made. |

Other examples of multilayer coatings are showﬁ iﬁ Figs. 16.
The Helio 09 absorber reported by Meihei, et al. [39] exhibits a rapid
rise in reflectance, but a bit too early in ehe spectrum to bé a good

absorber. A better response is obtained from the Al-5i0y and Helio 96

€
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coating which hag‘# sfeep transi;ibn with good absorption. Another
coatiﬂg in Fig. 16 is the high temperature AMA coating (Al703-Mo-Al,03)
developgd for space use by Honeywell, invesfigatedAby Péterson_#nd
Ramsey tQQ].'This coating can withstand témpexatures in;exceéa of
| 8000C wﬁile exhibiting good stébility.f

The disadvantage wifh'mosf multilayer ¢anings is that they érg
fgirly expengivg to fgbrica;e. Also, they can suffer from corrosion
and interdiffusion at elevated tgmﬁeratures; Each of these conditions
resuit in degradation of the oétical properties. Some coatings are
‘sensitiye to abrasion. The AMA absorber, on the other hand, appears
not to;suffer ffém many of these drawbacks. Some maﬁufacturers of.
- optical coatings claim that by use of.automatic equipment and with
high volume produétion, these vacuum deposited absorbers might be
inexpensive.
3.6. Quantum Size Effects (QSE)

Quantum size effects occur in ultrathin films. These effects
can result in the‘high absorption of visible light while maintaining
a low infrared emittance. The critical thickness for the quantum
size effect to be utilized in a metal must be nearly the size 20-30A
and for a degenerate semiconductor, 100-500A is necessary. The com-
bination of a QSE material and a metallic substrate can make a selective
absorber. This effect has been observed in vacuum deposited indium
antimonide (InSb) on silver and aluminum substrates. The absorption
coefficient was measured for this film and the results are depicted
in Fig. 17 for various film thicknesses analyzed by Mancini and co-

workers (see Ref. [42]). Similar results should be observed in
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semiconduétors exhibiting sharp conduction band minima. This would
require a loﬁ value of the rétio'of,electrbn effective mass to that
:of‘its free mass in fhe thin film.

'The QSE may play an important role in multilayer selective
abSbrSers. Frequently, thih’mefaliic layers are used between dié}eétric
_lafers. These layers are responsible forihiéﬁ solar enérgy absorption;
-QSE ﬁay help‘explain phenomena. |

| The ma jor &tQQbaék in utilizing this effect in a realistic SOIAr
”u;b50rber is thekéfability and éontinﬁity of composition of the coating
ubsﬁ cj@lic heating .and atmOéphefic:éxposure. To undgrstand and utilize
the‘quantuﬁ sizevéffeét,1£urther work must be performed on various

semiconductors and metals.



4. APPLICATIONS OF coxrmcs

.‘ ‘v By the use of the varloas coatlngs dlscuased prevloualy certala
'aolar'energyICOllectlon eff1c1enc1es can:be.obta;ned. "The declslonfo
to use or not to use'a'coating is usually an economicwone{ ’Sinoe‘.

the economic issue lsvhard to-aodresa; due to'a_oonstantly tﬁangingw”
.industry,vthe following diScosaion will'only covet'galos inAefficienoy”
by the usage of a part1cular surface coat1ng | |

Two cases w111 be treated ‘a standard double glazed flat plate
collector operatlng at 930C (200°F) Vlth 210¢ (70°F) amb1ent and
a parabollcbcollector operatlng ‘at 315°C (600°F)'W1th the'same”ambfent
temperature. These collectors will-operate'at thesevfixéd.temperature
_requirements while the efficienoy is allowed to.Chaoge due to only
an addition of a selective coating. - In each case the assumption is
made that sufficient amount of incident solar energy is available
to maintain the end~use temperature. So in this way losses can be
directly interpreted as declines in efficiency.

A flat plate collector is-depictea_in.Fig. 18. The effects of
using a selective absorber and a non-aelective coating are.showo
in terms of comparative collection efficlency. Another appllcat1on
for these coatlngs is demonstrated by the parabolic trough concen-
trating collector (Fig._19)._

As a_result it is obvious that at higher operating temperatures
alselective surface becomes a very imoortant consideration. Increases
in net efficiency can range from 12-22% for a parabolic collector.
Collection efficiencies as high as 45.6% and 62.5% can be achieved

with the use of selective absorbers for these model collectors. Whether
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a particular coating should be used or not would depend heav11y upon
_the economlcs of the various alternatlves, that is, in some cases
a11 coatings may be cost éffective and in other cases, few at all

would be cost effective.
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5. CONCLUSIONS AND_RECOMMENDATIQNS‘

‘As a result of_this_studybfheffoliowiﬂg generalICOhclusions and
recommendations appear to be valid for.fhefuge éf}Cﬁétiﬁgs for enhanced
photothermal energy’collectibn. | | |

"1. There afe many promising cost effective boatingsvfof usagé
in solar energy. A few for low temperatu:e use (:150°C4300°C) are
. copper oxide chemical'conversion,‘black paints, Black nickel and black

chrome, which appears to be the most stable. . Tﬁese coatings are favored
because the capital'équipment aiready_existé and several of the processes
'h;ve been used for &earé; although not for solar energy. For higher
Htemperaturgs (300°C to 5000°C and beyond),_the muitiiay;r‘AMA coating,
U. of Arizona 'silicon absorber, tungsten dendrites, plasma sprays,
and refréctory paints appear to be good absorber candidates. Alsb, there
appears to be a gap between the temperaturé application range 3500C
to 5000C. Most selective absorbers operate up to 350°C or perform
vbeyona 5000C; very few exhibit a temperature stability iimit around
4000C, which woﬁld be adequate for most applications. There are still
a multitude.of coatings and processes which are promising, but not
enough research has been performed to éharacterize them-ddequately.

Even though many promising coatings exist, very little is yet
known about their opefation and possible degradatioﬁ in real operating
environmenté. It is expected that the presence of moisture, heat,
and atmospheric contaminants may disqualify many potential absorbers.
Unfortunately, only a minute amount of inférmation is available on

the degradation of these coatings. Currently, it is hard enough to
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obtain temperature stability information in dry air for a particular
coating.

2. 'Tandem absorbers appear to be very popular and well suited
for solér energy collection at modéféfe temperatures. Nat;ral
oxidation of metals shows promise of being a very simple selective
absorber.

3;:7f6r eleétroplating tﬁere_is a possibiiity of.strip plating
:éhin‘metal and bonding this material to collector plates, the strips
being transported and sold. in rolls. This téchnique is being used
already on a small scale for black chrome. 'Automated sputtering also
offers the advantage of accepting large work surfaces, with the ability
" “to ‘deposit a wide variety of substances. Improveménts in vacuum systems

and large scale productioﬁ vacudm deposition teéhniqu€s arevalsb
AneCé5sary for low cost and high yields.

4. FCbatings-should have tﬁé{r spectral properties'designed'td
the optiﬁum with respect to specificboperating conditions and temper-
atures. Certaiﬂ'coatings.shouIdvbe’matched to a particuiaf collectbr
design and end use. In ﬁaﬁy"céses a,e values should be degignated
as a fﬁnction of temperature, to match end use tempet#thre.

5. »Multiiayer coatings_freqﬁently exhibit corrosion and
interdiffusion probleméjat elevated temperétufes.. An example that
these problems may be overcome is demonstrated by the AMA absorber.

‘6. A 'solution to a manuféétufing problem'whicﬁ must be worked
out is the production of reproducible a and e éoatiﬁgs ﬁalues; along

with collector standards and specific efficiency rating systems,
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including thg measurement of optical paraﬁe:ers’bf-yaribgs.coaﬁings
prévided by the manufacturers. | |

7. Coatingé are very imﬁortant in ﬁerms of éollector durability.
If a coating dégrades, so does the entire system. In a commercial
or industrial application solar collectors can be maintained oﬁ a
routine schedule. But for the homeowner this ié'séi&om'possible.‘
wh#t is needed aré coatings which will not Optiéally or thermally
degrade much more than a few percent over.the-lifetime_of ﬁhe
collector, possibly 10-30 years. In other words; ho§éfu1iy'the cégtiﬂé
would nog.be'the limiting factor ofléollector iifetihé. These coatings
‘would have to withstand the most seveté conditions suéh.as summer |
stagnatiéﬁ and temperature cycling for many cyclgs. Stagnation can
occﬁr early in a collector's lifetime, pérhaps dﬁring the construction
of a collec;or syétem; Oﬁce in operatién solar collectors can stagnate
when the system malfunction#; stagnation temﬁeratures can exceed 200°C.
Stagnation temperatures should be known, as an engineering design
parameters for specific coating and collector designs. In general
it is important that the coating be able to survive several weeks
(months) of stagnation temperatures. Currently iittléAis kﬁown about
the effects of these short term high temperatures excursions on coating
_properties. This remains as one of the most significant areas of
investigatioﬁ. Humidity and potential outgassing of sealant and insula;ion
used in collectors can have an adverse effect uﬁqn‘coating life and
collector performance. All of these points need to be pondered and

evaluated before a collector can exhibit the necessary reliability.
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‘,8.v A formal mater1als cost ana1y81s is needed for selectlve.
surfaces. The black chrome coatlngs range from $7. 50 $12 OO/m2 whlch
appear to be falrly typical of electroplated coatlngs Commerc1al
\vacuum depOS1ted selective coatlngs can cost from $l6 00-$38. OO/m2
and upward. All of these numbers are just estlmates, they do not
represent hléh volume productlon with possxble automatlon

9. Work should be performed upon the tox1c1ty of.the varrousvg
- coatings used in collectors. Another concern is with poss1ble flamability
and toxic by products of combustlon’generated from the burnxné of |
solar collectors in fires. .. |

'10. The amounts of enmergy used to make various coatings and

. "

collectors‘should be_evaluated.‘ For many coatings heat treatments
_.or,hot.fluid baths are used:J Electrlcitf is needed in many-casesv
LfS}fﬁaeuum deposition;_CVD, sputteriné, plasma deposition and‘ ,
ielectroplatlng. |

| ll. It is also necessary to consider the availability or raw
materials used for coatlngs and collectors. Some materials are in
'very short supply or have already been allocated for spec1f1c usage
‘1n other manufacturlng areas. At present, some metals such as chromium
and tin are 1mported in the United States. Changes made by our suppllers

could have an impact upon our soc1ety both economically and pol1t1cally
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‘Table 1. Optical tapping surfaces.

- Type . : a e ~ ale - Structure
Tungsten dendrite (IBM)  0.99  0.26-0.3 . 3.8-3.3 Aligned
o ' (5500°cC) o Dendrites
Aluminum--Steel (TI). 0.99 0.55 1.8 Random
(260°C) Dendrites
Aluminum--304 Stainless " 0.89 0.47 1.9 Random
Steel (TI) - (26°C) Dendrites
Aluminum--Nickel (TI) 0.94 0.30 3.1  Porous
‘ (26°C) ~ Cavities
4022 Al--201 Nickel (TI) . 0.97 0.21 4.6 Porous
' (26°C) Cavities
Aluminum--430 Stainless 0.98 0.51 1.9 Random
Steel (TI) - (260°C) ‘Dendrites
Nickel dendrite (LASL) 0.95 0.6 (100°C) 1.6 Rounded-
on Aluminum _ 0.71 (100°c) 1.3 Aligned
' ‘ ' Dendrites

Source: Refs. IBM [7], TI [10] and LASL [45].




Table 2. Summary table of selective surface.
for selected solar absorber costings.
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The following table was compiled
All temperatures sre °C,” listed-

. Fabrication Stability -

Material- "~ Techhique a (Low T) (High T) oc Bef.
Al Acodized, DONO,  0.80 0.35( 100) _ 46
Ao ‘Aléoa 65, Electrod. 0.93 C0.35 >163 w7
Au Gas. Evap. 0.99 0.1 100 - 48
Ge: Gas. Evap. . 0.91 0:2(160) 0.5(350) 46
“Ge - Vac. Evap. " 0.6l 0.54(260) . 0.54(240) 46
Ge. Paint (silicone binder) 0.9l . 0..8(.2'00). i 46
wi: CVD Dendrites 0.95° 0.3(100)- ‘a5

0.6(100)
a-$i (on Mo) CcvD ~0.77 .. 0.1 est. PR 49; -
- si Paint 0.83 0.7(200) 46
5i (on Ag). CVD+AR coat 0.80 _:o.os(loo'x 0.07(500) _ S00(V) 7
W | VD Dendrites . 0.80- 0.10100) . soo 8
: " 0.96

Zn Anodized 0.95(M) _,‘.o,'oe(so) 34
‘Steel Chem. Conv. (Fe30,)" 0.83(AN2)  0.06(60) 3%
Steel Acid Dip 0.91 - 0.1(100) _ 200 29
Steel Ches. Conv. ('P,eglbl.):if'; 0.90 0.0790)  0.35(2000 46,
8. Steely‘. : Conversion ' 0.93 0.11 . 50
8. Steel V Clies. Conv. 0.91 46
S. Steel Thers. Oxide ‘ 0.82 o5 . 46
Culy Chea. Conv. k 0.9 0.16(<100)  0.4(200) 46*
cuo Sol. Btch. Al~Cu 0.93 e T 61%
cuo, Chem. Spray 0.93 0.11(80) 46*
CuzS Chem. Conv. 0.79 0.2(200) a6
Co0, Anod. Co ‘Electrod. 0.93 0.24(260) sit
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Table 2. Continued.

3l

Stability

(Cr-Hx*V.)O‘

. Fabrication
Material Technique a (Low T) (High T) oc Ref.
Co0, Blectrod. + Heat T.  0.87 (AN2) 0.07(60) !
€030, Thermal oxide ' 0.90 0.3(140) 51000 st
FeCy 'DC Reac. Sput. " 0.80 0.02(150) <350 52
Bec " Intrinsic 0.65 0.1(100) ' 3
Pbs Vac. Deposit. 0.98 o.z(z'aro)_ 0.3(300) 300 . 46
PbS Paint (Silicone binder) 0.9 0.8(200) ' 46
ms. Paint ' 0.90 0.4(100) )
0, . Electrodepopit 0.98 53
r dop;d l 1
800, Paint . 0.92 0.14 200 54
N BF Sput. on Wi. 0.83(AM2)  0.07(60) 34
A1,040Hi Evap. Composite 0.9 0.10(150)  0.35(500) 1]
A1,0,¢p¢ nQ.p. Composite 0.9 0.07(150)  0.3(500) $5
Al,0,¢Au Sputtered 0.95 0.025(20) 300 56
A1,04¢Cu Sputtered 0.9 0.045(20) 200 56
A1203/2rc'l’ React. Sput. (on Ag.) 0.91 0.05 175(A),700(v) 54
Ca¥,+8i . Sputtered 0.7. 0.1 ’ 54
CaP,+Ge Sputtered - - _ sS4
crolecu Peint 0.92 0.30(100) ?
cro_-cr Blectrod. (on Mi) 0.95 - 0.07(100) 350, 1t
Cro ~Cr Electrod. (on Sn) 0.97 0.06 » 57§
Cro ~Cr . Electrodeposit 0.95 0.10(100) 0.2(350) 21§
Cry0,+Cr RP Sputtered 0;92 . 6.08(121) 360 17
Cr,0,+Co. Plasma Spray 0.90(800) 0.5(800) 800 46
Electrodeposit. 0.94 0.40(260) 51
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A1203 /Mo/A1,0.

23

5550

Fabrication stability
Macerial - - .. - - .-Technique r - A (Low.T)..- - (Migh T) . ©°C .. Ref.
Cu0/Au v "‘i.int g “egig ' 0.06 "> 600 54
cormgino,raine s e e
'cuoosey_pip  Paint dip | 0.92 0.13(100) > 150 54
In,0,¢5i, . Vac, Bvap. 0.85 0.07 s 35
NgO+Au . RF Sputtered .0.93 ~ 0.1 . <300 48
MiS-ZaS Klectrodep. 0.8 ,0.1(100)  0.16(300) <220 46
WiS-2n5 Electrodep. 2 layer 0.96 10.07(100) ‘ N ,)_,_g 280 3¢
WiS-zns Electrodep. 3 layer - 0.91 0.14 o 48t
¥iS-Zn$§ llec:rod;p. on rinc 0.94" +0.09(100) . .5 200 s8*
8i,W, /o o 0.82 0.08 svw
Vo, /i "CVD dendrite “0.90 “0.18 T 9
WCsCo Plassa Spray " 0.95(600) *0.28(200)  0.4(660) > 800 46
Electroblack  Electrodep.” "0.86 - "0.05 o ‘ 60’
Maxorb . - 0,97 0.10 “ 150 8
Sglaroxj " Blectrodep. “0.92 _ 0.20 200 48
Solarte ‘Blectrodep. * 0.95 0.16(310) " 700 “
Al/Ce/Si0 Vac. Bvap. ! '0.79 0.012(100) - ' T2
AL/PbS/5i0 " 0.89 0.018(100) 62
Mi/Gé/sio " 0.88 0.035(100) 08 62
Ni/PbS/5i0 " “0.93 0.043(100) ’ 62"
Cr/Ge/8i0 ' " 0.93 0.11(100) ©260(A) 627
Cr/PbS/8i0 " ’ '0.94 "0.12(100) “260(A) 62
8i0/Cr/5i0 oo 0.88 0.1 < 450 46
Ag/A1,0, oo "0.70-0.75 0.1 39
" 0.85-0.95 0.34(100)  0.11(500) 63
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u

Pabrication

) Stability.
Material Technique s (Low T) (digh T) oc Ref.
llg?zlSu‘(put.) . " 0.95 0.01 S H
Agfcus w 0.90 0.1 39
ml . ‘ll

0.95 . 0.05(100) " »300 64

Several of thess costings are sleo known ss: ¥ BLACK COPPER,  BLACK COBALT, § BLACK CHONE,

¢ BLACK NICKEL, **BLACK MOLY,




Fig.

Spectral Radiation (orbitrary uhits;)
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NEAR NORMAL SPECTRAL REFLECTANCE FOR INTRINSIC MATERIALS
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- Fig.- 3. Spectral reflectance for 1nstr1n51c materlals Hafnlum carblde,
. metalllc tungsten, and MoO3 doped Mo B O Seraphln [l]
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'NORMAL SPECTRAL REFLECTANCE FOR VARIOUS OXIDES
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Fig. 4. Spectral reflectance of various oxides compiled by Touloukian
et al. [6] showing intrinsic selectivity for dieuropium trioxide,

rhenium trioxide single crystal and divanadium pentaxoide.
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Fig. 5. ° Schematic representation of a dendritic selective surface.
Ihcoming radiation can average up to fifty reflections before - o

being completely absorbed.:
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XBB 7811-13942

Fig. 6. Surface showing solar selectivity by exhibiting a dendritic
fine structure of the size order of the wavelengths absorbed,
for the 4022 Aluminum/201 Nickel absorber. This surface was
formed by reacting metallic laminated layers bonded directly
to collector panels. (Photo credit: T. Santala and R. Sabol,

Texas Instruments).
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XBB 774-3545

Agglomeration of chromium particles with matrix material
viewed by transmission electron microscopy. This dark field
shows metallic chromium particles as bright spots. Mean particle

diameter is 140A according to Lampert [11].
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Typical surface microstructure of black chrome on nickel
plated copper examined by scanning electron microscopy by
Lampert [11]. (a) Typical surface microstructure, (b) detail
of particles, (c) EDAX of region (b), showing chromium and

nickel as principal constituents.
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SPECTRAL REFLECTANCE
FOR VARIOUS BLACK CHROME SELECTIVE SURFACES
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Fig. 9. Reflectance for different types of Black Chrome surfaces,

including the Honeywell (Masterson et al. [18]), Sandia and
New South Wales Institute of Technology (Driver et al. [19]
and LBL (Lampert [11]) electroplated surfaces. The

MIT cermet [17] is shown for comparison.
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- =
SPECTRAL PROPERTIES OF PARTICULATE SOLAR ABSORBERS
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Fig, 10. Reflectance for particulate absorbers consisting of PbS,
Williams et al. [23], evaporated gold on aluminum, Lee [27]

and silicon powder coatings, Warren [25].
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Fig. 11. Schematic cross section of a semiconductor-metal tandem

¢

selective absorber.
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NEAR NORMAL SPECTRAL REFLECTANCE FOR OXIDIZED METALS
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12. Reflectance of natural oxirdes found on stainless steel

and titanium, Edwards et al. [28). Acid treated stainless
steel shown for both Inco and SEL processes investigated
by Karlssom and Ribbing [29] . A heat treated mild carbon

- steel is shown for comparison, Borzoni [30]
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© NEAR NORMAL SPECTRAL REFLECTANCE FOR TANDEM ABSORBERS
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Reflectance of various tandem absorbers--lead sulfide on
aluminum, McMahon and Jasperson [31], copper oxide on aluminum
Hottel and Unger [32], CugO on copper, Watsén-Munrd and

Hprw‘itz [33] tﬁéfmally converted Fe doped CoOx, Van Der Leij [34]

273

and an inverse absorber In,O0. on Si. The in203 layer acting

like an infrared reflector while the buried silicon léyer

performs as a solar absorber, Goldner and ﬁé_sk_al [35].
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Fig. 14. Near normal reflectance of a silicon photothermal absorber,

+

v

designed by the University of Arizona Masterson and Yoder [36].

. This type can withstand temperatures in excess of 500 C.
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NEAR NORMAL SPECTRAL REFLECTANCE

- . FOR BLACK NICKEL ABSORBERS
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Fig. 15 Speét‘ral reflectance for two types of black nickel.' The

recent coating is the Honeywell (Mar et al. [37]) type ‘after

“being’ dévelopéd by ‘Tabor ‘[38] .
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NEAR NORMAL SPECTRAL REFLECTANCE'FOR

'‘MULTILAYER STACK ABSORBERS -
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Reflectance for three types of multilayer absorbers. ‘Two Heilo

types, Meinel et al. [39], are shown for'compérison to the

Honeywell high temperature absorber, Peterson and Ramsey [40] .

Also the reflectance for a classic four layer absorber of

Si07 on aluminum is depicted, Drummeter and Hass [41] .
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EFFECTIVE ABSORPTION COEFFICIENT
FOR THICKNESSES OF InSb ON noooZ Ag FILM
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The effectlve absorptlon coeff1c1ent for dlfferent thlcknesses

of InSb on 10004 of - 811ver,

. radiation Bu:rafatq et al. [Aﬂ

for various values of 1nc1dent o
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STANDARD SELECTIVE ABSORBER
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Fig. 18. The effect of using a selective absorber compared to a non-
selective type on collection efficiency for a flat plate
collector, operating at 93°C (2000F) with ambient temperature

 of 21°C(70°F). The non-selective surface has a =0.92 and

e = 0.92(939C), and the selective surface has a = 0.9 and

= 0.1 (73°C) (after Winegardner [43]).
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STD BLACK ABSORBER o /€ »0.95/0.95

Tf= 315%C
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SELECTIVE — _ _
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R=625% :
AR=225% a8

(b)

~ Fig. 19. The effect of using a selective absorber compared to a non-
selective one for a_concerntrating,patabolic operafing at
315°C (600°F) with'ambient temperatufé,of 219C(70°F).
Notation: (R) Netrcpllectiop~efficiency,'(AR) change in
colléction efficiency over ﬁhat of a standard black absorber

(after Winegardner [44]).
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