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OPTICAL MODELING OF BLACK CHROME SOLAR SELECTIVE COATINGS

J. N. Sweet and R. B. Pettit
Thermophysical Properties Division

Abstract
The spectral reflectance of an electroplated black chrome solar selective
coating depends on both plating process variables and on the subsequent time-
temperature history experienced by the coating. The details of the plating process

determine the nature of the coating microstructure and morphology while subsequent

thermal aging in air results in oxidation of metallic chrome in the cbating.

Various-investigations of coating microstruéture are reviewed and the results of
these studies are used to develop a tentative picture of the microstructure of

black chrome films plated from the Harshaw Chromonyx bath. 1In this model, the

- black chrome film is composed of roughly spherical particles ~0.2 um in diameter

thch may tend to cluster together. These particles in turn are composed of small
(£0.02 um) crystallites of metallic chrome and various oxides of chrome. The
film void vélume fraction appears to be 20.6 and results from both voids between
the particles and voids within the particles. Even though the exact distribuﬁion
of ﬁetallic chromium, void, and oxides within the particles has not been déter-

mined, the microstructural picture has been idealized to facilitate calculations

-of the spectral reflectance for films deposited onto nickel substrates and for

ffeestanding or stripped fiims. In the idealized model, the metallic chromium
is asSuméd to be in tﬁe form of spherical cfystallites with concentric shells
of Er205 and the crystallite volume fraction is assumed to increase with

depth intd the film., Various experimental data are utilized to define film
thickness, average volume fraction of Cr + Cry03, and volume ratio of Cr to

Cr + Cr03. Both the Maxwell-Garnett (MG) and the Bruggeman effective



méaium theories for the dielectfic constant of a composite media are reviewed.
The extension of the MG theory to high inclusion volume fractions is discussed
and it is demonstrated that the dielectric constant for a cubic array of cubic
inclusions is very similaf to the MG dielectric constant at all volume fractions.
Various forms of the MG theory and the Bruggeman theory are then utilized in
Vrefleétance calculationé,fof both regular and stripped films. The results
indicate that the MG‘forﬁﬁlism provides the bestbdverall description of the
‘optical respoﬁée of-black'chrome films. The predicted dependence of solar
:a;erageﬁ aﬁsorptance-on coating oxide content is similar to that observed
expe:imenpally. Both‘model and experiment show that thé solar absofptance
1n1;1aliy decreases slowly as the amount of Cr,03 increases, however a rapid
decrease occurs when the Crj03 content passes =70 vol %. This work has

led to the conclusion that coating degradation is caused primarily by oxidation

of the metallic chrome crystallites at elevated temperatures.
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I. Introduction

Black chrome (Cr) électrpplated films are now widely used for making solar -
~gelective coatings on the receiver tubes in concentrating systems. At tempera-
.tures T £ 250°C, little difficulty ﬁas been experienced with this coating over
périods of several years. For operating temperatures in excess of 300°C, moderate
Ato severe coating degradation has been observed. This degradation is accompgnied
.by a decrease in the solar absorptance ag and, in severe cases, the coating
becomes brownish of nonblack to the eye. As a result of the observed coating
degtadaéion, additional process development work has been conducted in an attempt
. to determinerthe values of 1mportant plating variables.which optimize coating
sqrvivability;laz In Addition, efforts have been directed toward determination
-of the coating micfostructure and development of an optical model which can
egplain coating degradétion in terms of chemical or structural changes in the
_black Cr. IThe purpose of this paper is to describe these studies and to show how

the resultant microstructural model can explain the changes in ag and the coéting
eﬁictance € in terms of oxidation of Cr crystallites in the coating. A preliminary
vergion of some of the major results of this study has been previously presented.3
Sglective solar absorbers have long been known to be desirable for making
concentrating systems work efficiently. This is‘particularly true for Systems -
which‘work at moderate congentration ratios, C 5;50, and relatively higﬂ tem—
peratures, T 2 300°c. Tﬁe general 1mprovemen£s in efficiency when operating in
' this-concentration ratio and temperature range.have been discussed by Seraphin;“
In a specific test of a parabolic trough concéntrator operating at 316°C, |
1 Treadwell reports an improvement in overall efficiency by a factor of 2 or more
when a receiver tube coated with Pyromark paint (ag = 0.98, ¢ = 0.90) was replaced
with a black Cr plated tube (as s 0.97, ¢ = 0.28).5 The actual improvément in

efficiency when a selective coating replaces a nonselective coating on a receiver



depénds on the details of the receiver construction but it appears that the use
of selective absprbefsvin line focus systems will be indispensible.4 Since solar
systems are designed‘fér lonngife operation (~10-20 yrs), the stability bf ‘
thg-éelective coating must be good at normal operating températures. A stable
coating is defined as one in which &g and € change by at most a few percent
over the operaﬁing life of the concentrator. Ioss of flow accidents can also
résult in very high transient receiver temperatures before the concentrator
can be driven off focus. As a result of these considerations there is great
interesp in developing a high performance selective coating with good thermal
stability'properties. Black Cr exhibits good optical performance but its stability
ﬁas frequently been inadequate for some applications. However, novreplacement
épating is presently availablé foriéroduction applications, although-some have
beén tested. in the 1aboratory.4'é(7 Until a new and more stable coating ié
Vacthally aQailable for production purposes, there will be a need to continue
‘deVeloping and improving the black Cr process in order to increase thermalrsta-
bility; Iﬁ addition, there is some hope that protective coatings can be developea
which might help to reduce black Cr degradation at high temperatures.sv

In ﬁhis report we discuss the nature of the present understénding anplaﬁed
black,Cr coatings. Sec. II contains a review of the history of black_Cf studies
Vand dévélopment programs in the U. S. and France. In Sec., III experiﬁéntal
studies of coéting_microstructure are reviewed and the results of recent.experi-
men;s in this area.are discussed; The development of a theoretical optical-
model of a blaék Cr coating is described in Sec. IV and the theoretical results

are compared with experiment in Sec. V. The results of this analysis are dis-

cussed in Sec. VI where it is shown that Cr oxidatioﬁﬁaégééfsiﬁdrbe the brimed

cause of coating degradation. The conclusions of this study are then set

forth with some recommendations for future activity in the black Cr area.
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II. History of Black Cr Development for Solar Applications

The first mention of black Cr as a prospective solar selective absorber
was made by Tabor in 1959.9 It was considered as a possible replacement for Wi

black in space applications where high stability was required. Tabor reports

_that he was unable to get reliable optical data from his electrodeposited black

Cr coatings because the surface was rough. It was not until 1974 that ahy

detailed study of the optical properties of black Cr coatings was made. At that

time, McDonald 10 reported results on the spectral reflectance of a coating

plated from a proprietary bath developed by the Harshaw Co.ll McDonald measured
a_soiar absorptance of 0.87 and a 120°C emittance of 0.09 for a coating deposited

on a bright nickel plated steel substrate. Approximately a year later Pettit

~and Sowelllz reported more extensive results on black Cr films plated from the

Harshaw bath. They found that, on a rough Nusat Ni Substrate} coatings with a
gsolar averaged absorptance ag ~ 0.95 and 300°C emittance e(300°C) g 0.25 could
be formed. Limited thermal stability tests were made but it was reported that
heating for 70 h in air at 400 C reduced ag by ~10%. More extensive fﬁermal
aging studies were conducted by MaSterson and Seraphin13 on black Cr coatings

platea at Sandia and the Honeywell Corp. They observed the now familiar result.

.that the absorptance "edge" in the reflectance vs wavelength characteristic

shiftéd to éhorter wavelengths after heating coatings ét 500°C for ~2 h. This
shift resulﬁs in a decreased solar absorptance and also a decrease .in emittance.
After'prolonged”heating ét temperatures of 550 and 600°C the absprpténce edge
moved back out to longer wavelengths, possibly indicating that a change in the
degradation mechanism had occurred.

In view of the fact that line focus parabolic concentrators were expected to

- operate at temperatures T ¢ 330°C with occasional excursions to much higher tem-

peratiures under loss of flow conditions,14 additional studies of black Cr thermal



stability were undertaken. Initial results of these studies indicated that
coating stability appeared to be variable, with some coatings exhibiting an un-
changad ag after 25-50 h at 350 C while others showed a decrease of 6-10% in és
after the same,exp_osure.l5 The coatings were examined using Auger sputtef pro-
filing techni@ues, but no significant differences were obéerved between stable
and unstable coatings At'tﬁét time. Both types of coatings exhibited evidence
of cqﬁsiderable'oxidation after exposure at 300 or 350°C.

Continuing studies on tﬁe effect of plating variables on coating stability
indiéated that, for the Harshaw Chromonyx bath, the trivalent Cr concentration
appéé;ed to be the major factor in determining thermal stability.16 By reducing
the-C-r:_”.'+ coﬁcentration from its standard value of 16 g/l to 8 g/1, the coating
stalyility appeared to be greatly improved. For the stable coatings ag was
repb:téd to be_unéhanged after aging at 350°C for over 1500 he In this investi-
gatiéﬂ, the ﬁnStable‘coatings exhibited significantly greater oxide formation
than the‘éﬁable coatings‘after thérﬁal aging. The efféct of plating variable
va;iagion on the‘oétical]properties ana stability of platéd black Cr has been
the subject of severa1 rec¢nt-S£ﬁdies.2'l7'18

‘There have been several different variations of the black Cr,plating process

- discussed in the literature. The current procedure for plating parabolic trough

recéi&er'tubes using the Harshaw Chromonyx bath has ﬁeen described in detail by
Peétit*énd SOWell.l An alternate bath, desiqnated as a tetrachromate bath, has'
been:developed by Sivaswamy, Gowri, and stenuil? and coatings plated from §hié
bath have been evaluated by Cathro.20 These coatings exhibited spectral |
.reflecﬁéhde and emittance characteristics close to those reported for the
.HarshaW'coatings.lz'VCathfo's'coatings were stable ( showed no,change in absorp-
tancé or emittancé) éfter a mogth of vacuum aging at 3009C. No higher

temperature teéting‘was reported. Driver, Jones,‘Riddiford and Simpson have

|-



reéorted sdme data on optical properties of black Cr films plated on Cu sub-
 sttates.21 They used an unspecified plating process, designated as the "Chrome -
Black" process, and reported optical properties which again were qualitatively
similar to those found for films plated from the Harshaw bath. Spitz, Van Danh;
and Aubert have reported results on films plated from two baths which the§ desig-
nated A and B.22 Bath A was the tetrachromate bath recommended by Sivaswamy, et
'31.19 which must be cooled during plating while bath B was another formuiation
wﬂich_could‘be plated af ambient temperatures. The dépendence of ag and_é on
an@ealing time for the coatings produced by Spitz, et al. after air annealing at
250; 300 and 350°C was very similar to that reported by Pettit for coatings
plated from a Harshaw bath.l> From these results, it appears that all piated

_ biack Cr coatings behave in a qualitatively similar fashion, at least from an
opﬁical viewpoint.

In spite of the simularity in optical properties, the microstfucture of these
coatings appears to be highly dependent on the details of the plating process and
’  the amount of thermai aging experienced. Since coating microstructure will be:
discussed in detail in the next section, only the major results and differences
between various coatings will be described here. Coatings plated using the Har-
shaw process are composed of agglomerated particles, roughly spherical in shape,
with a mean diaméter dependent on the plating process, typically in the range:
~-~0.05-0,2 pm. These agglomerated particles appear to be composed of a mix-
ture of fine metallic Cr crystallites and oxides of Cr. The coatings appeaf to
" be highly porous, as determined from film thickness and areal density measurements.
It is estimated that the film void volume fraction is 20.6. Coating thicknesses
are typically in the range 0.1-0.5 pm. In contrast to these results, films
plated using bath B of Ref. 22 are composed of needle like agglomerates oriented

predominately normal to the substrate surface.25 The needles are reported to



be 0.15-0.35 pm long and ~0.05-0,08 pm in diameter. After annealing at 350°C

for 24Ahr, the needles became more spherical in shape. 1In the case of Harshaw
bath.plated films, the spherical particles retain their shape and size after
aging.?3 Tt appears that the Harshaw bath and a tetrachromate type bath produce
black Cr films with similar optical properties but very different microstructural.
characteristics. The struqthre of coatings préduced ffom other baths has not
bLeen discussed in the 1iteratufe.

"Since the black ér film structure is highly dependent on the pléting pro-
cgss,'it is also reasonable to conclude that the thermal aging characteristics
of{a'Qoating will be very dependent on the type of plating process utilized.

In adﬂi£ion, fér a given process, the aging characteristics can be expected to
depe;d 6n the details of that process. An example of this is the previously
mentiéned identification of the dependence of thermal aging on the bath cr3t
conceﬁtration for the Harshaw process. Generally, it has been found that ther-
mal aging causes a cdnversiqn of the metallic Cr crystallites in the film to
oxiéésiéf ér, principélly Cr,03. The kinetics of this oxidation process

depeﬁd on the coating structure, as will be discussed in the following section.

!
i

This oxidation méy'be preceeded or accompanied by other changes in the film,

Such.és water .evolution or possibly a shift in coating thickness. 20 i

8"



III. Summary of Experimental Results

A. Introduction

In this section, experimental results regarding the composition and
structure of the black chrome coating are summarized. The results repreFent a

compilation of published data obtained from a variety of invesfigators. %Also
R X |

included is a description of the optical properties of the coating as a Ffunc-

tion of several plating variables. Finally changes in the coating after! thermally

heating in both vacuum and_air are discussed. i

As previously mentioned, there are a variety of electroplating chrdﬁium baths
, that can produce q'solar selective deposit.1'19'21'22 However most of %he pub-
lished research deals with the coﬁposition and structure of coatings obéained from
the Harshaw Chromonyx bath.ll 1n addition, this coating is widely used in the

U.S. solar industry for both flat plate and concentrating solar collectors. There-
fore the properties of this coating will be emphasized in this section. However,
signifiqant differences with other black chrome coatings will also be pointed out.

B. Film Composition

' The majority of investigators have shown that the black chrome coatings

consists primarily’of metallic chromium together with chromium oxide in the form

o..23,24,26-29
273

Cr The identification of chromium atoms and oxygen atoms has been
well established from Auger electron spectroscopy studies, while x-ray photo-
eiectron spectroscopy (XPS) has confirmed that the oxygen isvpresent as Cry03.
This same overall composition has been observed for coatings deposited onto
polished bulk nickel, electroplated nickel,23 302 stainless steel,?8 coépe;24
and gold.26

Recent experimental results presented by Zajac, et 51.26 have led_them to

postulate that a significant amount of the oxygen in the coating is preseht in

the form Cr(OH)3. Other investigators have seen the presence of a hydroxide,



“but 6hly on the surface of the coating.28 In addition, infrared absorption
bbénds asséciated with a hydroxide species have not been observed.24:29 Thus
the presence or role of a hydroxide in this coating needs further investigation.
By.ion sputtering through the coating to the substrate, a compositional depth
pfofile can be obtained. Unfortunately the profiling does not represent the film
coméosition at a plane within the coating which is parallel to the substrate.
This results because the coating contains a large fraction of voids in éddition
to‘haying a rough surface texture (these points will be discussed later). For
example, in sputtering through a black chrome coating deposxted onto a
polished nickel substrate,30 £he sputterlng time (ion dose) requlred to pass
through_the nickel/film interface is approximately equal to 49%‘of the sputteriﬁj
-time fequlred to reach the substrate. Nevertheless, most investigétors find thé£
the éxygen content within the film decreases gs the substrate is approaqhed,
'whlle the éhromium content increases. The surface composition of the coating ié
entirely Cry03, which would be expected since upon exposure to the a;mosphere,
'mgtallié'Chromium forms a thin C£203 film approximately 15-201?\.31 By assuming
that:the film is coﬁposed of only metallic chrémium and Cr203; integration of the
sﬁuttef profiles leads tolé measure of the relative amount of each constituent.
‘Holloway, et al.28 determlned that the relative volume fraction of Cr203 to (Cr +
Cr,0 3) was in the range = 0.30-0.44, while Zajac, et al.26 calculated a . value of
0.49 for this fraction. Aséuming that the coating is composed of spherical par-
ticlés wlth avmean dianmeter of 750 ﬂ (see next section), a 40 vol % Cr203ishellA
éurroﬁnding é central core of metallic chromium would have a thickness of 120 R.
At a 30 vol % value for Cr203, the shell thickness is reduced to 80 i, a yalue
whléh ls.still considerably higher than the thickness of the natural oxide that
formé on bulk metallic chromium. Thus it appears that some of the oxide is

probably located within the particles.

10-
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Compositional results reported by Spitz, et El.22 also note that their coating
is largely chromium and oxygen. From x-ray diffraction analysis, they also
identified CrHj but could not identify this phase from electron diffraction on

25 5f this film also identified Croz; Cro,

‘thinned samples. Additional studies
Cr304 and CrOj3, although the Cr,03 was the major oxide constituent. The CrO3 was
present only at the outer surface (~200 &) of the coating.

C. Film Structure

Structural information on the coating is obtained primarily from scan-
ﬁing electron microscopy (SEM) and transmission electron microscopy (TEM). WwWhile
sa@ples forVSEM studies can be studied directly, all investigators have béen
’.u?successful in mechanically stripping the black chrome coating from nickel
substrates for TEM observations. Therefore twovapproaches have been utilized;

(1) The blaqk chrome coating is electroplated onto a thin nickel foil. After
plating, thé foil is ionASPuttered from the baqk side until a small hole
is produced. The black chrome film exposed around the edées of thé hole can be
exémined'in the electfon'microscope.zzrz4 Changes innthe coating (such as
annealing,'ion damage, etc.) caused by the ion sputtering must be considered.
(2) Alternatively, the black chrome film is electrédeposited onto a substfate,
‘sudh as iron or copper,_which can be chemically etched away.23'26 Iron is
preferred since the black chrome coating deposited on this substrate does not '
have high mechanical stresses and is therefore easier to remove in large?sectioné.
SEM observations show the coating to be a particulate deposit with %ppro#i-
mately spherical particles wiﬁh a diameter in the range 500-1000 3.23'24;27
-Miérographs ;akeh at various stages during the électrodeposition indicat% fhat the
particle sizerremainsifelatively constant within the film.23 However, I%natiev,
et al.27 report that upon sputtering away the first ~300 & of a 1000 & t%ick

i
£ilm, larger elliptical particles are observed. An indication of ellipt}cally
| |
!
4 11

|
|



A shaped particles has not been reported from TEM studies.23»24 The SEM studies
also indicate that the film has a high volume fraction of voids. The resulting
unevéq surface texture makes the -determination of a film thickness difficult.
Lampertf24 reports a film thickness of mechanically polished samples of 0.7-1.6
uﬁ while Zajac, et 51.26 measured a thickness of ~0.26 uym for a similar
film. Recent measurémenté in this laboratory resulted in a filn thickness in

the range 0.4-0.7 ym.

.Electroﬁ diffraction analyses of as—deposited~film indicate the presence
of both metallic chrome and Cr903. Chrome crystallite diameters are typically
in the range 100-1000A. Lambert24 has determined a mean chromium crystallite
sizé.of ~150 R. Since this size 1s much less than the average particle
diémetep observed in SEM stuéies, each particle must contain many metallic
chcpmiuﬁ crystallites. |
| ‘ .thfuée'diffractton rings, corresponding approximately to crystalline

Cry04, are also observed,23’24

Thus the chromium oxide in the'film exists either
aﬁ'gn.amorphous_ﬁate£ial or as extremeiy small grains (10 K).‘ The distribution -
of the oxiﬂe-witﬁin-each particie has not been established. Thus the oxide
could»ﬁe in the form of a thin coating oﬁ the chrome crystallites and/or in an
amorpﬁbﬁé state beﬁween the crystallites.

'_Thgfafgal'density of the deposit has been measured3:2§ as ~5.8 x 1075
g/émz,l,ﬂsing a film thickness of 0.26 um26-and a film composition of 70 vol %
chr;mium metal and 30 vol % Cr903, leads to an average volume packing fraction
of only:33%. Because this pérameter is important for optical modeling of the
film; more data concerning its value should be obtained.

Again, fhe st?ucture of black chrome films éroducgd by Spitz, 35_3122,25

are very different from the Harshaw Chromonyx coating discussed above. Their

films consist of a needle-like morphology, with the needles orientated normal

12



to the substrate. The needles are from 1500-3000 X 16ng and 500-800 & in diameter.
The film thickness:was approximately 0.32 um. The metallic chromium in the film
is also in the form of small crystallites, with diameters from 40-70 R.

D. Reflectance Properties

The near-normal hemispherical reflectance properties were first%measured
by McDonald in 1975.10 From the short wavelengths to approximately 1.2 pm, the
hemispherical reflectance is relatively constant at a value of ~0.04 ref}ectanée
units (;.00 reflectance units = 100% reflectance). Beyond 1.2 pm the re%iectahce
gradually increases until at 5-8 pm it reaches a value of ~0.80 reflect;nce
units. The change from low t§ high reflectance value in thisvregion will be
referred to as the "transition" region or reflectance edgé; From 5-8 pym to
25 um, the reflectaﬁce is foughly constant and closely matches the hemispherical
-reflectance propertieé of the substrate material.?4 Thus the CO;ting is highly
'absorbing over the solar spectral region (0.3-1.5 pm), and becomes partially
transparent to radiation above ~5 um. These reflectance characteristics haver
been oBtained for almost all types of black chrome coatings and for a vafiety of
‘'substrates, including nickel, copper, stainless steel, etc.

" At a constant plating current density, increasing the plating time causes
ﬁhe transition.region to shift to longer wavelengths.24 The resulting effect-
on the solar absorptance and the 100°C and 300°C emittance propertiés arevéhown
;n Figure 111-1.32 Note that the solar absorptance rapidly increases to a
maximum ?alue of ~0,95 as the plating time‘increasgs, while_both the lQO°C and
300°C emittances increase almost linearly over the range shown. Results obtained
for different plating current densities are identical if the same current density/
time product is,obtained.. Thus a coating plated at 300 mA/cm2 for 2 minutes

has the same optical properties as a coating plated at 150 mA/cm? for 4 minutes.

13



Wor—T—T—TT T T T T T T T T 1T T17°%5
95 - 0.4
z
% 90| ® 150 A/#y2 03 [
] = 200 A/fy? -
e A 350 A/fy2 2
e
° 85 0.2
[',]
) =
=2
Pl
-
80 0.1 -~
75 0
0 500 1000 1500
( curReNT DENSITY ) X { TIME ), %’\—’”—N
ITI-1 'The solar absorptance . and emittance propertics of black chrome

coatings as a function of plating time for three current densities.

V'Thé surface roughness of the substrate has only a minor effect on the
re€Iec£ance properties. Pettit and Sowelll2 have shown that depositing the
coaéing on a rougﬁ (or dull) nickel substrate enhances the solar absorptance
value‘slightly (~4—-57%) compared to the same coating deposited on a smooth
(erbéight) nickel subsprate. In addition the solar absorptance for the coating
'depésited on the rough nigkel substrate remains higher as a function of incident
angie;- |

E, 'Thermai Aging Characterisics

o Consglderable éffqrt'has been aimed at determining the thermal aging
cﬁaracteristics of deposited coafings, with the goal of determining the degrada-
tioﬁ mechanigm(s) and improving the high temperature resistance of the coating.

Sowelljand Pettit2,15 have shown that for the Harshaw coating, the thermal

14



-stability 1s a strong function of the plating bath composition. Small changes,
pa;ttcularly in the trivaient chromium concentration, can improve thebthermal.
._stability dramatically. It is suspected that the stability of coatingé.obtained
ffom othef.platingrbaths may élso be sensitive to their composition. B§cau§e

of this efféct, it is not possible to compare degrédation rates obtaineé by
different investigators. However, several characteristic changes in tﬁe
coatings which occur upon heating have been seen by several inveétigatorsf

These characteristics are summarized below.

Most rgsearchers have found little change in the solar absorptance after
Vheating‘td temperatures below 250°C in air, although some of the metallic chfémium
hﬁs oxidized.13,26,33 Apove 300°C in air, the solar absorptance'can decrease
-6-10% after only tens of hours.ld During this heating, the emittance decreases
slightly, bu; not enough to compensate for the larger decreases in ag. Analysis
of the coatings shows a continued oxidation of the metallic chromium to Cr203.15

. However the surface morphology remains unchanged during these heat treatments,

although the coating thickness may increase by no more than 10-20%. TEM studiéé
show that the metallic chromium crystallite size does not change but‘tﬁat the'
diffuse diffraction rings from the amorphous or small grain Crg03 become crystal-
line in nature.23’33 'The average Cr,04 grain size is in the range ~400 X. |
Thus the primary change in the coating after heating between 250-400°C appears
~ to be an oxidation.éf ;hé metallic chromium in the film to crystalline Cr903.
Zajac, g£q§1.2§»30 havekextensively studied the compositional changes in
coatings-deposited on ﬁickel substrates after heating iﬁ vacuum (pressure < 5 x
1078 torr) for short times to temperatures as high as 550°C. At ~150°C, water
ahd hydrogen are driven from the coating. Heating to 350°C for 12 hours causes
very little change in the coating optical properties. After 450°C for 12 hrs

the solar absorptance decreases substantially, while the oxygen to chromium
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ratio decreases as a function of depth into the film. 1In addition there is some

indtcétion of nickel diffusion into the black chrome coating. Heating to 550°C

for 12 hrs results in considerable diffusion of nickel into the coating while

16

the'opttcal regsponse has a metallic like behavior (increased reflecténce at

short waveleﬁgths). Someraggiomeratton of the particles was also noted.



Iv. Theory‘of Composite Medium Optical Response

A. Maxwell-Garnett Effective Medium Theory

From examination of the experimental data discussed in the preceeding
section it has become apparent that black Cr is a composite medium composed of
Cr metal, various Cr oxides, and possibly other compounds such as water. This
material is not very dense as the data discussed in Sec. III shows. The void
volume f:action of black Cr films is typically >0.6. 1In order to calculate the
sbgctral reflecﬁance of a black Cr film, a model for the complex dielectric
constant of the filﬁ is required. It may be expected that this dielectric
congtant will depend Sn the dielectric constants of the éonstituent materials
in the film, #he Qolume fractions of the constituents, and the size and shape
.of the constituent "particles” in the film. The genéral theory of dielectric
constants and conductivities of inhomogeneous media has been reviewed recentiy
by Landauer34 and the application of this theory to the spectral selectivity of
composite materials has been discussed in detail by sievers.® since both of -
thése review articles contain extensive references to the primary literature
on‘the.subject, we shall cite only those references which are germane to our
speéific discussions of calculations for black Cr films.

' Since ihere are tw§>major theories used to calculate inhomogeneous media
dielectricﬂconstants‘and many parameters which entef into e&ch tﬁeory, the
number Of‘pOSSible calcuiations is very large. Indéed, it méy well be possible
to fit either theofy to a given body of data by adroiﬁ choice of the parameters.‘
This cohtentioﬁ is supported by the existence of a rather large number of papers
which have compared calculated to experimental results for black Cr films under
4§>§ariety of conditions.25,26,35-40 pegpite the existence of this work, there
'doés not appear to be a unifying theme or a general model which explains in a

qualitative or semiquantitative way all observed black Cr phenomena. - It is the



purédge of this section to review some of the major theories of the dielectric
response of composite media and to indicate the influence of microstructure on
dielectric properties. Thé results of this section are used in Sec. V to develop
a modei from which the coating optical reflectance can be calculated.

| Qne of the major theories used to calculate composite medium dielectric
~constants is called the.Maxwell-Garnett (MG) theory.41 J. C. M. Garnett set
forth this theory‘for the response of composite media to optical frequency
electric fields, but_és discuSsedrby Landauer,34 the MG dielectric function had
breviéusly been derived by,bthers for static fields and 1s equivalent to the
well'kndwn Claustus—Mossottfxfelation. The major assumption used in deriving
the MG dielectric constang EﬁG is that the composite medium is éomposed of
tsolétéd.incluétons of one or more maﬁerials in a continuous host or matrix
maiériél. By isolated, it is meant that the perturbation fields‘ptoduced in
the:mattix by the presence of an inclusion do not extend to other inclusions.
In otherrwords, the electric field which polarizes the included particles is the
fieid in the matrix far‘from.aﬁy,of the particles. A functional form for eMgi
can be“célcuiated,for the case in which the inclusions aré ellipsoidal particles
withra specified distributioﬁvof eccentricities aﬁd orientétions. 'This is pos=
siblg bégause the field is éénstaﬁt in both magnitude and direction inside én
ellipsoidal body whichlis polérized by a uniform electric field.

- The 6ther ma Jor theory of dielectric functions for composite media is the
Bruggeman symmetrical effective medium theory.l‘z»43 In this theory; the matrix
and the imbedded partiéies are treated on an equal footing; i.e., they are both
considéred to be in particula;e form and more or less symmetrical to each oéher.
The field whicﬁ polarizes a "particle” in the medium is considered to be the
effecti&e or average field which exists in the medium far from the "particle” in

question. Another way of stating this 1s.to'say that the field in the medium is .

18



‘composed of an average or effective field plus a field which varies rapidly in
gpace with a variation distance on the order of a typical particle linear‘diﬁen-
sion. The net polar;zation produced by this varying field is assumed to be small
of negligible as compared to the polarization produced by the average field.
Ag&in, in the case for which the particles of inclusion and matrix are ellipsoidal
in shape with known distributions of eccentricities and orientations, an exact
équapion caﬁ be derived forithe effective dielectric constant eg. However, -
unlike the Maxwell-Garnett case in which the equation for gyg is 1inear‘in ﬁqu
the equation for €g is a polynomial equation with an order determined by the
number of different types of particles in the medium. Hence solution of the
equgtion for €g in cases where particles with many different shapes and
orientations are present is a formidable task.

The ideés discuséed above may be illustrated more clearly by considering a
derivat;on of the tﬁo effecti§e dielectric constants similaf to that f%rst;proposed
b§ Bragg angrPippard44.and latef by Genzel and Martin.43 The model sy%temiuhder

' consideraﬁioﬁ is_showh in_Fig. Iv-1(a). An incident plane polarized eiectrémag-v

-hetié wave with an electric field strength Eq =4|;;| and a propagation?vector
of magnitude ko is incident normally on a slab of composite material. ;Tﬁe dashed

: péth in Fig. IV-l(a) is used to establish the continuity of the x-comp$nent of‘

the electric field across the material boundary. Performing a surfacejintegral

. of the Maxwell "curl E" equation over the surface bounded by the dasheé line.

yields the result,

c

‘ + WB, ‘ :
~E_AL +f E (x,0,0%)ax | = —2 AfAz o (av-1)

AL
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- In Eg. (IV-1), c = speed of light, w = angular frequency of the wave, Ex(x,0,0+)
is the x component of the electric field evaluated just inside the composite
medium. Sincé w = 2nc/A,, where A\, = free space wavelength, and B, = E, outside

the medium, Eq. (IV-1) reduces to,

(1Iv-2)

-E, + 1 E (x,0,0")dx | = 2% Az
AL o

' AR

If the wavelength is sufficiently long such that Ao >> Az, then the right hand

side of Eq. (IV-2) is negligiblé and we find the usual assumed result that the

external field E, is equal to the average field in the medium, icee,

1
E. = —
° - Ar

AR

Ex(x,0,0+)dx ' (1IV-3)

In effective medium theory, the average field E inside the medium, as given by
_the right hand side of Eq. (IV-3), is assumed to be related to the average polari-

zation ; via the relation,
4 = (e - 1)E , (IV-4)

where;z is the average or effective dielectric constant of the mgdium.

LActual qomposite films such as black Cr frequently have surface roughness
variations Qn‘a séale'z 0.1 pym. Since we are interested in wavelengths down to
,a‘miniﬁum, Xo = 0,2 pm, fhe condition Ay >> Az is not.algays satisfied for
’reay systems if Az is required to be larger than the RMS surface roughness.
‘However,.at these short waQeleﬂgths it will be seen that the Cr particles in the -
film‘are very strongly absorbing, leading to a very small reflectance for xoﬁg 1

pm. Thus, although the approximations in the theory are somewhat suspect at .
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short wavelengths, in actual practice this does not appear to be a serious
limitation.

To derive the MG effective dielectric constant eyg, the actual "model®
system shown in Fig. IV-1(a) is replaced by an idealized system as shown;in
Iv-1(b). In the idealizéd system, the isolated inclusions are replaced by
ellipsoidal particles and it is assumed that they are sufficiently isolated

that the field in the matrix material is essentially constant at a value Ep.
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- Iv-1 (a) An incident electromagnetic wave with field strength E6 and propa-

' gation vector io = (2m/Ago) z impinges on a .composite medium in the
half-space z > 0. The composite medium is composed of a continuous
matrix phase and isolated inclusions. The dashed line indicates

. - the path of integration for deriving Eq. (IV-2). : _
{b) An idealization of the composite structure in (a).  The irreqularly
shaped inclusions are replaced by ellipsoidal particles.

If i is an index which is summed over all orientations and eccentricities of

idealized inclusions and f; is the volume fraction of inclusions of type i,

then.

E; = z fiEﬁn(i) + (1 - £)E, ' ' (IV-S)
i ,
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In Eq. (IV-5), £ is the total volume fraction of inclusions, £ = if. and Eln(l)

is the x component of the constant field inside an ellipsoidal inclusion. If the
ellipsoidal inclusions have a scaler dielectric constant €; and are aligned

with a principal>axis along the x- direction in a homogeneous medium with dielectric

constant_em,'thenlthe internal field strength is given by the relation,44

EE :
Ein(i) = T (1V-6)
Lieg + (1 = Lidey ,
where Lj = depolarizing factor for a particle of the ith type. The average
polarization, 5, may be written as,
P = sE 1P1+(l‘f)9m§
i |
= (l/4n)[2 files - Ejn(iy + (L - £)(ey - 1)Em] (TIV-7)
. i :

Equating 4n times Eq. (IV-7) to (e - 1)E in Eq. (IV-4), with £ = EfiEin(i) +

(1 - f)Em, yields the fundamental relation of MG theory (with ¢ + SMg),

(E:MG'- 1 [z _fiEin(i..)‘ + (1 - f)Em]= %: fj(ec - l)Ein(j)

+ (1 - £)(eq - 1)Eq (1V-8)

Eyn(y) from Eq. (IV-6) is then substituted into Eq. (IV-8) yielding a common factor
Ep which can be cancelled from each term. The resultant equation can be easily

solved for emg and the solution can be cast in the form,

1+ )6(1 - Loy
 1—§£§1%

eMc = €n , (1V-9)
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where the polarizability factors, ay are defined by

€. " € :
ai = c m (IV" lo)
em + Li(€c ~ €m)

In order to compare the result given in Eq. (IV-9) with other forms’which
have been presented in the iiterature, we consider some special cases which can
be derived from Eq. (IV-9). For a single type of inclusion, with all particles

~aligned with the same principal axis in the x direction, Eq. (IV-9) becomes

1

Mg = eul[l + £Q1 - L)“] (1Iv-11)

1 - fLa

Frequently, the included particles are assumed to be prolate spheroids or.ellip-
soids of revolution f; which twb pfincipal axes are equal and the thirdraxis is

l 16nger. _If a, b, and c are the principal axes for a prolate spheroid, a = b and
'a < c. Then the depolarizing factors are given by,46

- 1
Le

S gnfr + (2 - 1)1/2) a1l (Iv-12)
(2 - 1) (2 - D1/2 | -

Ly = Ly =;'(1 - Lo)/2
r = c/a
As c/a +» = (cigar shaped particles),
Ly =Ly + 1/2 (Iv-13)
L, » (1/e?)[2n(2r) - 1]

In some situations, oblate speroids are postulated. 1In this case, two principal
axes are again equal but the third axis is shorter than the equal axes. For this

case the depolarizing factors are given by,
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: 1/2
L. = — rz $ 1 - __.___l___ sin-l _(_r___:__.]_‘.)_l.g ) (IV"]A)
(r2 - 1) ( 2 -1 r

=
o
H

Lb = (1 - Lc)/z

AS r + « Lo » 17 (1V-15)

[
[
i

=Ly » n/br

For spherical particles, L = 1/3 for all axes. In all cases, Ly + Ly + Lo = 1.
In a recent analysis of the spectral reflectance of a black Cr type selective
absorbet, Granqvist and Hunderi38 used a slight modification of Eq. (IV-11l). If

thfs equationAis rewritten in the form,

o = o | LEQDEAADA-DI] (1V-16)

- 3
13[L1 $

_ the.Gtanvist.add Huaderi (GH) form 1s.obtained by setting the quantities in
squate brackets equal to unity, with the result that the depolariziﬁg factor
~appests’only in’the'quantity o as given by Eq. (IV-10),. The difference iﬁ the
two formulations results from differences in the derivations, as discussed by
Cohen, Cody, Coults,’ and Abe1e347 and by Landauer.34 Both formulations yield
’identical results for spherical inclusions with L = 1/3 but differ appreciably
ln the case of needle shaped particles oriented parallel to the incident electric
field (L > 0) or plate shaped particles with the small axis parallel to the field
(L +1).

~Another case of frequent interest is one in which the inclusions are assumed
to Be.tandomlyAdistributed, both in orientation and in eccentricity. A theoretical
model df this sort has been outlined by 0'Neill and l’.gnatiev.v48 To derive theit

result, we first assume that the ellipsdids are distributed with their principal
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axes randomly oriented along the x, y and z directions and that the eccentricities

(r = c¢/a) are distributed according to a distribution function p(r) such that

p(r)dr = the fraction_of'inclusions with eccentricities between r and (r + dr).

Then, f{ in Eq. (IV-9) is replaced by the expreésion,
£, » p(r)dr ; , (1v-17)

and the summation in Eq. (IV-9) becomes an integration over r and summation over

the principal axes, i.e.,

/ o
£ 3

)1 + gfdr{p(r)izl[l - Lj(r)]aj(r)§
0 ==

MG = €m (1V-18)

? - :
1-£ dr:p(r) J Li(t)a (r):
- s [ L
.0

Iﬁ Eg. (IV-18) the j index runé over the ellipsoid axes a, b and ¢ and thg Ly
‘functions arebgiven by Eqs. (IV-12) or Egs. (IV-14) for prélate or oblate ellip-
soids respectively. O'Neill and Ignatiev assume that only prolate.ellipsoids 7
are present (1 < r < «) and that they are distributed 1og-norma11y'in'r. They
use the mean and standard deviation of the distribution as fitting parameters in
addition to other parameters. |

It'is frequently assumed that Eq. (IV-18) applies to the case in which the
ellipsoidal'inclusioné have completely random orientations and are hot necessarily
" directed aloné ﬁhe space-x; y and z axes._'This can be shown to be true for the-
speciai,cése in which.ellipsoids of a given type (given a, b, c) have their major
axis, say c, distributed uniformly with reépect to solid angle. This is shown

in Appendix A. The result for the dielectric constant is identical to Eq. (IV-18).
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B. Extension of the Maxwell-Garnett Theory to High Fill Factors

The Maxwell-Garnett theory, as derived above, obviously breaks down when
: tﬁe distance between inclusions become small. The basic result, Eq. (IV-9), was
derived by assuming that the field inside an inclusion is given by Eq. (IV-6),
thexfield which would exist inside an isolated particle. To gain a qualitative
'understanding of the potential 1imits of validity of the MG theory, we consider a
gimple cubic lattice of spheres, with the lattice constant = L and the sphere
_di;meter = Ype »The volume fraction f is then given by f = 4nrg/3L3. When the
sphe;es are jﬁst ﬁoqching, L = 2rp and £ = /6. = 0.524, When the spheres are
seéarated by moré than a sphére diameter, the effects of sphere-sphere interac-
tiogs {multipole effectg) are smaii and the spheres can be considered essen-
tially isoléted. In this case, L = 4rj, and f = /48 = 0.065. Thus, for f 2

© 0.1, the approximations used to derive the MG dielectric constant are not valid.
An'alternaté derivation of the MG dielectric constanﬁ, Eq. (IV-11), from

electromagnetic scattering theory increases the upper bound of f for which the

thebrilis applicable. 1In this type of derivation, a calculation is made of the'
écatfering from a random unit cell embedded in the effective medium. The effec-
tivebdielectric coustant is found by imposing the requirement that this cell not
contribute to the.scagtering of an incident plane electromagnetic wave.49,50 A ’
:andoh gn1t cell 1é‘c6nsidéred to be composed of a spherical inclusion of radius-
a aﬁdAdielectric‘constaﬁt €c with a concentric shell of medium with dielectric
congtaht €m and outer radius b. The radii a and b are chosen such that the

: volume-fracttoh of inclusions in the medium is given by £ = (a/b)3. Fig. 1V-2
sﬁows a cell éf this type embedded 1in a. homogeneous effective medium with dielec-
tric counstant e¢*. Smith%9 and Niklasson, Granqvist, and Hunderi®® show that the’

imposition of the requirement that this unit cell not contribute to scattering
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IV-2 A random unit cell in a composite :::///
with an effective dielectric con-
stant €*. This cell is considered
to be made up of a core of radius
a with dielectric constant(% and
a shell of thickness t = b - a
and dielectric constant Em.

of>an incident electromagnetic wave to lowest order in an expansionrp;f;mégérr
lééds directly to the result, e* = eyg+ The expansion parameterris k*b, where
k* 18 thg effecti#e-mediumipfopagation vector,»Zw/A*, with A* % wavelength {n the
ﬁedium. 'From'cénsideration 6£Ahigher order terms in the'scattefing ampiitudes,
smith®% shows that éhe maximum volume fraction_cén be extended to £ 5{0.5 for
-particle sizes typical of those found in black Cr films.

An alterhate.approach to deriving an expression for the effective dieléctric
constant of a medium with isolated inclusions is to find the dielectric reséonsé _
~of a medium composed of a uniform periodic array of inclusions. Dielectric con-
'stghts found this way would presumably be more accurate for £ 2 0.5 than the MG
"éxprgssion, Eq. (IV—9).' McPhedran and McKenzie3l have perfdrmed an electrostatic
'§a1Cu1ation fqr thé dielectric constant of a simple cubic (SC) lattice of spherical

. 1nc1usions, and‘McKenzie, McPhedfan, and Derrick52 have extended this calculation
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t@ body centered cubic (BCC) and face centered cubic (FCC) spheric;iwérfays.
These calculéttons'were performed by finding an approximate éolution to Laplace's
équatton'for the potential 1inside a unit cell of the lattice. The solution was
-expressed in terms of an infinite series exéansion in sphéricai harmonics,

_ Ylm(01’¢t): where 8¢ and ¢4 are the polar angles of the radius vector extending
from the center of the ith cell to a field point in a "central” cell where the
periodic potential 1is being calculated. The solution was calculated in tefms of

two expansion parameters, Mg = fpax and My < max representing a truncation
_of the series expansion. For the special‘case, Mg = 4 and My = 0, an explicit
formﬁla can be written for the dielectfic copstant emm of the spherical arrays.
The eipregsion is given 5y,
| ey = 1 - 3E/DCE) | (1v-19)
whete>f = volume fractioq of spherical inclusions and the function D(f) ié defined
.by’ |
(e) = 1L + £ - by TgE/3 - oqr,e0 - 8 11035y, -~ (1v-20)

1 - c,T.f11/3 + ¢ 1.2£22/3
where g(f) = 2°5 35

=1 773 6
3" + byf C4T5E

"~ The quantities T, are defined by
Tp = (1 - ec/en)/lec/en + (n + 1)/n]
~and the constéhts an, b, and c, are defined in Table IV-1 for the three types of

lattices.
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Table IV-1. Parameters Characterizing eyy, Eq. (IV-20) for SC, BCC, and FCC
Lattices of Spherical Inclusions

Quantity - SC BCC , FCC

- ay .. 1.3045 0.057467 0.0047058
by . 0.01479 0.166117 0.130683
bsy _ 0.4054 - 1.35858 1.20500
1 - 0.1259 0.000950738 0.00603255
¢ 0.5289 ' 0.733934 5.73021
3 A 0.06993 0.134665 8.20884
ey, 6.1673 ~ 0.0465862 0.295595
fmax n/6 = 0.524 Y31/8 = 0.680 Y2n/6 = 0.740
£ : 0.592 0.730 ' 0.828

The quantity f,., in Table IV-1l is the volume fraction at which the spherical
ipclusions touch each other. The quantity f, is the volume fraction at which the
approximation, Eﬁ. (Iv-19), diverges for the case €, *+ ®, g, = 1l. As Mg and

52 show that

M¢ are #n&reaseQ, tﬁe'numeriCAI calculations of McKenzie, EE.El'
fe * frax for-thiS'SPéqial case.
: Another,éerioqic s£fuqture'for which calculations can be made isrthat of an
1ar£§y:of'gubes. 'This-étructuré'has the advantaée that all volume"fra¢tions
10'( £ <1 are accessiblé. Ho&ever, an exac£ calculation of the poﬁénFiai of this
gtructure Qhen polarize@ by a uniform electric field has not, to ou?‘knowiedge,
been made. The induced dipole moment of an isolated dielectric cube. subjected
to a uniform field has been calculatedrby Fuchs?3 using an integr;l~g§uatioﬁ"
‘ technique. We have verified the accuracy of Fuch's calculation'and ﬁavé alsoA
A performéd'the ca;culation using an alternate integral equation_dériyed,by~Van f'
Bléd§1.54 In both_cases-we dbtained essentiallyvidenticai resulﬁs for both
xeai and‘édmélex dielectriq‘coqstants. This calculétioh was déﬁe_becausé the
" results répdfteé_by‘vén;ﬁlaéel for real dieléctric const;nts (Fié. 3.18 of Ref.
54)kdiffer'from‘thoéé'computed from Fuchs'vreSQitf We feel that tﬁe reéults in-

Ref. 54 are in error. ~The calculations are discussed in Appendix Be.
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Fuchs shows that, for a cube subjected .to a uniform field along one of
the cube axes, the average dipole moment per unit volume and unit electric
field or average susceptibility is given by,

6 c

=) m © (1v-21)
m=1 x"l(ec) + 4mn

where éc = dielectric constant of the cube material and x-l(ec) =47 /(Ec - 1)
The constants Cp and ny for m = 1 to 6 are given by Fuchs. He shows that a

Maxwell-Garnett composite medium with cubic inclusions has a dielectric constant,

anfe x + (e - € )(1 - £)
€ = € € < L (1V-22)
anfenx + (6c = gu)(1 - £)

Thiérreduces_to Eq. (IV=11) with L = 1/3 when 4ﬁ§ goes to the spherical particle

-1 1

result, 4my * [(e /ey = 1)~ + 1/3]7".

A cubic a;rayvof cubes subjgct to a uniform field ;; applied in the y direc-
tion is_shown in Fig. IV-3. The unit cells of £he étructure are indicated by the
‘daéﬁéd lines.r One eighth of a unit cell is shown in Fig. IV-4., Due to the
‘symmétry-of the problem, the potehtial has ﬁo be calculated only for 1/16 of a
unit cell, as indicated by the dashed lines. By symmetry, the planes defined by
y = O:and.y =1 in Fig. IV-3 are equipotential surfaces and the planes defined by
z =1, ¥ = 0, and z = x are surfaces for which the normal derivative of the
.potehfial vanishes. The average dielectric constant of this structure is found
by computiﬁg-the average electric displacement D produced by applying a unit
poténtial between the planes §'= 0 and y = 1.

in ana;ogy with calculations of the elgctrical or thérmal conductivity of

distributed structures, the effective dielectric constant may be found by breaking
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IV-3 Top view of an array of dielectric cubes subject to a uniform applied
external field EO. The dashed lines indicate unit cells in the
medium.
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IV-4 One eighth of a unit cell from Fig. IV-3. Only one-half of this
portion of the cell needs to be analyzed. The shaded region indicates
the inclusion boundaries on the reduced 1/16 cell used for analyses.
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the structure up into a number of elements and then assigning each element a
"resistance” defined by the element geometry.55 The total resistance of the
structﬁre is then found either numerically or analytically if the number of‘
eleﬁenté is sufficiently small. Variations in results reported in the literature
are usually a result of differences in the ways various authors break a‘given
structure up into finite elements.

Projections of the structure shown in Fig. IV-4 on the x-z, x-y, and y-z
plapés are shown in Fig. IV-5 where the various elements we have used are labeled.
The resistor network shown in Fig. IV-5(c) is combined with a parallel resistor,
erfepresenting the‘resistance of région 4 in Fig. IV-5(a)., The total resultant

network is shown in Fig. IV-6. The various resistors are assigned the values,

3,1 2
;jjji ?! 1———y
4 3 z 5 Z
41
| _ 1 4 _
& X }1 ()
R
12 NN 4 " 9~R“/_Rb
- @ "’VZ?éWV‘?
X 8 | ———Ry
AN
5~ Re
s —
l I y (c)

" IV-5 Projections of the 1/16 'unit cell in Fig. IV-4(a) projection on the x-z
 plane, (b) projection on the x-y plane, (c) projection on the z-y plane
showing assignment of reésistors to various parts of the structure. Resistor

R4, assigned to the upper triangular shaped region in (a) is not shown.
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R, = 1/[(1 - 82)/2] R, = (1- 6)/(s%/2) (1v-23)
Rg = 1/12(1 - §)] Ry = Rg = p/8
Ry = (1 - 8/2)/[8(1 - 8)] R, = p/26
R, = (1~ §)/(28%)

| In Eq. (IV-23), p = (ec/em)~1 and § = half length of a cubic inclusion. The
Veffective dielectric constant of the structure is found by finding the equivalent
conductance. of the network in Fig. IV-6.

If the shuﬁt resistors Ru and RY are assumed not to be present, then the
result found is identiéal_to that reported by son Frey56 for an equivalent thermal

conductivity calculation,

slv— §+ 83+ (5 - 53)em/écl

cep(d) = ¢ (Iv-24

The volume fraction 1s related to § by f = 83 or § = £1/3, The result of our

calculation with the shunt resistors included is,

R IV-6 Equivalent circuit used to
. _ 4 _ calculate the effective dielec-
___VAVAV\/\/\/VAV\_____ tric constant €* of Eq. (IV-25).
R R The "resistor" values are
a b given in Eq. (IV-23).
R
— [ e
Ry
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e"(8) = e [(1 - 6)% + 2a/8] (1v-25)

>
(]

§(1 - 8)[p8/2 + (1 - 8)][82/2 + (1 - 8/2)8 + 2(1 - 862) + 2ps(L - §)]

+ §2[8/2 + p(1 = §)1[pS(L = §) + 6(1 - 86/2) + 2(1 - §)2]

=
il

2 |
.gﬁ-[pa(l -8 +2(01 - 8)2 + 501 - §/2)]

o+ 8L - §/2)[ps + 2(L - 8)118/2 + p(L - 6)]

H Q-+ 1= )2

with p = ¢ /e and § = £1/3,
Consideration of the physics of the problem indicates that Eq. (IV-25) is

11k¢1y to be most valid at high volume fractions when the shuntvflux in the z

dipeétion is relatively small. At small volﬁme fractions there will be a large
z Airected flux and the Fuchs expression, Eg. (IV-22), should be more accurate,
siﬁce_full consideration of shunt flux was automatically taken into account in
the isolated cﬁbe polarization calculations.

VThe Bruggemaﬁ dieleqtric constant can be de;ivéd easily from a model of thé
coﬁpééite similar to that shdwn in Fig. IV=1(a). 1In Fig. IV-7 a composite is shown
in which both the magriX'aﬁd the inclusions are in a particulate or symmetrical.
form. The most significant field polarizing a "particle" of either matrix or
inclusion is assumed to be the mean field in the composite, Ege Then, the average
field‘is obtained by summing the internal particulate fields over all regions,
i.é;; -

E =Ep = ] £3Ein(3) ' (1v-26)
3

where the index j runs.over particles of both types (matrix and inclusion) and = -
over all orientations and eccentricities. Implicit in this procedure is the

replacement of the actual particulate medium by a set of approximating ellipsoids,
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N

tIV-7 A Bruggeman composite medium in the half-space z > 0. The inclusjons
(shaded regions) and matrix (clear regions) are assumed to be topologic-
ally equivalent and randomly distributed. '

similar to the replacement in the Maxwell-Garnett case. In this case, however,
the replacement is not as physically meaningful because the whole composite space
.cannot be,filled with eliipséids.in contact. Using Qq. (IV-6) for the interné;
field éxéressioh, with tﬁe polarizing field En replaced by Eg, and &, replaced

by €go BEg. (IV-26) yields,

S R :
Ep = 2 BB J ;s OY (IvV-27)
L.e. + (1 - L.
3 7373 jleg
£, .

) ] =1 (1v-28)
ij_E-i+(l—Lj)

€B

_Eq. (IV-28) is the fundamental relation of the generalized BruggemaﬁAtheory. In
‘Eqs. (IV-27) and (IV-28), €4 = €¢ for inclusion particles and €3 = ey for
matrix particles. Since Eq. (IV-28) is not linear in €g, it has been utlized

only in certain special and highly restricted cases where it can be explicitly

solved.



For the spécial case of one type of inclusion and one type of matrix par-.
ticle, Eq. (IV-28) reduces to a second order equation in e¢g which is soluble in .
closed form. 1f it is assumed that the incluslons are ellipsoidal with a de-
polarizing factor L and the matrix particles are spherical, then Eq. (IV-28)

becomes,

e =0 O (1v-29)

[(S =~ 1)+ £3 - S)lek - veg - €46,
where § = 1/L and y 1s given by,
Yy = gg[S(1 - £) - 1] + ecl3f ~ 1] (1v-30)

In the even more restricted case 1in which the inclusions are spherical with

L = 1/3, the solution to Eq. (IV-28) is given by34
ep =3 v+ (F +8epe 0P, (1v-31)
where y = [3(1 - £) -1 Jeyp + (3f - l)e,

A sttﬁation of interest in black Cr calculations is that of an assembly of
coaped spheres in a medtuﬁ of dielectric constant e€y. An isolated coated
sphere in a uniform.field behaves in a manner analogous to that of a'single ma-
‘terial sphere. If tﬁe coated sphere has a core with dielectric constant €,
and ra&ius r. and a shell with dielectric constant €g and thickness ts,lthen

the dielectric constant characterizing the coated sphere 13,57

c e Zes+ et ZQ(ec— es)
cs s

IV-32
2eg + ec = ec — €g) ¢ )
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The quantity Q is the ratio of core volume to total particle volgme and is given
by, @ = [rc/(rc + ts)]3. ‘Eq. (IV-32) may be easily verified by solving Laplacé's_
equation 1ﬁ spherical coordinates for an i1solated coated sphere subject t6 a
uﬁiform extefnal field. The resultant perfurbation field is equivalent to¢ that
‘produced by aruniform sphere of radius = r, + tg, with a dielectric constént
given-ﬁy Eq. (IV-32). Lam#, Wood and Ashcroft have pointed out that Eq. kIV—32).
is equivalent to the MG spherical particle result, Eq. (IV-11) with Q = f; L - 1/3,
-Qndies - em.57 In calculations on black Cr coatings, Eq. (IV-32) will be used

for eqg, Wwith €, = gy and €4 = ECr203’ while e will be assumed to be unity.

A.C. Optical Properties

In order to perform reflectance calculations, values are required for
Athe'complgx-indéx of.refraction-of the materials in the reflecting systém; This -
,.lﬁdex‘bfrfefrACtion is défineﬁvby the relation ﬁ‘? n +‘jk,‘where n and k are the
réal and imhginary parts of the index respectivély and j = V=-1. The 1néex of'A
_fefréqﬁibn ﬁ andi;hé compléx dielectric conétant € = g7 + jeg are related by 3

the formula,
w=cl/2 (1v=-33)
Eq. (IV-33) may be used to express €] and €7 in terms of n and k to yield,

e, = n? - k? | (IV-34)

€2 = 2nk

Alternatively, m and“k may.be'expressed in terms of €1 and €9 &ia the relationms,
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1/2

o= | e aflel * _[1.2_{ _(.‘.:.2_/.8.1_)_;] . (1V-35)
- 1/2
2 . [1 + (Ez/el)zJ —Slllell
ke = €1 ) 2 ’

 The n and k values used for Cr and Ni in the wavelength interval 0.2 uﬁ <A<
5.0 ym are shown in Fig. IV-8. For Cr, the n and k values reported by Johnson
an@rchristy58 were used for A < 2 ym and those reported by Barker and Ditzen-
berggr60 were’used for A >2 ym. Although both references report the same
géneral depéndehcé of n and k on A in the region 1 pym { X {2 ym, they do not
agree exactly on the magnitude of n and k. Consequently the n and k values shoﬁn
1n Fig. IV—8 were derived by smoothly joining the Johnson and Christy short wave-

length data with the Barker and Ditzenberger long wavelength data.

14

12

10

‘L | il I | oL L - | J Il
2

3 45 7 10 20 30 - 80
AMum)

Iv-8 Real, n, and imaginary, k, parts of the complex index of refractlon for
Cr and Ni as derived from Refs. 58-60.
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The real and imaginary parts of the complex index of refraction for Ni were
b-similarly obtained by interpolating between short wavelength data reported by
Johnson and Christy58 and longer wavelength data reported by Siddiqui and
Treherne.60 1In this case, the two sets of data joined quite well.

The optical dielectric constant for Crp03 has been derived from feflectance
measurements on single crystals by Renneke and L;rnch61 and by Lucovsky,.Sladek,
and Allen.62 In Ref. 61, €1 18 reported to be 6.1 or 6.2 for the incident
electric field vector parallei or perpendicular to the crystal C axis respec-v
FiQely, while Ref. 62 gives €1 = 5.7 or 6.0 for these two cases. g 1is
estimated to be very small at optical frequencies, €9 L5 x 10_3. Frank andr
quberg63 repbrt an index of refraction n = 2.4 for a reactively evaporated
Cf203 film, corresponding to €; = 5.8. Frequently, the oxide in black Cr films.
18 assumed to be in an amorphous phase and the oxide index of refraction is used
as an adjustable parameter in matching theory to experiment.7'26 We have taken

>the pointvofrview‘tﬁét since the oxide grows in crystalline form around theVCr

= 2.5 and kcrzo =0

crystallites in the coating during aging, the values “Crzo
' 3

3

are appropriate for use in these calculations.

D. Comparison of Model Dielectric Constant Dependence on Volume Fraction '

One of the goals of this investigation was to decide which of the model
dielectric constants for inhomogeneous media yielded the best agreement betweén
calculated and experimental spectral reflectance curves for black Cr films.
ﬁiklasson and Grandqvist64 have examined and reviewed the sﬁbject of bounds on
the values of the effective medium dielectric constant and have demonstrated,
for a system of spherical Co particles in an Al,04 dielectric matrix, ﬁhat a

number of different theoretical formulations can lead to large variations in
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the galéulated spectral ‘reflectance. They concluded that microstructural infor-
mation is essential in determining the correct éffectivé medium theory to utilize.
It‘would appear from the microstructural studies described in Sec. IIIlthét

black Cr films are composed of fine metallic Cr particles, possibly with oxide
coatings distributed in a matrix and that there is not topological equivaleﬁce
bétween the particles and the matrix. Hence the MG-theory might be felt to be
more'applicable a-priori. This is the point of view expressed by Smith®5 agd by .
.SieQers.66 There is, however, some uncertainty about the precise nature'oféthe,
blaék Cr microstructure,Vespegially the character of the matrix. This will-ge
discussed more fully in Sec. V-B. 1In this section, the fundamental dependeﬁce
of thé,various effective ﬁedi#m dielectric constants on inclusion volgme frdc-
'tioh, £, will be discusééd. Tﬁe inclusions will be ﬁaken to»be Cr particles

and the matrix air with €m = 1o

For simplicity in the following analysis, the inclusions will be assumed
torbg spherical with Lj = 1/3 fér all i. The solar spectrum covers the wave-
lehg;h region, 0.2 pm <. A < 2 ym and hence it is of interest to examine the
:behavior of the various dielectric constantsrin this interval. For illustrative
purposes, Qe sh&ll display séme calculated results for A =1 pme. For this
waveléngth; Fig. IV-8 and'Eqs. IV-34 can be used to find the real and imaginary
pért§ of Ecrt sCrl(l pm)Aé 41.65 and SCrz(l pm) = 24.44. For spherical
particles, the MGvfésult, Eq. (IV=-1l) becomes, -

(egy + 2) + 2f(eq, - 1)

MG (ecr + 2) = £(goy = 1) :

As f >0, eyg * 1 and as £ > 1, €yg > oy, as it must. As f varies from 0 to 1,

Emé varies smoothly between 1 and €qy. However, for A 2 0.2 um, |€Cr|“>> 1,
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and hence the common term €r, + 2 in the numerator and denominator of Eq. (IV-36)
will tend to keep IeMGI close to unity until f becomes quite large. In contrast
to this type of behavior, &p assumes characteristics of €cr at much lower £

values than does €yg. The expression for €g in Eq. (IV-31), with gy =1, can

be.written as,'

e =] [1 L+ ssCr/yz)l/z} (Iv-37)
Yy =2 - 3f+ (3f - 1)egy

Froﬁ Eq. (IV-37) it can be>seen that e€p is essentially linear in erp with a
coefficient of 3f - 1.

Plots of eyg and €g in the complex € plane (€ = €] + j€3) are shown in
.Fig. Iv=-9, for épherical Cr inclusions in an air mgtrix and A =1 pm. Each

trajectory is labeled with the inclusion volume fraction as a parameter, with

Amigm

IV-9 Trajectories of EMG and

eg at A =1 um in the
complex € plane for Cr
spherical inclusions in
an air matrix. The
labeled points on the”
trajectories represent
volume fractions of Cr
associated with those

points.
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the arrows on the trajecﬁdries pointing in the direction of increasing f. It
caﬁ be seen that epyg retains the characteristics of the medium until fairly

high f values are attained, while eg develops a large imaginary component at
relatively low volume fractions. The lmaginary component k of the complex index
of refraction, as calculated from the-second of Eqs. (IV-35) is shown in Fig.
IVv-10 for A = 1 pym. It l§ evident that kg increases much more rapidly with
increasing f than does kyg. Substantial differences between kyg and kg occur fof
0.05 { £ £ 0.90. Since k is responsible for producing absorption in films, the
Bruggeman theory will lead to higher predicted absorptances than the MG theory
at a giveﬁ wéveléngtﬁ.

The substantial deviation of eg from eyg shoﬁn in Fig. IV-Q for £ 2'0.2‘

is an example of what is called a "percolation” phenomené.34 Percolatipn refers
to:thelsudden onget éf electrical conduction at a critical value of f in a com-
postté consisting of conducting inclusions in an insulating matrix. 1In the
Vdieiectyic mixture case, this i3 equivalent to a situation in wﬁich Iec/eml + o,
It.has long beéﬁ known that the Bruggeman theory has a "percolation threshold”

at f = 0.33, while the MG theory predicts a finite conductivity for any non-zero

vaide of £.34

For Cr particles in a vacuum matrix, |e./ey| = 24.5 and so eg
display characteristics of percolation behavior near f ~ 0.3. Howe?er, as shown
in Fig.‘IV;IO, there 1s no sudden onset of percolation, as would be indicated by
a éudden,increésé of kﬁ'felativé to kyg,. for this system.

_ A comparison of the volume fraction dependence of several of the model
dielecpric constantsAdiscussed above is shown in Fig.‘IV-ll. In this figure;
theiresﬁlts are plotted for a MG medium with spherical inclusions (gyg, solih
1iné, golid circles), a face centered cubic array of spheres calculated froﬁ |

Eqs. (IV-19) and (1IV-20) (eyq(FCC), large dashed line, triangles), the son Frey

dielectric constant from Eq. (IV-24) (egp, dot-dash line, solid squares), thé
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The imaginary part, k,

of the complex index of
refraction for a material
with Cr spherical inclu-
sions in an air matrix at
A =1 um. »

“resistor model” dielectric constant from Eq. (IV-25) (epeg, dot—~dash line, X

symbols), and the dielectric constant found from Eq. (IV-22) for an MG effective °

medium with cubic inclusions (ep, short dash line, open circles).

The plotting

symbols on the cﬁrves represent the points at which the adjacent f values are

assumed. It is evident that the son Frey and resistor model predict essentially

1dentiéal results and that these results are close to those for an MG medium

with-spherical or cubic inclusions. The McPhedran and McKenzie dielectric cbn—_

stant for an FCC array of spheres remains very close to eyg until f > 0.7. As

shown in Table IV-1, the limit of validity for an FCC array is f < 0.74.
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IV-11 * Comparison of the trajectories of several model dielectric constants. ¢

and € are the same as in Fig. IV-9. i - i
MG n Fig. I €Res 1S from Eq. (IV-25). €qp 18

from Eq. (IV-24). € (FCC) is the face-centered cubic version of ¢,

Egs. (IV-19) and (IV-20) and Table IV-1. o is. from Egq. (IV-21) and
Ref. 53.

 AFrom the above analysis, based on electrostatic calculations, it can be seen
fhat a-composite medium with a periodic array of inclusions can have an effective
dieieétri@ constant similar to eyg, even at very high volume fractions. We
spechlate:;hat.a nbnpe;iqdié or random array of roughly spherical (or cubic) in-
1nc1d§tpns can 3135 have_a dielectric constant dependence on voiume fraction

similar to that of eyg.

E. Effect of Particle Eccenéricigz
The presence of highly eccentric absorbing inclusions with the long axis

in the p1ane of the film will increase absorption at a given wavelength because
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these particles are more easily polarized than are spherical particles. The

result has been demonstrated explicitly by Van de Hulst who shows that the ab-

sorption cross section of an isolated inclusion is proportional to the imaginary

part of the polarizability, Eq. (IV—lO), in the limit where the wavelength is
much larger than the inclusion 1ength.67 Eq. (IV-10) shows that the polariza-
bility, a, increases as the depolarizing factor L decreases, and Eq. (IV-13)
shows that L decreases approximately as r~2 as the eccentricity r increases.
This effect has béen discussed by Granqvist and Hunderi3? who show that the

absorptance at.a given waveléngth does in fact increase as the particle

‘eccentricity increases in the plane of the film. This increased absorptancé
effect can be 1llustrated by using Eq. (IV-1l) for ey and considering a
_film congisting of chrome prolate spheroids in a hédium with ¢ = 1. The ¢
axis of the particles is aligned along the direction of the incident electric
field. Fig. TIV-12 shows the imaginary part of the refractive index, kyg and
I kg vs thé chrome particle c/a ratio at A =1 ym and f = 0.1. The inset to
Fig. IV-12 shows the assumed geometry, with prolate éllipsoidal particles
haQing their ¢ axes aligned with the incident E vector. kyg increases very.
rapidly with inc?easing c/a, indicating rapidly increasing absorption with
iﬁcreasing eccentricity; The variation of the complex MG dielectric constant
with pa?ticle eccentricity is shown in Fig. IV-13. The solid lines are the
-trajectorieé'of eMg. with increasing £ for r = 1, 2, 4 and 6. The dashed
1lines represent trajectorieé of increasing r for constant f and the dot-dash
line represents eg for r = 1. From this figure it is evident that as the
eccentricity increases, eyg acquires more of the characteristics of ep.

In the limit c/a + @ or L + 0, Eq. (IV-11l) may be used to show that,
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Iv-12 1Imaginary part of the complex
index of refraction vs particle
eccentricity for prolate ellip-
soidal Cr inclusions in an air
matrix at £ = 0.1 and A = 1 um.
The inset shows the assumed geo-
metry with the ellipsoid c axes
aligned along the incident E
field direction ¢ = length of the
semi-major axis and a = length
of the semi-minor axis.
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Thus fo:‘a syétem of highly eccentric oriented particles, eﬁg approaches the
volumé averaged dielécéric constént.

‘Iﬁ contrast.to the eyg behavior, eg » ey as L + 0 and kg gonsequéntly
dec?eéses asAshown in Fig. IV-12. Eqs. (IV-29) and (IV-30) may be used to show
that, for f < 1, eg + €p independent of the value of €, as L » 0 (S + «). This
occurs because €, occurs only in the denominator of one of the terms in Eq. (IV-28)
and it is multiplied by L. Hence in the Bruggeman theory absorption is increased
somgwhat as highly eccentric metal particles become more spherical and in the MG

theory high absorption is produced by the high eccentricity included particles.

46



IV-13 Trajectories of CMG in
the complex ¢ plane at
A =1 um as a function
of f and r = ¢/a. The
solid lines show the
variation of EMG with f
at constant r and the
dashed lines show the

variation of EMG with r

at constant f. For com-
parison, ¢_ is shown by
the dot-dash trajectory.
It can be seen that EM

becomes more like EB as

r increases.

F. Reflectance Caiculations

The calculation of reflectance for a systeﬁ of uniform layers aﬁd normally
Vincident radiation can be performed in a straightforward way by the Rouard's method
as described in detail byIHeavens68 and summarized by Chang and Hall.33 In this
techﬁique, the model system illustrated in Fig. IV-14 is considered. ‘This system
consists of N -layers of matefial, indexed by the letter k, each with a unifofﬁ.
~ dielectric constant T = ng + jkyx and a thickness dy as shown. The substrate is a
uniform semiinfinite material with an index of refraction Tiy4j. The reflectance of
thé}N layer stack is found by first calculating the reflectance for a system com-

posed of the substrate and the Nth layer and then back calculating the reflectance
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IV-14 (a) Model film structure used in optical reflectance calculations. The

' - film consists of. N layers on semi-infinite substrate. Layer k has a
ghicknessrdk. A plane elegﬁromagnetic wave with an electric field
Eo and propagation vector ko = (ZN/AO)X is incident from the left.

(b) variation of the electric field strength within layer k. E(dk) is
related to E(0) by Eq. (IV-31).

of system combosed of the (N - 1)st layer and joint Nth layer—-substrate éystem;
The reflectance coefficient for the Nth layer-substrate interface is given by,351
| Re1 = Gy - Fwe1)/ Gy + Fprd) (1v-38)
?§N+1 is the ratio of the rgflected to incident electric field strength at the
-1ﬁterféce between layers N and N + 1. The complex reflectance or Fresnel coef-

ftéienﬁ for the Nth layer may now be found from the relation,

7, - Ry + Ryyr exp(-238y)
1+ NR'NEN.Q.l exp(-ZjGN)

(1v-39)

wherevsﬁ_= 2ndyny/A, and Ry is found from Eq. (IV-38) by replacing N by N - 1.

The Fresnel coefficient for the general kth layer is,
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1 + RpFi+1 exp(-238y)

(IV-40)

The calculation of the ?k proceeds via the scheme Fﬁ + F&-l > ...Fk + ...Ei, and
the stack reflectance R is given by,
R = Fy « Fp* . (1Iv-41)

where F1* 1s the complex conjugate of ?i.

A model stack is illustrated in Fig. IV-1l4(a). For a wave with a free space
wavelength A, traveling to the right in the kth layer, the ratio of the electric
field strength at the right boundary to that at the left boundary is, as shown in

 Fig. IV-14(b),

E( dk») /E(0) exp [an?{kdk/)\o] ’ : (IV-42)

exp [2ninydy /A,] exp [~2 7k di /M)

Eq. (iV-42) shows that the traveling wave is attenuated by a factor'exp[—ankdk/AO]

in crossing the kth layer and hence a large value of ky leads to large absorptance

in the kth layer.

For calculations with graded‘layer black Cr films, the film is broken up into

a large number of layers, typically ~75-100, each with its own Cr particle volume
fraction, for(xk), where xy is the centerline coordinate of the kth layer. Two 4
model functions have been utilized for reflectance calculations, a general power

law function given by}

n
— F — x -
Eep(X) = £op i+ (n + 1 (Eep = Eopmin) (E:) ' (IV-43)
and a sinusoidal or sigmoid function given by,
- T F  _ L T =
fCr(x) n fCr-min + ; (fCr fCr-min)SLAn (;ﬂ) (IV-44)
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In Egs; (1Iv-43) and (IV-44), fo, is the average chrome volume fraction, fCr-min.is
the ?r volume fraction at the film top surface, and L = film thickness. Most of
the éalculations were done with the power law profile, Eq. (IV-43) and foyr_nin = 0.
asrthe sigmoid distribution, Eq. (IV-44) did not typically yield good agreement
yiﬁh exper imental data. When Eq. (IV-43) is used, the maximum value of n is
restricted fof~a giQen'ECr by the requirement fcp(L) <1, yielding, n + 1 < l/ECrf

Typically, for < 0.2 and thus n < 4.
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V. Comparison - Theory vs Experiment

A. Ekperimental Reflectance Measurements

The major objective of the modeling research has been to develop a physical
ﬁodél of a black Cr goating which can explain the obsérved spectral reflectance
data. Two distinct types of experimental measurementsvhave been made. In the
érincipal series of experiments, the spectral hemispﬁerieal reflectance,'R(k), has
‘been megsured over the waQelength interval, 0.45 um < A € 2.5 pm, for black Cr
'films plated on smooth and rough Ni substrates. These measurements have also been
mgde after the coatings have been thermally aged in air at various temperatures.

In another experiment, a black Cr film was plated onto a steel substrate and was

b' subsequently removed from the substrate by chemicaliy etching the steel.23 The
stripéed black Cr film was then placed, with the original substrate side down, onto
a glass substrate. .The ofiginal substrate side was grayish in color, indicaﬁing
the pfeséﬁce oan'high me;a1 volume fraction.on that side. The spectral reflec~
taﬁce of both sides of'this stripped film was then measured.

The measured spectral reflectances of two black Cr films plated onto nickel
ffom different baths and aged for various times at 450°C are shown in Figs. V-1 aﬁd
V-2. The variation seen in R(A) characteristics for these filmsris typical of:
that_which is observed in practice and is probably a result of variation in coating
microstructure produced by variations in plating process variables or in élating
bath chemical concentrations. The coating in Fig. V-1 develops a "qup“ or an’
interfereﬁce peak at A » 0.9 pm as thermal aging progresses and the position:qf
the rapid reflectance rise or reflectance "edge" shifts to éhorter wavelengths.

It can be seen that a sighificant change in the nature of the R(A) curve has
océurred in the first 12h of aging, with the ‘edge becoﬁing significantly steeéer.
This is felt to be a result of the evolution of volatile materials trapped ;n the
coating during the plating process. Zajac, Smith and Ignatiev26 have reported

the desorption of Hy, H50, CO and CO, in coatings heated above 300°C.
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V-1 Experimental spectral reflectance R(A) of a black Cr film aged in air

at 450 C for various times as shown. This film develops an "inter-
ference” bump at A ~ 0.9 ym as aging progresses.

The R()\) characteristics shown in Fig. V-2 do not indicate the formation
of a significant interference peak. Instead, the reflectance at short wavelengtﬁsf
appears to increase approximately uniformly as aging progresses. The thermal
stability.of,the_two coatings 1is also quite different. The solar averaged absorp-
tance, ds,'forAfhefcéatihg in Fig. V-1 changed from ag = 0.97 to ag = 0.94 after
| 46 h of aging while, for the coating in Fig. V-2, the initial ag =>0.96 waé

- teduced to ag = 0.85 after onIyA3O h.

B. Coating Structural Model
- - A structural model of a black Cr coating is required in order to calculate
theoretical R(\) characteristics using the procedure described in Sec. IV-E.

The'quel is derived from the results of various microstructural investigations,
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as discussed in Sec. ITII-C, and from other measurements such as film areal density

and thlckness. The SEM and TEM studies discussed in Sec. III-B,C indicate that

black Cr films are highly porous and contain a mixture of various Cr oxides and

Cr metai in the form of small metallic crystallites. The detailed nature of the

oxides is still unknown, but after a coating has been’thermally aged for a rela-

tively short time, the principal oxide observed by selected area electron dif- .

fraction is Crg03. For modeling purposes, we have elected to represent a black

Cr coating as a mixture of Cr metal, crystalline Crp03, and void volume. The

Cr metal and Crp03 are assumed to be present at their bulk densities.

The major constituents of a black Cr film, as seen in SEM studies, are roughiy

spherical parttcies ~0.2 ym in diameter. Inside these particles are the Cr

crystallites,; Cry03, and probably additional void volume. This addit{onai vold

volume may include non-dense amorphous Cr oxides of various types. For the pur-

~ poses of this discussion, the term void represents a material with a real dielec-

tric constant, ey = 1. The nature of the distribution of the Cr and Crp03 in-

side these particles is still not resolved. The Cr may be in the form of distinct
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cry;tallites, each surrounded by a shell of Cry03 as indicated schematically in
Fig. V—3(a). Another possible model is that of an assembly of Cr and Cry03 crys-
talliﬁe particles, as shown in Fig. V-3(b).‘ Still another possibility is that of
a distribution of Cr crystallites in a Bruggeman type matrix of Cr;03 and vqid,

as shown in Fig. V-3(c). Still other hypothetical structures may be developed ..

from combinations of these basxc structures.

Void
or Amorphous
»oAxlde

Void
or Amorphous
oxide

V-3:

(a) Model structure for a black Cr "particle." In this structure, the particle

: is composed of a number of Cr crystallites, each surrounded by a shell of
Cr203. The space between the crystallites might consist of a non—dense,
amorphous oxide.

(b) Alternate model structure consisting of crystallites of Cr and Cr.O

. : 503 in a
non-dense matrix.
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V-3 (c¢) Distribution of Cr crystallites in a Bruggeman matrix of Cr203 and void.

In modeling a coated spﬁere film (Fig. V-3(a)), the core dielectrié constant,

€~, 18 replaced by the coated particle diélectric constant, €.g, as given by
Eq. (1v-32). In all our calculations, we have assumed that only spherical coaﬁed
particles are present, so that the depolarizing factors Ly = 1/3 for all i. Both
Brﬁggeman and Maxwell-Garnett mixtures of void and coated particles have been used
>'to ca}culate mode; R(A\) resulté. For coatings with both Cr and Cry03. particles
(Fig. V—3(b)), the MG dielectric constant, Eq. (IV-9), has been utilized with fl =
f¢r and f, = fCr203' For coatings of the type shown in Fig.‘V-3(c), Eq. (IV-31)
‘waé ﬁsed to calculate the medium dielectric constant with g, = €Cr203; €m f 1,
and £ = ECr203in that equation. Then Eq. (IV-11l) has been utilized with g, =
- ECps and f = fo,.. Since'p}ated films used in our studies typically had average
_'£ﬁicknesses in the range ~0.2-0.5 um, they appear to be composed of several

layers of particles of the type shown in Fig. V-3. For the purpose of making»
reflectancé calculations, we assume that the highly heterogeneous film'can'be fg-
plaqed by a film which is made up of a number of slices, as shown in Fig.vIV-l4(a).
In a thinvslice_at depth x‘it is assumed that the volume fractions of Cr, Cry03,
and void are.cénstént. This amounts to a "smearing" of the film-in sections paral-

lel to the surface plane such that the constituent concentrations in any section
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have their average values for the depth of that section. 1If the average volume
fractions of Cr, Crp03, -and void at depth x are for (X), fop o (Xx) and £,(x)

. . . 273 v
respectively, then, at any x,

fcr(X) + fCr203(X) + f4(x) =1 - (V-1)

The coordinate x is measured from the front surface of the‘film with the substrate
located at x = L. In the future, we shall refer to the average constituent volume
fractions at depth x as just volume fractions to avoid confusion with averages
taken over the whole film depth. In order to make connection with experimental
Auger sputter profile results, we replace the fundamental voluﬁe fractions for(x)
andf¢r203(x) with the t§ta1 volume fraction f(x) and the relative volume fraction
of Cr to Cr.+ Crp03, Q(x). These new gquantities are.defined in terms of the

original volume fractions by,

Cf(x) = fopix) + fCr203(x) ' (v-2)
and,
Qx) = for (x)/Lfer (x) + for o (%)) (V-3)
The inverse relations are,
for(x) = Qx)E(x) (v-4)
ana, |
fc,,20'3(x) = [1 - Q(x)]£(x) ' (v-5)

Frequently, the average value of these various quantities is desired. The

' average of a quantity, fj(x) is defined via the relation,



=1 : V-6
fi —-E/ fi(x)dx ’ ( )

‘where L = film thickness.

Within this model, the average film density, p, 1s given by,

p = pcrfcr t+ ocr,0, fcr.0

V-7
273 77273 ( _)

1f both sides of Eq. (V-7) are multiplied by L, the densities can be interpreted
‘as areal mass densities, pg (gm/cmz). A number of measurements of p, have

:been reported, as discussed in Sec. III-C. These experimenté were all condﬁcted
 on films stripped ffom Fe substrates and the results are, therefore, not neces-r
s;rily typicai_of film deposited onto Ni subsﬁrates.3’26 However, they do furnish
a basis for pgrforming 1ﬁitia1 calculations. We have used a value, p, =7 x_'10"5
:g/cmz, typlcal of tﬁe lower range of thermally stable coatings, as discussed by
Pettit, Sﬁeet'and Sowell.,3

| 7_'The.coating'thickness which should be utilized inrcalculations of this type
’isbto some extent indeterminate. Coatings typically have a surface roughness
,Qariation on the order of a particle size, or about 0.2 pym, and the thickness,

ad measured from SEM micrographs of stripped films, is typically in the range L =~
O.Z-O.S ﬁm. 1f pcr and OCr203 have their measured bulk values, 7.14 and 5.22 -

”g/cm3 regpectively, then Eq. (V-7) yields,
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For various values of L or pg, Eq. (V-8) may be used to calculate the maximum
. possible values of Ebr or Ebr203 by assuming that one or the other of these quan- -
tities is zero. Table V-1 shows the results of this calculation for Pg = 7 x 10-5

g/cni2 and L = 0.4 and 0.5 ym.

Table V-1. Maximum Possible Values of ECr or ECr o for L = 0.4 ym and 0.5 ym,
o ' from Eq. (V-8). ' 273

L(pm) : ?Cr-max for O3-max
: : 2

0.4 ‘ 0.25 0.34

0.5 ' 0.20 - 0.27

The'Auger data discﬁssed in Sec; III-B indigate éhat as—-deposited films are heavily
oxidizéd, with 5 £ 0.6, As the coating oxidizes, the afeal density increases and
possibly the film thicknessvincfeases as well. In light of these uncertainties;
we'ﬁaGé gleéted to aséumé:that £ = ¥Cr.+ Eér203 is a fixed quantity’apd that L
remains ét its initia; value as the coating ages. For a 0.4 pm film, a yaluev
of £ = 6.30 ﬁas been agSumgd'and for a 0.5 pm film, a value £ = 0.25 has been used.
There is nho direct expefimental evidenqe which yields the-functional fofm of
f(x)vdifecﬁly. Films stripped'from Fe substrates appear gray or metallic on the
Jsubét;ate" side, indicating a large value of fc,(L). The rough nature of a
blaék ér film suggests that f(d)'g 0. We have used the power law form, Eq. (IV-43)
for f. ‘The'requirement, fhax = £(L) < 1, can be used with Eq. (IV-43) to set the
limit, ﬁ + 1< l/f, where n = exponent in the power low relation. For £ = 6.30,.
Vnmax =72.3.and for £ = 0.25, Npax = 3.0. For baseliﬂe calculations,'we have ﬁsed o

n = 2 when f = 0.30 and n = 3 for £ = 0.25. Effects of varying n from these

nominal values will be discussed in the next section.
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' The relative volume fractlon of Cr, Q(x), as given by Eq. (V-3) can be deter-
mined experimentally from Auger sputter profile data. This experimental deter-
mination has been discussed by Holloway, Shanker, Pettit and Sowell.28 Some -

results derived from this work are shown in Fig. v-4., A number of assumptions

1.0

Sos

v-4 Relative volume fraction of Cr to (Cr + Cr,.0,), Q(x) as obtained from Auger

sputter profile data for an as-deposited film and for the same film aged for
3682 h at 400 C.

have to be made to derive the Q(x) relation from Auger Cr and 0 signal level vs
. sputter time data,69y70 so these derived relations must be considered, at best,
semiquan;itative in neture; As-deposited films are typically characterized By

a nonlinear Q(x) characteristic which can be described reasonably well by a

 function of the form,

-x/xq .
a(x) = nmax<% - e > , (V-9)

where Qp.x and X, are parameters. Q is related to Qmax and x4 by,

— - ~L/%e -
2 = Qpax|l - (Xo/L)(1 - e : (V-10)
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7 Ihe parameters, Qmax and x, are chosen in an iterative fashion or by nonlinear

least squares techniques to yield a good fit between Eq. (V-9) and a méasured.n(x)

characteristic, such as the one shown in Fig. V-4 for an as-deposited film.;i
Aftef thermal aging, the Q(x) characteristic becomes linear and can bei

" described by a function of the form,
a(x) = 2ex/L . (v-11)

As will be seen in the next section, for Q = 0.5, use of either Eq. (V-11) or
Eq. (V-9) in a‘reflectance calculation ylelds essentially the same result, showing
that»Eq..(V;ll) is adequate for calculating R(A) at all timés.

The ﬁultilayer reflectance céléulation procedure described in Sec. IV-F is
used to calcula;e R(A).”tIn this model, we typically have used 95 layers, although
tﬁe results are not significantly altered by usiag only 50 layers. A model of a

“with f ~'x3,'¥ = 0.25 and § = 0.25 is shown in Fig. V-5. 1In the 1th‘f11m'sltce,
£(x) and (x) ére constant with the values f(xj) and Q(xjy) respectively as shown
in Fig. IV-5. The coordinate xi is given by, x4y = (4 - 1/2)(L/N), where N = number

of layers. After the spectral reflectance is calculated, the solar averaged

absorptance, &g, is found by averaging the spectral absorptance A(A) = 1-R{A)

over an airmaés 1.5 solar spectrum d(A),

R

'.}f'@(x)[l - R(M)]ar

a, =2 - - "(v—llz) |

a

' ;)/. B(A)ar . 5

K

The temperature dependent normal emittance en(T) is found by averaging ‘A(\) over

the Planck blackbody distribution function,
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10 Y R

4

V-5 Model film structure used for reflectance calculations with f(x) « x3 and
{0(x) linear. The,  film is broken up into discrete layers as discussed in
Sec. IV-E. The i film slice is assumed to have uniform properties f(x.')
and Q(xi). *

w

/g(fr,x)[l - R(A\)]1AA

eq(T) = 2 . (V-13)

o«

/ g(T,\)dA

o

whérevg(T,K)is defined by,
' -1 : :
g(T,\) = (2= czh/)\s)[exp (__!39_ )-1] ' (V-14)
AkgT
wﬁere ¢ = speed of light, h = Planck's constant, and kg = Boltzman's constant.

These calculations were done in practice by performing 20 point weighted averages’

of {1 ~ R(A)] as described by Lind, Pettit and Masterson.71
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The relationshipAbetween'the hemispherical emittance €gx(T) and the normal

emittance depends on the nature of ﬁhe emitting surface. Sievers gives the
relatiqﬁ, eH(T) = (4/3)eN(T) for good conductors (eN > 0).6 Through use of
the simp1e "Drude" theory of metals, the ratio €y/€y can be calculated as a
funétioh of SN.72 For ey * 0.1, ﬁhis ratio has the value, eﬂ/eN s 1,2, For the
purpqsé of making approximate calculations for black Cr-metal substrate systems,

we have used a factor of 1.2 to convert ey to €y

e

€. Calculated Results’

ﬁ'; l. Verification df‘cbmgater Code: Thé'compﬁter code-writtgn fér calculé—
tiﬁéxfﬁé—normal;reflectande of a multilayer.stack was checkedrby_solving a number .
of;;ééﬁ;brdblemé for which'analytical solutions exist. As a further check, some '
éfvgh$ fesults reportéd by Granqvist and Hunderi38 were dupiicatea. Iﬁ Fig. 3 of f ,
'Ref§238,-results are presented for the reflectance of a uniform 1 pm thick—Maxweilé 
éaréeﬁﬁiiayer of spherical chfome particles in an gir matrix'on both Cu'and Ni
subégﬁéﬁeé.yrihe dielectric func;ion used was Eq. (IV—16$ with;L =1/3 andlthe Ct,:
Ni‘éﬁé;eu optiéal data were takéh from the same sourqes.»‘Our‘reSulﬁs agreed quite
weli?ﬁ@th those in Ref. 38Afor both fypes of sdbstrétes and_ovér the waﬁelength
int§§§&i; 0.3 pm < A <5 pme .The ma#imum deviations between the two calculations
oCcﬁrféd?at the loﬁger wavelengths aﬁd were <10%. fhe RMS deviation wasi~é%.
Theséfﬁéyiaﬁibns are’prqbably~a resuit of variationé in derived values of the
,reai?gﬁﬁlimag;hary parts of the index of refraction, n(\) and k{(\), for the
1,vat£§ﬁé_materiéls, as found from the primary reference sources. For Cu, n(\)
aﬁd{#(k) were obtained from the AIP Handbook.’3 A calculation of R(A) for bare
) Curfégfééuced the Grangvist and Hunderi result to within ~5% at wavelengthé in theA
0.3;5?Qm;range. The calculated'réflectance of bare Ni also agreed well with the.
calcﬁisﬁed.resultsbin Réf.-38 and agreed very closely with our measuremenﬁs of.the :

réfléétgnce of bright Ni in the wavelength range 0.35-2.,5 um.
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2. Reflectance of Black Cr Films on Ni-MG Model: 1In this section, cal-

culated R(A) fesults are presented for two model bhlack Cr films on Ni substrates.
The‘Maxwell-Garnett dielectric function for spherical inclusions, Eq. (IV-li)
witﬁ L =1/3, has been used together with the coated sphere dielectric cénstant
from Eq. (IV-32). The particle cores are assumed to be metallic Cr and ghe

éoatings Cr,03. Table V-2 shows the parameters used in the two calculatiohs.

Table V-2. Parameters for'Model Reflectance Calculations

Parameter ‘ Model-A ModeljB
Film'thickness—L(um)v 0.40. 0.56
Avg fill faéto:-f. 0.30 n 0.25
f(x) power law-n ' 2 ' 3
f(L): 0.90 1.00

@ function | . 4 linear , linear

"Fig. V—6_shows resultsvfor Model-A and Fig. V-7 for Model B. Q(x) has been
chbéen as a linear function and the average value Q is shown as a parameter. As
Q 1ncreasés, the "edge” or position of steep rise in the reflectance curve moves
towérd shorter wavelengths and, at small values of ﬁ; the short wavelength
refiectance increases appreciably. It is only when the reflectance for A < 1 um
‘assuméé an appréciable magnitude that the solar averaged absorptance, as,'deviateg
appreciably.from its value at large values of Q. Fig. V-8 shows'the predic;ed -
vafiation of ag with tﬁe quantity (1 - Q) for the two models (curves A and B),
together with some experimental data for thermally stable (curve S) and unstable
(curve U) black Cr.28 The quantity (1 - Q) represents the relative volume
fractibn of ¢r203 in the coating, i.e., the fraction of material per unit volume

in the coating which is Cr903. Experimentally, this quantity was derived from

Auger sputter profile data.28
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V-6 'Sbéctrnl rofloctance of a black Cr coating with parameters of model-A, Table
V-2, for & = 0.5, 0.4, 0.3 and 0.2,

A
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V-7 Calculated spectral reflectance of a black Cr coating with parameters of
Model-B, Table V-2, for Q 0.4, 0.3, 0.2 and 0.1. :
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Both the experimental and the theoretical curves in Fig. V-8 show the same
general kiﬁd of behavior: «g remains relatively constant until the relative
volume fraction of.Créoé 1s 2 704, Then ag starts to decrease rapidly with
additional oxide formétion. vThe theoretical dependence of ag on (1 - Q) repre-

sents one of the most significant predictions derived from the MG theory.

1.00

0.95

- 0.90

(7]
-]
0.85
0.80
0785502 04 06 08 10
1-Q
'V—B Soiar absorptance vs relative volume fraction of Cr,O,, 1 - 5; Cufves s -

‘(solid circles) and U (solid triangles) represent experimental data for
stable and unstable films respectively. Curves A and B are results calcu-
lated from Models A and B. Curve MG/B is a result calculated from the MG
model with a Bruggeman Cr,0,/void matrix. Curve MG(Cr, Cr_0O,) is a result
calculated assuming an MG mixture of Cr and Cr203 in an air matrix.
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'f fot-values oflﬁlz 0.5, the_R(x) curve is not too sensitive to the exact form
of.g(x). A comparison ofcR(x) behavior for a linearln(x) function and a satu-
ratingvexponential Q(x) function, Eq. (V-9), is shown in Fig. V-9 for the Model B
case. In the exponential case, Qmax = 0.76, Q= 0.57, and xo/L_= 0.26 while.for
V tue.1inear case, 5’: 0.5. The bump in the R()A) curve at A = 4 um for the 1ineat

'Q(x)'case is a consequence of fCr(i) > 1 as x + L in the Model B case, with Q =
OLS.'fThis is-probably not physically meaningful because a 100% Cr volume fraction

7 could probably not be. achieved in practice. If the f(x) ~ x3 diatributionvis trun-

-; cated at_fmax 0.8, the bump is removed but R(A) for A < 3 um is unchanged.

__The solat'averaged absotptances, ag. = 0.981 for'the exponential Q function-and‘_
asf-_6;986'for the linear Q function, are eseentially ldentical. |

: The effectlon»R(x)rof usiug'a,variable'number ofllayers in the multilayer
.Tireflectahce calculation 1e shown in the_Model B calculation Af Fig. V-lOAfor the.
'selcase'in'which Q =0.4. In this.figure, results are shown foti25, 50 andva layers.
= TﬁelSd:aud 75clayet cases‘produce‘essentiallyfidentical results(while tﬁe 25 layer
:caee 1udicates a'small~de§lation. In all of the calculated results reported here,

95 1ayers have been used, ‘adding more layers does not 1mprove the accuracy of the

calculation. -

A3.:_Effect of Variation of Model Parameters: Within the framework of

the.MaauellfGarnett dielectric function¥continuously gtaded.pOWer_1aw,Cf'conceu;
tfatiou mbde1; there are three fuudamental ?arameters whichadetermiue.the uature
of~the:spectfal peflectauce;_.These'parametera are: tﬁe'coating thicknese, L; the
‘oowet'law,eiponent,'nAfrom_Eq; (l§442)§rand the avetage material volume'tractiou,
E'from Eq. (V-6); A fegion in»{n.-.L - ?}iﬁarameter soace can be found auch.that
‘the calculated R(A) characteristics are in good-agreement with experiment but

~ the parameters-cauuot be uniquely detetmineo. Various experimentalzresults do,

howeyer, impose some limits on the magnitudes of these parameters, as discussed
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V-9 Dependence of the calculated spectral reflectance on the assumed initial

- form of Q(x).
using Eq. (v-9) for Q(x) = 0.76 with Qm

Curve labeled exponential (solid line) was calculated
and x /L = 0.26. Curve labeled

ax o]
linear (dashed line) was calculated using Eg. (V-11) with @ = 0.5.
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v-10 Effect on calculated R(A) of a variable number of layers for a Model-A

film.

Results are shown for calculations with 25,

50 and 75 terms.
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in the'preCeeding gsection. We shall now examine the effect of {individual varia-
£19ﬁ§ bf these paramete:s'on R()A) and then coﬁsider the effects of joint varia-
tions. As an aid in'making this examination, we define (following Granqvist and -
Hﬁndéfi38) the cutoff wavelength, A, as the waveléngth at which the refleéfance
1s!equal to 50%, if.e., R(Ap) = 0.5. In all of the following calculations, the :

Q fuhctipn Qas défined as, Q(x) = 1, although,the'reéults are not changed much fm
ifJEqi (v—il) with-§-= 0.5 is uSed;for'Q(x). Fig. V—ll'shﬁws_the efféct of

) varyiﬁg_coafing thickngés'with n,and g;held cdnétan;. In ﬁhié calculatioﬁ, n =.2,
,?'% éréharL‘? 0.3, 0.4,'aﬁd 0.5 pm. ‘As L increasésiit can be seenzthat Ae
inéfeésés.f This effect was ptévioﬁsly demonstrated by Gfaﬁqvist and Hunderi forv

unifo:m'coétings (n = 0) on Cu substrates with f =0.1.39

L A

; CT_ .

1

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

C v-11 Effect_of variable doating.thickness-on film reflectance. As L increases),
‘A; increases. Parameters in the calculation are n = 2, £ =0.3, @ = 1.0.
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«

The effect of varying n with L and f held constant is shown in Fig. V-12;
~In this case, L ;,0.4 ym, f = 0.25, and n = 1, 2 or 3. As n increases, i, again
1ncreases and the reflectance for )\ < Ac decreases appreciably. The effect of
varying £ with fixed L and n is shown in Fig. V-13. 1In this calculation, L = 0.4
.um, n=2and f = 0.2, 0.25 and 0.3. As ?.1ncreases, A. moves to longer wave-
lenéths and the short wavelength reflectancé decreases. Comparing Fig. V-12. and
VFigs v-13, 1t caﬂ be seen that the effect on R(\) of increasing either f or n is
qualitatively similar. Fig. V-14 indicates the effect of increasing f for a
coéting with L = 0.3 ym and a linear grade, n = 1. 1In this case, the short

wavelength reflectance stays large until f becomes quite large.

"

REFLECTANCE
0.0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0

. V=12 ' Effect of variable grading power law on film reflectance. As n increases,
" A_ increases. Parameters used in the calculation are L = 0.4 um, f = Q,25,

o= 1.0.
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V-ljﬁ_ﬂffect of variable average fill factor on film reflectance. As f in#reasés,
Y. 4. increases. Parameters used in the calculation are L = 0.4 um, n T 2, and"
. o ‘ .

c
@ =1.0.
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V;l4-\Effe¢t of increasing f for a coating with a linear grade, n = 1 and [L|= 0.3-
Loum. A :
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From the above discussion, it is evident that A, can be increased by iﬁ—
éreasiﬁg either L, n or t. However, an examination of Figs. V-1l through V-1l4
1ndica£es that oﬁly in certain cases does the reflectance remain small for X < X,
thenlinérease abruptly near )., and approach =0.9 for X > A.. These cases

correspond to situations in which fgay = (n + lff is large, fyax 2'0.9.

.A:diagram of n, L, f parameter space is shown in Fig. V-15. The surface with
?-é 1/(n + 1)‘is'that for which f£(L) = 1 while that for f = 0.9/(n + 1) cor;ésponds
to_f(i) = 6.9. TIf £(L) falls within these limits, the reflegtaﬁce for X < Ag'is
geﬁeﬁaily sméll.: 1f the §ave1ength'and parameter,dependence of the reflectance -

is féﬁrésenfed by the nqtatidn R(A|n,L,f), then the equation,
R(\e|n,L,E) = 0.5 -1y

defiﬁés'a sﬁtfaée 1n,n,L,§.parameter space, for a given value 6f Ace The pofﬁion‘
Aof'ﬁhis_sunface contained between the surfaces f = 1/(n + i) and £ = 0.9/(n + lj'in_f
Fig.ﬁVfiS représeﬁts the region in parameter space in which the‘éutoff wavelengtﬁ:f
,Ac,énﬁ 3( X[<‘Ac) is small. Iherdashed line in Fig. V-15 represents, approximately,.
a line ;p'the surface defined by Eq. (V-15) for Ac ® 3 uym. The locations of‘r i
the'madels.deSignated A éﬁd B are shown on this line. The line cﬁn be-deséribed;

in'ap?approxima;e,way, by the parametric equations,

T =0.95/(n+1) o | C (v-16)

n/L = 5

 gA set of R(AIn,L,?) calculationé using parameters determined from Eq. (V—16)':

- 1is éﬁéwn.in Fig. V-16. The four sets of parameters ﬁsed are designated 1-4 and the
coqrdiﬁates of thése points are indicated in Fig. V-15. The wavelength variation
in R“iﬁ;Qirtually identical for cases 1-3, while case 4 shows a small deviation,

with Xc <3 um.
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The functions R(A'n,L,f) can also be characterized in an approximate way
“by the two'usual parameters,.aS and ey(300°C). For cases 1-3 in Fig. V-16, asA=
0.99 and ¢y(300 C) = 0.11-0.14. For case 4, ag = 0.96 and eN(300°C) = 0.11. For
seté of parameters with n and f specified by the first of Eqs. (V-16) but with.

L > n/5, A\ will shift to longer wavelengths, with a consequent increase in

05
e

04

Zajac o))
et al

t=1/(n+1)

02

V-15 Surfaces in n-L-f parameter space which bound a volume in the space for which
' R(A) is small for A< ) _. The upper sheet is defined by f = 1/(n + 1) and
the lower sheet by f =?O.9/(n + 1). The dashed line corresponds to \_ =
3.0 um. The parametric locations of models A and B are indicated. The
. numbers 1-4 represent sets of paraméters for the R()A) calculations shown in
*. Fig. V-16. The approximate (n, L, f) coordinates for calculations by Zajac,
et al. and Richie, et al. 5 are also shown.
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eN(300°C). For L < n/5, A, shifts to shorter wavelengths and both ag and

eN(300 C) decrease.

R

' REFLECTANCE
0.0 0.1. 0.2 0.3 0.4 0.5 066 0.7 0.8 0.9 1.0

° .
N

'V,—16?A Spéctral reflectance of 5lack Ccr films with (n, L, f) coordinates as ivndic'atea 7
© in Fig. v-15. - o
Lé&@rdiﬁates of éets of parameters used in two reflectance calculations

repgffedvip the literature are also shown in Fig. v-15.25,26 The‘calculation.ofi
Zajééj gﬁ;gl,'was performed for three discrete layers of eliiptical pafticlés'with,
?'Fjo;ﬁa,'L:= 6.2 ym, and an approximate linear gradeA(n = 1). Q(x) was aléo
approxi@étely linear'with [5) = 0.7. Although the conditions for this calculétion S
atevnot=phe same as”fbr our calculations, the point in parame;ér séace lies close

_ fdith;t’prédicted by Eqs; (V-16).- The presence of highlyveccentric.papticles
rééulﬁs £n shifting A, to loﬁget wavelengths in their calculatioﬁ. The calculation
of RiChié’.E£.§l° also involves elliptical particles ahd utilizes the McPhedran .

and Mékenzie SC dielectric function. Their approximate parameters are f = 0.4,
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'_i = 0.28 ym, n =~ 1,5. Again, this set of parémeters is approximately that given
bf Eqs. (V-16). Thué there seems to be a tendency for different investigators to
use parameﬁer sets located close to the dashed line in Fig. V-15 when calculating
spectral reflectance curves of unaged black Cr. |

One additional feature which can be added to the basic Maxwell~Garnett graded
layer model is the presence of a front surface oxide layer. Fig. V-17 showé the
result of a calculation using model-A with Q@ = 0.3 and front surface Cr03 layers
ofv20, 30 and 40A. The main effect of the front surface oxide is to increase
the ghor; Qavelengﬁh reflectance. This is similar to the increase in the short

“wavelength reflectance shown in the experimental R(A) curve. in Fig. V-2. Thus it

~ 1s possible to expléin this type of data by postulating the growth of a relatively

thin uniform oxide layer on the film.

REFLECTANCE
0.0 0.1 G2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0

V-17 Effect of including a uniform front surface in the model film structure
with a thickness dox as indicated on the figure. Other parameters are

n=2,L=0.4um, f =0.3, =0.3.
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. hf Effect of Using,Alternate.Dielectric Functions: All of the calcula-
tions reported above were made usiné the basic Maxwell—Garnett-(MG) dielectric
function with spherical particles, Eq. (IV-11) with L = 1/3. 1In this section we
examine the effect of employing alternate model dielectric functions in these
calculations..

-The McPhedran and McKenzie (MM) theory described briefly in Sec. IV-A éivesr
: thelstatic (A = «) dielectric congtant for a simple cubic (SC)array of spheres.
Since it includes multipole effects, as compared to the MG theory which onlyvinc
' cludes‘dipole'etfects, presumably it will be more accurate at high volume fractione;
The M}?“A Version of the MM SC theory dielectric function, Egs. (IV—19) and?(lV-ZQ);
ishhalid for 0 e £ <0. 524 'nhere'the upper 1imit is the uolumeAfractionvat yhich '
the. spheres in a simple cubic lattice start to touch each other. It is not hlear'-j,
how the MM dielectric function should be extended to higher volume fractions. The5
results of a reflectance calculation using both the MM SC and MG theories for a
' 1inear1y graded film with £ = 0.25 and fmax = 0.5 1s shown in Fig. V-18. The MG
theory predicts a higher reflectance at all wavelengths, with the maximum per-
-centage_deviation, ~25%, occurring at A = 1.2 ym. Both curves do,'however,;;b
ihaVerthevsame general shape. For the MG case, ag = 0.80 and for the MH case;g
;TOISS. From this, and other calculations, it can be concluded the MM and MG .
Vrdielectric functions produce observable but not marked differences in R(A).
. The ‘Bruggeman dielectric function Eq. (IV- 31) is symmetrical with resFect
to theﬁdielectric constants of host and inclusion, and it applies at all volumev
fractions. However, the studies of. coating microstructure discussed in Sec.;IIIcB_
tendltopindicate that hlack Cr films are not a Bruggeman type mixture of Cr/?r203
particles and_air. Several calculations werevperformed using the spherical .
particle:Bruggeman dielectric function Eq. (IV-31) with €em = 1 and e, = ecsé ;s
o i
i
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V-18 Comparison of the reflectance of a model black Cr film as calculated with
the Maxwell-Garnett (MG) theory and the McPhedran, McKinzie (MM) simple
cubic array theory. The calculation was performed for a linearly graded.
film (n = 1) with f = 0.25 and fmax = 0.5.

given by Eq. (1v-32). Fig. V-19 shows the result of a calculation with n = 3’_f =
- 0.2, and L = 0.4 um'for three values of Q. The'§.= 1 result (no oxide coating)
showé that the Bruggeman dielectric function can yield results which are in good

agreement with experimental R()\) results for as—deposited films. However, as %

decreaseg, the cutoff wavelength increases, as does agz. Fig. V;20 sho&s the
results of a calculation in which n = 3, f =0.25, and L = 0.5 um, with Q(x)
linear énd Q = 0.3 and 0.4, In this case A, shifts to shorter wavelengths as Q
1ncr§ases, but the large bump in the @ = 0.4 curve at A = 3 um dissappears when -
§i+ 0.3. As a result oag increéses from 0.97 to 0.§8. In general, the Brug-
gehan theory predicts that ag will increase as Q decreases when the coated sphere

dielectric constant is used for e..
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V-20 Spectral reflectance of a Bruggeman modeled black Cr film with n = 3, f =
.0.25 and L. = 0.5 m. 1In this case, )\, decreases as Q decreases but the

disappearance of the peak in R(A) at A = 3 um as Q decreases from 0.4 to

0.3 actually leads to an increase in .

|
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Another model which was examined was that of a Maxwell-Garnett mixture of Cr
particles in a Bruggeman matrix of air and Crp03 particles, Fig..V—S(c). Eq.
(IV-11) with L = 1/3 was used to find the dielectric constant for the film, with
the polarizability function a, as given by Eq. (IV-10) determined using €c =
€cr» While ey was calculated from eg in Eq. (IV-31), with ey =1 and g, =
ECr203 iﬁ_that quatidnf In calculating eg, f in Eq. (IV-31) was set at fCr203
~and in calculating eyg in Eq. (IV-11), f was set at fgp. Some typical results of
dsing this dielectric function model are shown in Fig. V-21. For this calculation
the parameters used were L = 0.5 uym, f = 0.25, and n = 3; thus this calculatidn
can be compared with the Model B results shown in Fig. V-7. This comparison shows
that the hybrid MG—Bruggeman.model (Fig. V-21) predicts much larger changes in
R(X) with decreasing ﬁ;than does the basic MG model (Fig. V-7). This effect
causes ag to decrease more rapidly with an increasing volume fraction of Cr903 for
‘ this hybrid model. 'Fig. V-8 compares the variation of ag with the relative
volume fraction of Cr203 [ = (1 - 9)] for the various models as well as some.
expé;ihentai data._-for the regular MG model (Model B), ag remains constant until
(1 -'5)12 0.5, while for the‘hybrid curve (MG/B) model,. ag starts decreasingA
at émall values ofl(l - Q).

Another possible black Cr microstructure is a Maxwell-Garnett assembly of
1Cr particles and Crj0j particles in an air matrix, Fig. V-3(b). A calqulation

of R{A) was performed using Eq. (IV-9) for the dielectric function with £ =
fé;IAnd £fq = fCr203' .The particles were assumed to be spherical with Lj =L, =
:1/3._ A result of this calculation is shown in Fig. V~22, Model A conditions
AwefeAassumed and @ varied over the fange 0.2-0.5. Again, A, shifts to shorter

wavelengths with decreasing-§ but the shift is larger than that found with the

coated sphere MG model. The variation of ag with (1 - Q) is shown in Fig. V-8,
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V—2l””Spectral reflectance-df_an MG array of Cr particles in a Bruggeman air/
E Cr?O} matrix. Parameters used in the calculation are n = 3, L = 0.5 um,
with @ for this model is shown in Fig. V-8.
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£ = 0.25. The variation of o _
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V¥221-Spéctral refiéétance of model MG black Cr film with Cr and Cr,0, particles
dispersed in an air matrix. Parameters were those of Model-A, Table V-2.
-‘The variation of a, with @ for this model is shown in Fig. V-8.

78



curve MG(Cr, Cry04). This dependen;e of ag on (1 - Q) is similar to that found
for the hybrid model.

From the calculations in this section, it can be seen that all of the
Maxwell-Garnett based models predict the same qualitative features: a shift of
A¢ to shorter wavelehgths as (1 -'ﬁ) increases, with cohsequent decreases in
both a4 and e(T); The experimentally observed variation in ag with (1 ~.§)‘
is predicted most accurately by the coated sphere MG model, but even with this
model, the calculated ag decreases somewhat more rapidly at large values of

(1 —'5) than does the observed ag.

D. Results of Experiments and Calculations with Stripped Films

The reflectance'measufements described above were all made on black Cr
films plated'onto thiék Ni substrates. Although these measurements yield valuable
informatidn about ﬁhe-naturé of the film structure, they do not uniquel? specify
this struciure. in an attempt to better define the structure and optical propef-
ties.of biack Cr, éeveral experiments were performed on films‘removed from their
‘sﬁbstrates. For these e#periments, black Cr films were plated onto thin (~.025
cm) iron substrates and then the iron was sléwly removed by etching the plated
structure in a dilute nitric acid/methanol mixture.23 If the substrates and
filmS~weré unsupported in the etchant bath, the black Cr films broke up. When
fhe substrate wasAplaced on a glass slide during etching, the black Cr films

adhered to the glass after the substrate had been completely removed.

Examination of the stripped films on glass showed that the back or substrate
side (x = L) was gréy in color, indicating the presence of a high metal volume
fraction at that surface. The front side remained black in appearance after the

stripping operation. Although the side next to the glass was gray, it is defi-

nitéiy possible that this side of the black Cr film could have been altered by

the etching process.
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ﬁxperimental results of spectrallhemispherical reflectance measurements for
two;ﬁifferent stripped films'are-shown in Figs. V-23 aﬁd V-24. The film geometry
is shown on the inset in Fig. V-23. 1In both cases, the black side reflectance
is smail at short wavelengths and then increases to a maximum et a wavelength in
the raege 1-3 ym. The "gray"” side reflectance is appreciable at sﬁort wave—
ledgﬁhé and has a broad maximum. For the gray side reflectance in Fig. V-23, the
rapidvdecrease‘near A = 0.3 ym is probably a result of absorption in the glass
substrete.A‘The gray side reflectance is also affected to some extent by the
| 'reflecpione prodeeed by the glaes substrate. Typically, these subetrates proddce

a reflectance of about 4% for each surface at wavelengths A2 0.4 ym.
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v-23 Experlmental spectral reflectance for a stripped black Cr film as measured
with light incident on the front or black (B) side and on’ the back or gray
(G) side. The rapid drop in the gray side R()A) at A< 0.3 um is probably
a result of absorptance in the glass substrate at short wavelengths.
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. V=24 Experimental reflectance of another film stripped from a steel substrate.
Curve G is the reflectance for light incident on the back or gray side and
curve B is for light incident on the front or black side.

" The stripping operation probably produced some damage to or alteration of the
blaék‘Cr filmg. SEM examination of the black side of one film indicated that the
Burfaée'morpﬁology was similar to that of a regular black Cr film plated on a
smdoth Ni substratg. A calculation of stripped or bare film reflectances using
modei-A parameters and Q = 0.4 is shown in Fig. V-25. Both the gray and blaék
.side reflectances are.significantly higher in magnitude than the experimental
reflectance showﬁ in Figs. V-23 and V-24. 1If the assumption is made that the}
stripping opefétion removes s§me of the black Cr film at the substrate side, then
agféement between theory and experiment might be significantly improved. Fig.
Vf26“shows'the result of é calculation in which L was reduced from 0.4 um to

0.3 um and f reduced from 0.3 to 0.2. The reflectance magnitudes are now in

reasonably good agreement with the ekperimenﬁal results and both exhibit maxima

near X = 1 uym. The oséillation in the gray side reflectance at A < 1 um is
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V=25 Ca]cdlated spectral reflectance for a stripped film with n = 3, L = 0.4,
" and T = 0.3.
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. V-26 Calculated spectral reflectance for the stripped film in Fig. V-25 with L
“ decreased from 0.4 to 0.3,umrand f redpced from 0.3 to 0.2.



a result of "interference” effects produced by the planar uniform film. Changing
the fiim tﬁickness from 0.3_um to 0.4 ym while leaving all other parameters

at their original values changes the shape and position of these oscillations
‘butAdoes not produce anyrother significant effect. Results of this alternate
calculation ére shown in Fig. V-27. From this result, we conclude that these

oscillations are artifacts produced by the uniform thickness film used in the

model.

8 0.9 1.0

REFLECTANCE

n

00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.

(=]
»
-h
(-]
o
o

V-27 Calculated spectral reflectance for the same strippéd film as in Fig. V=26
" but with L increased to 0.4 um. '

It is<interesting to compare the resﬁlts in Fig. V-26, calculated using the

~M;xwe11—Garnett diélectric fupction, with results from a similar calculation in
vﬁich the Bruggeman dielectric function is employed. Fig. V-28 shows the results .

of th; Bruggeman calculation. The peaks in both the gray and black side reflec-

tances are displaced to a longer wavelength and both reflectances have larger
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V-?B %pectra] reflectance of a model Bruggeman black Cr strlpped fllm using
' - the same parameters as in Fig. V-26.

'peah:magnitudeslr This behavior 1is a direct consequence,of the more fmetallic"
nstutecof the 3ruggeman_dielectric functlon at high~volume>ftact1ons relative to
the-ﬁG tunction. As a result, a Bruggeman film tends to-act as an intrinsic
selective ahsorber,‘i.e;,'an absorber ‘whose selective properties do not depend on
the presence of a metallic. substrate. This effect can be more graphically illus— ;
trated by comparing MG and. Bruggeman calculations for a situation in which the'
Vmaxtmum volume fraction,~f(L), 1s 1arge. Fig. V-29 shows the result of_an MG
calculation for a Model A film with f(L) = 0 9 and f= 0 3. This result csn Ber
.compated to the MG result shown in Fig. V-27 in which the only change is a reduc—lf
. tion of t from.O .3 to 0.2. As 3 1ncreases, the magnitudes of both the gray and
black side reflectances increase and the peaks in both curves move to the longer :
wavelengths. The Bruggemanrresults for a Model-A film are shown in Fig. V-30

and are quite markedly-dffferent'from the MG results of Fig. V-29. 1In parti&ulér;
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. V=30 Spectral reflectance for a model-A Bruggeman stripped film. The calculated
‘black side reflectance shows the intrinsic selective absorbing nature of a
Bruggeman film with a high metal volume fraction at the gray surface.



thé black side reflectance'(dashed 1ine) for A L4 um is essentialiy unchanged

from the case in which a substtate is present. This intrinsic selective nature

of Bruggeman absorbers has préviously been discussed by Berthier and Lafait’4

and is a consequence of the "percolation” effect discussed in Sec. IV-D.
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VI.> Discussion and Conclusions

From the experimental results and the various calculations described in the
préceeding sectiqn; we have concluded that the MG model provides a reasonable
basis for explaihing the optical behavior of black Cr coatings and that thermal
aging of black Cr is primarily caused by oxidation of Cr crystallites in the
cbafing. ‘This aging is accowmpanied by a shift of A, to shorter wavelengths
with a consequent decrease in both ag and eg. A major prediction of the
thebry, as shown in fig. V-8, is that ag will decrease slowly with increasing
Cr203 content until substantial oxidation has occurred (small Q). Then, further
decreases in Q lead to large decreases in ag. The microstructure investigations
" described by Pettit, Sweet and Sowell show that the clustering of the large par;
ticles which make'up the coating.(see Fig. V-3) can be correlated with the coating
thermal stability.3 In more stable coatings, the p#rticles tend to cluster to-
gethef and ﬁhis clustering is presumed to inhibit oxidation of Cr crystallites in
the particles. |

There havé beén two major previous efforts to compare experimental black Cr
»'spéétral reflectance data with the predictions of various theories.’4,75 Berthief
and Lafait’4 utilized a model black Cr film with three layers. The top layer was
0,1‘um in thickness and consisted of Cry03 cones or cylinders with air in the
ygid space. The next layer was 0.3 pm of Cr in a Crp03 matrix, with the depen-
‘dence of the volume fraction of Cr on deptﬁ in the layer determined ffom ESCA_
data'in a mannetvahalogous to that which we used to determine our Q(x) function.
The functiongl form given by Berthier and Laféit_(Fig. 4 of Ref. 74) is very
similar to the expérimenta1>9 vs x/L curve shown in Fig. V-4 for an as—deposited
s?eéimen.r'Our'value of Qpax = 0.8 is also in reasonably good agreement with
their indicated value of Qpgy = 0.6 * 0.1. The next iayer was a 0.04 pm thick

layer of Ni/Cr cermet to simulate surface roughness and the film was assumed to
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be on a semiinfinite Ni substrate. No information was presented onvthe'sensltivity
ot'the-resulting calculatiouns to.the model parameters discussed above. |
Berthier andbLafsit concluded that their spectral reflectance data for unaged
ssmples was best fit by the Bruggeman theory. However, in their derivation of the
Cr volume frection from ESCA data, they assumed that the 0.3 um Cr/Cr03 portioh
-~of the film wss 100% dense, with no accompanying VOid'volume. This in turn .results
1in a maximum volume fraction, for-pax = 0.6 in their theory. Thus, their model
“did not satisfy our requirement, Eq. (V-16),Awhich leads to fpax 2 0.9. ~As§we‘
have demohstrated, the Bruégeman theory can also yield good“results with odr model
forvas—deposited films (see Fig. V—19'with Q@ = 1.0). Thus,. the type of comparison
"presented by Berthier and Lafait does not provide a definitive test of the theory.
Another comparison of the predictions of various effective medium theories
" has been made-byrZajac.75 The experimental data used was the specular reflectance
of a black Cr film both unaged and aged at 350°C for 12 h and 450° C for 12 h.
-In the Zajac structural model there are three layers of particles, with the top
1ayer being 0.04 ym thick and the two bottom layers 0.08 um thick., The 1ayers
were each composed of oxide coated Cr particles and, in fitting theory to experi—
ment, several parameters were adjusted. These included the layer fill factor fy,
the.layer Q value Qi, and the index of refraction of the oxide coatings. ‘In
addition, a lognormal.distribution of prolate spheroids was essumed, with an

average eccentricity parameter, r = 2 and standard deviation parameter o, = 3.

The parameters used in the lognormal distribution are Xx=1r -1 and dr;49 with the
probability density function being defined by
g(x) = [1/(2nx£nor)]exp[-2n2(x/§)/22n20r] R S (VI-D)

with x = r - 1. Using Eq. (VI-1) with x =1 and op = 3 it is easy to show that

10% of the particles have r > 5. These particles are much more strongly absorbing
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than the spherical particles, as indicated by the rapid increase of the 1maginary
part of the 1index of refraction with increasing eccentricity as shown in Fig. Iv-12
for A =1 um. The net effect of postulating the existence of highly eccentric.
particles in a film is to make that film more strongly absorbing at short wave-
lengths and at lower metallic vélume fractions. With reasonablé.values for-ﬁhe
parameters discussed above, Zajac, et al. find good agreement between calculatéd
and expérimental reflectance spectra.26s75

| Zajac h#s'also reported some results on the reflectance R and transmittance
~T‘of a stripped £f11m.75 1In this case, the data reported are the n and k values
associated with the complex index of refraction, as derived from a model of a
uqiform film with n()) and k()) characterizing the whole film at wavelength A.
iTl;e film thickness was assumed to be 0.2 ym and the experimental measurements
" were made on a film mounted on an AgCl substrate. R(1) and T()\) data were not"
presented.directly, but using the formalism discussed in Sec IV-E, R(A) and T(x)
'couidlﬁe calculated from the single layer version of that theory. The calculated
réflectahcéifor Zajac;s film is qualitatively similar to that shown for the black
_siderf one of our films, Fig. V-23. It is small at short wavelengths and has a
peak value, Rpyax ® 0.2 near X = 2 ym. In calculations using model dielectric
fconétants, Zajac found the best agreement between theory and experiment for n(})
and k(1) when either the Bruggeman or the MG theory with a log-normal particlé
éccentricity distribution were employed. When a single MG layer with a low f value
bwas.used, agreement was poor. From this comparison between theory and experimeﬁt,
Zajac concludedvthat the Bruggeman theory was probably the best‘effective ﬁedium
theory for describing black Cr since it was valid at all volumé fractions and it
rled to qhalitétivelyzcorfect predictions for n(A) and k(1) for a stripped film.

Aé discussed ih Sec. V~D, the results of our stripped film refléctance measure-

ments indicate that the reflectance in the wavelength region 0.2 ym < X £ 1.0 ym is
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substantially different for the two sides of the film. Thus it would appear that
the filmAcannot be treated as a uniform composite medium characterized by a singie
‘comnlex index of>refraction or dielectric constant. The MG graded iayer model
'ionds to calculated reflectances for the two sides which are in reasonably good
agtoenent nith experinent although the calculated gray side reflectance is some- -
what,higher‘than the measured reflectance. The Bruggeman theory, for the same
grnding profiles, doeé not orédict the correct reflectance spectra. On the basis
of these results, we have concluded that the MG theory provides a better ovérall
deociiption of reflectance phenomena for black Cr than does the Bruggeman theory.
| it‘appears thnt opticél measurements alone cannot be used to uniqueiy specify
the microstructure of a composite MG type of coating. This occurs because severél
"diffotcnt effects can lead to the same type of optical behavior. In particular,‘
tne absorption in an MG layer can be increased either by increasing the metallic
volume fraction or by increasing the particle eccentricity (see Fig. Iv-13). Tnc‘
basic MG theory seems to- remain valid at high metal volume fractions, at least
in the case of'cubic inclusions. 1In the case of spherical inclusions, the MG
theotyntemains‘valid untii the snheres are almost touchingt The exact trajector&
folioﬁcd By'sMG in the complen plane as f increases oepcnds on the average par?
ticlezsnape and on the details of therparticle shaoe distribution function.
- fﬁitnin the framework of our spherical inclusion, graded fill factor MG model,
we'have:seen that the spectral reflectance depends on three baoic parameters;
ithé coating thickness L, the average fill factor f, and the exponent describing
tne'grading profile n. Both T and L can be estimated from experimental measure-
ments nnd thesevoaramcters.in turn determine n through Eqs..(V-16). There is no
direct indepennentzevidence for the cortect value of n to use. In our model,
witnin:the unceftainty 15'? annvL, the value of n falls in the range 2 <ng3.

If n could be determined independently, the problem could be further paraméterizéd
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by introducing a distribution of particle shapes. The parameters of the distri-
bution could then be chosen to provide agreement with experiment. Thus, our

and other existing models must be viewed as somewhat phenoménological in nature
in that they con;ain a surplus of parameters which can be arbitrarily adjusﬁed
to matcHAtheory to experiment. More details of the coating microstructure are
néeded to further define the existing models. As discussed in Sec. V-A, the
exact details of the microstructure of the ~ 0.2 um particles which make up a
typical black Cr film are unknown. Additional TEM and Auger studies are planned
1in an attempt to further define the structure and morphology of the materials

in these particles.

In summary, we have presented the results of reflectance calculations for a
ﬁodéi black Cr system which are in good agreement with experimental data. The
reéultsvof these calculations indicate that the changes in R()\) wﬁich occur
during thermal aging are a result of oxidation of Cr crystallites in the coating.
As the crystai}iteé okidize, the reflectance edge shifts toward short wavelengths,
| with a consequent'decfease in both ag and eg. When the relative volume |
;fraction of Cr to (Cr +'Cr203) drops to 0.30, the solar absorptance stafts tq
bdrOp rapidly with further oxidation.

| If thisrpicture of a black Cr coating is correct, then improvements in the
>coaping thermal stability can only be made by reducing the oxidation rate of the
Cr crystallites in the coating. The oxidation at a given temperature is con-
”ﬁroiled by the film structure, which determines how easily oxygen molecules can
- get to the surface of a Cr crystallite in one of the particles which make up
;hé coating.’ Structures in which these particles tend to cluster together appear
more resistant to oxidation than do more open structures. - Careful control of
ﬁlétiﬁg proéess variables is required in ordér to reliably produce black Cr films

_with these oxidation resistant structures.






Appendix A

Dielectric Constant of an MG Medium with Randomly Oriented Ellipsoidal Inclusions

The general equation for €yg, Eq. (IV-8), contains terms of the form,
XifiEin(i)' where f; = volume fraction of the ith species of inclusion and
Ejn(i) 1is the internal field in this species in the direction of the applied
field, Eo' In this Appendix, we derive the result, Eq. (IV-18) for the MG
dielectric constént of a random spatial distribution of ellipsoidal inqlusions.

We shall assume that fhe inclusions in the medium are all prolate or oblate
:spheriods which can be specified by their eccentricity r and by § set of Euler
;ngles 5 = (¢;¢ 8), as shown in Fig. A-l1. ¢ is the usual Azimuthal angle, and
thhe usuél polar angle, while the angle ¢ represents a rotation of an ellipsoidal
‘inclusion about its own internal long (z') axis. We also assume that the dis—.

>

tribution function, f(r, ) defining the random distribution of inclusions is

~separable into an eccentricity component and an angular component,
> >
f(r, Q) = p(r)g(Q) (A-1)

AInAEq. (a-1), p(r) is the volume fraction of ellipsoids with eccentricities in
the range r to r + dr and g(Q)dQ is the probability that a given ellipsoid will
. : ) ' > )
have Euler angles within the differential volume dQ in (¢,¢,0) space. Using.

Eqe (A-1), the sum, ZifiEiﬁ(i)'Can be written,

> > >
ZifiEin(i) = p{r)dr f g(QE;j, (r,2)dQ (A=2)
> .

1 AQ

. v .
"In Eq. (BA-2), the range AQ is specified by, 0 < ¢ < %, 0 € 6 < /2, 0 < ¢ < T
: o > >
‘To find an expression for Ej,(r,Q), we consider a situation in which E, = Eoﬁ,
_) - .
as shown in Fig. A-l. The problem is to find the components of E, in the rotated
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x/£¢ N—y

A-1 Euler angles (¢, ¥, 6) describing the orientation of an ellipsoid. Thé x',
'y', z' axis system is fixed in the ellipsoid while the x, y, z axis system is
fixed in space. In describing a rotation, the ellipsoid is first tipped by

. an angle 6, then rotated in the x-y plane by an angle ¢ and finally rotated
: by an angle ¥ about the z' axis.

or ptintipél axis coordinate éystém-and then use Eq. (IV-6) for the internal fieid'
ﬁrodhcéd by an external field along a principal axis. Goldstein’® shows that the
. ,

coordiﬁétes of a vector r in the primed system are related to those in the

unprimed system by.the matrix eduation,

> > _ o -
(r)' = Ar (A-3)
. . ‘ > >
where the transpose of r, as designated by rT, is given by rl = (x,y,z). The
matrix A is specified by,
coé¢c09¢ - cosfsindsiny ‘cosPsing + cosbBecosdsing sinysing
A= |- sinycos¢ - cosBsingcosy - sinwéin¢ + cosfcosdcosy cosysing
sinfsing _ - sinfcos¢ cosf ' (A-4)
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The inverse of A is given by

cosycos¢ — cosfsin¢siny - sinycos¢d — cosOsingcosy sinfsing
A"l = cosysing + cosBcos¢sing - sianysing + cosOcos¢cosy -~ sinbcos¢

sin@siny sinfcosy cosfd (A-5)

. +
Using Eq. (A-3) with r = X yields,

> 1
’(1’)' =A 0
0

cosycosd — cosOsingsiny

= | - sinycos¢d - cosfsingcosy (A-6) -

sinbsin¢

: > >
The applied field in the primed frame is now given by (E,)' = Eo(r)'. From Eq.

_(IV-6),‘tHe internal field along jth primed axis is given by,

e E' :
Bln(s) T (a-1)

eclj + (1 - Ljen
"wﬁére_the'tndex N sﬁecifies x',y', or z' and Lj is the associated depolarizing
.faétor, as givgn-by Eq. (IV-12) or (IV—14) for prolate or oblate spheroids
reépectively.

| . In order to find the x component of Ein so that the integration in Eq. (A-Z)
:caﬁABe performed, Ein is transformed back to the original coordinate system via

> >
the prescription, E; = A_l(Ein)'. This yields the relation,

95



-1 - ' -1 1
Ejn(x) = (A )11Ein(x'_) + (A 1thin(y') + (A 3Bz (A-8)

(cosycosh - cosesin¢sin¢)2
o

or E,_ = €
in(x) ecle + (1 - Ly)eg

: 2 2 :
(sinycosd + cosfsing¢cosy) + (sinBsing) . (A—g)

€ Ly + (1 - Ly)em Eply T (1 - Lz)em

+

If g(ﬁ) is khown, the 5 integral in Eq. (A-Z) can be performed, using Eq. (A}9)f
for Ein(r Q) and Eqs. (IV 12) or (IV- 14) for the Ly as functions of r.

B A case of special interest is one in which the ellipsoidal inclusions have fhe
interngl rotation angle, Y, uniformly distributed in the range 0 < ¥ < 7 and havg
rtheir.méjér axesrdistributed unifdrmly with respect to solid‘angle ;, when ; ié
specified by 6 and-¢. Then, g(a) » (1/72)sin® andA

» > | + > |
f g(Q)Ej, (r,0)dQ

>

AQ

" L /2 : '
=-]—'-2-f dé fdll)f de SineEln(x)(¢ ¥, 0, r)} .(A_lo)

e it

Using.Eq.'(A—9)'in Eq. (A-10), it is easily shown that the integrai of each
gngularxtetm in Eq.. (A-9) produces a factor of 1/3. The final result is,
' 3
_ E ¢
= = ofm Z _ 1 © (A-11)
»i“(x) 3 eclj + (1 - Ljep
j=1 A
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Eq. (A-11) for Ein(x) is the basis for the factors of f/3, which appear in Eq.

1(IV-18). For uniform distributions it can be easily shown that E&n(y) = Ein(z)
> >

0 and hence R, and E{, are in the same direction. In cases where the ellipsoid

:ma jor axes have a preferred gpatlial orientation, the applied and average inter-

nal field may not be pointed in the same direction.
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Appendix B

Cube Polarization Calculations

The purpose of this aﬁpendix 1s to discuss éalculations of the polatization-
of a dielectric cube subjected to a uniform external field. It is well known
_that the bolarizatton in a solid body will not be uniform if the polarizablg
object in a uniform external field is ndnellipsoidal in shape. Since the polari-
zafion in the body is caused by the total internal electric field, and this field
~1in turn is produced by both the external sources and by the induced polari;ation,
it is reasonable to conclude that this type of problem will have to be solved'
‘self-consistently for thekpolarization “"charges."” This i{s in fact the case,
fdﬁd several diffep;nt formulations of the problem are possible.

Varibus integral equaﬁion formulations for solving problems of this type
have been discussed by Jaswon and Symm77 and in a compact way by Lindholm.78v.

- We shall examine two different surface integral equations which can be used to
_célculate the polarization and theﬁ apply both methods to the specific'case of
a cébe in a uniform field. |

B Fig. B-1 shows an arbitrarily shaped homogeneous body in a uniform extepnal

o - > )
. field E,. The polarization in the body P(x) produces a potential of the form,

e v . B(x")dx' B(x') + ds' | |
¢p(x) = - —-———t ] = - (B-1)
SR |x - x| _ |x - x'| o
 1h:Eq. (B%l),'the first integral is a volume integral over all internal regions of
. o ’ : ' . >
‘the body and the second integral is over the body surface. The displacement D,
" electric field E, and polarization P in the body are related by the equation,

> > > o
D=E+ 4P . (B-2)

99



Swfacé-S'

Polarizable Body

B-~1" Pblariiahle—bodylwith a dielectric constant € subjected to a uniforg gxternal-'
fi ldr The surface of the body is designated by S' and the vector X 1s a
Seits f the body are deisngated by vectors

position. vector. Points on the surface o

5
X',
i

A > > _ : : .
The fields D and E are, by assumption, related to each other through the dielectric
: A h

constant,

.}
D = ¢E (B-3)

. o . > > : > > >
 Using the Maxwell equation, V « D = 0 ylelds, V « D =V « ¢E = ¢V « E+E + Ve.

v 7 7 ‘ o : N ,

Since the body is assumed to be homogeneous, Ve = 0 and hence V « E = 0 inside the -

body. Thus Eq. (B-=2) plus the conditions V « E =V « D =0 yields V « P = 0 inside
the_body. As a"result,'dnly:the second term of Eq..(B-l) coﬁtriﬁutes to ¢p-

L Vﬂ > > ) > > > > > > S

. The total field E(x) inside the body is given by E(x) = E, + Ep(x), where E, = -
BT > > > > 3 o ‘ ! ’
-V¢p.f'31nc¢ v(1/|x - x'|) = ~(x - x")/|x - x'}°, we can write,

I
i

+ > > > T2, A 2, . :
E(x) = E, + /(x - x')P(x') - dS (_B"4)

Z-33
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Eq.'(B-A) 1s the starting point for Fuch's calculation.? Inside the body, the
: > > > >
fields E(x) and P(x) are related through the material susceptibility, y =(e - 1)/é4m,
N O . : A *
by P(x) = xE(x). If we let x be a point infintesimally inside the body, and n(x)
be the oﬁtward directed normél at that point, then the normal component of the
o > > A P> + > .
- polarization at x is P, (x) = n(x) - P(x). Taking the dot product of Eq. (B-4) with
A > AL + > > >
n(x) and using the relation dS' = n(x')dS', and substituting P(x)/x for E(x) in

. >
Eq. (B-4) yields the integral equation for P,(x),

+ > AL n(;) . (; - ;') > ,
Pn(x)/x =E, * n(x) + s Pn(x )ds {(B-5)
|x - x|

: . + >
In Eq. (B=5), the points x and x' are both on the surface of the body and hence
' . IR ' > > )
-there is a singularity at x = x'. This singularity is removable’7 and the
equation can éasilylbe cast in the form,
L

> | > AL
Pn(x)(l/x + 27) = E, * n(x) +

n(x) + (X - x')P_(x')ds’

FEEE

(3-6)

rwhete the prime on the integral indicates that an infintesimal region near ; a ;' is
>ito ﬁe omitted. |

| .. To demonstrate this singularity removal in an elementary way, we consider the
- infegral over a small portion AS' of the surface ;' near x, as shown in Fig;;B-Z(a),
CAs ; > ;', Pn(;') + Pn(;) and can be taken outside the 1ntegrai, resulting in,

ey -_)~ AL > > , > A > S , '
/ Pn(x') n(x) . (.x - X )dS ~ Pn(x) f n(x) . (x -X )dS (B—7)

,|;'-;'|3 ;_;v|3

28" AS'

beévaluate Eq. (B-7), we use the geometry shown in Fig. B~2(b), with p = |;'— x| =

(rz + A22)1/2' The integral becomes
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/+P (x)[ pcoseds ) |

- AS! AS?Y

Tmax

= P (x) Lim f ~de f rdr{ bz }

Az+o r2 + Az2)3/2

Tmax

. > )
= -2nP_(x) Lim Az / rdr
Az+o (r2 +-Azz)3/2

o
' Evaluating the iategral results in,

Y B 2an(x) Lim Az[(rmax + Az®) - 1/Az] » : - (B-8) |
L Az»o l o . .
- = 2Py (x)
Eq.ﬂ(B—S) shoﬁs that'the removal of the singularity is essentially independent of
the radius rpay of the circular region centered about x.
. : 7 v R g
.An alternate formulation yields an equation for the potential $(x) on the ~

surface. Van Bladel presents a clear derivation of this equation through use

of Green's theorem.’* The result is,
PR '

a2 = g (/e + 1) - (1/4m) (=1 / p(x") 2 {.‘...L«T} as'  (B-9)
T S , an' x - x' ,
. . S' .
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3>

X

'B-2 (a) A small portion of the body (b) Geometry used to evaluate the
surface showing the vectors integral in Eq. (B-7) AS' is a
> > . .
x' on the surface and x circular region on the surface
infintesimally displaced in- with radius r. Az = infintesimal
ward from the surfacde n(X) displacement distance of vector
is the outward normal at X. X from the body surface.

" In Eq. (B-9), the derivative 3/dn' is the directional derivation in the direction

. . . : > > :
of ‘the unit vector n' and the gingularity at x = x' has been removed. . Using the

>

> o > > > > A > >
relation, B/Bn'(l/lx - x'|) = V'(l/lx - x'|) e n' = (x -~ x") « n'/lx - x'|3,-<~

Eq; (B-9) can be rewritten in the form,

e+ 1 ¢(;) +e-1 f Q(i'l(i '; %') « n'ds’ (B,_lo)
2 v ‘X - X'|3 , |

¢a(;) =
S'

;COmparison of Eq. (3—6) and Eq. (B-10) shows that both equations are similar in -

. structure.

- The quantity of most interest is the net dipole moment of the polarized bddy,

p =/P(x)d3x : , (B-11)
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Puchg 53 Ny
Fuchs shows that this integral can be converted to the surface integral,

+ > > ' ' | :
p =an(x')x'dS' » , : (B-12)

80 p can be found directly from the solution of Eq (8-6).
>
p can also be f0und from the relation,55

Van Bladel shows that

p=- (e -1) J/'¢(§')ﬁ(§')ds' , | - (3-13)

S'

so ;rcan also be derived directly from the solution of Eq. (B-10).

'fhe integral equarions, (B-6) or (B-iO) are solved by breaking the object
surface ‘up 1nto a number of discrete regions and then converting the equations
into ‘a.number of inhomogeneous linear equations for the quantities Pn(xi) or
-¢(xi), where xi is the positiOn vector of the “"center” of subregion 1. For
bodies:which'have a'degree of symmetry with respectbto the applied- field, it is:
necesssry to find P, or o-over only a portion of the object surface. For a.cube
in a mniform field, only’one quarter of the "top"-surface and one.eighth of the
"frontfrsurface need to be considered (the fundamenral region), as shown in
Fig..de. The normal polarizarion or'potential at all-other points on_rne cubev
surfsce can be found from rhe associared quantities in the fundamental region,_
shomnvcrossrhatched in Fig. B-3. In our calculations, each cube face was broken
'up'inro an>n X n grid ofrsquare-subéreas, where n = odd integer. The special
case, a = 5 is shownAin'Figa B-3. : |

rfor>tne'norma1 polarization formulagion, Eq. (B-65; the integral equarion

1s converted to a matrix equation,

-y | ¢ ST
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wﬁere'x and Y #re N component column vectors and A is an N x N matrix. The quan-
tity N = number of v#lﬁes of P, in the fundamental region and is related to n by
 N = (n+ 1)(3n + 5)/8. There are L = [(n + 1)/2]2 values of P associated with
the top surface and N - L values of Py associated with the front surface. The

~ transposes of X and Y are given by,

£T = (Pn(l)’ c e e Paeny Paquil) t ot Pn(N)) (B-15)
| T = Eo(0, + + +» 05 1, 0 v s 1) .
z
l SV S S
o L 7 A
L L L //
e /»f - ] //, 531’
| : 1/
iw—-—--- ////. y
/ 4 )
v //
/
/

-B;3 Cube used in the polarization or potential calculations with n_é 5. The
shaded area is the fundamental region over which the calculation is per-
formed. '

The matrix A has'diagonal elements, Ajy = v = 2n(e + 1)/(e - 1), aﬁd of f

diagonal.elements Aij derived from the quantities Rij, given by,

105



+ >
ng (xi - xi)Asi

(B-16)

= 1%, - %413
-In Eq.:(B—lo), ﬁi is the outward directed unit normal for subregion i on.the»cube
.gurface_apd ASj 1s the area of subregion j. The Aij are found by summing Eqr
(8;16)oner all poiots equivalent_to'point J by symmetry'outside theAfundémehta1>
regioo,Ataking into account sign reversals produced by tﬁe,symmetry conditioo,
Ph(x,y;z) = —P“(r,-y,z). hThe‘eube_was assumed to ﬁave'unit dimensioo end'heoce
ASJ = AS = 1/n2." ‘ |

B For the- potential formulation, Eq. (B-10), the applied potential was defined'
by ¢a(x) = —Eoy. Eq. (B-10) was then cast in the form, (B-14) with Eq. (B-15)

j

. replaced by,
T (¢1"' o oy Prs bp41s o v o ¢N) ' (BP17)
T . [=2/(e + l)](yl, o e ey YL’.O'S: o v ey 0.5)

In Eq. (B-16) the quantities yi3 1 =1, L are the y coordinates of the: top face :

: points in the fundamental region. ‘The A matrix 1s defined by,
Aij =1; 1 =] ,

and Aiﬁ = Y_l Xj'Qij" where the sum is over points j' on the cube surface

eqoiyélent to j in the fundamental region and Q5 is defined by,

(B-18)

"~ The solution of Eq;-(ﬁ?14) was done through use of the SandiarLaboratories

'Matheoetical Library Subroutine (CAXBI), a routine for solving nonsingular systems
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of complex linear algebraic equations.79 Typically, the solution for an 11 x 11
gubreglon array (n = 11) takes about five seconds on a CDC 6600 computer.
The results of a calculation using a real dielectric -constant ¢ are shown

in Fig. B-4. The particle susceptibility Xp is defined by the relation,

where Py =»averége y component polarization in the particle. The dipole‘moment'
1s related to xp via the relation, p = prEo, where V = particle volume%

For ellipsoidal particles, f} ='Py = constant and x, can be calculated
_explicitly. Using Eq. (IV-6) for the internal electric fileld plus the relation

P = xEi,, it 1s easy to show that the ellipsoidal particle susceptibility is

given by, - B

=1 _e-1 - (B-20)

x -
P 45 eL+1-1L

jwhére L = depolarizing factor in the field direction. Fig. B-4 shows the result

using Eq. (3-20) for a sphefe, with L = 1/3, as compared to the nﬁmerical,calcu?

ia;ion for a cube found usihg the "polarizatioh" formulation, Egs. (3—6) and

‘(B~12). It ‘can be seen that the particle susceptibilities for a cube and a sphere

: arehpeasonably close to each other for small €, with a maximum variation ~167%
as £ » ®. This result is in agreement with the well known engineering pract1C§
of approximating Xp of rectangular parallelpipeds from the corresponding Xp

o of an inscribed ellipsoid.

'E__‘The galculation is slightly sensitive to the number of SUbregionS/face, n2,

‘We have used n = 11 becauée'of computer memory limitations. However, trial

~¢aLculations with values of n up to 19 indicate that Xp for n = 11 is probably
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within ~3% of the limiting case, n = ®, value. Table B-I shows an example

of ghis er.€,= 20. The extrapolation to n = « was performed by fitting Xp ?6 an
expreééioﬁ of the form‘xp(n) = +.Bﬁ'l, where o and B are COnstanﬁsf ;n thél
liﬁ}t/ n * é, Xp * @ The value of a obtained_frowra least squares fit t:o-;‘l

the X, results in Table B-I was 0.2401 and the 95% confidence region for a»wés
4 ' |

+1.8 x;lOf « There is no theoretical reason that xp should depend on n in tﬁisr
fashion, but over the region of.n'investigated, the fit is quite géod, with én

estimated standard error s = 6.2 x 10°9,

: o Sphere }
02| e S

01} a B ' .

' Bfﬁ Particle susceptibility Xp as defined by Eq. (B-18).
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Table B-I. Dependence of xp on number of subregions/side, n

n e
3 0.2146
5 0.2259
7 0.2300
9 0.2321
11 , 0.2336
13 0.2346
;5 0.2354
Extrapqlateé S | 0.2360 -
19 ' 0.2365
® 0.2401 + ,0002

The results of a calculation using the "potentlal" formulation, Egs. (B-10) and .
: (B~13) were very close to those shown in Fig. B-4. The maximum deviatlo? was

~2$;at high dielectr;c cons;ants, € 2 1000. The potential‘formulation i‘ méré :
diﬁficult gohputationally at high dielectric constants because thé'dipol moment,

ésﬂqalculated from Eq. (B-13), involves multiplication of a very large factor,

(e = 1), times a small factor, the potential surface integral. Hence, small

errors in calculating the cube front surface potential can produce large lerrors
". in calculating the dipole moment. Using the potential formulation, Van ﬂladel 

gfoﬁné arlimiting valﬁe, Xp ™ 0.135 as € > ®», We feel that.this result i%inA
:ér§9r. . ' §
'qu a Cr particle af A=1 pm, € = -1.049 + 24.4 j. In this case t@e
A xésPhere) = 0.237 + f

0 0303 while the cube susceptlblllty is X(cube) = 0,277 + 0.043j. Thus the

'sphére particle susceptibility is, from Eq. (B-20),
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twofsusceptibilities'remain close, even for complex €. As stated in Sec. IV-A,A
Fuéhs—has derived an analytical expression, Eq. (IV-21), which can be used to
calculate x;?“be) to sufficient accuracy for the types of calculations dis-

Vchssed in this paper.
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