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OPTICAL PROPERTIES OF SOME SURFACES FOR

SOLAR ENERGY APPLICATION

ALIA H. MUSA Ph.0., 1880

SUMMARY

The present wark is a study of tha optical propertiss
of some surfaces,” in order to determine their applications in
solar ‘energy utilisation. An attempt has bsen made to
investigata and measure the optical propertiss of twc systesms
of surfaces: moderatsly sslsctive surfaces like thermally
grown oxide of titanmium, titamium oxide con aluminium and
thermally grown oxides of stainless stesl; and, selective
surfaces of Five differsnt coloured stainless stesel (INCO
surfaces) and of black nicksl foil,

A calorimetric instrument based con the steady state

method for measuring dirsctly the toctal emittance has been
designed,

Chapter 1 is an introductory survey of sslective surfaces.
It also includes a brief review of varicus preparation
tachniques in use since 1855, . :

Chapter 2 investigatms the theory of selective surfaces,
defining their optical propertiss and their flgures aof merit.
It also outlines the method of computing the cptical properties
(i.e. absorptancs, a, and emittancs, =], which have been
adepted for the oresent work,

Chapter 3 describes the measuring tschniques and the

modes of operation of the equipment used in the experimental
work carried out.

Chapter 4 gives the rasults of thas experimental work to
measure the cptical propertiss, the life testing and chemical
cemposition of the surfaces under study.

Chapter S dsals with thes experimentation leading to the
design of a calorimetric instrument for measuring the total
emittance directly.

Chapter 6 presents concliding remarks about the cutcome
of the present work and some suggestions for Further work.

KEY WORDS

selective surface/absorptance/emittance/reflesctance
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CHAPTER 1

INTROOUCTORY SURVEY OF SELECTIVE SURFACES

Whether the sun eventually becomes a source of
commercially useful energy of some significance depends to a
great extent on whether we will be able to make solar energy
economically competitive with energy from other sources,

The current trend, however, apﬁaars to favour solar snergy
as a putantiéi renewable energy source, To increase the

prnbabilit&-FuFther means improving the energy collection
and retention efficiency of existing solar system designs

and at the same time reducing the cost.

An obvious area where Further improvements can be

realized is in the use of spectral selective surfaces.

A surface in this context means a systaﬁ.ﬁhich consiéts
of at least orme thin layer on a substrate. Spectral. ;
selectivity means possessing particular radiation properties
as defimed in section 2.1 ; namely high solar absorptance
(over the wavelength range 0.3 Jym to 2.5 l\m) and low
emittance of thermal radiation (over a wavelength range

= 2 Um). For all practical purposes, all selective
surfaces are based upon a metal substrate. This provides a

low thermal emittance as well as good heat transfer

characteristics.

A survey of selective surfaceas suggests that four main

types can be distinguished:



1. Intrinéic matsrial surfaces.

2. Absorber-rsflector tandem.

3, Interference stacks of alternating
dislectric and metals, and

4, Topological caatingsl

The-intrinsic materials are substances that have
selectivity naturally, without the need for any other material
to augment the optical behaviour. For example, hafnium
carbide (HFC), whose thermal infrared reflectance is in the

order of 0,90, but whose absorptance is only about 0.70.

Since no single material has been found which exhibits
both high absorptance and a low enough emittance, practical

selective surfaces therefore have to be synthesized.

The absorber reflector tandem can be fabricated either
by overcoating a metal, having infrared reflectance with
semiconductor layers, or by subsequence layers of metal-

dislectric Film called interference filters.

Semiconductor layers - there ars two classes of

selective surfaces in which a thin semiconductor coating may

be distinguishad:

Class 1. A solar-absorbing layer on a metal substrate.

Class 2. A solar-transparent layer on a black substratse.

Almost all of the selective surfaces described to date

are of the first class. The first sslective surfaces were



introduced and daeveloped by Tabor (13855, 1867). Tabor
praducad CubD/Al by dipping the anodised aluminium plats into
a hot acidic solution [SUDG] of Gu[NDBJE-KMn04 for ten
minutes. The plate was then dried and baked for 5 to 10
minutes. The reddish brown colour turned to nearly black
cupric oxide. This surface gave an absorptance, é. = 0.85

and emittance é = 0.1l and was stable up to 200°c.

Hottel and Unger (1858) prepared Cu0/Al by spraying a
dilute Cu(ND5), solution on to hot aluminium plats and then
heating to above 170°C. The process produced black cupric

oxide where a = 0.83 and e = 0.l1.

Edwards et al (1962) used Ebancl C un-coppar which gave

coatings largely of Cu0 wherea = 0.8l and 8 = 0.18.

Close (1962) reported a copper black on copper by
treating copper with a solution of NaOH and NaCl0, (commercial

process); such a surface gave values of a =0.89 and 8= 0.17,

Mattox and Sowell (1874) prepared blackened copper by
using Ebancl C or NaDH/NaCan which was normally burnished
after treatment. The surface mostly consisted of CuO with

some Cu,0. This showed a dendritic structure and gave a as

0.81 and 8 as 0.18.

Blattner et al [(1877) prepared copper on silver on a
glass microscope slide. They thermally oxidised the copper
at 380°C.to Form Cul. This surface gave é = 0.95 with 8 =

0;045, but after heat treatment at 540°C the silver migrated



towards the surface from where it vaporized into the

surroundings.

Gillette (1960) prepared cobalt oxide on polished
copper or polished nickel. This surface was prepared by
plating the copper with pure cobalt and then anodizing the
surface. The absorptance of this surface was found to be,

a = 0.83 and its emittance, é = 0.23.

Kokoropoulos st al (1953) reﬁorted on tﬁa preparation
of cobalt oxide on silver by deposition and oxidation.
The cobalt layer was deposited electrolytically in a cobalt
sulphate bath on polished silver, followed by air oxidation
in an oven at 400°C for a few hours, Values of a = 0.S0

and & = 0.27 weﬁa found.

Leig (1979) prepared cobalt n%id;-nn bﬁiéht Hickai,
t40.j¢m thick]'electrnplatad'cn polished steel 37, The best
film was produced at a bath tempersture of 55°C and a current
density of 400 A/ma. The plating time used was S0 secs, with
a solution pH value of 2.3. This surface gave a = 0,83
and @& = 0.08. If the pH was 2.3 but the current density
changed to 800 A/ma with a B0 sec. plating time, then a was
found to be 0,85 with. 8 = 0.1l.- The.coating consisted of

€050, in addition to some traces of pure cobalt,

McDonald (18S75) reported on a 'black chrome' selective
surface which was a commercially electroplated decorative

Finish on bright nickel plated steel (Harshaw Chemical Co.



or E. I. DV point Co., i.s. Ehromonyx]; The deposition
conditions were as Fnllnwﬁf a current density of 24 A/rn2
and a voltage of 24 V for 3 minutes. The coating consisted
of black chrome and its oxide Dr203; For this type of

surfacse, é was found to be 0;87-and é was 0;09:

Fan (1978) reported on black chrome deposited on copper
by electrnplating; The coating consisted of polycrystalline
Craﬂa and amorphous Cr. This surface was stable up to 200°c

givinga = 0,84 and e = 0.04,

Mattox (1978) investigated the optimum thickness of
black chrome in a range (150 - 180) nm thick which gave 2
= 0,96 with e = 0.08 on nickel-plated steels., This
coating was stabia to.350°C.. At temperatures higher than
450°C all of the Cr was converted to Craﬂa_and_tha.nickal

base oxidized causing failure.

_Driver et al (1977) reported chrome black on nickel
plateﬁ copper substrate., The best film gave a = 0.892 with
e = 0.08. They found that those plated for 20 - 50 secs..
were specular with interference colours § = those plated
for S0 - B0 secs. looked non-specular and grey and those

plated for periods greater than EO sacsl were specular and .

black.

Recently Gogna and Chopra (1873) prepared black chroms
on bright and stched nickel-plated steel and studied the

effect of substrate rcughnass; The coating ﬁrcducad af=.0.9€

-5 -



with g = D0.14 on etched nickel-platad steel. The bath
used was chromium trioxide and sulphuric acid. The electro-
plating was carried out at a current density of 0.40 A/cm2
and a temperature of about 30°C fFor a period of 1 to 4
minutes. They concluded that thes rougher substrate gave

higher absorptance, sven at large angles of incidencs.

Czanderna et ai (1978) produced black chrome by reactive
evaporation of chromium in oxygan-lB; The thickness range
was up to 110 mm thick and the layer consisted of Cr in a
cr203 matrix, They found that the possibility of varying
the mixture of Cr in Craﬂa depended on the deposition
pressure in a steady state flow of oxygen-18. The surface
was smooth but porous. They concluded that the desired
ratio of Craﬂa to Cr could be obtained by varying the

oxygen partial pressure during reactive evaporation.

Pattit and Sowesll [lé?g] studied tﬁe stability of
electroplated 'black chrome' obtained from the Harshow
‘Chamical Co. (Chromonyx bath) as a function of various
parameters. They concluded that when the trivalent chromium
concentrates was reduced from 16 gm/l to 8 gm/l, ths
abscrptance value of the ccating‘did not change even after
aging at 350°C in air for over 1800 hours. For this surface,
é = 0.g98 with.é (300°c) = 0;30; while the absorptance

value of the depositing coating from 16 gm/l decreased by

8% when heated above 300°C in air;



Lampert: and Washburn [(1878) studied the stability of the
chrome black (from a chromonyx bath) coating at different
temperatures and athSpheras; They found that the coating
was stable up to 400°C with a = 0.93 and 8 = 0.08; the
coating consisted of Cr/Cr203; Above 4DU°B, in a vacuum and
in air, the coating showed the growth of Craua at the

expense of Cr and was responsible for the Fa}lLre;

The early work on black nicksl on nickel was done by
Tabor (1961) and Tabor et al (1961) on galvanised: iron.
The deposited film thicknesses wers in the range of 0.025 to
0.10 ¢¢m. In addition, the films were smooth when deposited
on smooth surfaces and this led to the optical interference
phenomena. It was Tabor who first discovered that a change
in the plating current density during film depcsitian led to
better absorbers. For example, a current density of 0.5 mA/
crn2 gave an optical constant equal to 1.85 - 0.83 i, but this
changed to 1.68 - 0.35 i with a current density of 1.5 mA/cmE.
This meant that the chemical composition changed, i.e. one
range of current density gave films that were nicksl rich,
whilst another range gave films that were zinc rich. This
raised the possibility of optimizing the absafptanca and the
emittance of the cuating; The double layer nickel black on
polished nickel gave riss to é. = 0;94 with é_ = 0.1 and
é = 0,885 with é = 0.18 on galvanised iron. However,

problems were esncountered with adhesion failure.



Sile and Mladinik (1969) investigated coatings of
'black' nickel on zinc and found optimum valuess of current
density, time of deposition and electrolyte composition of
best salactivityl Their recommended electrolyte was a
variation-of one used for many years in the eléctraplating
industry, [CF; Ollard and Smith, 1964) and consisted of
nickel ammonia sulphate tNiSU4[NH4]aSiO4;7HED] 80 gm/1l, zinc
sulphate [ZnSD4;7HED] 75 gm/l1 and potassium thiccj%ata
{KCNS) 15 gm/l. This 'black' nickel was actually a mixture
of nickel sulphide and zinc sulphide, the proportions of

each varying with deposition parameters (Tabor et al, 1961}.

Peterson and Ramsey (1975) fabricated nicksl black
(Nis & ZnS) coatings on nickel plated substrates. Thess
double layer ccatiﬁgs deposited at first with a low and then
a high current density, gave improved sslectivity and
remained unchanged if heated at 280°C for one week or
subjected for up to 1400 cycles betwsen temperatures of 20°c

to 70°C at 90% relative humidity once a day.

Pettit and Sowell (1S76) developed the black nickel by
alactrcplatinglfrch both sulphate and chloride baths. They
found that the sulphate bath gave no stable coatings. Those
From chloride were deposited on bright nickel and mild stasl
substrate and were stable. Black nickel coatings on nickel
foil substrate were obtained by varying the eladtroplating
time while keeping the current density of 0.5 mA/cma at a

bath temperaturs of 25°C. Thay obtained a surface black



mickel with a = 0.8 to 0.88 and & = 0,13, As the Film
thickness was increased such that the First-second and a
high order interference reflectance minimum wers located
in the middle of the solar spectrum, é was shown to equal
0.95.

Wright and-Maaon (1978) developed and markat;d selective

nickel foil with a black surface oxide layer coating

D
(unknown process) with a = 0,898 and e = 0.1 -093-.at 100°c.

Recently a black nickel coating prépared on a zinc
surface by chemical conversion was reported by Gogna and
Chopra (1979). The chemical bath consisting.cF nickel and
ions of thiocyanate and ammonium was prepared to deposit
the black nickel énngalvanisad iron. These surfaces gave

a = 0.83 and e = 0.l.

- Other selective surfaces wifh metal oxide have been

. prepared by chemical oxidation. Iron oxide on steel was
prepared by Mattox and Sowell (1974). F5304 coating formed
on carbon steel type 1018 using Ebanol S, (2 = 0.88 with
e = 0.1). They reported on the chemical blackening of 304
stainless steel using Ebanol SS. (This was called Ebanol

SS on 304 SS). This coating formed Fej0, and exhibited no

change in surface morphology and was stable in air uwp to

230°Cc. This coating gave a = 0;91 with é = 0.1,

Trombe et al (1961) reported the selectivity which could

be produced by a simpls method, i.e. by the oxidation of



stainless steel batween 250°C and B00°C. This gave
extremsely thin surfaces of coloured oxides. For 1B% Cr
stainless steel, after a 3 hour heating'pericd at 50c°c,

s = 0.75 and é = D:l; the colour was blue. With 18%

Cr and 8% Ni, after heating at B00°C for three hours, |a =
0.70 and é = 0.1. The cost of such treatment remained

very low. The same mathod has been used by Edwards et al
(1s62) for thermally oxidized titanium [(AMS 4801) heated for
300 hours at 450°C in air and gave a = O, 80 eith 8 = 0.21
and for 410 stainless steel heated to 750?8 in air gave

&8 = 0.76 with 8 = 0,13. Edwards used Ebanol S on steel
dipped for 5 minutes in a 127°t2boiling solution and produced

a surface of a8 = 0.85 with e = 0.1,

Intrinsic semiconductors such as silicon (Si),germanium
(Ge) and lead sulphide (PbS) have also been investigatad as
possible spectral-selective materials., They showed a high

solar reflectance and they needed anti-reflection layers for

proper uss.

Edwards et al (1862) prepared a silicon layer of 0.5 mm
thick on evaporated aluminium. This surfacse gave a .= 0,50

and 8 = 0,12, With an additional layer of 83 mm of Si0, to

antireflect the silicon, the combination gave é = 0;55 and

e = 0.12.

Gilbert et al (1878) reported on black germanium produced

by rf sputtaringl This surface gave é = 0.90.
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Williams et al (1963) reported on selective surface
made ?F PbS crystals [34 nm thick) deposited on aluminium
substrates., These coatings were dendritic in structure,
so the optical absorption was s combination of the intrinsic
absorption of the lead sulphide and particular scattering.
Their sulphide crystallites were bonded to the substrate by
a silicone resin binder. The absorptance, é, for lead -

sulphide with the binder = d.as and é = 0.2 to 0.3,

MacMahon and Jasperson (1974) preparsd some tandem
layers with PbS using vacuum svaporated coatings on
evaporated (100 nm thickness) aluminium. These coatings
were polycrystalline and did not show specular reflectance
in the visible region of the spectrum. They used a much
thinner layer of PbS (about 0.12 U m) as compared to Ge or
Si thicknesses which are in the range of [T = 10, m). The
a/e ratio of about 43 was reported with this type of layer
and a =~ 1 over the solar rangs and the transition Ffrom high

to low absorption was confined to the range of wavelengths

1'0 - 2-5 u.ma

Marchini and Gandy (1978) determined the optimum
thickness of PbS that gave a maximum a/e ratio. They Found
that the optimum a/e is in the lead sulphids thickness range
of 30 to 80 mnm. Theses surfaces survived heating to 300°c.
The coatings must be used in a non-oxygen atmosphere and the
ultra violet irradiation in air converted the films to PbSD

4
via photo-oxidation, as shown by Mattox and Sowell (1574).
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‘Pettit and Sowell (1878) prepared thres surfaces by
a spraying technigue to a pulishﬂlﬂls stainless stesl
substrats. The paint was then cured in air at 150°C for
over 2 hours. The First one with PbS paint particle of sizs
10 - 15 nm gave é = 0.96 with é. = 0.70. The second one
with Ge particles (325 mssh) gave é = 0.90 and the third
one with Si particles (325 mesh)] gave é = 0.83. These

particles wereg,mixed in 3:1 volume ratio of particles to

binder.

Tha multilayar stack with silicon as a core material
on a silver substrate as reported by Seraphin (1876) was
produced by chemical vapour deposition [CVﬁ]. This tandem
was composed of a silver layer and 1 - 2 l|.m '¢hick layer of
silicon and two additional layers [5102/513N4] were used as
antireflecting' layers. 1In addition a Cr 0, layer was used
as a diffusion barrier and agglomeration inhibitor between

the silver and the silicon. This multilayer gave an a/e

ratio of 15 at room temperature. Donnadieu and Seraphin

(1978) improved on the above converter by adding a layer of
Ge, 0.5 4'm thick; the a/e ratio increased to 22. The above

tandem was produced For use at 450°C to 600°C.

A good example of class (2) selectiva.surFacaa is that
of a Fluorine doped tin dioxide layer on black enamelled
stesl,. La}g f1s739) prepared the above surface by a spraying
technique with s CCHBJE Sncla-Haﬂ-HCl solution in which
100% mole NH, F relative to the tin salt was added. The
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sbrayiﬁg occurred at a substrats tamparaturﬁ of 520 - 570°C.
This convertor gave é = 0.81 with é = 0.15. " By adding a
thin antireFiacticﬁ coating of silicon resin (Dow Corning

805) on the SnD2 SUFFECB,-tHQIEbSDPptEHCE incraaéad to 0.83

but tha"emittanca incraaéad aé well to D;l?l

Anocther exampls reported recently relates to TiO,-Ag-

Ti0, complex used as a heat mirror by Fan and Bachner (1878)

The interference stack of alternating dielectric and
metals. These are called interferencs filters. These
stacks usually consist of a number of mestal-dielectric films.
The physical principle is that by optical interference of
thin layers of an alternating low and high refractive index,
the absorptance at certain wavelengths can be maximized.

This method depends on the nﬁtical propertiss of the
individual layers and on the Ffilm thickness to wavelength
ratio. This method requires very careful control and in a

vacuum deposition process is likely to bs expensive and not

easily applicable to large areas.

A good example is the [Alaﬂa-Mé;Alaﬂa-Mn] Edating,
developed by Schmidt and Janssen (1965) and Peterson and
Ramsey (1975). This coating was built of at least two
layers of Mc-AlaU3 on a stainless steel substrate and seems
to be the most stable (thermally) system at high temperature
2~ 800°C,.which has been produced up to. the pressent time.

Its absorptance a2 = 0.85 - 0.81 and emittance é = 0.11
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measured at 500°C. The same system has been deposited on
a molybdenum substrata. This failed at 1050°C while the
Fﬁrmar Failed at 900°C. Auger analysis revealed in both
cases that this was due to the out-diffusion of .iron and
chromium from the steel substrats. The limitation of this
system is the need for the deposition of ths Films by a

vacuum svaporation technique.

Another example of an interference Filter was reported
by Meinal st al (1875). This consisted of four-layer
coatings using AQ/A1203/CP/A1203 and gave a double reflection
minimum in the solar region of the spectrum with a sharp
transition leading to high infrared reflectance. The
measured absorptance ranged between 0.80 and 0.85 and the
emittance between 0.02 and 0.04. This systam”survived

heating for 1000 hours at 150°C in air, 0Other iﬁter?erence

filters were reported by Long (1965) and Kadryashova [1959].

Topological coatings; this type of coating could be

classified into:

a. macro case, i.e, corrugated surfaces and
b. micro case, i.e. control of the morphology

of the surfacs.

Topological ccatings provide different prcpérties for
short wavelength and long wavelengtﬁ radiation and this can
be achieved if the surface textured profile could discriminats

between the pencil-beam character of the solar imput and the .
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hemispherical wavefront of thermal radiation. The under-
lying mechanism differs accordingly to the sizes and
separation of the structural elements as compared to the
wavelength of light and accordingly to properties and

distribution of the inhcmcganeties;

Good examples for the macru;casa are ths Bcrrugatadl
surfaces such as a series of vees so that ahy'baam of
incident light - within a given range of anglsé of
incidence - wiil suffer mura.than ona reflection ﬁeFaru
emerging from the vee [Taﬁor, 1955 and-Elcgé; 1863]). A
'Gothic arch'! was suggested by Tabor [1965] fn snsurse two

reflections for a beam at any éngla of incidence.

Hollands (1S63) concluded that the ves-corrugated
specular surface is dirsctionally éélective a;a the selectivity
of the specular spactrally selective surface can be improved

by vee-corrugating to make it diractiaﬁally selective also.

In micro-case coating, the surface roughness has
dimensions of the order cF.a ﬁiércﬁ cr-sd;llThe sur?aca.may
act as an array of adjacanthcavity ébsarberschr shoﬁtﬂn
wavelengths (i.e. as a stﬁbng ;bsurEaE],lwhilst apﬁéafiﬁg
substantially flat for 1cng-wa§alangths, so that fﬁe material
surface has an intrinsically low émissivity [i;a; a metal];

The nett result is a selective surfaces in the sense discussed.

Examples of this approach are the dendritic, micﬁcporous

surfaces and surfaces provided with very small holes or meshes.
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Cuomo et al (1875) prepared a dendritic surface of tungsten
by (CvD) from NCCDaJl This process involved hydrggan
reduction of tungsten at temperature 500°C. The authors
could distingﬁish between the dendritic form - which
looked black [§.=:DLSEJ and a shallower 'hillock' form which
appeared grey Céz 0.75). By anodizing the surface to reduce
surface raflectivity,.thu.é value improved and approached
unity and the e values of 0.2 - 0.3 were measured. The
'hillock' type surface anodized (Distefano et al 1978) in
0.1 N phosphoric acid produced a surface where a 0,95 to
0.98 and g = 0.12 to 0.18. This last figure was very
similar to the 'best' values for nickel-black and chrome

black. Costs were high for this type of surface.

In an attempt to reduce the costs,Grimmer et al (1878)
produced nickel dendrite as in the tungsten case by CVD from
Ni(CO,) on aluminium substrate. Values of a = 0.90 to 0.85

and & = 0.2 to 0.4 were found,.

Horwitz (1974) has proposed an approach in which tha
topology is made by providing very small holes or meshes
that distinguish between optical and thermal wavelengths.
High a/e ratiocs are predicted on theoretical grounds, but

practical surfaces have not yet been obtained.

Small metal particles embedded in a dielectric matrix
(which is infrared-transparent), prepared by vacuum evaporation,

.can yield selective micrcpnrnus-surFéces; Some examples of
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this technique are the gold black deposits of McKenzie

(19761 Fan and ZaVracky (1976) prepared cermet films of
MgB/Au by radio frequency sputtering on Mo (100 nm] coated
stainless steel. Mg0 and Au in this coating were both
crystalline and.gave measurements of é. = 0.93 and é = 0.1.

This coating showed stability up to 400°C for B4 hours.

Tests on cermet films of Cr203/Cr have been published
by Fan (1978) and these were stable up to 300°C. Their

optical properties wers found squal to that produced by

alactroplating;

Fan (1978) also prepared Ni/Si0, and MgO/Ni film by
pressing tablets of Mg0 powder and Ni powder and then
svaporating by an electron beam on quartz substrate., The

surface gave a in ranges 0.88 to.0.90 and e from 0.13 to 0.18.

Grangvist et al . (1978) developed Ni/Al,0, Films
on aluminium substrates. This surface was blackened by ac
electrolysis in a bath’containing NiSO, and it showed

stability when heated at 300°C For two weeks. The measured
values of @ = 0.85 and @& = 0,15 were found. Cermet films
of Au/Alaua, o‘\g/AlaiD:3 and Cr-/AlatJ3 were developed by

McKenzie (1979) (they were vacuum evaporatedwith two separate
sources) on copper substrates. The evaporation ratios were
kept constant by translating the substrate on a carrier so
that it passed from a point closer to the metal source to a

point closer to the cer mic source. The measured a and é
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values were given as a = 0.89 - 0.93, s(300°C) = 0.22 -

0.04 for Au/Al,0, and a = 0.88, & = 0.025 for Ag/Al,0q

and é = D;Sl with e = 0;029 for Cr/Alaﬂal

Ashcroft et al ElS?B].pPEpaEad a .composite of Ni/Al,0,
on coppér; This surface gave é = 0.94 and é;anu°c] = 0.1
and for Pt/Al;04 cﬁ copper, it gave é = 0.94 and E[EUOQCJ
= 0.1. The latter surface showed stability when heated.for

300 hours at 500“8; while the former surface showed stability

when heated up to 500°C.

Recently a 'black Mo' prepared by CVD from Mn[CDS] has
been reported by Chain et al (1980). This coating consisted
of Mo and MoO,. The measured values of a = 0,74 and 8 =
0.08, after heatiﬁg to SDDDC, were found. The absnrﬁtanca
of this convaftnr increased to 0.80 after overcoating it

with a layer of 75 nm thickness of 513N4.

A summary of the different types of selective surfaces

and the different preparation techniques as developed since

1955 ig shown in Table 1l.1l.



Tabié-irl Properties of some selective surfaces for Solar

Energy Application

Surfacs

Reference

Cu0 on Al; by spraying dilute

Cu(NO_), solution on hot Al
plate and baking
C0_0, on Cu; by plating the

copper with pure cobalt and
then anodizing the surface

'Nickel Black'; containing
oxides and sulfides of Ni
and Zn, on polished Ni

'Nickel Black' on galvanized
iron (experimentall;
commercial process

€040, on silver; by
deposition and oxidation

CuD on Ni; made by slectrode-—
position of Cu and sub-
sequent oxidation

Ebanol C on Cu; commercial
Cu-blackening treatment
giving coatings largely Cu0;
commercial process

'Cu Black' on Cu, by treating
Cu with solution of NaOH and
NaCl0,; commercial process

PbS crystals on Al

A1,0_-MO-A1,0_-MO-Al,0_-Mo-
Algcg inter%aganca 1gyars on
Mo (e(250°C)

'Cu Black' by Ebanol C or
NaDH/NaCl0, and burnished
after treatment

0.80

c.es

0.24

0,12
0.16
0.18

0.27

0.16

0.2

0.085

016

Hottel and
Unger (1958)

Gillette (1860)

Tabor st al
(1s81)

Tabor et al
(1884)

chnrcpnuloa
st al (1858)
Kokoropoulos

et al (1958)

Edwards =t al
(1s62)

Close (1862)

Williams et
al [(1863)]

Schmidt and
Park (1965)

Maétox and
Sowell (1974)




Tébia i:i (cont)

Films, by rf sputtering
on MO substrate, stable up
to 400°C,on copper; stabls
up to 200°C and stable up to
300°C if on stainless steel

Surface é E AReference
Ebancl S on 1018 steel; Forms .
F3304 GTBE -
304 stainless steel black, .81 -
using Ebanol S.S.; forms
FB3 a : |
W-Dendritic surface; produced 0.98 0.26 Cuomo et al
by hydrogen reduction of WFg at (1975)
on sapphirse, polished tungsten 550°C
and stainless steal'
Ti0,/Ag/TiOs; by rf sputtering |0.54 6.01 | Fan and
in Ar-atmosphere, TiO, target, Bachner
and Ag targaticn CG 7559 glass (1g78)
PbS paint; 10nm - 15 nm particle|0.396 0.7 Fettit and
size sprayed on polished 1018 at Sowell (1976)
steel substrats, then cured in 300°C
air at 150°C for over 2 hours
'Black Nickel'; by alactrg-l Pettit and
plating from the chlorids bath 0-30-088| o-/3 Sowell (1876)
on bright nickel electroplated
mild stesl subatrates
MEB /Ay cuemet: #RIES By FP 0.9 0.1 Fen and
sputtering on Mo-coated stain- Zarracky
less steel; stable up to 400°C (1g78)
TiNx and ZrNx; by vacuum 0.88- 0.04- Blickensderfer
sputtering of Ti or Zr in 0.983 0.18 et al (1877)
partial pressure of nitrogen
on silver film on stainless
steel
'Chrome Black'; on Cﬁ using! 0.87 0.03 Driver et
Chromox on tin free stssl 0.92 0.08 al (1977])
MgO-Au, Cr,0,-Cr; cermet 0.80 0.1 Fan (1978)
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fabié i;l (cont)

— ~

Surface a B Reference
Dendritic surfacs (Ni); by
CVD on Al by H, reduction for
coating of 6 4 m thickness 0.85 0.75 |Grimme~ st al
of 2 4 m thickness 0.95 0.2 (1978)
'Black Ge'; by rf sputtering 0.80. Gilbert =t
on Corning 2847 microslides al (1978)
'Black Chrome' on nickel 0.84 0.14 Gogna and
plated stesl Chopral (1979)
Ni/Al,0,, porous Al,0, Films; | 0.93- 0,1- |Grangvist et
by dc. anodization ~ in 0.88 0.2 al [(1879])
dilute phosphoric acid on Al
metal
TiOx/Ti on pyrex; by reactive Yoshida
evaporation of Ti film in 0%, {1979)
efficiency reported only an
is equal to 75% 3
Cermet film; by vacuum Bvap=- McKenzis
oration (on copper substrats) (1879)
from two separats sources '
Gold cermet film - aluminium 0.889- 0.022-
0.93 0.041
Ag-Ala 3 0.88 0.025
Cr-Al_0C 0.818 0.028
23
Ni/Si0, cermet film; by 0.80 Okuyama st
electron beam evaporation ) al (1g79)
MgO/Ni cermet Film o.88
Black Mo; by CVD of [Mc[CD] ] 0.74 0.08
in presence of oxygen. Tha
substrats tamperature is 300°G
the emittance is measured at
500°C ,
by adding Si3N4 (75 nm) 0.80 0.08 Chain st al

Black Mo; by CVD of MaElUa in
presence of hydrogen, the
substrats temperature is 700°C

(lsed)
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Tébié i;l (cont)

- —

Surfacs L] - Refereance
'Black Chrome'; commercially 0.868 0.088 McDonald
slectroplatad decorative . (1975)
Finish on stesl
A1203-M9-A1203; by vacuum 0.85 0.22 Peterson
evaporation on Mo sub- -and Ramsay
strate; the emittance is (1975)
measured at 1000°C and is
equal to 0.11 at 500°C.
Stable up to 400°C
NiS-ZnS coating, 'Black 0.85 0.07 -
Nickel' on plating msetal
with Ni; produced by electro-
plating
Black Nickel (produced by
chemical conversion) deposit
on galvanized iron, ~ 0.93 0.08 ~Gogna and
zinc.=lectronlatad and: - 0.94 0.1 Chopra
zincated-alumwinium substrates | 0.80 0.14 (1s79)




CHAPTER 2

SELECTIVE SURFACES

2.1 DEFINITION AND ADVANTAGES OF SELECTIVE SURFACES

Selective surfaces are surfaces Ffor solar thermal
absorbers which reducs re-radiation losses and hence give

increased thermal efFiciency for collectors.

ARecently, the interest in the utilization of solar
radiation has increased. Threse main collector temperature

levels can be lduntiFlaaz

1) Low temperature level, 25 - 4050, with

application in the heating of swimming pools.

2) Moderate temperature level, 40% - 150°C,
for example, in systems for space and water

heating and cooling.

3) High temperaturs levsl >-150°C, for the
production of steam and for generation of

electricity.

For the low temperature level, a simple Flat plate
collector will receive the total incoming solar radiation.
However, For the high tamﬁaratura level a high optical
concentration of soclar radiation is needed, For the
moderats lavel both Flat plate and low-concentration

collectors can ba used.



The performance of a collector in a given site
essentlally depends on its design and the optical and thermal
preperties of the material of which it is composed. In order
to datermine the contribution of the gSsarber surface to the
collection and conversion system, we must first examine the
energy flow at the converter surface (Seraphin 1978). The
basic principle of photothermal soclar ensrgy conversion is
shown in Figure 2,1, Some optical device, such as & lens or
mirror, may ba used to increase the flux per unit area
incident on the collector surface. This concentration factor
X is the ratio of the area of the collector sperture to that

of tha absorber that emits thermal radiation at the absorber

temperaturs,
selective Surface on M
opaque pl pe contajning
heat flow medium

— "%_3_3 /gﬂ"% radiative -w,

: g loss

Wy reflective loss- -
cnn en‘ﬂmg inciden&"ﬂux
W
lfactnr of x) ' o~ m2

Figure 2.1 Energy balance at the surface of a

photothermal conversion unit
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The element is shown in Figure 2.1 as a pipe which runs
along the focal position of the lens. A heat transfer
medium Flows through the pipe which is coated on the outside
with a selective absorber, The importance of selectivity can
be quantified by calculating the ccnversibﬁ efficiency, Am'
as the useful power, Q which is transFerraé to the heat
flow medium in Figure 2.1, divided by the amount of solar

power incident on the converter element, X@_.

The conversion efficiency is determined by First
writing a heat balance equation at the surface of the
converter in the above figure, The incident power, XHS, is
divided into three components: Nl which is reflected
outright; Wy which 'is re-radiated in the thermal inFrare&
according to the radiation laws For a real body at
temperature T; Q which is passed on as heat, produces useful

work. The simplified heat balance equation is therefore

given by the expression:

Xﬂs a e a’[T4 - T

4
o) + L__+a (2.1)

where, ﬂs is the solar flux incident on the collector

a is the total absorption coefficlient

e . is the total hemispherical emittance of ths
absorber at temperature T
Lcc is the laoss due to convection and conduction

and

Q is the useful heat extractsd from the system.
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In other words, energy absorbed is equal to the sum of
the radiative losses, conductive and convection losses, and

passecl
the ener‘gthn working fluid,

The nett radiative power is assumed to be the diFFprence
between the power radiated from the absorber, at temperaturs
T, and the power radiated to the absorber by the surroundings
at temperature To' Furthermore, the absorptance of the
surface for radiation #rcm the surroundinéslis taken to be
equal to the thermal emittance of the absorber. At high
temperatures, conduction and convection losses are
negligible compared to radiation losses and the heat

balance is then given by

< &4

X, 2

e oT (2.2)

L T4>3>Tn

The thermal efficiency of the converter caﬁ then ba

defined as

T
A = S - 5 . BT . (2.3)

From equation 2.3 we see that the efficiency at a given
temperature T can be increased by increasing a, decreasing =

or increasing the flux density XBE at tha absorber, However,

since the sun can be approximated by a black bedy at 5000
Kelvin and since the conversion temperatures do not exceed
1000 Kelvin For most of the applications, there is a very
distinct separation betwssn the spectral distribution of

solar radiation and that of the thermal radiation emitted by

the absorber as shown in Figure 2.2,
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Figure 2.2 Spectra of solar Fiqure 2,3 Spectral profile
and black body (800 k) of the absorptance for an
radiation ideal photothermal converter

From this, it follows that if materials or surfaces can
be synthesized so that they diFéerantiate in their absorptancs,
reflection or transmission characteristics between wave-
lengths above 2 _«tm, i.e. in the 'thermal' range and
wavelengths below 2 «m, i.e. in the 'solar' range, then it
mag be possible to trap solar energy, i.m., to collect it by
absorption but to prevent or minimize the thermal radiation

loss. Such materials or surfaces are called 'selective',

(Although, strictly speaking, any surface whose optical

properties vary with wavelength may be termed selective,
the term is used in this present context to refer either

to band pass filter properties or as a one way value, i.e.
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surfaces whose characteristics are substantiallf constant
but different over broad bands of wavelengths]; In tha‘idaal
casa (Figure 2.3) the surface is totally absorbent or 'black’
at wavelengths below )c C>‘c designates the cut-off wave-
length of the two spectral distributions) and is totally
reflecting or 'white' for wavelengths abcve>\c. It should

be noted that the valus °F>\c depends on the temperature and

the concentration coefficient as shown in Figure 2.4,

|I UI -
‘é“ . B [ x100 .
3
R
e
e T X10
R
g 10+
E =
X
) 162 !
-
m -
c
|17} R
163 ] | 1 1 !

02 05 10 20 50 10 20 —\(HKM)

Figurs 2.4 Spectral profile of the energy Flux of
h solar imput for three concentrations, and
of reradiative loss at threes converter

temperatures

Figure 2.5 shows the plot of Am of a converter

exhibiting a = 0.95 against the emittance for the x values

equal to 100, 250 and 1000 at temperatures of 400°C and 500°C.
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Assuming the system exhibits maximal absorptance, we sse
from Figure 2.5 that either high X or low e must be employed
to attain the highest Am. As a result, the solar engineer

faces a trade-off between providing a high X value with

complex concentration systems and providing low 8 and high
a with spectral selective coatings. The expense of
concentrating systems increases with increasing X, increasing
from the fFlat plate with (X = 1), the Winston collector with
(X = 10), and the parabplic trough with (X > 10), to the

central receiver or power tower with (X > 1000]).

095

085

Absorptance of merit Am

0.75

Emittance e

Figurs 2.5 Conversion efficiency Am versus emittance

For a8 converter of a = 0,95 at various
concentration ratio, X, and for T = 400°C

and 500°C
Figure 2.8 illustrates the four characteristics,

characterized by increasing values of X, Masterson (1877)
has shown that even systems with X = 500 benefit from using

spectral selectivity. Both this fact and the expense of
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large concentration systems justify extensive research into

selective coatings.
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Figure 2.6 Schematic representation of the basic

types of monimaging (a,b) and imaging
(c,d) solar collectors: (a) flat plate;
(b) Winston parabolic concentrator; (c)

parabolic trough; and (d) power tower,
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2.2 REQUIREMENTS OF SELECTIVE SURFACES (SS)

The basic requiremants for selectives surfacaes to be

used in conjunction with solar radiation can be given as

Follnwé{
1. High solar absorptance a = 1
2. Low thermal emittance é
3. Long-term stability at the desired cperating
temperature
4. Stability to or recovering from short-term

overheating due to failure to extract energy

Ffrom the collector
. Stability against atmosphere corrosion

5

B. Compataﬁility with given substrate materials
7. Reproducibility |
8

. Aeasonable cost.
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2.3 PHYSICS OF SELECTIVE SURFACES [Harrison , 1960]

2.3.1 RADIANT ENERGY

Radiation is electromagnetic energy that is propagated
through space at the speed of light; For most ;alar energy
applications, only thermal radiation is important, and is
defined as radiant energy emitted by a medium that is due

solely to the temperature of the medium. The emitted

radiation is usually distributed over a range of wavelengths.

WAVELENGTH, um

|°lo [ 108 04 107 10° 02 w4 ,0-6 ‘Q-B
I I | i K [ I [ I |
l——Radar, TV, and Rodio —mmmmmsy 0107 lltrg: o Samma___y

Long Short . Far Near h\f_'i:m X-rays rays
e e e~ L] o ey

wave

radio rodie Infrared  intrared

Visible
25-i1000 078-25 . 038-078

Figure 2.7 Spectrum of electromagnetic radiation

Figure 2.7 illustrates the spectrum range of electro-
magnetic radiation., The wavelengths of impcrtance.in solar
energy and its apblicatiuns are in the ultraviolet to near-
infrared range, that is, From 0.2 to about ES”L{m; Solar
radiation outside the atmosphere has most of its energy in
the range of U.é to 4.Lfm. while solar anngy réieived at the

ground_ is substantially in the range of 0.29 to 3.0 [|m.

The physics of selective surfacss are gnveﬁnéd by.Fcur

physical lawsf those of Stephan-Boltzmann, Kirchhc?F, Planck
and wién.
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2.3.2 - STEPHAN-BOLTZMANN EQUATION

An ideal black surface is one which, when heated to a
temperature T, emits thermal radiation W (per unit area)

which is given by the expression:

Wo L S | , (2.4)

wheres 6; is the StEpHén-Bnltzmannbconstant 5.6697 x li:'l"a
watt/m2k4, T is the absolute temperature in degrees Kelvin.
W, is termed the emissive power. No surface can smit more

energy at temperature T than this amount. Most surfaces

emit less and equation 2.4 Ffor a real surface is written:

4 (2.5)

Na = e T

where 8 is less than unity and is termed the thermal
emissivify or emittéﬁca Cémissivity refers to the property
of a material and is‘nﬁmariéélly equal to tha_"émittanca of
the sample material -that has an npﬁiﬁally smooth surface and

is suFFicientiy thick to be opaque.

2.3.3 KIRCHHOFF'S LAW

This is sometimes stated in the Fcrﬁ{ The emissivity of
a body iélaqual to its.ahsarptivity, or loosely translated:
a good absorber’is'a'gacd amitﬁeé; a poor absorber - a
poor emitter. This inexact form can lead to diFFicultieé:
the correct formulation of Kirchhoff's Law is that the
monochromatic emittance and monochromatic absorptance are

equal for radiation of any givan wavalengthlk ’ i;a.

i, — < A T _ e <V e




= a | t2.8)

where E’% is the monochromatic absorptance at wavelsngth )\

and s ies the monochromatic amittancs at the same wavelength.

R

For any surface, the sum of absorptance, a3 trans-

A ’

mittance, tA and reflectance H)\ must be unity. Thus, Ffor

a non-transparsnt material:

I

E.,\ + H)\ = (2.7)

*

where Ry is the reflectance for radization of wavelength;x.

where equation 2.6 can be written (for a non-transparent

material]}

s, A% 1l=nh

N | (2.8)

This equatibn ié QQaFul in that it allows & or §> to be

A

determined by a reflection measurement - in some cases.

It is important in computing the interchange of radiation

between surfaces,

2.3.4 PLANCK'S LAW

The black emission of equation 2.4 covers a wide range

of wavelengths, the spectral distribution of energy governed
by Planck's equatinﬁ:

- -5 c5 -1 |

I S, >\ (exp [ﬁ] - 1) (2.9)

where IB-is the Planck black body cutput at wavelength )\ and

cl = 3.7415 % 10"1E watt/ma and c, = 1,438739 x lU_a

> watt/m2
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are fFirst and second radiation constants. If the body is

not black, equation 2.8 becomes:

_ -5 5 -1 | -
I, = ey o, AT (exp (2] - 1) N (2.10)
Real body emission in the range 0 to A = anBETJ PN
2.3.5 WIEN'S LAW

The expression 2.9 is a curve having a peak value at

X. given by Wien's formula:
max
2898 |
= 2.
>‘rnax _ T : - (2.11)

where )\ is in micrometers (U'm) ahd T is in degrees Kelvin.

About 25% of the emitted esnergy is at wavelength Ealnw;Amax

and 75% above. Only 1% of the energy is emitted at wave-

lengths below 0.5 Amax and 'a negligible :enmi:funt below 0.4 >~ma><'

Solar radiation in outer spacse corresponds fairly
closely to black body radiation at a temperature of about
6000 Kelvin, i.,e, the peak intensity is at a wavelength of
about U.SJu,h. Allﬁwing for absarpfion in the atmosphers,
the solar radiation is almost entirsely confined to the

range of wavelength 0.3 to 2.0 Jl.m. Equation 2.1l shows that

at 'terrestrial' temperatures, the wavelengths qF’amittad
radiation are much longer than for solar radiation. Thus

at a tsmpératura of say, boiling water, i.e. T = 373 Kelvin,
the peak wavelength is 7;8 iLm. In this case 1% of the

radiation energy is below 3.8.Jl).m and a negligible amount is
below 3.1.4 m.
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2.4 FIGURE OF MERIT FOR SELECTIVE SURFACE a/e

The optical properties of selective surfaces are

summarised by two guantities: the solar absorptance, a,

and the thermal emittance, 5;

The ratio of a/e is often sited as a Figure of merit
for selective surfaces. é/g varies with : the temperature
and wavelength. A large value of a/e as well as a largs
value of a ~ 1 are necessary for an efficient surface.

For example, a surface with either 2 = 0.90 and 8 = 0.1 or

0.45 and g = 0.05 has a2/ = 9.0. Under equilibrium

a
radiation conditions with no energy extraction, both
surfaces would reach the same temperature in space., However,
within the purpoée is to provide the snergy, the First
surface wculd‘be a better solar absorber because it would
absorb twice as much available energy per unit area when
operating below its radiation equilibrium temperaturs.

Thus, For efficiency of the overall system, however, it is

impartanﬁ to give a and e separately.

2.4.1 ABSDRPTANCE, a

This is the percentage of radiant energy of solar
origin which is absorbed by.thb surface. The absorptance
can be either spectral or total and either be normal or

angular or hemispherical.
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THE DIRECTIONAL SPECTRAL ABSDRPTANCE

This is a property of a surface and is defined as the
absorbed fraction of incident radiation of wavelength A From

the direction 6}, @, Figure 2.8 shows 8] as the polar angle

and @j as azimuthal angls.

normal I.

Figure 2.8 Directional absorptance

The equation is

E tsi’ gl.’)\] = IB [aj_: %)\]/Ii CBi, ﬁj_,k] EE. 13]

in which the subscript i relates to the incident radiation
and’a relates to the absorbed radiation within a wavelength

interval d\ and a solid angle dA.j.

THE DIRECTIONAL TOTAL ABSORPTANCE

This is defined as the factor of all ths radiation (i.e.
over all wavelengths) from the direction g, #j that is

absorbed by a surface. It is expressed by the following

- 37 -



0
ﬁ;w By N) T, (8, By N) d
sty m = Lo——2 e 4 (2.13)
f I, (B ALAN) dX-
\

THE TOTAL NOAMAL ABSORPTANCE

For radiation falling along the normal axis on the

surface the total normal absorptance is given bf:
o
fan CXJ Ii d>\

Jf I; (N) @)

where a_ [A] is tha normal spectral absorptance,

En (2,14)

THE HEMISPHERICAL TOTAL ABSDHPTANCE

This is deFined as fFollaws

f-/.f aley, dyX) I, (8, B MN) cos Bisin 91dE_FU-dA

® . RR[2
ff Il [BJ, 931,)\] cos Bisin Bid B;_dmd)\

FHem

(2.15)

vhere the solar radiation is involved, Iy can bo replaced by
ﬁs and the term hemispherical solar sbsorptanca., The normal

solar absorptance as often used in solar collectors for

the wavelength range 0.35 to 2.5 |lm:

J/g.s
(N Bg (N) ax
a, = 0.3S fn ° (2.18)
2.
/ ;a (™) dX
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2.4.2 EMITTANCE, e

This is the property of a real surface; it is the ratio
of the rate of emission of radiant emergy From the surface
to that gmitted From a black body radiator at the same
temperature under the same conditions. The emittance can be
either mormal, angular or hemispherical and they can also be

either spectral or total.

THE. DIRECTIONAL . SPECTRAL. .EMITTANCE

The directional spectral emittance of a surface with

temperature T is defined by

e (8,8, A, 7] = I_(8_,8_,A, /15 (N, T) dhe (2.17)

where

IE [Ba,ﬂe,‘x, T) is the emitted spectral radiant intensity

(within a wavelength interval d\ and solid anéla dAe), of

surface with temperature T in the direction [Be’ ﬂa)-and
in which IB[A, TJ is the spectral lan black body output
at the same temperature T. dAe is the emitting surface of
concern (Figure 2.8). The spectral curves of I, For

different surface temperatures are shown in Figure 2.10.

normal
Z I(‘
8
e
! dsL
th
. |
Figure 2.9 Directional ol «
,
. —r L4
emittance R t
|
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THE DIRECTIONAL TOTAL EMITTANCE

The directional total emittance is given by

8 ﬂ T) - e [Baiﬁe!kiT] IB [A'T]d/\ (2.]:8)
2 (88, T I (AT an

For radiatiocn emitted along the normal axis, the

normal total emittanmce is defined as
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: 0-[;;:[A;T] Ig CA,T] d,'/\
j?mIa (}\,T_]_ dA

in which e, LA,T) is the normal spectral emittance of a

surface of temperature T.

THE HEMISPHERICAL TOTAL EMITTANCE
The hemispherical total emittance of a surface with

temperature T is in terms of e (B85, B, T) and is given by

- 0 2T aTT/2
EHE!‘I\[T) -~ 0/ Ofﬂf'e' CA:TlaE;ge) IBM,TJ sinaecn.slaadﬁgdﬂ,d/\
Q0 E2TC aTC/2
f f ] 1,CA,T) sinBocos BedBedded -
.o od 0

where E[Besﬂavkr]is the apectral-éngular emittance.

(2.20)

The above quantities are all functions of surface

conditions such as roughness, temperaturs and cleanlinass.

Equations 2.15 and 2.20 are difficult to implement,
since information on the directional variation of the
spectral absorptance, emittance and solar intensity is

generally not available., Basic assumptions are therefore

often made:

The solar flux is assumed to impinge on
the absorber surface at normal incidence
such that we can express absorptance as

normal absorptance equation (2.18).

S The normal emittancs is often used instead

of the hemispherical emittance (equation 2.19).
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The second assumption is madé when éﬂ is determined by
measuring the reflectances of the converter surfacs. This
statemsnt can be explained by demonstrating how the
reflectance is related to the emittance by using the
statement of the conversion of snsrgy, Eaﬁ,lwhich could be

written for the opaque surface as

HHEm te, H:A:T] + a [E!ﬁs/\;!-TJ =1 ca;alj

The energy in a beam of light incident from a single
direction (B, @) is either absorbed within the converter
or scattered into the hemisphere above the converter. If

. the converter is in thermal equilibrium with its surroundings

we can also use Kirchhoff's Law (equation 2.6):
e (8, g,AT) = = EB,H,A,.TJ‘ o | | (2.22)
Equations 2.21 and 2.22 can then be cdmbih;d to write
e®2,AT) = 1- n';lem (o ,;3 AT (2.23)

To find the hemispherical emittance we would then need

to measurs Rem 1=K, ,A,T] to determine s(8 ,ﬂ,A,. T) from

equation 2.23.

One way to determine HHam (B,QMAJTJ is toc measurs what
is known as the diracticnal-hemiSpHerical reflectancs at all
angles (Siegal and Howsll 1872). In other words, we would
need to place a pencil beam on a converter from a direction
(68,8), collect all scattered light in the hemisphere and do

this for all sets of B and @. The difficulty of this
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measurement justifies using equation 2.19 with En[A,TJ
determined from equation 2.23 (with 8 =—=0) to Find the total
normal emittance én[TJ. We still see, howasver, that the
normal emittance depends on a dirsctional hemispherical
reflectance measurement for high temperatures up to 300°C.
The fact that B = O is chosen in equation 2.23 for
evaluating gb[A,T], as opposéd to any other anglé,.balies
the error in assuming that e,(T) can be used én evaluate

the radiative loss term in Figure 2,1, i.e. that gnCT]

equals EHem[T]'

3. The third assumption often used to simplify equations
2.15 and 2.20 is that a2 and g ars not functions
of temperature, _This assumption is difficult .
to justify when one considers the reversible
changes in raFlactancé and abscrﬁﬁinn that
occur For the samples as they are.ﬁaataa.

and then cooled back to room temperatures,

We have discussed assumﬁticns which are mada-fa
determine spproximations of a and 8 so that ths absorptance
and emittance which ws quote inltha remainder of this work
will be firmly defined, with.all these assumptinﬁa clarified.

In all cases, the following relationships have been used.

0
a m/gl'HHem (e, AT1 3 @, TAY dA  (2.24)
f BstA) A |
_ o /CUp to 300° ) :
Joi-r, A T,e = 791 ) 15 tA,TdA

f@?a A, 71 dA.

]

=n (2.25)
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where ﬂs represents the solar flux for Air mass 2*, 1g the
Planck black body function for the total radiation normal
to the radiating surface of a black body per unit area, per

unit solid angle and per unit wavelsngth, was used in

equation 2,25, -

The following three comments concern the angles, the
type of raFlecténca (hemispherical or specular) and the

temperature used in equations 2.24 and 2.25,

1. B8, in equation 2.24, was set at an off-axis
angle of 18°, selecting 8 equal to a non-
zero value is just another way of simplifying
equation 2.15, except that the result is now

25 instead of the 2, of equation e.16.

Air mass at a given declination of the sun is the path
length of the sun's rays through the atmosphere
pressure at a point of observation. Mass is used
because it is the guantity or mass of air through
which the rays pass and not the actual length of the
path that determines attenuation. For sxample,

Air mass (0) will refer to the absence of the
atmosphere attenuation.

Air mass (1) will refer to the path length through
the atmosphers when the sun is directly above a
point of observation at sea level and standard
atmospheric pressure.

Similarly, Air mass (2) may be defined as the path
length through the atmosphere when the sun is 60°

from the vertical on a unit area at sea level. The
aerosol scattering parameters <= 1.3, 8 = 0,04
represent a moderately clean environment where oc¢and.

B, AngstrBm turbidity coefficients, are related to

the size distribution and density of aerosols. A

higher value of B corresponds to a more turbid atmosphers.
As turbidity increases the transmittad energy decreases.,
A detailed account of zerosol scattering parameters has
been given by Bilton, Flowers, Cormick and Kurfis (1973).



In equation 2.25, B has always been set at
7°. This value is so close to zero that
the average of the S and P polarisation
reflectances will be virtually equal to the
normal reflsctance.  The values of = from
equation 2.25 can, therefore, still be used
For e within the relation e, = 1.3 e, to
get an sstimation of the lower limit of the

hemigpherical emittance.

2. The HHBm values in equation 2.24 wers
measured witH an integrating sphere reflecto-

meter, as discussed in Chapter 2,

3. Most of the a and 8 values mentioned later
‘were determined From reflectance measurements.

made at room temperature.

To summarise, the a values which are quoted in this
work can be considersd hemispherical quantities; the 8.
values must be considered to be appropriates with respect - .

to the temperatures at which the reflectance measurements

were taken.

2.4.3 DETERMINING FIGURE OF MERIT a/e

To determine the figurs of merit Ffor a selective surface,

two methods are generally used to calculate the absorptance,

2, and the emittance, e(t).
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i) Computed method.

ii) Distorted -graphs method.

i) COMPUTED METHDD

IFf the dirsctional hemispherical reflectance, HHam’ is

known, the . .total directional-hemispherical absorptance,

EHem ../ is computed as l-RAygy .. The EHam is then computed
as the weighted average directional spectral absorptance,
with relative solar spectral irradiance ﬁs LA] as the

weighting functiopn, expressed mathematically as

. - g;\J ds (A dA
) _&F’as A dA
A

whEFEJ\l and/&a are the extreme limits of integration of

(2.28)

the solar range. Most of the terrestrial solar irradiance

of 0.35 JIm to 2.7 [}m normally contains about 99% of this

energy.

Since neither R D&] or Bs D&J is known as an algebraic
function, the integration must be approximated by a summation.

Two methods are generally used:

1. The weighted ordinate method.

2. The selected ordimats method.

WEIGHTED ORDINATE METHOD

Briefly, in this method, values of ﬁé CAﬁ] are taken

a8t convenient wavelength intervals, A‘/\i, at which value



ﬂs E}ﬁ] applies, i.e. iFJ&l| J\a, 4\3 are the wavelengths
For three successive spectral irradiance values ﬁs D&ll,

B Qka] and @g D&aj; End,}pa is taken as [J\a -‘J\1]/2.
These values of ﬂs C-Ai] are multiplied by Ed\J' AA and
then a summation is made. The sum is divided by ths sum of

the products of @g EJ\i] and ZSJki at the same wavelength.

Equation 2.26 then becomes:

2" 1’%1 . CA:) 2 CADAAS (2.27)
2, % (A &AL

where n is the number of wavelengths at which ﬂs Q&] is known.

If the wavelength intervals are all equal, then n__A_A’S
come outsids thﬁ_summation sign in both numerator and

denominator and cancel, and the equation becomes

1 wscAiJﬂAﬂ

L tA;)

Ma

i

2 e (2.28)

Wbﬂj

The above procedure simplifies the computation, but
may result in errors if ZXJK is large, because 'of the

several sharp absorption peaks in the terrestrial solar

irradiance curve.

Values for use in equation 2.27 are given by Thekaekara

(1973, 1974) for different air masses.

Values for use in equation 2.28 are given in the ASTM
method E-424-71, This technique‘is given in a book (ASTM,

1877, pp. 297-303), withlﬁj& = S0 nm.
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SELECTED DRDINATE METHOD

In this method, the area under the solar insolation
profile, H@g L}Q is divided into n (usually 100) equal areas,
Aj by vertical lines. An average J\i, which divides the. .
energy interval into two equal parts, is assigned for each
area Aj. Then ag is computed as % times the sum of-ag j

values at the n;\i values, sxpressed mathematiczlly as

n

i‘zl ?—[-A,i] . ; | (2.29)

|
I+

=

A computer can be used to calculate the hemiépharical
absorptance and the emittance by using.the above equation,
using Kirchhoff's relationship and the corresponding values

of the reflectance.

This method has been adopted for the evaluation of the
hemispherical absorptance .and the emittance in the present
study. In the case of the solar absorptance, air mass (2]
(AM 2) has been used Fcllc@ing Thomas and Richmond [i578].
In evaluating the normal emittance, J\l and )\2 have been
taken as 2.5 l.m and 15 | 'm ﬁaspectivaly and @5 has been

replaced by IB’ black body emission at a SpaéiFied

temperature,

The results from this method wers compared to those
calculated by using a distorted wavelength.graph. The

results obtained by the two methods generally differed by

about 0.5%.
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ii) DISTORTED A GRAPHS METHOD

In the distorted scale-planimeter (Drummeter and Hass,
1864), the spectral reflectance is plotted as a function of
wavelength on a special graph paper in which the wavelength
scale is distorted so that the selected ordinates referred
to above are uniformly spaced and equal areas represent

equal amounts of incident energy.

It is necessary to use-two digtorted.}\—graphs For the
presentation of selective surfaces, one Fnr_gatimating solar
absorptance and the other for thermal amittaéca. For
computing solar absorptance of the surfaces in this study,

a distorted graph paper, Figuﬁe 2.ll, has been used as
supplied by the 5ptical Sciences Center of Arizona University.
This plot is based on the AM 2 solar spectral irradiance

curve (Thomas and Richmond, 1878]).

For computing the thermal emittance at the desired
temperature, for instance at 2do°c (473 Kelvin), a
distcrtadJK-graph is constructed and is illustrated in
Figure 2.12. This plot is based on the black body, I,
emission at s temperature ﬁF 473 Kelvin, Tohplot the
above graph, a universal black body selected ordinate sﬁurca,
proposed by Pivovonsky and Nagel (1961) has been used.

Table 2.1 gives the fraction of radiation contained in the
wavelength shorter thén.A y for desired temperature
distributions, and starts with the ratio, expressed in half

percent increments, in the equation
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A
_ :ﬁ/;a dA
' - OJfaEB dA

. - . e ‘e . . - 5= '
where the symbol D is designed for this fraction anduA is

(2.30)

the upper limit of the uper integral, which is to be
determined. For each pm-centaga, a .vaiua of .AT ish giVEH,
which can be divided by an arbitrary temperature for the
black body [ in degrees Kelvin), to provide the desired
value of J\'. This can give a set c? wavelengths separsted
by equal amounts of energy for calculations of the

emittance at any desired temperature, The tabulated values
are given for both ceﬁpimatras and microns qtha microns data

was used in the present case).

The half pchant-increments'have been plotted varsuaJ\
[iuLJ&T/T , where T = 473 Kelvin in this example] on
linear graph paper for a.wavalength range 3 {/.m to 15 U.m
as shown in Figure 2,13. Figure 2.12 is extracted from the
above figure, where the abscissa of Figure 2.12 is linear
in terms of the fraction of radiation contained in wave-
lengths shorter than.qu (top scale)] and is thus non-linear
in;& . The corresponding J\,values (Table 2.,1) are listed

on the bottom scale and the abscissa is graduated in terms

of the .Ascala.

For instance, - at a wavelength of 10.l).m, the corresponding
point on the y-axis which is designated by the half percent
increments in Figure 2.13 is 0.60. This is located at the

top axis specified by the fraction of the black body
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a5 . - 38.32. - 3832 -~ B.101-
50 41.05 4105 8.679
55 .. 44,05 - 4405 - |-~ 9,313
) 47.42 . 4743 | 10.027
65 . 51.28 5130 10.846
70 e 55.88 | 'ssaz | " 11.812
75" - ' 61.44 - Bl45 .. 12,892
80  88.52 _essd |  14.503
85 78.44 7844 - 16.584
80 | 93.71 9371 19.812
g2 102.92 102393 21.761
84 - |- 1158 | --11577 . 24,476
95 124.5 - |. 12453 . 26.328
g7 - 151.8 | 15194 - 32,123
98 177.1 . 17713 37.448
ss 293.5 22872 48.355 |

Table 2.1 Universal Black Body Selected Ordinate Source
Table. (Pivovonsky and Nagel, 1961)
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emissive power falling below the wavelength Jk at ‘473

Kelvin of Figure 2,12 and so on for the other wavelsngths,

In both cases, the valuesof the reflectance are plotted
on the chart at the appropriate }\pcsiticns. The area under
the curve, and that of the entire graph representing 100%,
have baen‘datermiﬁéd with a planimater. The total
reflectance has been taken as the ratioc of the area under
the curve to that of the entire graph. . Assuming the sample
to be opaque and Kirchhoff's Law to be valid, the thermal .

emittancs, EET), and the solar absarptanca can be determined.

Also, Figures 2.11 and 2.12 show fhe plots of the
spectral reflectance data of the sample corresponding to
the INCO surface of 5 mV for a wavelength range from 0.35 {[m
to 2.7 | m and 2.5 Y| m fn 15 m Eeépactivaly. The
calculated values of thé hemispherical absorptance and the

normal emittance are displayed in Table 2 .2.

From Figure 2.11 From Figure 2,12

Area under curve 412 ‘ 3181.5
Total area of graph -3168.23 - 2824,04
Area under curve
Total area of graph - g.13 ' ' 0.885
Hemispherical a el
‘:b?f;ptanca, Bt 0.87

Hem

Normal emittance " W o =
e = 1-R - - 0.115
ﬁ-‘ n ’

Table 2.2 The calculated values of the absorptance

o ' SHem
and the emittance g,.(200°C) for the 5 mV sample

by using distorted -graph plots
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Figure 2,11 Hemispherical reflectance as a function of

wavelength for the S mV sample plotted in
equal fractions of the solar AME spectrum
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Figure 2.12 Specular reflectance as a function of wave-

- length for the S mV sample, plotted in equal
fractions of the 200°C blackbody spectrum
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CHAPTER 3

" MEASUREMENT PROPERTIES OF -SURFACES

3.1 MEASUREMENTS OF OPTICAL CONSTANTSBY USING THE ELLIPSOMETER

Ellipsometry, which may be characterised as reflection
polarimetry or polarimetric spectroscopy, involves the
measurement of the effect on the state bf polarisation of
light reflected from a surface. Such measurements may be
interpreted to yield the optical constants n and k of the
reflecting material which is film frse or, when the
reflecting material is a Film-écverad substrate, the
thickness and optical constants of the Film.l For the
measurement of optical constants of the substrates,
ellipsometry has the advantages over conventional techniques
in that it can be applied to strongly absorbing media and
because of its relative simplicity of measurement and
sample preparation. Ellipsometry can be applied to surface
films depending on absorption for a given wavelength
throughout the thickness range from partial monoatomic
coverage up to layers which are of the order of microns
in thickness. Throughout most of this ranga; n, the
refraction of a non-absorbing film is obtained and n and k,
for an absorbing film media. Recent developments in“
computation instrumentation techniques make ellipsometry a
more attractive tool for surface examination. Ellipsometry

can invariably make a contribution to knowledge either in
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its own right or as a method which complements other surface

techniques, such as Auger Elesctron Spectroscopy.

Many of the experimental procedures, some of the theory
of interpreting the measurements and most of the examples
of application of ellipsometry, ars reported by McCrackin et
‘al (1863), Heavens (1955, 1960) and Vasicek (1S860).
Recently, a review article about ellipsometry and its

application has been given by Neal (13873]).

The equipment used for the optical studies in this
work was a two angle ellipsometer, but in this investigation
only one angle of incidence was employed (Figure 3.1). The

wavelength range was in the visible region from 397.1 mm to

576.6 mm.

3.1.1 BASIC EQUATION OF ELLIPSOMETERY

When monochromatic collimated polarised light falls on
a surface, the incident light can be resclved in two
components parallel (P) and perpendicular (S) to the plane
of incidence, If after reflection the P and S components
are in phase the resultant wave is plane polarised. A
difference in phase, other than 180°, corresponds to
elliptical polarisation. In general reflection (waves a
change in the relative phase of the P and S curves and a
change in the ratic of their amplitudes. The effect of
reflection is characterised by the angle A , defined as

the relative change in phase, and the angle’¥ . the arctan
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FIGURE (3-1) ELLIPSOMETER

1) Analyser. 2)Compensater

3)Sample Holder 4 ) Polariser



of factor by which the amplitude ratio changes; If the

amplitudes of the incident and reflected beams are

designated Einc and EreF respectively, and the phase angles
A, then
A= = . . -
- bp ASJFEF L bp aS]inc (3.1)
- S £
Y=  arctan o i S 3.2
[ drer - ERhine) (-2
Ellipsometry involves the measurement of A and #’. The

relationship between A and Y/ and the properties of a
reflecting system is exprassed by the Fresnel reflection

coefficients. The Fresnel reflection coefficient, r, of an

interface is the ratio of the electric field vector, E! o,
of the reflected wave to that of the incident wave E;nc’ i.m,
" _ (E'ef) P,S
~ = ref '
P,S - ' (3.3)
(E{ o] P,S

In terms of the amplitudes of the incident and

reflected waves E, _ and E__c, respectively, and the phase
change A , acccmpany{ng reflection,
E ia
| - Er_si ] ) [3.4]
inc

The coefficient depends won ths orientation of the
wave relative to the ﬁlana of incidence, and the reflsction
of a wave of any polarisation is described by ths two

.coetficients rp @nd rg for the component waves. The ratio

of these reflection coefficients is

: i - &
eo= (Ererds | (Eingds U0 TUST (g
rs [EraFJs cEinc]P
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From equations3l and32 it follows that

rp

tan \J/ gto (3.8)
l"s £

This is the basic equation of ellipsometry.

3.1.2 BASIC PRINCIPLES OF REFLECTION OF NON-ABSORBING
AND ABSORBING MEDIA

Figure 3.2 illustrates the reflection of a beam of

light at an optically clean surface,

INCIDENT BEAM REFLECTED BEAM

mepium O

B, Meolum 1

l REFRACTED BEAM

Figure 3,2 ARepresentation of reflection at a film fres

interface

As sketched in this figure, the subscript 0 and 1 refers
to the media bonding the reflecting interfacs, ﬂo, is the

angle of incidence and ﬂl, the angle of refraction.

If the refraction indices are n_ and ny respectively,

then the Fresnel reflection coefficients are (Heavens, 1355)
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nCJ ©Os ﬁ]. e I'l]_ Cos ﬂﬂ r [3 73
FollP) Ng cos @1 + n) cos Bg |

- ﬁ; éag‘ﬁ;“- n)] cos @)

rOlCS] = nu Py ﬁa - nl CoS El [ans]

whers [FulJP s is the amplitude of reflected light vector/
)

amplitude of incident light vector and P and S refer to

vectorsparallel and perpendicular to the plane of incidence

respectively.

The reflectance at an interface is given by

_ Ref lected enmerqgy

EH]P,S N Incident energy (3.9]

so that ’
e
(R_,] = fr ;) : (3.10)
ol”P,S el P,S

For an Optically absorbing medium, the refractive
index, N, is a complex gquantity given by

N - N = ik ca.ll)

where n and k are referred as the optical constants of an
absorbing medium, k, the sxtinction coefficient, is related
to the absorption coefficient &, (units of cm"l) by

k = I:KA/4IT and A is the vacuum wavelength.

In this case, the value ny in equation 3.7 and equation

3.8 must be replaced by N, = m -k, to evaluate the Fresnel

reflection coefficients.

In the case where ED = ﬂl = 0 (normal incidence), the
Fresnel reflection coefficients are the same for both P and

S components of polarisation.
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The normal reflectance is given by

2 =]
= (g -m) +k
(R_,) = Rl = o g 1 (3.12)
S
cl“P ol cnu + "']_Ja i kl"r.'
i 1:3 OPTICAL FHUPEHTIES OF THE FILM FREE SURFACES

The formulae for deriving tha-cptidal constants from
values  and A which were obtained from instrument readings
are derived from equations 6, 7, 8 and 11, The results are
given by (Ditchburn, 1855)

(2 2 > 2 2
2ol Ke = sinaﬂa + sin“@gotan®gy (cos“2Y/- sin 2y sin A
(1 + sin 2V cos A)<

(3.13)

Zné . sin@ tan®@, sin 4y sinp,

(3.14)
" (1 + sin Eyycust;Ja

Equatiahs 3.13 and 3.14 apply for the case of material
in a medium with an index of refraction ng = 1 in which the

angle of incidence is @,.

The technique used in this work for measuring the
optical constant is to dater‘mina"&ahd A either by the
compensator method for one radiation wavelength 546.1 nm or
the Beattie and Con method for a wavelength raﬁge 397.1 -
576.6 nm at a fixed angle of incidence,n and k wers

calculated using equations 3.13 and 3. 14,
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3.1.4 ODPTICAL PROPERTIES OF SURFACE FILMS ON METAL

SUBSTRATES
I H Sl
: No .
MEDIUM O
M
c : MEDIUM 1
) no
' ' MEDIUM 2
@2

Figure 3.3 AReflection of polarised light from a film

covered surface

Figure 3.3 shows a surface layer or Film of refractive
index ny (non-absorbing, kl=U] overlaid on an absorbing

substrate of refractive index [(mz - ika>).

It has been illustrated that the instrument anglas‘v?
and A (fFor a given angle of incidence) enable the optical
constant to be evaluated. Both angles will be modified by
the presence of a film, so that values of optical constants
n' and k' ignoring the presence of a film will be pseudo
constant relating to a composite surface characterised bQ

1
the angle YW and A:. The surface film could be absorbing

or non-absorbing.
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The Frasnel coefficients of such a system can be
derived (Heavens 1855) by considering the interference
between the multiplicity of beams resulting from reflection
in the film. It is assumed that all media are isotropic

and homogenecus and that films or layers are of uniform

thickness.

The light of unit amplitudd”n#-waQéleﬁgfh A_is incident
at the inhterface between a medium (0) and a Film medium (1)
on 3 substrate medium (2). There is the possibility of
amplitude reflections taking place in the Filﬁ, as illustrated
in Figure 3.3, and the first threa of the infinite number of

reflected beams are:
Beam I is directly reflected.

Beam II results from transmission through the ambient-film
interface, reflection from the film substrate-interface and
transmission through the film-ambient interface. Each of
these reflections and refractions affect the relative
amplitude and phase of the beam, and in addition, a phase
change -20, relative to beam I, results from ths double

transversal of the film of thickness d where

o = %? ny d cos ﬂl degrees - - (3.18)
e - sind g .
where coézﬁl = 1 :ln =} (3.16)
n
1

Beam III results from reflection twice from the film-

substrate interface and from film-ambient interface before
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being transmitted into the ambient so that there is a phase
changé -40 relative to.beam 5 ¢ cauéed by the film trévarsad
in addition to the changes that océur at each reFracfinn

and reflection. And so on for subséqugnt beams. The
amplitude of the reflected b;am can be Found by a summation
of the amplitudes of successive rays taking into account the
relative phases. The Fresnel reflection coefficients for a

Film covered surface can be written as

(ro1lp,s * (r12)p g Exp (-20)
l + EFDIJF,S [rlg)P‘s Exp C-EUJ

"p,s

£3.17)

crol]P,S and [rlE]P,S can be evalua#ed by substituting the
relevant values n(0, 1, 2) and @ (0, 1, 2) into equations

3.7 and 3.8.

For an absorbing layer film with a complex refractive
index ny, - ikl, the coefficients become complex and the

value of O in equation 3.15 becomes D' where

] err

~ Ny d cos ﬂl : (3.18)

D

By analogy with equation B, the resulting fundamental

equation of ellipsometry is

-2i0 -2iD
)

tan) o*® = (ro1)p + (ry2)p *lroylg (riz2dge
[rolJP (r1plpe~<il [rol)s + [Pla]se'alu

€3.19)

The above equation givesy and A as a Function of the
angle of incidence, the vacuum wavelength of light, the

optical constants of the film and the substrate and the

thickness of the film.
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The separation of equation 3.18 into real and imaginary
parts yieldsone equation for A and one for\l/. The
equations are extremely complicated and their solution and

use for interpreting ellipsometric data requires electronic

computation,

- 'A" basic program which has been written to calculate
the values of optical properties of the surface layer film “
is given in Appendix l-a, THQ ccmputar‘yields £ables of A&
and yV as a function of film thickness for any value for the
optical constants n, k, of the film inserted in the program.
The Fixed constants used in the evaluation are: the angls
of incidence, the radiation wavelength and the optical

constants Ny and ka of the substrate.

In summary, film growth on a surface changes the values
of both 'y/ and A . The magnitude of the changes depends
on film thickness, the optical constants of the substrate

and film material and radiation wavelength.

Winterbottom c1945,h1948;]_- . drew attention to the
fact that a polar diagram plot of tan‘&V versus A, for
film growth on a surface, produced a loop for non-absorbing

films but the curve for an absorbing layer Ffilm was not

closed.

In this work plots of tan?y/ versus A for different
thermal oxide layers on titanium have been compared with

Computer generated values using assumed cptical constants
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for the oxide and the measured optical constants for the
titanium substrates. A knowledge of the optical constant of
the surface film is required to estimate the effect of

gurface films on the reflectance of metals.

For the case of nmnormal incidencs, the reflectance is

given by (Heavens 1964)

2 -z
e _Zz + c Bo-By * Y] + P =
A= P>= © 2P P, cos (B2-B) 1 _ (3.20)
e * 2ppP; cos (Bp*B, - Y) + P,% P2 e
where
2 _ 2 2 2 2 2
P = 9§ *hy Py =g *hy
B, =  arctan hl/gl' B, = arctan hs/gs
=t 2, 2 -
_ g - mT) * (kE -k ®)
= Cng + m 3% + [k + k2%
o 1 o 1
hy . 2lngk; - ”lko]_
(ng * np )+ (kgtky)®
- o B =
g = 1= na= * ky
Y 2
fl‘l_f*'ha] * kl
h, = 22 M2k
2 2
(Py+n5)° + ky
- ” 4nic,d ' y = 4rrnld

- BB =



A basic program which has been written to calculate
the values of rsflectance as a function of film thickness

ig given in Appendix l-b.

3.1.5 THE BASIC_ INSTRUMENT

Figure 3.1 shows one possible arrangement of instruments
components., . The basic instrument can be comparatively.simple
and inexpensive with good resolution perpsndicular to the

plane of the sample.

The : ellipsometer employed in the pressnt work consisted

of the ;Fnlldwing components. = '

- oL, e gt

1. The light source which was a 24 volt, 150 watt

projector lamp, type A /212,
2. A collimatar and filter,

3. Two of the modified polariser 5eads were uéed
interchangeably as a polariser or analyser. Each Head
carried a modified calcite Glan Thomson prism giving a high
degree of precision of polarisation. A single index line
actuated by a micrcmetarlscraw divided drum  was incorporated
into the head, enabling the 1/4 degres division on the scale
to be subdivided directly to .01 degrees. 1t also carried
two scale readings with telescopes to provide readings at

180 degrees a part to aliminata_anylcentering“errcrs. The
scale illumination was provided by low voltage bulbs suwpplied

ﬂuFrcm a 6 volt transformer, placed inside the ellipsometsr base.
wvags,
I\
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4, The phase compensator or quarter wave platau[Jk/4];
the compensator can be constructed of a birefringent
material (for example mical). The optical properties of .a
mica quarter waveplate may be characterised as follows.
There are two mutually perpendicular axes in the plane of
the plate. As indicated by the designations fast and slow.
for the axes, the index oF-reFrac?iQn of the plate depends
upon the axis with which the electric field vector of the
light coincides. ODuring transmission through the plate,
the beam is considered to be resoclved into plane wave
components (the ordinary and extraordinary beams) with
electric vectors that coincide respectively with the slow
and fast axes. Then, since the components travel at
different speeds,.théir transmission by the plate results
in a phase shift between them. The phase shift, called
relative retardation of the plate Q , depends upon the
thickness of the plate, t, thes wavelength of the light :
and the differencs between the indices of refraction

n - :
t or nEX)

1]
n
1

_
o |

S ]r or = Maxlt - | (3.21)

For an exact quarter waveplate g equals gdeterminad by

L = Ad‘;l-/‘:r-l':ll"' - nexJ | o o (3.22)

This gives the thickness of plate (t) to introduce a
phase differencs of %% corresponding to a gquarter wave LA /4)

between the two perpendicular vibrations, Plates can have



thicknesses of odd multiples cF%é. Since the compensator
is cut as to introduce a phase difference of odd multiples
on\/4, it is often referred to as quarter waveplate, That
means a different compensator is required. It is thereforse
necessary to calibrate the compensator to ensures that the

actual phase difference falls within the required limits.

5. The detector used was a type 5094B photomultiplier tube
supplied by EMI. Electronics Limited and was employed in
conjunction with a stabilised power supply type 532/0 from
ISOTPE Developments Limited. A solartron digital voltmeter
type A203 which had a sensitivity of 1 microvolt was
utilisalech observing‘the voltage drop across a standard

S

1000 ohms resistance, enabling currents of less than 10~

ampers to be detected.

The three friangular optical benches shown in Figure
3.1 were set to make angles of approximately g0”, 120° and
150° to one ancther. The liéht source, collimater, filter
and polariser were mounted on the fixed bench., The
compensator (when the compensator method was being used),
analyser and the detector were mounted on one of the other
two arms, which were set at an angle of about 120°., This
arm could be moved to ~ 5° about the centre positions and

permitted the angle of incidence to vary between 55° and

75°.
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3.1.6 MODES OF OPERATION

There are two methods of analysis which have been used

in this wnrk:

i) The compensator method for fixed wavelength

of 546.1 mm

ii) The method due to Beattie and Cormn (18S5),

i) THE COMPENSATOR METHOD

The prncadhra is schematically illustrated in Figure
3.4. Plane polarised light produced by the polariser, P,
ig incident on the sample surface with azimuthfy/, i.e. its
transmissian axis_is inclined ét an anQIE'yy'tn the plane of
incidence. On reflection from the surface the differencs in
phase change and in amplitude reduction between parallel (P)
and perpendicular (S) components gives rise to reflected
light which is, in general, elliptically polarised. This
elliptically polarised light then passes through the
compensator., If, the fast axis of the compensator is
arranged to be parallel to the major axis of the reflected
ellipse, the vibrations along the major and minor axes of
the ellipse (for which a phase difference of 90° exists)
are again brought into phase, and plane polarised light
results. Then the light passes thruugE the analyser, which
may be rotated until its transmission axis is perpendicular
to the electric vector. In this condition the light

intensity received by the photomultiplier detector is zero,
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According to the experimental procedure, the. compensator
was first locked with its fast axis at exactly 45° to the
plane of incidence. The polariser and. the analyser were
then adjusted so . that the detected beam is extinguished.

The situation then corresponds to that shown in Figure 3.4.
The azimuth of the reflected ellipse. is always 45°, or in
other words, the amplitudes of the reflected (P) and (S)
components are equal, i.e. (EQJFBF = (Eg)

ref’

The azimuth of the polariser (Y] is then equal to the

paramatm"LP menticned in Figure 3.4;'Frdﬁ this Figuée

tan Y = [Es/'EPJmC (3.23)
Lt = (Ep E

but .tan.ql .[EgjraF{ EE%Jinc"

. Ep =
and since from above EE§JreF = 1.00.

= - 1 2 I= IES i N &
thus tan \P e (E; inc (3.24)
Es inc

By analogy with equation 3.23, the values uF’y/ must

equal SP ‘

The ellipticity ¥ (indicated in Figure 3.4) is related
to the phase difference A between (P) and (S] components.

In general, it may be shown that

tan EE{ ' : *
t A = ————— :
an tan 2 x (3.25)
since from x = 45:’, sin 2x = 1,00 and thus A = 2({ (3.26)
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The ellipticity ¥ and hence the phase difference A was
determined from the amalyser azimuth, as shown in Figure 3.4.
The azimuth of the compensated light was 45° +'g, so that the
azimuth of the analyser in its extinction position will be
45 + X. The azimuth of the anaiysar'in its extinction
position would be 45 + X with respect to Of; [0(5- raeference
azimuth in which plane polarised light with its electric
vectcr‘parallal to the plane of the incidence could not pass
through), the parpendiculaﬁ to the planeof incidence. It

was this quantity, marked x, which was measured experimentally.

]

Since x = 45 + § = 45 + &/2

then A ="2x - S0 degrses o (3.27)

In general,-pairs of polariser and analyser azimuths
for extinction occur which fall into four zones. MacCrackin
(1963) gives a detailed explanation of the effect, although
it should be noted that in his paper, the names of 'polariser'
and 'analyser' are interchanged with those in this work,
because his experimental arrangement has the compensator

placed in the incident beam before the reflection.

11 THE BEATTIE AND CONN METHOD

For this method the compensator is removed. The method
involves the measurement of the absolute intensity of light
transmitted by the system; polariser, sample surface-

analyser for four different settings.



Figure 3.5 Intensity measurements to determine V/anda.

(Beattie and Conn Method)

Figure 3.5 illustrates the principle of the method.

The two parameters J/ and A can be measured in two ways:

1 Setting the polariser at 45 degrees with
respect to an azimuth position and measuring

the light intensity at four analyser settings.

2 Setting the analyser at 45 degrees from an
azimuthal position and measuring the light

intensity at four polariser settings.

Method 1 was adopted in this work and the light
intensities Il' Ia Ia,and I4 were measured at analyser
settings of SDQ, OD, 45° and -45° with respect to an azimuth.

Thus Il[+ /4, + n/2) indicates the light intenéity with the

= P8



polariser at /4 (polariser azimuth, P] and the analyser at
T /2 with respect to an azimuth. A similar notation has been

adopted For other intensity values. The intensity measured

may be expressed as:

TCP.A) = I [sinaP sinaA] + JoacasaPcuaaA + % f sin2Psin2A cos &)

(3.28)
where ~ : /@ =  tan VY
From equation 3.28 the four intsnsities are:
I, (+3,3) = %l (3.29)
™ -
I, (+3,0 = % pf | | ~ (3.30)
a_ : .
I, 0+%, 37 = %l (1 +P% + 2 Pcos a) . (3.31)
I, L+ %’, -ZJ = %I, (1 +f’ - afcaaA] (3.32)
Values of Y/ and A can then be evaluated using
. I, |
f = tany= [2 | | ~ [3.33)
I
and cos A = */,[P+ 1] ( }—q—:——l-i] (3.34)
P I + 1,4 .

A simple check which is found to be true to within 0.5% to

1.0% is that:

Il+1E = Io+ I, h (3.35)

and errors dus to incorrsct refersncs azimuth can be
reduced by measuring the four corresponding intensities on the

oppesite sides of the reference azimuth and taking an average

of the results.
e d -



3.1.7 EXPERIMENTAL FROCEDURE

i) DETERMINATION OF REFERENCE AZIMUTH FOR THE POLARISER

AND THE ANALYSER

The readings on the divided circles of thes polariser
and analyser that corrasspond to the transmission axis of
the polaroids being parallel and perpendicular to the plane
of incidence are known as the refsrence azimuths. In the
two methods of =llipsometry undertaken, the experimental

azimuths are expresssed relative to the plane of incidencs.

Approximate values can be quickly obtained by arranging
the light beam to be reflected at a dielectric surface at
the Brewster angle of incidence; the intensity of the -
compensator beam is zero. Briefly, each polaroid in turn is
rotated until minimum light is visible through; the
transmission axis is then approximately vertical. The
polariser is rotated 90 degrees so that the transmission
axis is horizontal and the analyser is kept with its

transmission axis perpendicular to the plane of incidence.

To Find the exact azimuths for the polariser and the
analyser, the compensator was removed and light was
reflected From a metal surface in which the following
procedure wss used: The extinction setting for the polariser
is determined by measuring polariser settings that give
equal intensities on sach side of the minimum intensity.

The exact minimum, T, is the average of the two settings.
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The polariser is then set at 1 and the analyser extinction
setting % is the average of the two settings that givas_
equal intensities on each side of the minimum. _Ecth
polariser and analyser are then rotated S0 degrees and the
entire procedure PEpEEth; Tﬁasa altarnativa pasitions
correspond to azimuth'ﬂg and dp,and there are non-significant
positions at 180 degrees to each of the scale readings and

these are represented by a dash (').

ii) DETERMINATION OF REFERENCE AZIMUTH FOR THE COMPENSATOR

A reference position for the compensator (when used)
is obtained by setting the polariser and the analyser to a
pair of related referesnce positions and then rotating the
compensator until a position of minimum transmission is
obtained., Again, the exact raference pasitian.is the
average of the two settings that give equal intensities on
each side of the minimum. The position corresponds to either

the fast axis or slow axis of the compensator being parallsl

to the plane of incidencs,

The procedure is repeated for the alternative compensator

position which is 30 degrees from the first pnsiticn for =

Correctly aligned apparatus.

There are non-significant positions at 180 degrees to
both the above positions. The results for the azimuths of
the polariser, analyser and the compensator usad in this

work are displayed in Table 3.1.
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iii)

J\ = 548,11 nm

Polariser Azimuth

Analyser Azimuth

Compensator Azimuth

(degrees) (degrees)
™, = 141.28 o = 132.42 74° ag’
m,,= 321.28 og,= 312.41 164° 407
mg = 51.69 o, = 42,32 2254"' ag’
= 231.68 of,,= 222.27 344° 39°

Table 3.1 Results for the reference azimuth for the

polariser, aﬁalyser and the compensator

PAOCEDURE FOR DETERMINATION OFW AND A FOR SPECIMEN

USING COMPENSATDR METHOD FOR A'-‘-‘ 546.1 nm

The compensator was set with its axis at 45 degrees to

a reference position, so that thes sxes of the compensator

coincided with the axes of the reflected ellipse, Light of

‘any ellipticity is then compensated, i.e. converted to plane

polarised light and can be characterised by the anglssy/ and

A . After locking theJk/4 plate, the polariser and analyser

are successively turned to give minimum light intensity.

The pniarisar extinction position, say Pl’ is then found by

'‘bracketing' the minimum position.

With the polariser then

set at its extinction position, the analyser sxtinction

position,'say Al, is likewise found by 'brackating‘; Pz and
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A, are found by the same procedure for a polariser azimuth
in another quadrant:' In general, the polariser settings are
symmetrically placed about r%, i.e. F'l -y should equal

T = P2, then the average is

(P - mp) + (mp = Po) (3.35)
Y = 5 -

It is Fcund that Pq and P4 at 180 'degrees to P; and P
respectively. A5 and A, are also 180 degrees to Ay wnd Ao
respectively, and sequentially also Pa and P4 are symmetrically

placed about ', i.se.

FI
(P -m1) = L' - Py
(Ps - mp') * (et - P
and Y = LPa f'P_é P 4

Tan Y is relative amplitude reduction between the (P)
ana (S) components produced by reflection from the specimen.
The analyser readings Al and A, are always separatad by
approximately S0 degrees, % - Ay should equal o - As.

In general the averaéa = ¥y $eW,

« = [og= A1) (o - A2) (3.386)
2

where the angle 2x - 90 = A (the relative phase rastardation

between (P) and (S) components).
4

Results taken on bulk titanium (Ti) will be used to

demonstrate the procedurs adopted throughout thess

investigations.
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i.,e, at 299° 40' and the

T
The compensator was taken + 7,

Following values were found:

Py = 173.e8"° Ay, = 65.02° Ay - u%' I
P, = 108.64° A; = 338.08° A, ...a;p' = x
P, = 353,90° A, = 246.30° Agj-eo = x
P, = =288.656° A; = 156.20° A, - o, = x

The compensator was then locked at 3%, i.e., 29° 40' and the

following values were Found:

_ o _ ° »
Pl 108.786 Al = 18.37 C S -“Al x
- u > P D —
P = 173.94 Aa;. = 288,28 , bﬁ - Aa = X
= o . © .' "
P 288.67 | AB_ = 198,52 C A3 x
P, = 353.80° A4 .= .108.40° "o A, =
a = 3.8 4 - = 108, o% - Aa . x
Y v = 32.62 degbeas
Xay = 113.88 degrees
A w = 137.78 degrees

iv) PROCEDURE FOR DETERMINATION OF W AND A FOR A SPECIMEN

USING THE BEATTIE AND CONN METHOD

As mentioned earlier, the absoluts intensitilas of the
light transmitted by ths systsm of ths polariser-spscimen-
analyser is measured for sight pairs of settings of polariser
and analyser and ars given as Follows:
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Polariser:

ﬁb + 45 = 186.28 degrees

‘Eclariser:

nb - 45 = 96.28 degrees

Analysa?:
o = 132.42°
s
o
o = 42,32
o)

— \ o
x - 45 = 357.32

o + 45 = g7.32°
[
.Analyngz
1 2.41°
&, = 3l2.
o ! = 222,27°
p
=]
o'+ 45 = 267.27

o it 45 = - 197.27°

The par‘metar‘s-w and A are then calculated from the ¢

formulae 3,33 and 3.34.

The same specimen, Titanium. (bulk) was used to prove

the procedure and to check the results taken bka/4 method

and these are given below:

1 8.44

1 =
L, & ags
13 , = 10.64
For checking I, + I, =I5+ 1

2 3
Waoos  32.79° and

A.y= 137.05°.

The results of ¥ and A agreed with above one for the same

1,0 = 8.76
Ia' =- 3.78
I,' = 10.80
1,0 = 2.20

4t 12.745 = 12.865

sample and at the same wavelength 546,1 nm.
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v) ERROR ANALYSIS

The scale readings for the polariser (P) and the 1
amnalyser (A) could bes measured to 0.01 degress and the

+ .
angle of incidence was measured to within - 0.5 degrees.

Several readings were taken immediately following e=sach f
other by th; bracketing method as described in Section 3.1.7.
The calculated standard deviation of the reading was about

0.08 degrees for the analyser and 0.06 degrees for the

polariser,

Thus the error arising from the ellipsometry's
parameters (angle of incidencs, ﬂc; polariser reading, P,
and the analyser .reading, A,)] cause the alternate error in

the optical constants n and k.

The following method has been used to estimate the error
in n and k from the errors associated with the above

parameters,

n and k have been calculated as a function of the angle
of incidence using fixed values of P and A, Fixed values
of A and angle of incidence by varying P, etc. Figure 3.6
shows the variations of the calculated values of n and k
by uncertainties of the experimental parameters for the

titanium for the wavslength 546.1 mm. This Figure suggests

that:



+
: = An error of - 1 degrese in the angle of

incidence changes the valus of n by about

_ 4 E
+ 12% and of k by about - 17%.

2. An error in

the n value

+
- 004%1
3. An error in

the n value

38

k1)

+
A of - 0.1 degrees changes

+
by about - 0.7% and k by about

uf of I 0.1 degrees changes

+
by about - 0,1%.

13 18 8 1o W 32 38

AV

A =2x=90

Figure 3.8 Errors of n and k caused by slight deviation of

the angle of incidencs,

A and Y from thes correct

values
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3.2 MEASUREMENT OF REFLECTANCE

The following types of spectrophotometers have been

used to measures the reflectance in the study;

- A Perkin-Elmer 450 spectrophotometer, Figure 3.7,
was used to measurse normal specular reflectancs over a range
of wavelengths from 0.35 Y m to 2.7 {] m of the elsctro-

magnetic spectrum. The Fcilcwing process has been adopted:

1. A reference sample with freshly svaporated aluminium
is seated in the reflectance holder attachment and
housed in the lower reference compartment box, which
is below the testing compartment box. These boxes
are located to the right of the PE 450 housing. The
testing box will be empty from the reflectance
attachment of the sample holder for this step.

After closing these boxes, the instrument is set
so that the scanning over the desired range of .
wavelengths, i.e, the visible (VIS) or near
infrared (NIR) occurs by putting the corresponding
chart in the proper place and setting the scale

knob and pen to approximately '80%' on full scale

krob.,

e. The sample to be investigated is placed in the
testing compartment box and seated in the
reflectance holder attachment and a sescond scanning
follows. The surfaces. of the reference Film and that
of the sample should Faﬁa the beam front, i.e. away

From the operator,
- 84 -



(3-7)

PERKIN - ELMER 450 S(PECTROPHOTOMETER

WAVELENGTH RANGE 06 to2.74m
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Figure 3.8 displays one example of the outnut corresponding

to the sample of 5 mV. '
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ii) A Perkin-Elmer Model 137B infrared spectrophotometer,
Figure 3.9, was used to measure the normal specular
reflectance over a range of wavelengths from 2.5 Um to 15
Am of the électromagnatic spectrum. The procedure

adopted for the above measurement is as follows:

1. A reference sample with freshly evapcrated
aluminium is laid on the supporting plate of the
inhouse reflectance attachment. The instrument
is set so that scanning over the whole wavelength

range occurs.

2. The aluminium reference is replaced by the sample

to be investigated, followed by a second scanning.

The data output is in the form of a chart racording..
Figure 3.10 displays an example for the output of the

sample corresponding to INCO surface of 5 mV process.

Both instruments, 450 and 1378, operate in double beam
mode to dstermine relative reflectance of a sﬁrFaca as

compared to freshly evaporated aluminium. These instruments
are designed so that the angle of incidence is 7 degrees
and the measurements are nearly identical to the ncrmal

spectral reFlactance'Hn[J\].

By dividing the two detector responses from either
chart and multiplying by the absolute reflectance of

aluminium, which is presently presumed to be equal to the
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"FIGURE (3.9 )

PERKIN- ELMER 137 SPECTROPHOTOMETER
WAVELENGTH RANGE : 2.5 to154m
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published data on absolute reflectance of laboratory aged
aluminium fFilms, Table 3.2, we obtain the normal specular
reflectance of the sample, which is HHD&J. The normal
specular reflectance result over the infrared region of
the spectrum, allows for an evaluation of the normal

emittance as has been discussed in Chapter 2.

..3..

o
o]

REFLECTANCE O

3

WAVELENGTH  (um)

Fig. 3.10 Example of chart record For 137B spectrophotometer,

(1) the aluminium reference run

(2) the uncoated 304 stainless steel (INCO) run and
(3) the 5 mV sample run.
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A R (hv. agsd] A R (hv. aged)
(U m) % CUm %
0.4 90.76 2.1 97.1
0.45 90.61 2.2 g7.2
0.50 - 80.34 2.4 97.3
0.55 80.32 3.0 97.36
0.80 90.27 a.s 87.5
0.65 88.76 4.0 97.58
0.70 88.86 5.0 87.7
0.75 87.61 6.0 97.84
0.775 86.78 7.0 97.94
0.80  85.96 8.0 98.04
0.825 85.56 8.0 s8.07
0.85 85.96 10.0 g8. 12
0.875 87.3 11.0 as. 16
0.0 88,84 12.0 gg.21

- 0.925 '80.30- 13.0 88.26
0.85 91.54 14.0 98.3
1.0 83,2 16.0 98,38
1.2 95,85 18.0 8. 15
1.3 S6.58 20.0 98,52
1.4 86.5 22.0 98.58
1.5 96.6 24.0 s8. 61
1.55 96.7 26.0 98.64
1.60 96.7 28.0 98. 67
1.65 96.8 30.0 a8.7

-1.70 . 96,8 32.0 g8.72
1.75. 96.9
1.80 86.8
2.00 96.99

Table 3.2

‘Reflectance of evaporated aluminium Films

.produced from Bennett et al, 1963
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i1i)  INTEGRATING SPHERE REFLECTOMETER (ISR): the reflsctance
of radiation falling on a rough surface consists of specular
and diffuse cumpnnants; Scattering from such a surface can
cause an error by neglecting the diffuse component ﬁF';hu
reflectance for the spectrophotometers measuring reflectance
at near normal incidences. To detsct the total reflected
radiation, a so-called infagrating sphere raFlactcmﬁtér,
ISR, can be used. An ISR can bﬁ cperated in one nFltﬁq
mndaé: direct or indirsct. In the direct mode, the sample
is irradiated directly and the detector views an area on
the sphere wall. A similar raéding is then taken on a
comparison reference of known reflectance under the Qama
conditions. The measured directional hemispherical
reflectance Factér R'(8, 2m) is then the ratio of thé.
sampia reading to the reference reading times ths known

reflectance of the reference.

In the indirect mode, the beam from the source is
first incident on the sphere wall, and the sample is
irr%diated uniformly over a hemisphere. The detector visws
the sample directly. A similar comparison reading is then
taken on a reference of known reflectance under the same
conditions. The measured hemispherical directional reflectance
factor R'(2yr, B8) is then the ratio of the sample reading to
the reference reading times the krnown reflectancs of - the
reference. The measured reflectance Factors R'(8, 2r) and

R'(2rr, B) are each esqual to the directional hemispherical
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reflectance Riye, - v and are frequently reported as such.

This equality has also been used in this work.

The ISR instrument developed by Jacobson and Lamoresaux
(1878) at the Dptical Sciences Center, Arizona University,
operates in hemispherical directional mode. This instrument
is illustrated in Figure 3.11. The Tungsten Halogen source
is mounted at a side port (1) of an integrating sphere. The
sphere of this instrument is shown in Figure 3.12. It is
made up of two hemispherical aluminium caps which are coated
inside with a barium sulphite coating, a material which
maintains a diffuse reflectance of above 70% up to wave-
lengths of the order of 3 mm. If a radiation beam is coming
into the sphere and hits the wall, the individual rays will
be diffusely reflected by this wall coating and this
results in a uniform radiation density insida the sphers,
and uniform brightness over the surface of the spheres.

The sample is placed in tHe centrs of the spheres and is
illumirated hemispherically., It is supported by a shaft
which can be rotated by a knob outside a second sphere
port; this enables one to measure the directional
reflectance at various angles. There are three apertures
in the sphers, one for the incident beam, one For the
detector and one for the sample holder. The sample is
irradiated with a éourca through port 1 and the detector

is located at port 3. The monochromator is locatad between
" the sphers and the datactnr; The detsctor used covers S6%

of the air mass 2 (Thomas and Richmond 1978).



W2 0 OO0 ° 3IONVE HLONITIAVM

4313 WO0LD3T43¥ F¥IHAS ONILVHEOILNI (LL-€) 3¥N9I4




FIGURE (3.12) |INTEGRATING SPERE

| 300 mm piameter Alumihium Sphere

Coated With Kodak White Reflectance

Coating |
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The procedure adopted for surface analysis by this

instrument is as follows:

1. A reference sample with freshly evaporated
aluminium is placed on the holder and the surface
film faces the detector port. Scanning takes
place over the whole range of wavelengths (0.4

to 2,7 4 m) and measurements are made.

2.. The reference is removed and replaced by the
black glass and followed by a second scan, under

the same conditions. This step allows for the

correction against the white sphere background

for the aluminium reference and the sample to

be investigated.

The results of step 1 and step 2 ars measured and stored in

a computer memory.,

3. The black glass is then removed and replaced by

the sample and followed by a third scan,

This procedure provides corrected reflectance factors
for both the sample and for the aluminium reference., The
former is divided by the latter, causing the sphere wall's
reflectance to cancel. The last step is the multiplication
of this ratioc by the absolute reflectance of laboratory aged
aluminium Film. Figure 3,13 shows a strip chart cutput as an

example for this type of analysis.
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The ISR allowed for a calculation of hemispherical
solar absorptance as has been discussed in Chapter 2.
All instruments mentioned above, the 450, 1378 and ISR

determine relative values of reflectance which are accurate

to + 1%.

The reflectance measurements by the above instruments

were done in the Measurement Laboratory, Optical Sciences

Center, Arizona University, Touson, USA,



3.3 MEASUREMENT TECHNIQUES FOR LIFE TESTING

Figure 3.14 represents the tube furnaces used in such
tests. These furnaces can expose spectrally sslective
surfaces to extreme conditions, open to the atmosphere or
in a controlled atmasﬁhara over temperatures ranging from
25°C to 1200°C. The controllers used were: Lindberg Solid

State Digital Controllers.

The above furnaces have been used in the current
investigation for life testing in air and for S

thermally oxide growth on bulk titanium and for stainless

+
steel and one is able to hold the temperature to = - - 8

Figure 3.15 represents the life cycle furnaces. The
twin furnaces simulate thermal trans ients due to cloud
passage and the diurnal cycle, experisnce by solar

receivers, Testing has been carried out for nickel black

and INCO surfaces in air and in soft vacuum.0.l Torr,

Their temperatures ranged from 25°C to 1200°C.

Furnaces used: Paragon OllP units on air-operated stages.

The cyecling was programmabla.

The life testing was carried out in the Optical Sciences

Center, Arizona University, Touson, USA.
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3.4 MEASUREMENT OF THE CHEMICAL COMPDSITION

Two tachﬁiéues have been ussd to invaﬁtigata the chemical
cchpcsiticn of the selsctive surfaces which have bsen
supplied by INCO. BirminghamE Auger spectroscopy Ffor the
samplés cafregpnnds to 5 mV and S mV [unhaafsd] and the

electron microprcbatir the black nickel Foil.

The principle of Auger slectron spectroscopy can be
summarised as follows: A beam of 1.5 KeV electrons, 1 YA,
bombards the surface of the sample which then emits secondary
electrons from within a very thin surface layer (5 Angstrom
to 20 Angstrom). Some of these electrons, called Auger
electrons, are characteristic of the emitted atoms. Since
the energy of ths'amitted Auger electrons are, in fact,
dependent on the atom they come from, the energies of the
Auger slectrons can be used t; determine the composition of
a film. The following formula represents a first order
method of deriving atomic percents from the quantity of

detected Auger electrons.

; Is/I N
Atomic % = C = 3.37
omic 1?;:7;;H C )

Ix is the measured Auger signal

H

I>< is the peak to peak of the Auger signal as measured

from an elemental standard, taken from the handbook of Auger

electron spectroscopy, Palmberg =t al {1872).

= T =



In the microprobe technique, the ﬁlectrmn microprobe
bombards the sample with electrons and detects X-rays; An
Applied Research Laboratories Scanmnning Electron Microscope
Quantometer, housed in the University of Arizoma's Space
Sciancés-cantar, was used to analyse the nickel black foil
before and after heat treatmsnt. However, we could not use
the above technique for the coloured samples of stainless

steal (INCO surfaces) because the oxide layer is thin.
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CHAPTER 4

EXPERIMENTAL RESULTS

The purpose of this chapter is to present the experimental
data which realate to thse Ellipsomstric, Reflectancs,
composition and life testing measurements ; which have been

made on the surfaces to be inVEstigatad;

s

The figurs below shows the sequence of axperiments used

to characterise and evaluate the surFaces;

 Surface as received
or as
prepared

1

Ellipsometer
characterisation

Y

4

Ref lectance
measurement,
a and &

- calculated

A

Annealed
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4.1 TITANIUM OXIDE/TITANIUM

* ° There has been a growing interest in the oxide films of
titanium as energy converters of solar radiation anergy;
Fujishima and Honda (1872) decompossd water photo-electro-
chemically uslng a TiDa slectrode. Recently Stalder and
Augustyrski (1978) reported the application of titanium
dioxidse ig pfccass of photo-reduction of water to produce
hydrﬁéan; .Tha use of oxide films of titanium as transparent
antireflectory coating has been reported by Fan and Buchner
(19768]) and as antireflecting coating on metal for selective
solar absorbers by Yoshida (19738), who deposited titanium
oxidé.Films on titanium by reactive svaporation in oxygen

of 89.889% purity using an electron beam gun.

- .The work reported here relates to cptical properties
of thermally grown oxide films on mechanically polished
titanium. The refractive index and the ax%incticn coefficlent
of the growth of an oxide Film on bulk titanium in air at
750°K as well as for the bulk titanium are determined over
a waveleﬁgth range from 347.1 rm to 576.1 nm by using
ellipsometry. The spectral reflectivity of the above system
which consists of a metal and its derivative oxidaa layer
produced at.750°K for various firing times were measured

over a wavelength range from 0.375 Mm to 15 Um.

s <° 104 .



4.1.1  ELLIPSOMETRIC STUDIES

TITANIUM SUBSTRATE SAMPLE PREPARATION

The tiﬁanium (23.9% purity) used as substrates for the
Film growth tests was supplied by the Koch-Light Laboratories
Ltd. The maﬁuFacthrers quoted the Following known
impurities to be presenﬁ{ iron, nitrogen, hydrogen and
traces aF carbon. Samples 12 mm by 27 mm were cut from
1.25 mm sheet. The samples were mechanically polished with
abrasive papers (numbers 400-600) in running water and then
polished with medium grade alumima on a cloth. During this
process the sampias were washed several times with water to
ensure that particles removed Fram‘tha surfaca of the
samples could not cause further scratching of the surface.
.Gamma alumina on a cloth was used to complete the last
polishing stage. Fimally samples were cleaned in distilled
water and in boiling iSOpEnpyl alcohol and dried by

removing through the alcohol vapour.

OPTICAL CHARACTERISATION OF TITANIUM SUBSTRATES

The titanium substrates were examined optically prior
to the growth of axida‘Films and were characterised by the
instrument angle settings )/ and A as previocusly mentioned.
The values were maasutad For light radiation of five wave-
lengths in the range 387.1 nm to 576.6 rnm. Because of the
wavelength spread the Beattie-Conn method was employed as

Opposed to the use of the compensator method. The values

- 105 -



obtained are given in Table 4.1 together with the corresponding

optical constants n and k for the clean aubstratal

vV A n k

Eghl degrees degrees [= 2
576.6 ' 32.48 ©139.29 2.52 3.36
546.1 | 32.82 | "137.786 2,36 3,28
483.7 33.65 | 134.29 2.01 3.26
454.1 32.60 131.08 1.84 2.96

Table 4,1 Optical §onstants of titanium substrate:

Fl

Figure 4.1 shows plots of computed values of W against n

and A against n For values of k.ranging from 3.22 to 3.28.
Experimentally determined values of '\,U and O ét a given
wavaiength for the surface of a clean titanium substrate ars
shown as horizontal lines. The points of intersection giving
the same value of n and k are the values taken to characterise
the substrate prior to oxide growth. Two methods were: used
to check the values of \f/ and D at 545.1llnm: by compensation
and by that due to Beattie and Conn. For wavelengths other
than 546.1 nm the latter method was adopted since a phase
compeﬁsatiun plate would have been required for each

wavelength if the former method had been adopted throughout.
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Yl(degrees)

330
320 |-
. A (degrees) .
138 —~ :
/_Exp. Value
136.6 | . | | 1 ] ]
2.30 2.32 - 234 2,36 2,38 240 242

——p N

Figure 4.1 Angles \{/ and 2\ versus n for differing ua;gss
' of k "
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RESULTS OF OXIDE GROWTH EXPERIMENTS

Figure 4.2 shows an example of a plot of tartv/against

A =zt a wavelength of 546.1 nm for the growth of an oxide

Film on bulk titanium in the air at 750K at stages during

the gnnwth;

Computed values of tan V and A are also shown

for films of different thickness on a substrate with optical

constants determined experimentally;

In the example shown

the computed values were generated using optical constants

n=2.40, k = 0.24 for the titanium oxide on a titanium

substrate n

n

2;35, kK = 3.28 (from Figure 4.1). The values

of n and k were determined as indicated above and the optical .

constants obtained at the various wavelengths are given in

Table 4.2, together with substrate reflectances,

Optical constant of| Optical constant of| Substrate
' substrate (Ti): " titanium oxida reflec-
Wavelength Film tance
nm

N5 kE n1 kl %R

576.6 2.52 3,36 2.45 0.23 57.4.

546.1 2.36 3.28 2.40 0.25 57.1

48g,7 2.01 3.28 2.39 0.25 59,2

454, 1 1.94 2.965 2.38 0.24 55.9

397.1 1.76 2.78 2.38 0.23 54,1
Table 4.2 The optical constant of titanium sSubstrats,

titanium oxide and the calculated reflectances
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The reflectance of the titanium oxide/titanium system
was calculated from the expression as given by Heavens (1s63)
for an absorbing surface covered by an absorbing layer.
Figures 4.3A and 4.3B show reflectance against wavelength
for differing thickness of oxide oﬁ titanium and reflectances
against oxide thickness for the two extreme wavelengths
respectively. Table 4.3 anws the variation in YW and A
with time cbt;inad at various wavelengths for oxide film
grown at 750K and indicate the large changes observed at this

temperature.

- Figure 4;4 shows plots bf the ellipsometer angle A against
time at a wavelength of 546.1 nm for oxide growth on bulk
titénium at-diFFerent temperatures. In the cases of Films
grown at 420K, 430K and 560K the film thicknesses are small
and Sb is proportional to thickness. This assumption is not
applicable when thick Films are grown as has already been
mentioned., A Film thickness of 15 mm was produced in 30
minutes when the substrate temperature was maintained at 680K
and in 5 minutes st 750K, The corresponding shift in A was
in the region of 20 degrees of rotation on £hs analyser,

At a given temperature the relationship between oxide
thickness (t) and the time (T) followed a relationship as

proposed by Vermilyea(195E)for the formation of oxide film

on tantalum:

t A + B log T

where A and B are constants.
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4.1.2 REFLECTANCE RESULTS

Thermal oxidation in air of bulk titanium produced a
range of coloured interference films. The surface first
appeared yellow, gold, purple, dark blue, bright light blue
and dull light grey. These coloured films were produced at
a temperature of 750K and the colours could be produced at
other furnace temperatures. Investigation of oxidation at
high temﬁératuréé CFcr”exahple 1198 Kelvin) has been
attemﬁtad, bﬁt‘thé rate cF'bxiaétion.waé tcé rapid to ball

eFFectivély cantroiléd.

The room “temperature reflectance curves for bulk
titanium thermally oxidised at a temperature of 750 Kelvin

are displayed in Figure (4.5).

10%.

~
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l.l.. . h 7 ..- .
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Fig. 4.5 Specular reflectance versus wavelengths for

polished titanium and after heat treating in
air at temperature 750 K,
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The reflsctances for wavelengths longer than 8/m are the same
and approach the reflsctance of a polished bulk titanium.
During heating at 750 Kelvin, the shift of the reflectancs
sHéﬁed the same pattern for the sample at different sintering
timea;‘but it causes the fringes to shift towards luﬁger
wa@élangths with ihcreased time of heating, i. .. increasing

the uxidé thicknass:

~. The values for solar absorptance, a, and the thermal
emittance, e(t) at temperatures of 25°c, 100°c, 150°c, 200°C,

250°C and 300°C were obtained and the results are shown in

Table 4.4,
Heat- Absor- Emittance % Colour
'ing . | ptance

e | e ) e e [ & _
: ;ti:ﬂ a% (25°c)c100°a|c 158 Q2o elc2sd ) 300°C)
m .

o 46.78 6.084 7.52| 8.,25| 8.23| 10.34 11.15 |silver
5 54.23 7.1 8.52| 9.40|10.84| 11.74 13.1 yellow

10 87.3 g.o01l g.78|10.58(11.74| 13.11 14.04 |gold
15 | 76.3 8.84| 10.73|11.45|12.83| 14.17 15.34 |purple
25 77.0 g.71]| 11.70|12.92{14.17| 15.43 16.56 |dark blue

40 | 79.0 10.41| 12.49|13.59(14.86| 16.37| 17.31 |dark blus
80 77.5 11.37|13.04[14.13|15.47| 16.48| 17.76 |dark blue
180 78.0 13.03|14.71|15.84|16.79| 18.04| 19.37 |light blue
238 | 77.7 13.03|14.71|15.84|16.79| 18.04| 19.37 |dull grey

Table 4.4 Optical properties of titanium and titanium oxids
for various heating times at a temperaturs of

750 degreess Kelvin
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4.2 TITANIUM OXIDE/ALUMINIUM

In this part of the work, aiuminium has been used as the
underlayer material instead of titanium. The samples were
prepared by vacuum svapahaticn of pure titanium [99;97%Jnn an
anodized aluminium plate (polished, supplied by Alcan). The
thickness of the deposits of titanium was altered by the mass:
evaporated from 0.055 gm to U;ﬂs gm with a source-substrate

separation of 24.5 cm under a pressure of 4 x 10_5 Torr.

The spectral reflectivity was determined before and
after heat treatment for different periods of time at 570°

Kelvin in air and the results are shown in Figure 4.6,

Figure 4.7 shows the reflectance spectra during
oxidation of the deposited titanium film on a previously

heated aluminium substrate in air for thres hours at E7D°

Kelvin.

p 1

Table 4.5 displays the calculated values of the
absorptance, a, and the emittance, E[t], at temperatures of
10o°c, ISDQC, 200°C and 300°C for the samples corresponding

to 0.055 gm and 0;09 gm respectively.
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: Emittances %
Sample Absorp- g o =] e 8 Colour
treatment tance | (100°c)if15d’cl{(200°c) |(300°C)
ax _

Al-sheet

(polished)

swpplied by

Alcan 210 silver
+ 55 mg Ti 50.0 8.31 g.27 | 10.48 | 12.76

Heated 4 hr dark
(67C K] 80.0 8.42 . g.64 10.8 12.86 blus '
Al-sheest

(polished])

plus S0mg Ti 47 .0 10,98 12.90 |.. 14.086 15.27

Heated 4 hr - dark
(670K) 68.6 12.399 14.09 15.86 17.41 blue

+ heated 1 hr S

(6870K) 70.6 13.40 14.4 15.5 15.13 bluse

+ heated 1 hr , indigo
(670K) 72.3 | 14.4 16.66 19.23 | 18.23 | colour
Al-sheet

(polished)

heated 3 hr

(670K) plus :

80 mg Ti 51.0 14.38 18.81 17.34 20.71

Heated 4 hr goldish
(870K) 70.0 16.38 17.39 138.28 2l.e8 brown
+ heated 1 hry dark
(670K) +.70.0 16.98 18.57 20.12 22.88 violet
Table 4.5

et s —
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es at a temperature of
670 Kelvin

Dptical properties of thermally oxide titanium
Film on unheated and heated aluminium sheet at
various testing tim




4.3 CHEMICALLY COLOURED STAINLESS STEEL (INCO SURFACES)

Aha;é sur#;ce traatm?nt techniques now in practical
usal the chemical conversion haactiun%mgthud has bsen
utilizsd Fﬁf a long time bac%use_cF its simplicity and
suitabilit& Fénm mass trsatment: Previously, the colouring
oF-;taal was_intandaq for decorative purpuaas; The
ngricaticn of solar ébsorber coatings on stainless steel
substrates has recently received wide spread study. Edwards
et al (1862) reported selective finishes on stainless steel
formed by both chemical oxidation using Ebanol salts and
thermal oxidation "in air at elevated temperatures; Evans et
al (1973) have reported a process of colouring stainless
steel by iémeréinn in a hot mixturses of chromium and sulphuric
acia. The film has excellent adhesion, abrasion raesistance
and selectivity propertiss., The thickness of nxidé film
increasses in proportion to the duration of immersion and

various colours asppear as the thickness changes.

Five samples of different colour on 304 stainless steel
were obtained directly from International Nickel Company
(INCO) for the present observations. These samples ars
referred to as 1.5 mV, 3 mV, SmV, 7 mV and 9 mV samples and
were produced by the above prncess; The voltage relates to
the preparation :onditiuns; A higher voltage gives increased

layer thickness and such a range of colours is achieved.

We report here a study of the following colours, brown,

violet, blue, light grey and dark grey corresponding to 1.5 mV,
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3ImV, S5 mV, 7 mV and 8 mV raspectively; The room temperature
specular reflectance of the above samples were measured over
a wavelength range 0.35 HYm to 15 .um. Absorptance and the
emittance values were calculated for every sample; The

ef fect of temperature ageing in air and in a vacuum was also
investigated by calculating the absorptance and emittance

before and after heating.

It was possible to stabilize the sample corresponding
to S mV and to increase the absorptance of the 1.5 mV and
3 mV samples and to stabilize them at highahltamparature by

coating the samples with = thin film of SiN,.

Ellipsometer studies have also been carried out on

the various INCOD pﬁeparad samples of stainless steel.

The composition of unheated samples corresponding to

S mV and 8 mV was measured by Auger Analysis.
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4.3.1 ELLIPSOMETER RESULTS

INCO SURFACES (COLOURED STAINLESS STEEL)

Measﬁ}aménts.wefa made by an ellipsometer on the
uncuateﬁ [palishedj stainlaés steel 304 type and on Five
different cclauréd surfaces cﬁrrESpunding to 1.5 mv; 3 mv,
5S5mV, 7 mV and 8 mV. The above surfaces were obtained from
IﬁCD, Eirmihgham, Eﬁgland in a sheat Form. Samples measuring
2? x 25 mm were used in both the ellipsometry and reflectance

measurements, and were cut from the same shest.

DPTICAL CHARACTERISATION DF 304 ' STAINLESS STEEL*‘

This type of sfainléss steel was supplied in the Form
ﬁF polished, Spacular.éhestthgamm thick. The sample to be
investigated was cleaned in distilled water and boiling
.iéapropyl'alcnhci and dried by removing through the alcohol

vapour,

The sample was charactefisad by the ellipsometer aﬁgla
settings \U and /A as previously mentioned. The values were

measured for one radiation wavelength of 546.1 nm. The

3*

The base material for the coloured oxide INCO finishes
was 304 stainless steel.

This contaired the following elements with the
corresponding percentage of compesition. _

17.8% Cr, 8.7% Ni, 0.08% C, 0.52% SI, 1.2S% Mn,

0.56% Mo, less than 0.05% Ti, the remainder being Fe.
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ccmpansatcr_méthad was used in this series of axparimenfal
studies. The values obtained For the angles Y and A are
35;57Idegrees and 138.43 dsgrﬁss; Since tﬁa stainless sta;l
surfacaes which havalnct raéaivadlhaat traétmant Eontain
chromium oxide, the published Figures, Hill ;ﬁd ﬁaa;ar {1958)
For the optical cﬁnstante of chrnﬁium oxide (n = 2&42,$k = 6],
tngathsﬁ with’tha asuva measurements For the substrate, wers
used to compute SA and S\P for various oxide thicknesses up
to § mm. This aspproach was adopted for stainless stesl by
Fane et al [1973]; Calculations show that in such a case the
computed thicknsesss of oxide on the sUpﬁlied”saﬁﬁla:cnuld be
~~ 30 nm corresponding to A = 13'8-. 43 and W = 35.57, and
A = 144,03 and W = 35.41 corresponding to zero
thickness of chromiim oxide. By using these Qaluea for the
substrate surface, together with equation [3.13) and equation
(3.14), the optical constants ny; and kp of the substrate were

found to be 2.28 and 3.70 respectively.

RESULTS OF THE FIVE COLOURED SURFACES OF 304 STAINLESS STEEL

( I1NCO)

The measurement of \J and A for the five coloured
stainless stesl ccrrespanding to 1.5 mV, 3 mV, 5mV, 7 mV and
S mV were obtained bafore and after heat treatments and are
shown in Table 4;5, for one light radiation of wavslength
545;1 Am. Figure 4.8 shows plots of W and Z;hFur the above
samples before and after heat treatments. The figura 4,8

indicates that the 5 mV sample has the lowest valuss of HV and
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[\ . It keeps this property ip to heating For 192 hours at
210°C and For 180 minutes at 300°C. However, ths A.values \
of all the above samples decreased. AFfter heating to 300°C
For 192 hours, chly the £AIValues.oF 5 mV sample increased

by ~ 80 degrees and the sample corresponding to 3 mV has the

lowest values of \P and /\ .

44,

2&_ ...... sesssssssssentes .uw
T e SO e e

——— Before heating
al —— 192 hr 210°C

' : ~+=+ 160 min 300°C
vee. 192 hr 300°C

lﬂﬂh \'. *

sal . ‘

al 'l.(,mV)‘,
1 2 3 4 5 8 7 8 8§ 10

Fig. 4.8 Plots of W and & for the 1.5, 3, 5, 7 and 8 mV
samples and.after heat treating in air.
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4,3.2 - REFLECTANCE RESULTS

The room temperature specular reflectance (R.T.S.R.)

was measured for the Ffive diffFerent coloured samples and the

uncoated one over a wavelength range extending from 0.35 Y m

to 15 klm; The results are shown in Figurs 4.9.
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e B\
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2al
.3 3 5 10 20

A (MICRONS)

Fig. 4.9 Specular reflectance versus wavelength For
polished 304 stainless steel and INCO samples.

This figure shows that the sample corresponding to 5 mV (blue

in colour)] is of
shows the lowest
the interference

the five samples

the most favourable optical properties; it
reflectance in the solar region, although
Fringes look similar (gently wavey]) for all

in the above region. The reflectance for
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wavelengthsllnnéer than 8 |/ m'is the same for the Fivé samples
and sbows the same reflectance as for a polished (uncoated)
sample of 304 stainless steel. This Figure shows that clearly
and in all different coloured samples, there is a major step

from low to high reflectance in the wavelength 1 - 5 Um.

Values of the absorptance, a, and the emittance, g, fFor
the uncoated and the five different coloured samples wers
determined, the emittance was calculated at lUUQC, 200°C and
300°C. These data are tabulated in Table 4.7. Figure 4,10
illustrates the plots of the absorptance of the INCD surfaces
(unheated)., This figure suggests the blue colour sample,

corresponding to S mV, had the highest absorptivity.
10@.
sal ° .

eaL

ABSORPTANCE (X

4EI

2aL

Fig. 4.10 A plot of absarptance. for.the INCD. samples
corresponding to 0, 1.5,3,5,7 and 8 mV process.
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4,3.3 ABSORPTANCE VERSUS THE OFF-AXIS ANGLE

To investigate the dependence of the absorptance of the
aon; surfaces on the angle of incidenca; the Spéctral
hemispherical directional reflectance of two different
coloured samplesl.5mV and S mV) have been measured as a
Function of the ofF-axis angle up to S0 degraeé; Then the

sbsorptances have been determined and ara recorded in Table

4.8,

Figure 4.11 shows the plots of z3-values versus the

offeaxis angle.

=
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. ~i { 1 | b {
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Fig. 4.11 Absorptance versus the off-axis angle for 1.5 mV
and 5 mV samples
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Emittancae %
Sample Abscr‘pténce = :

a% e(100°c)|. e(200°C) | o(300°C)
uncoated 304 s.s. 35.00 9.1 10.0 11.3
1.5 mV 74.90 g.8 - 11.1 12.40
3 mv - 79. 60 10.10 11,10 12.60
5 mV : . gs.50 10,10 11.10 13.50
7 mv 83.50 10.10 11.30 13.40
amv - 82.30 10.65 | 11.50 13.40

{ébla.d;; Optical propertiss of INCO surfacss (unheated)

Absorptance %

Off-axis angle

(degrees) . 1.5 mv 5 mV
10 77.8 88.9
15 ~ 75.5 686.8
20 74.8 86.0
30 73.4 84.0
40 70.7 81.5
50 70.5 80.0

Table 4.8 The absorptancse as a function of the off-axis
angls for tha 1.5 mV and'5 mV samples
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4.3.4 LIFE TESTING

i) CONTINUDUS ANNEALING IN AIR

Tha.INCd coated cclnurad.stainlass steel surfaces havs
been annealed in air at temperatures between 110°C - 300°c,
‘by uéing a Lindberg Oven, Figure 3:15; The temperature
stability was tested by subjecting one set of samples [1;5 mV

-8 mV) to successively increasing_tsmparaturus;‘ Figures
4.12 to 4.16 show the results of the abcvu_tasts; Figura‘4;17
shows the reflectance spectra of 5 mV sample before and
after heating for B0, 160 minutes and 182 hours at aos®c.
The valuss of the absurptanca, é, and the emittance, g(looac,
200°C and 300°C) are determined For each test and recorded in

Table 4,9,

(ii) CYCLING ANNEALING IN AIR

Three sets of INCO samples were processed. ' The First
two cycled for 48 hours at the rate of 4 cycles/hr between
50°C. and 110°C in one case and 50°C and 210°C in the other
and the third for 182 hours at the rate of 2 oycles/hr between

) o
S0°C and 210°C. Figures 4,18 to 4,22 show the above test,

(iii) -ANNEALING IN SOFT VACUUM (0.1 Tortr )

A set of 1.5 mV to 8 mV samples has besn annealed in a
soft vacuum (0.1 Torr) at 300°C For 86 hours. The values of

the absorptance and emittance are calculated and recorded in

-

Table 4.9. E.g., the'reflectance spectrum For 5 mV. sample i=
shownin Fig.423. The cycling tests and of the soft vacuum have

been carried out using the life cycling furnaces Figure 3.16.



4,3.5 STABILIZATION OF INCO SURFACES BY Si N,

Carver =t al (1878) have proposed and successfully used
Chemical Vapour Deposition [CVD) method to passivats
molybdenum oxidation by coating the surface with a Film of |

N L

either Craﬂa.SLOa or Sia 4

It was decided to cover INCO coloured stainless steel
samp les with'SiaN4. .The first attempt was to coat them such

that the First fringe was lucafsd ~ 2-3 Y m. The thickness

af 313N4 Film was 250 nm.

The results of the specular reflectance at room
temperature were plotted in curves 4,24 to 4.28, The values
of the abacrptanca:and the emittance for the above test are

also recorded in Tabla 4.9,

The successful attempt was one in which the first:

fringe was located ~ 0.9-.1.3 Ym. This was with a Ffilm of 125 nm

thickness of Si3N4. The reflectance spectrum of this attempt

is illustrated in ths above figures, The values of absorptance

and emittance of the samples after coating with 125 nm thickness

of 513N4 ars recorded in Table 4.8.

The coated samples with 125 nm thickness of SiéN4 were
annealed in air for 192 hours at ESUGC, and Ffor 3% hours at
300°C. The calculated values of the absorptance and the

emittance are also tabulated in Table 4.9.
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4.3.6 HEQEL%S OF THE COMPOSITION ANALYSIS

The surfaces of the two samples ccrrESpondinQ to S mV
and 8 mV (unheated) have bsen examined using Auger analysis.
The variation of element concentration with the depth below
the surface for the above samples have been investigated by
successively removing laysrs by argnh bombardment of energy
2 KV and beam current density of 1MA cm-a, the sputtering

speed being 0.2 nm/minute.

Figures 4.29 and 4.50 respectively represent. the Auger
spectrograms for the above samples before and after
sputtering for different periods of tima. These traces show
the presence of chlorine, sulphur, carbon, chromium, and

oxygen on the surface at zero time of sputtering.

Figures 4.31 and 4.32 show the argon bombarded depth
profiles of the samples S mV and 9 mV respectively.  The
elemental concentration has been calculated for every element

by using the equation 3.37 in chapter threes.

Tables 4.10 and 4.1l respectively display the calculated
elemental concentrations for different periods of sputtering

time and are plotted in Figures 4.33 and 4.34 for the 5 mV

and S mV samples.

- 141 -



0 mins.

1105 mins.

\;""‘" cr Cr
L

.’ \‘ N

2010 mins.
A P‘ ‘l'{l
L L B Y )
. e . |
/_.,,."' E; cr
.“,'oh'!
[
S
_.-l\.,,.'i!r
At

]

@ ' L,v-.ol*" | \/
)\ Y A\ -

N 1
: s
A

Fe

Fe Fe

NAUAY
A
; A\ fe
)

Fig. 4.28 AES after various sputter times for 5 mV sample.
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- 148



Atomic % ch]
Time . . - KR |
min. |SULPHUR| CHLORINE |NICKEL' [CARBON [OXYGEN [CHROMIUM | IRON
1| 3.40 | 8&.28 0.0 | 72.12| &.21 12,02 | 0.0.
2| 3.44 4,89 0.0.| 72.08| s6.87| 12.55 0.0
4| a.23 5.49 0.0 | 65.04| 9.20| 16.04 | 0.0
6| 5.6 | 6.18 | 0.0 | 56.18| 11.65| 20.08 | 0.0
g| s.75| s.96 0.0 | 48.68| 13.2 [ 25.4 | 0.0
10|- 6.18| 7.4s 0.0 | 41.01| 15.88| =29.82 0.0
20| s5.18( 7.85 0.0 | 25.47| 21.37| 40.12 0.0
50| 3.78 c.o 10.76( 11.12| 21.53| 44.43 | 8.31
loo| 4.00| 0.0 | 17,55 0.0:| 20.28| 47.75 | 10.43
200| 3.93| 0.0 17.22| 0.0 | 18.88| 45.86 | 14.33
300 3.74| 0.0 20.18| 0.0 16.21] 42.32 | 17.55
soo| 2.85| 0.0 27.40 0.0 | 12.54| 33,58 | 23.53
soo| 2.20| 0.0 28.18| 0.0 7.s8| =20.23| 41.73
' 1000| 2.43| 0.0 32.92| 0.0 3.18 16.85 | 44.57
2000 2.88| 0.0 3s.07| o0.0| 0.0 13,83 | 48.34
‘Eabla 4,10

Atomic percentage composition of the 5 mV sample

(unheated)
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Atomic % CCx]
Time
Min. | SULPHUR{CHLORINE{NICKEL]CARBON |OXYGEN'[CHROMIUM [IRON
1 3.11 | 3.14 | 0.0 | 78.38| s.81| 11.45 | 0.0
2 s.07 | 3,10 | 0.o | 7e.82| s.3s| 11.87 | 0.0
4 4.15 | 3.35 | 0.0 | 71.74| s.48| 14.27 | 0.0
5 s.50 | 4.57 | 0.0 | e2.s7| se.33| 17.80 | 0.0
8 6.58 | 4.681 | 0.0 | ss.08| 11.84| 21.82 | 0.0
10 7.10| 4.2 | 0.0 | 48.41| 14.57| 25.30 | 0.0
20 7.41 | 6.53 | 0.0 | 25.13| 21.91| 3s.02 | 0.0
50 5.26 | 0.0 |14.86 | 10.78| 23.48| 4s.82 | 0.0
100 4,18 | 0.0 |15.52 | 0.0 | 23.43| 4s.68 |10.18
200 4,08 0.0 17.94 | 0.0 | 22,37 45.65 | 9.95| "~
500 4.72 | 0.0 |24.98| o0.0| 18.75| 41.07 | s.48
600 4,07 | 0.0 |24.85| o0.0| 18.18| 38.82 |14.08
800 3.es | 0.0 |2s.08| 0.0 13.88| 3s5.82 |20.75
1000 3.44| 0.0 |2s5.53| o0.0| 12.82| 30.32 |27.50
1100 3.18| o.0 |2s.08| 0.0/ 11.s5| 28.13 |30.96
1350 3.06| 0.0 |27.28| o0.0| s9.s2| =22.08 {37.67
2000 3.00| 0.0 |30.02| o0.0| s.30| 18.70 |41.97

Table 4.11 Atomic percentage composition of the 8 mV samplse

{unheated)
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4.4 THERMALLY OXIDIZED STAINLESS STEEL TYPES

304 AND 316°

The section reported here deals with the optical
properties of thermally grown oxids Filﬁs on polished stainless
steel of the two types, 304 and 316 heated in air at
atmospheric pressure at temperatures of 773 Kelvin, 823
Kelvin, 8723 Kelvin and 1198° Kelvin over a rangé of

exposurs timss.

4.4.1 ELLIPSOMETER RESULTS
.-SUBSTRATE SAMPLE PREPARATION

The sample 25 x 25 mm was cut from 316 stainless stesl.

sheat.g the 316 stainless steel type sample was polished to a
mirror finish by initial grinding, followed successively by
€, 1 and % diamond paste polishes, The samples was then
ultrasonically cleaned to remove loosely bound polishing
particles, and then finally boiled in isopropyl alcohol and
removed through the vapour to eliminate all traces of greass.
The other type (304 stainless steel) was recaiVea from INCO

as a polished and specular surface in the form of a sheet.

OPTICAL CHARACTERIZATION OF STAINLESS STEEL SUBSTRATE

The coptical characterization of 304 stainless steel has
been reported in Section 4.3;1, and the same procedure was

adopted for the 316 stainless stesl type. The measurement

&

The stainless steel type 316 contains 17.5% CP,O.QSN‘:. ‘Y
3% Mo, 0.5% Mn, 1.2% V and 0.3% Si.
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values cobtained for the angles WYand A are 35.08 degrees and
137.63 degrees respectivaely. The computed values of ¥ and &
showed that the measurement values corresponded to a chromium
" oxide thickness of ~35 nm and the values corresponding to
zero oxide thickness weras Found to b= 35}37 degrses and
144,18 degrees raspentivaly; By using these values for the

substrate, tbgather with aquatinns 3.13 and 3ll4, the optical

~ constants np and ky were found to be 2.30 and 3.70 respectively.

RESULTS OF OXIDE GROWTH ON 304 STAINLESS STEEL AND 316

STAINLESS STEEL IN AIR

The 304 type sample was exposed in air and at atmospheric
pressure to 823 Kelvin from 60 seconds to one hour. The
sample was removed Fch the furnace and allowed to cool to
room temperature naturally. This sample showed a range of
coloured interference films, depending .on the heating period.
The surface appeared gold, yellow, and then progressed to
purple, dark blue and Finally; after esxtending the exposure
time, it turns to matt light gréy. Values of Y and A at a
wayelangth of 54B.1 nm For the growth of an oxide Film on the
substrate weres measured at each staga; .Tha same procedure has
been used with another set of 304 stainless stesl samples but

the sintering temperaturs was g73 Kelvin; By the same way*\P

and A values for 316 stainless steal type were measured for
the above ranges of tampEPatuFES; The results of the above
measurements are tabulated in Table 4.12, Figure 4.35 shows
plots of the angle Aversus time of sintering at a wavalengﬁh
546.1 nm for oxide growth on bulk stainless steel of two types

i

at temperatures of 823 Kelvin and 873 Kelvin.
- 1438 -
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A

= B46,1 nm
Po= 62.22°
Sample Heat- |Heat- o n, | ky |Colour
treat- ing ing (degrees)| (degrees) ‘
ment tamp time _ 1. 1
(Kelvird|{(min)
304 s.s.| un- - 35.41 144.03 | 2.28(/3.70 | silver
typs heated
(poli~-
shed)
823 2 31.00 85,50 yellow
4 17.80 78.80 gold
8 19.60 44 .42 brown
16 19.80 29.13 dark
blue
973 i 30.76 85,90 yellow
2 18.18 60.46 gold
3 20.10 30.13 brown
5-6 21.80 10.70 dark
brown
316 s.s.| un- - 35.37 | 144.18|2.30(3.70 |silver
type heated
(poli- ; .
shed) 823 5 17.28 78.78 gold
10 18.00 46, 80 light
brown
16 19,91 30.48 purple
973 2 24,72 63.17 yallow
5 19.30 30.42 violet
10 20.88 20.12 dark
vioclet

Table 4,12 The variation oF'yfand D with the time for oxide

‘Film grown on the 304 and 316 stainless stesl types
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b o PR - ¢
stainless steel of types 304 and 316 in air
546.1 nm.

8 12

TIME OF OXIDATION (MIMD

. 4.35 Z&against time during oxidation of bulk

B



4.4.2 REFLECTANCE RESULTS

The room tsmperatura specular reflectance was measured
for the samples of stainless stael of the two types unhsated
and heated in sir over a rangs of Furnace temperatures (823
Kelvin, 8973 Kelvin and 1188 Kslvin) for a number of different
sxposure times sxtending from 60 seconds to one hour. (The
above samples wers allowed to cool to room tsmperature
naturally cutside the nven); The results of the spectral
reflectance of 304 stainless steel snd 316 stainless steel
unheatsd and heated for a temperaturs of 973 Kelvin ars

illustrated in Figures 4.36 and 4.37.

The values of the abscrptance and the emittance at
different temperatures (100°C, 200°C and 300°C) were

calculated and are given in Table 4.13.
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Fig. 4.36 Specular reflectance.versus wavelength for 304

stainless steel (polished) and after heat
treating in air at 873 K.
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Fig. 4.37 Specular raflectance.versus wavelength Ffor 316
stainless steel (polished).and after heat
treating in air at. 873 K.
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Sempls |Heat- |[Hemt- [ Absorp- Emittance X
treat- | ing ing tance -
ment temp. |time aX% Calowr
(k) |Cmin) | »(100°c) «(200°C)|=(300°C)
304 s.8 uN- - 3s5.00 g.10 10.00 11.30 | silver
typs hested
(poli- . , : ‘
shed) 973 1 45,00 8.89 8.34 10,01 | yesllew
2 60.00 g9.23 10.13 11.01 | gold
3 &2.00 8,23 10.18 11.01 | brown
B8 75.00 9.46 11.10 11.49 | dark
bluae
8 71.0 9044 11. lc 11040 -
8o 75.0 10.10 11.085 11,50 | dark
blus
1198 2 68.4 8.68 9,80 11.20 | brown
3 71.0 8.944 10.12 11,06 | cdark
. . blus
s 75.0 8.48 10.20 11.12 | dark
. ' . blus
x 73.5 9.10 10.82 11.86 | dark
- gray
! .
316 8.5, uN- - 35.2 g9.43 S.77 11,07 | silver
typs heatad ) .
(poli- | 823 S 51.6 g.48 g9.83 11.40 | gold
shed) 10 s4.1 8.53 | 10.40 11.18 | light
. brown
15 s8.0 g.72 10.45 11.34 | purplse
23 .0 g.88 10.85 12.15 | light
. . violet
40 64.0 9,486 10,853 11.84 | violet
873 2 44.3 g9.63 10.51 ~11.56 | ysllow
S 682.0 8,58 | 10,48 11.63{ violet
10 83.0 9.8 10.82 11.73 | dark
. . . ) viclet
15 BS.0 9.860 10,65 11.53 | purpls
25 87.0 9,65 10,83 11.58 ] blue
43 71l.0 9,75 10.68 11.78 | dark
) blua
a0 74.0 g.80 11.28 12.34 (| dark
blus
- 1188 3 £3.0 11.30 12.42 . 13.11 | dark
. brown
10 74.0 11.33 12,68 13.48 | dark
. . . blue
28 73.0 11.7 13.2 14,01 | dark
o= . . . - gray |

Table 4.13 Optical propsrties for 304 s.s, and 316 s.s. before

and after oxidaticn at verious temperatures for
differing periods of time
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4.5 BLACK NICKEL FOIL (MARKETED NAME MAXORS )

(produced by MPD Ltd., Wiggen Street,
Birmingham B16 CAJ, England)

In this section, results are presanted on tests made on
commercial samples of the black nicksl foil coated with DC

282 pressures sensitive adhesive on the under surfacs.

The cbjective has been to demonstrates its effectiveness,

stability in air, vacuum and high humidity environments.

4.5.1 REFLECTANCE RESULTS

The spectral reflectance values for radiation from
0.35 Ym to 15 U m for the uncoated and coated black nickel
foil sample attached to-the aluminium substrates of 25 x 25

2
mm have been measured and ars shown in Figure 4.38.

It can be seen that the total reflectance is effectively
constant [ ~ 2%) over a range of the solar spectrum up to
1.2 Y m. The reflectances at wavelengths greater than 8 {m
are the same as uncoated nickel black; The absorptances and
the emittance at 100°C, 150T and 200°C wers calculated and

tabulated in Teble 4.14, .




Emittance %

Sampla treatment Absorp- ~ S 5
tancs a(100°C) |. =(150°C) | =(200°C)
a %

unceoatad nickel Foll] 33.43 14,10 14.21 14.99

(as supplisd) -

black nicksl foil 98.60 13.66 14.82 16.91

(unheatad)

H.48 hrs 110°C 98,60 13.65 14.81 16.91

H.48 hrs 210°C 88.50 13.66 14.82 16.90

H.182 hrs 210°C a8. 40 13.55 14.82 16.91

H.192 hrs 250°C 88.30 13.55 14,67 16.52

H.5 min. 300°C g8.00 15.95 17.57 18.18

H.80 min. 300°C g7.60 15.94 17.57 18.189

H.160min. 300°C 97.60 17.36 18,65 20.17

H.C. 48 hrs 98. 60 13.65 14.78 16.92

(50-110°C)

H.C. 48 hrs e8.74 13.65 14.75 16.81

(40-210°C)

H.C. 192 hrs ag.74 15.51 17.32 18.35

(40-210°C) .

H.V. 48 hrs 110°C 88.50 13.66 14.80 16.80

H.V.182 hrs 210°C 88.50 13.64 14.81 16.91

H.V.192 hrs 210°C 98.30 13.55 14.67 15.51

H. 72 hrs 98.66 13.98 15.65 17.72

(R. humidity 98%

Temperatures 67°C)

H. 192 hrs 98. 44 14.35 15.90 17.53

(R. humidity 98%

Temperature 67°C)

SR —

e ——

Table 4.14 Optical properties of black nicksel Foil before and

after heat treatment H. designated for continuous heating,

H.C. designated for cycling heating and H.V. designated for
heating in a 0.1 Torr vacuunm
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4.5.2 ABSORPTANCE VERSUS THE OFF-AXIS ANGLE

To investigats the dependences of ths absorptance of the
black nickel fFoil on the angle of incidence, the spectral
hemispherical direction reflectance of a sat of samples has
besen mesasured as a function of the off-axis angle up to 50
degrees, Thes absorptancss have been computed and are recorded

in Table 4.15.

Figure 4.33 shows the plots of absorptance versus the

of feaxis angle.

Off-axis angle Absorptance a
(Degrees) %
10 88.70
20 h 98.60
30 s8.0
40 87..50
sa S7.00
60 96,00

Table 4,15 Absorptance of black nickel Foll versus off-axis
angle
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Fig. 4.38 Specular r=sflectance versus-wavelangth for

nickel Foil (as received) and the black
nickel Foil sample.
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Fig. 4.33 A plot.of absocrptance_versus. the off-axis angle
for the black nicksl Foll,
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4,5.3 LIFE TESTING

A set of black nickesl foll samples have been annesled
in air at atmospheric pressurs as well as in a vacuum (0.1 Torr],
at temperaturss of 110°c, EIDOC, 250°c and 300°C for periods
up to 484 hours. The temperaturs stability was alsoc tested
by subjecting a set of samples to successively increasing
temperatures between 110°c and 250°C for a total time of

480 hours with frequent measurements. This is illustrated

in Figure 4.40, L -
ien - ) woe T
-
2 -
~ 80OL — -
-
Ll -
% . *//
< gal Pl === Ni foil (as
5 \ e received)
w - Black Ni foil
o «eee 192 hr 210°C
Ex'.:l anl ss33 192 hr 250°C
200
.3 .S T 2 3 j 10 20

(MICRONS)

- o . , .
1g9. 4.40 Specular reflectances versus-wavelength For black
Nickel fFoil and aFter heat treating in air,

Anaother set of the samples was subjected to heat cycling over
.

a range of temperatures extending from 40°C to 110 C every

Fifteen minutes for 48 hours and over a temperature range of

40%c to 220° every thirty minutes For 192 hours.




The calculated average values of the absorptaﬁca and
the emittance before and after heating tests are also given
in Table 4,14, This table indicates that thas absorptance ,
a, remains nearly constant after heating in air p to 2s0°c
as wall as in a vacuum. But for 300°C the achesive on the |

under surface broke down after only five minutes of heating.

4,5.4 HUMIDITY TEST

Tha black nickel Foil has been tested in air at a constant
temperature of 67°C and 97% relative humidity for the periods
of 72 hours and for 192 hours., The calculatad averags values
of the absorptance and the emittance of the samples ars

tabulated alsoc in Table 4,14,

4.5.5 AESULTS OF THE COMPOSITION ANALYSIS

The surfaces of a sample of unheated black nickel foil
and a sample after 8 days of heating at alﬂnc.wara measured
with a scanning electron microscope quantometer, which was
housed in the Space Sciences Center of the University of
Arizona., Figure 4.4 shows the micrographs of tha above
sample, This technique has been used to detect the composition
in the black nickel Foil with incident electrons at 5 KeV.
The microscope sees about 300 nm into the black foil and can
detect the presence of 100 ppM of nickel and 500 ppM for
either oxygen or carbon. The results of this analysis
For the unhented and heated black nickel Foil samples ars

given in Table 4,16,
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Unheated black

Haeaated fFor 182 hr

| present nickel Foil at 220°C
| |
Ni £5.26 | 47.18
C i 38.64 48,31
- | 6.1 | .46
|
cr ' 0.35 -
i
S— |
‘3ble 4.18 Atcmic percentage of black nickel Fcil before

and after

heat trestment




CHAPTER 5

DIRECT MEASUREMENT OF TOTAL HEMISPHERICAL EMITTANCE

One of tha cbjectives of this project was to devaslop an
instrunent capable of measuring the total hemispherical

emittance directly For the standard laboratory samplas;

This chapter gives a brief discussion of a number of
abailables measurement technigues; the technique adopted for
the present purposs, It also describes the spparatus designed

and error analysis conducted.

Total hemispherical emittance values of Quartz, stain-
less steel (polished), pure nickel foil (as swpplied), black
nickel Foil, INCO aLrFacé corresponding to 5 mV process and
3M-Nextel black paint have also been presented and compared
with the computed normal emittance carried out in the earlier

section of this study.

S.1 EMITTANCE MEASUREMENT TECHNIQUES

A summary of ths technigques available for emittance
measurement is tabulated in Table 5.1. One could divide the
techniques menticned in this table which are used for
emittance measurements into two catesgories:

1, Calorimetric Technigques and

2. Aeflectance Tachniques.



For a calorimatric measursment, a sample of known
radiating surface area is placed in an environment whers heat
loss or gain is by radiant hesat transfer only; The smittance
is then computed From a knowledge of thas amount of power
(usually supplisd by an internal slectrical hsater) required
to maintain the sample at a measursd squilibrium temperaturs,
This is called the 'stesady stats tuchnlqun'; With a know=-
ledge of heat capacity of the specimen, ths smittancs can
also be computad from 8 measurement of thes ratas of temperaturs
change of thae sampls, whléh may be called ﬁha 'transient

tachnlqua'; For detalls sse Fusseall at al (1963]; In either

cass, ths total hamispherical emittance is measured diructly;

The advantages of the calorimetric techniques are: it
is simplse, requiring only measurements of temperaturs and
electric power; it is direct and requires no integration of

directicnal or spectral data,

Reflectance techniques do not determine the total
hemispherical emittance diractly; They dstermine the
emittance as a function of wavelength and incident angla; By
jn*,r-atj.ng these data over theapprcopriate black body spectrum
and angles, ths total hemispherical emittance is obtained.

Kirchhoff's Law Formg the basis for the determination of

the emittance by reflectance tachniques.

Reflactance techniques have the Fcllcwihg advantages:

they give fast acquisition of spectral reflectancs dataj_
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sample gecmetry and mounting becomes easy and they give

spectral and mngulsar emittance data,

A mors dstalled comparison of these emlittance measure-
ment techniques has been reported by Millard and Streed

(1969).

Table 5,1 Measurement techniques for emittance

Technique Wave- |[Angle |Temp. Ma jor features| Rafer.
. length|range |range : ences
U degrases|Kelvin

'l Calorimetric

1.Total hemi-| ALL 0,27 heat balance Tanaka
sphecrical in cocoled (1879);
(staady state ' evacuated Meinel &
nethod) ‘ chamber,long

Mimnal
time consum- (1878);
ing,uxcermain- | peccit

ties in temp. (1a7s)
measurement
2,.Total hemi-| ALL 0,27 temperature Verst &
spherical decay in vac- Ramanathan
(trans.ient uum ,requires (1978);
methad) | ‘ cold wall, Willrath §
' coating the Gamman  _

! sample on toth| (1378);

sides, uncer=- Roger et

cainties in al
heat leak, {1979)
temperature

gradients, and
decay curve

slcpe
2 Reflectancs
l.Heated 2.35 | 0,27 |R.T. = | A versatile Gier
cavity . [00 infrared in- et al
strument; in (1954)

widespread use,
platinum ref-
erence surface




Table 5.1 (cont)

et

Technigue

Wave-
length

Yy

Angls

range
degreass

Temp.,
range
Kalvin

Ma jor Fsatures

Refer- .
sncas:

2.Integrating

Mirrors

(1) parabol-
oidsl

(i1) ellipsoi-
cal

3 Soecular

2=-100

1-15

2.5.50

0,27

‘10

277 steradian,
illumination,
chopped uni-
form sourcs,
gold refesrsncs,’
exit port
error,diffli-
cult for ang-
uler uss,

physically large
components ,sult-
able for surfaces
of arbitrary
reflecticn dis-
tribution func-
tion

27 illumimnation,
absoluts method,
vacuum,or inert
gas cperation,
initial high
cost,atberations
ares reduced by
using an ellip-
soical mirror
with true focal
paints instead
cf a hemispher-
ical mirror

relative method,
usas commercial
attachment with
Front surfaced
aluminized mirron
raferences sus-
ceptible to
scattering frcm
sample

Dunkle
(1s60);
Neher &
Edwards
(1s65)

Durnm et

(1s68)

Millard
S Streed
(1s83)




Table 5.1 (cont)

Technigue Wave- Angle Temp. Major features |Refer-
length range range ences
(M degrees) Kelvin
Integrating 0.3-2.6 | Q,anr R.T. |sample mountad at Gosbel
sphere centre of the (1s87);
suptitua- sphera cr at tha| Jacquez
tion or sphera surface; s
comparative technique used Kuppen-
type in many commer- haim
cial spectrc- (1954)
photometars,may
be sensitive to
sample taxturs=
Absoluts g.2-2.6 |0,27 A.T. |sample mounted ' |Edwardsg
at sphera centra (et-al
sultabla For Cl1ge1)
samplas of arbe
itrary raflec-
tion distribu-
tion Ffunction
Laser source| 0,83~ g,aT R.T.-|{laser usad as Knaissal
1,15 2500 |conventicnal 1~
sourcs Richmond
(1s68)
Multiple
reflection
Strong 0.3- 0 R.T. | For specular Fowler
technique 35 raflectars (1960):
' only Gates =t
, al (l9s8)y
Strong
(1s38)
Bennett- 0.2- 0 R.T. | errors mini- Bernett
ref lecto- 0.35 mized by s
meter unique optical Koehlear
design; (lse0)
accuracy:! )
state of the
art *0.CO1
unit
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5.2 THE TECHNIQUE ADOPTED

The method for measuring dirsctly the total hemispherical
emittance in this project is a 'calorimetric technigus-steady
statse mathcd'i It is based on the measuremsnt of heat Flow
by determining the diffsrential temperature across a slice of

material of known thermal conductivity used as heat Flow éanaur;

5.2.1 DESCRIPTION OF THE CALORIMETRIC EMITTANCE

TECHNIQUE

The instrument is shown in Figure 5,1. It has the

Following ccmponentéf

1, The vacuum system

2. Vacuum chamber
3. Heat sink (sample holder)
4, Sensor,

The vacuum system has an ultimate vacuum of approximately
10"5 Torr. The initial rough pumping of the vacuum chamber was
done by means of an Edwards single stage rotary pﬁmp, followed
by an o0il diffusion pump. A liquid nitrogen trap was inter-
posed between the pump and chamber to prevent backstreaming
of ©il vapour from the diffusion pump and rotary pump into

the vacuum chamber.

The vacuum chamber was made of brass and measured 210 mm
in height by 150 mm in diameter: The inner walls were grit
blasted and caatedlﬁifH-SM Nextel black paint (of emittance

0.87). The high emittance inside wall surface results in
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FIGURE (5 -1) CALORIMETRIC INSTRUMENT

1) Vacuum cha;nber 2 ) Sample

3) Closed Circuit System 4) Water Tube
5) Penning Gauge &) Pirani Gauge
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negligible reflectsd radiation from the chamber walls to the
spscimanl The vacuum chamber was surrounded by a copper

jacket of a diameter of 180 mm, leaving a gap between the outer
wall of the vacuum chamber and the inner wall of the coppser
jackat; The temperature of the vacuum chamber wall was
regulated by circulating water through the gaﬁ with a controlled
temperature by a closed circuit system, so that effective

radiation can take placa;

The temperature of the walls surrounding the sample was
monitored by Ffour pairs of Alumel-chromel wires of 0.125 mm
each. Two mounted at the upper part of the inside wall facing
sach other, and the other two were mounted at the mid-way
point on the insids wall opposits each other by using high

temperature cement (AP™).

The heat sink was a block of copper with dimensions
of 20 x 50 x 50 mm. This holder was equipped with two electric
heaters ( 9 x 37 mm; 50 watt; 120 volt). Power to the
heater was supplied by a power swpply. The heat sink was

mounted on a pointed glass support as shown in Figure 5.2.

AP cement is a high thermal conductivity compound and
is recommended when upper temperatures will not sxcsed
250°C for application. It is available from Omsga
Enginesring Inc.,, (USA)
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Figure 5.2 Photograph showing the heat sink and the sensor

embedded in AP cement

The sensor is available from RdF Corporation (Hudson,
USA) as RdF micre-foil,ie = heat Flow sensor. Its fFunction

is to measure heat fFlow to and from an object,

The operating theory of the sensor is as Follows:
it is represented electrically and schematically as a multi-

junction thermopile as shown in Figure 5.3.

The RdF microfoil is Fabricated with homogeneous
thermoelectric alloys in each leg between junctions. Also,
each leg is made from 0,0002" foil,which greatly reduces thermal

losses due to lead conduction. Thermoelectric junctions are
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CONSTANTAN <o
(8) . \
THeRmaL . Eeo SNk TIIT TO MICRCVOLTMETER

BARRIER A\ .
) \\:_uppsq JUNCTION AT Ty

LOWER JUNCTION AT Ty

Figure 5.3 Sensor construction

formed from materials (A) and (B) on the upper surface of the
barrier, In series with these are corresponding junctions on
the lower surface. This construction results in an equal
number of junctions on the upper and lower surFacqs. The two
output leads, therefore, are of the same material, with one
coming from the first junction on the upper surface and the
other from the last junction on the lower surface. Multiple
pairs of junctions are used to.generate a larger signal. The

output signal is derived as follows:

The heat flow sensor is.placed in contact with the

surface For which heat transfer rates are desired, Therefore,
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the sams énérgy must pésé fhrdugh the sensor as thrcugh the
surface to which it is attached. Whensver thermal energy
passes through the thermal barrier, = temperaturs difference
AT is geneﬁaﬁad: This difference is directly proportional
to the magnitude of the thermal transFEP/sec., i.e. the

heat transfer rate. Likewiss, eé¢h pair of thermoelectric
junctions forms a complsted tha?macaupla circg;t whaose voltage .
output is proportional to the temperature difference AT. The
Factors which affect the magnitude of AT are tﬁa heat trans-
Fer rate, the thickness of the thermal barrier and the thermal
conductivity of the barrier material. The following

expression shows the relationship bstween thsse factors

. 5
a2 (5.1)
Ky

T, =Ty = . AT

where T1 is the temperature of the wpper junction
T, is the temperature of the lower junction

Q is the heat transfer Fata/nﬁiu
S is the thickness of thermal barrier and
K

b is the thermal conductivity of the barrier.

For a more detailed treatment, one is referred to the article

'Thin Foil Heat Meter', by Hager (1865).

The following prohartias of the sensor have been used

in the present design:

output at 21°c difference = 3; 15 w/m2

response time: 0.4 seconds
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lead polarity: (For heat Flow into surface)

white = positive (+)

red negative (-)

dimension = 20 x 15 x 0.3 mm, which is cemented into

a 50 mm square Kepton Insulator,

temperature range: up to 250°¢c.

To compensate the flowmeter reading for the temperature
dependent sensitivity of the sensor, a calibration chart

provided by RdF Corporation has been used, This calibration

chart is shown in Figure 5,4,

MULTIPLICATION FACTOR

SURFACE TEMPERATURE, DEGREES FAHRENHEIT

Fig. 5.4 Microheat flow sensor output multiplication Factor

versus receiving surface temperature (70°F Base).
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5.3 BASE LINE EMITTANCE MEASUREMENT

The size of the sample used was 50 x 50 mm;- The sensor
is placed betwesn the sample to be maasuvad and a heat sink.
AP cement is used to maintain good thermal contact between the
sink, ths sansnf,-and the samplél Thalanfira.asaembly; as

shown in Figure 5;2, is placed in a vacuum to minimize

conduction through the residual gas;

One chromel-alumel thermocouple was sandwiched under the
sample to determine the temperatures of the sampla; The walls
of the vacuum chamber were cocled by the flowing water. The
samplewas heated to & higher temperature than the walls, At

equilibrium, the equation For the heat balance of the system is
F o= a_o (Tg® - T4 +K(Tg - Ty) (s.2) -
Hem - 'S W S W '

where F is the heat Flow through the sample (W/mS)
“SHem is the total hemispherical smittance of the sample

o~ = 5.868 x 10°° watt m° k™%, Stephan-Boltzmann

constant
Ts is the samples temperature in Kelvin

Tw is the wall temperature in Kelvin

and*<[TS‘- TDJ is the heat losses, i.e. non-radiat - _ losses

* -2.
in watt m o

From the squation above, it is readily éaen that knowing
the heat flow to the sample, the ambient temperature, and ths
value of the conductance loss Frnm-tha surface, the total

hemispherical emittance can be determined. N
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5.4 CALIBRATION OF THE CALIROMETER

Calibration of thes calorimster means evaluating the

conductance térm, i.av K[Ts - TD];

The conductanca term is evaluated by applying Mienmal et
al method (1876). According to this mathcd; the calorimetric
data of a known emittance sample is fitted to the equation

5.2 in the Form

_ 4 4 n _ “ep
F. = X [Ts - TM J+Y [Ts - TNJ (5.3]
using a least square fit to the coefficients X and Y. This

Fit was done For unit power for the conductance term (n = 1).

The resulting values are the hemispherical emittance ®yem 2Nd

the conductance term, K.

Generally, the two most likely powers for the conductance

term are n = 1 and n = 1,25.8ince the measurement in this work was

: - 5
carriedout in a vacuum of order of 3x10 S Torr-10 Torr, theunity

power for the conductance term was used; the fluid is in a
stationary or stagnation condition, transferring heat by
'~ conductionm just as solids do. In this case, g parallsl laysr

of stationary Fluid of thickness E and having the temperaturs

TS on one face and Tw'<'TS on the other Face, the heat fFlux,

HL’ across the layer is simply
H = & a7y (5.4)
L L S 0 : )

where K is the thermal conductivity of the Fluid,
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According to our instrument, tha least square fit
result gave the value of K divided by'L: Thus by multiplying
the least squars Fit result corrssponding to the K v;lua by
the width of the laysr from the top surfacs of fha.sample,
the thermal conductivity of the radﬁcad gas éraséura insidé

the chamber can be avaiuated.

- 176 -



5.5 TOTAL HEMISPHERICAL EMITTANCE AND CONDUCTANCE

TERM DETEBRMINATION

Emittance testing for the sample to be investigated
began when a pressure of 5 % 10_5 Torr had been attained and
pumping continued throughout the test to maintain the lowest

possible pressurs, i.s. 10™° Torr.

Ths sampla'under investigaticﬁ was heatad éléﬁtrical}y to
the desired test temperatureilhe Fead§pg.wgs taken .when the
power and temperature stabilized. The temperature of the wall
had been set at 293 Kelvin. After steady state conditions had
been attained, the test continued at the steady stats with the
necessary measurements being made to determine the average
temperature of the inside wall chamber, TN’ and fha input heat
flow to the samples, F. The abservatioﬁ continued at intervals
of nmot less than 10 minutes, until three successive sets of
observations gavﬁ values corraschding to TS’ TQ and ?,
difFfering by not more than 1-2%, The same method was also

adopted for .other sample %emperatures.

By Fitting the heat flow data For at least twelve
temperatures to the equation 5:3 anﬁ using 1aast'squaha Fit
as mentioned ﬁravinusly in Section S:S,Ifha résulting values.
of ®hem and K for quartz, pure nickesl (as aﬁppliéd} INCO) and

3M-Nextel black paint have bsen determined and tabulatea in

Table 5.2,
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Sample B % K n

Hem
" Quartz 81.03 g.s1 1
Pure nickel (INCO) " 18.3 0.83 1
3M-Nextel black paint 85.23 0.80 1

Table 5.2 Values of Syem 2Nd K in equation 5.3 as- detsrmined
by least sguars fit to heat flow data, F(T) for
quartz, pure nickel and 3M-Nextsel black paint

‘The result obtained on the above samples Fits the Flow

equation given below:

" - 4 4 : v
F'os myen 0 (70 - T,%) +.0.82 (14 - T, (5.5)

and are shown in Figure 5,5,

Calorimetric measurements data of F(T) for the supplied
polished 304 stainless steel, S mV (blue colour) and black

nickel samples were also taken.

The value of the hemispherical emittance for mach of the

above samples was calculated from Ffour to Fivae of the heat
flow data, F(T) around temperaturs T = 373 Kelvin and 473

Kelvin by using the equation 5.5, The results are tabulatsd

in Table 5.3,
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185aL -
«.+. 3M-Nextel black paint o
— Quartz ,-"
gsal -.~. Nickel foil (as received) o
F 2
[wim’]
f 85aL
452L
25dL
=2 . ; ; — :
323 328 340 368 380 428
T [K]

Figure 5.5 Least équara fit of the Flow esquation 5.5 to data
Flow F(T) versus temperature for quartz, =%
nickel (as supplied) and 3M-Nextal black paint

Total hemispharical Near normal

?mittanca % - mmittanca %

Sample measured) (calculated)

®Hem ®Hem ®n ®n o

(looec) (200°c). | (100°c) | (200°c)
304 s.s. (polished) 12.1 13.03 .1 10.01
as supplisd by INCO
S mV (blue colour, 11.0 13.12 10.0 11.1
INCO surfacsa)
Black nickasl Foil 20,24 13.7 16.91

Table 5.3 The measured total hemispherical and ths comput=ad

near normal emittanca values of 304 sls;, 5 mV and

black nickel samples at 373 Kalvin and 473 Kelvin
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5.6 - DISCUSSION OF THE RESULTS

The thermal conductance of air as reportad in the
American Society of Heating and Refrigeration Enginesrs
(ASHRE) Handbook of Fundamentals is 0,024 watt/md. This value

is for . atmospheric pressurs.

In équaticn'SLS the quantity K is the thermal conductancs
divided by an effective separation between the walls and the
sampla; For our instrument this separation is about 2 cm, so
that the value of the conductance is K = 0,82 x 0.02 = 0,016"
W/mé. This value is reasonable and 1nwer‘than 0.024 because

our. measurements were donme in a vacuum of the order of (4-1)

x 10-5 Torr.,

Table 5.3 suggests that the valuss of total hemispherical
emittance measured by this instrument for tha 304 stainless
steel, 5 mV and black nickel Foil samples were found to be
higher than the computed values of the normal emittance from
the measured room temperature spectral raFlectanca; This
leads to the conclusion that the total hemispherical emittance
is always significantly sbove ;ha normal smittance for such
aurFaces: This is in agrsement with the conclusion drawn by

Hutchins (1979 ) in his study of selective surfaces. . However,

Mienel et al (1875) reports conflicting conclusions in their

study;

Because the emittance is a surface depsndent property,

there are at present no emittance standards that can be used
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for abscluts calibration purpuses: Howaver, the values of
emittance obtained for the same sampls on ths separats runs
show only = margiﬁal variance of 2% tdES% émittanba units.
Also, the results obtained on polished stainless steel (304
type), quartz, and 3M-Nextel black paint reasonably agres with

those previously reported in published literaturs (sse Table

5L4 balow]l

- Sample Hemispherical References
o Emittance eygn %
present | published
work work
304 s.s. type 12.2 11.15 | Roger et al (1979)
Quartz i 82.03 67.0 - Optical Engineering
84.0 Handbook, J.A.Mauro,
Ed; General Elsctric
Co., Publishers
84.0 Bacha et al (1962)
84.0 Mienel et al (19735)
3M-Nextel black . 8B6.23 80.0 - ASHRE Handbook of
paint 87.0 fundamentals,
American Society of
Heating, Refrigera-
tion and Air-
conditioning
Engineers, New York,
NlYl

Table 5.4 Comparison of measured hemispherical emittance and
the published values for 304 stainless stesl, quartz
and 3M-Nextel black paint.

| .
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5.7 ERROR ANALYSIS

It is difficult to determine the exact measurement of
the srrors inhesrent in this measuresment technigques. However,

it is possible to give a qualitative sstimation of errors

resulting from the fFollowing: _

Cfi) RADIATION LDSSES FROM THE SAMPLE EDGE °

To achieve the desired accuracy in measuring the
emittance, it was necessary to have the edges of the sample
EaraFully'surrnundad by the copper heat sink. Tha sample
size should be the same size of the sensor to avoid a large

radiation loss from the sample edge to the cold wall.

(ii) CHAMBER WALL REFLECTIONS

Equation 5.2 is based pon the assumption that all
radiation emitted from the sample under investigation is
absorbed by the inner surface of thes wall chamber. In
reality, some of the radiation emitted by the sample can be
reflected from the chamber wall surface back onto the aampla;
Tc-minimiza this effect, the inner surface was coated with

3M-Nextel black paint to provide a highly absorbing surfacs.

(iii) STATISTICAL ERRORS

The statistical errors could be caussd by temperaturs
measurement and conduction From test sacticn; We tried to

minimize this factor by:
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(a) the use of the thermocoupls wirs of

diameter 0.13 mm and of minimum size;

(b) <the attachment of the wires of the

thermocouple by spot welding;

and (c) the use of four pairs of thermocouples
to measursa the tempesraturs of the walls
in order to provids a representative

avaraga;

(iv) HANDLING THE SAMPLE

Handling the sampls by hand can result in ths contamina-
tion of the surface of ths sample and this could result in an

error in measurement. We tried to avoid doing that,
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CHAPTER &

CONCLUSTIONS

In the preceeding chapters we discussed briefly the
results of expsriments on various surfaces, namely, titanium
oxide/titanium, titanmium oxide/aluminium, Five diFFérant
coloured INCO surfaces, thermaily oxidized stainless steel
types 304 and 316 and the black nickel foil, leading to ths
design of a calorimetric instrument for measuring the hemi-
spherical eﬁittancs directly. In this concluding chapter,
we shall discuss in detail the performance of these surfaces

as measured by the techniques used in this study.

6.1 TITANIUM OXIDE ./ TITANIUM. SR

e.1.1 OPTICAL CONSTANTS

The present work clearly shows a slight absorption For
titanium oxide over the visible region of the spectrum. Table
E.i gives the values of optical constants obtained by other
workers for titanium Films and bulk titanium and can be
compared with the present values given in Table 4.1. In the
region of 580 mnm the present values lias between those of Hass
(1855) for Films de{:osited in U/H.V. and those of Minard (1962) Ffor
mechanically polished material. At a wavelength of 540 - 550 nm
published values of n 1iaAbatwaan-l;78 and 2.08 for mechanically
polished surfaces in air to 3.08 For bulk material polished in

U.H.V., Hass and Bradford ElESZJ; Carrol and Melmed (1874);
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Mash and Motulevich (1873); Smith [1972) and Kivillova and
Charikev (1863). The highest.valus of n for Films deposited
in U.H.V. is 3.03. It can be assumed in general that ths
cleaner the surface the higher will be both the n and k values.
Fublished values for k over the same wavelength region vary
from 3.73 For Films prepared in U.H.V. to 2.46 for mechanically
polished bulki The optical constants of n = 2.36 and k = 3,28
at a wavelength of 546.1 nm Found in this work are lower than
the best values reported for U.H.V. Films but higher than for
bulk samples polished in air, thus indicating a good quality

substrate for the oxide growth in this work.

Hass and Bradford [(1857) reported k = 0 for the oxids,
and obtained a value of n = 2.7 at a.wavelength of 546 rm on
evaporated titanium Film, Minard (1862) gave values of n = 2.4
and k = 0.17 in the wavelength range 588.8 nm For titanium
oxide thermally grown in oxygen at 755 degrees Kelvin, Tha
values for air grown titanium oxide obtained in the present
work show only a small variation in n from 2.45 to 2.38 over
the wavelength range 576.8 nm to 397.1 nm. This result
‘agreed with Yoshida (1878]), who reported that TiOx [(x < 2) is
a slightly absorbing film and has a range of values of the
extinction cosefficient k, in the spectrum rangs (wavelength

0.2 Um to 2.4 Mm) with a peak vélua of k = 0,50 at l;l,u m.

The difference between the results for the optical
constants of titanium and titanium oxide reported hers and

those reportad in the literature (Table 6.1) is many times the
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the estimated error of measurement. It is of great importance
to obtain and demonstrate surface cleanliness to obtain
accurate valuss For ths optical constants. Howaver, if cars
in measurement of the angles of inéidence is neglected large

errors of n and k can rasult; as shown in Ssction 3:1.7;

.12 SELECTIVITY

Titanium)axidizad,by heating in ai% gives rise to a
moderats selectivity From the antireflection oxide Film;
Its derivative oxide film pruducas.a valus of a = 0.77 and

e(100°C) = 11.7% For 25 minutes heating at 750 Kelvin,

which gives an a/e value of B.B.

However, the spectral characteristics of oxidized
titanium in Figures 4.3b and 4.5 suggest an interference
affect., Figure 4.5 also shows that thes reflactances of this
system in the infrared (IR) is low. This is because the
reflectance of the stack in the IR is influenced by the
reflectance of metal undarlayers; Since titanium has lower
reflectance than aluminium in the IR region, the low reaflect-
ance of the above system in this raginn is caused by poor

reflectance of the titanium underlayers.

Edwards st él (1862) reported é/é =2 3 For as received
titanium sheet and after haaﬁ treatment in air for 1Dd hr at
698 degrees Kelvin compared with 6.6 For thia.work.The lowvalue
of 3 could be attributed to the affect of the Finishes of
the layer underneath the surface Filﬁ.agaiﬁ indicating the

importance of surface preparation.
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8.2  TITANIUM OXIDE/ALUMINIUM

The spectral reflectance curves for titanium oxide fFilms
on aluminium sheet are given in Figure 4.6 with the results
tabulated in Table 4;5: Thesa suggest that the samples with an
evaporated mass of titanium of 0.05 gm (producing a film of
about 30 nm thickness) on aluminium after Four hours heating
at 670 degrees Kelvin is more sélective than the sample with
0.09 gm of titanium evaporated (producing a Film of thickness
of about 50 mm.) Figure 4.6 also indicates that a 50 nm
deposit layer of titanium shows a rapid rise in reflectance
[abcut.A = 2 }] m) From low reflectance in the visible to high

. reflectance in ths inFrérad.as?mequiced for & selective surface.

-~ -

The selectivity g/g[lDUQCJ of this system is equal to
9.5 and the colour is dark blue. This colour changes to light
blue and the emittancs starts to increase after prolonged

heating at the asbove temperatures,

By using the supplied polished aluminium shest as the
underlayer material, monitoring the thickness of deposited
titanium Film and then oxidizing it in air, a tandem atack is
produced. This tandem'leeds toahincraase in the selectivity
by the order of about @ compared with the previous tandem

stack system of titanium oxide on titanium.

An attempt was made to desposit the same amount, For
example 50 nm, of titanium on previously heated aluminium

sheet (3 hours at 670 degress Kelvin). The same result for
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the absorptance was obtained but an increass in the emittance
From 10.89% to 14.38% at 100°C was observed. This is bscause
of the lowering of the raflectance of thes underneath layer,
i.al aluminium sheet as a result of.previous hsating, as

shown in Figure 4;7;

The absorptance for the titanium cxide/titanium and thse
titanium oxide/aluminium (unmhsated) systems were in the range
of 0.78 to 0.80, with the emittance of 8.4% respectivaly.

The low numbers of the asbsorptance were due to a combination
of the narrowness and the non-Flatness of the reflectance

minima over the visible region.
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6.3 CHEMIEALLY COLOURED STAINLESS STEEL [INCOD QUHFACESJ

6.3.1 ELLIPSOMETER RESULTS

i) BASE METAL

Characterization of the base matal,-i;al'304 stainless

steel, is reported in Section 6.4.1.

(ii) FIVE DIFFERENT COLOURED INCD SURFACES

Figure 4.8 shows plots of Y and & for the Five different

coloured samples before and after heat treatments., This
figure, together with the results of the spectral reflectance
curves shown in Figure 4,10, suggest that the lowest values of
\V and A correspond to the best selective surface, which is
the sample corresponding to 5 mV (For unheatad samplag];
Figure 4.8 also shows the effect of oxidation for different
time perinds. The values of \/ and A 'decreased for all ths
samples after 192 hours at 210°C and for 160 minutes at 300°C,
i.e. the thickness of the oxide layer increased. However, the
value of O corresponding to S mV is still the lowest, while
the value of the absorptivity, after this heat treatment, is
highest for this sample, i.e. it still has the bmst gelactivity.
Although after 180 minutes heating the samples at 300°C causes
a decrease in ﬁhs absorptance of the samples of S mV, 7 mV and
8 mV, while for ths 1.5 mV and 3 mV samples heating for 160

minutes at BDUQC also increasss the oxide thickness but thair

absorptance also increases.
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Figurse 4.8 also shows the effect of oxidation on thess
two parameters Y/ and A Ffor the above samples for prolongsd
heat treatment, ilel 192 hours at BUDQC: It indicates that
only the & value of the 5 mV sample increased by ~ 80 degraes
and the samﬁls corresponding to 3 mV has the lowest values of

Y and A =after heating Ffor 182 hours at 300°C.

Table 4.8 shows that the abécrptivity of the samples
which have sustained prolonged heating at 300°C is lower than
that of the corresponding unheated samples. However, the
absorptivity of 3 mV sample was found to be higher than that
of the others after prolonged haating; whereas it still gives
the lowest A valus after prolonged heating, as shown in

Figure 4.8,

These observations suggext that there is a correlation

between low A value for a sample or set of samples and better

selectivity,

We tried to axf::lain the Fluctuation}':"asults oFWand:A
values of the fiva different coloured INCO samples by invest-
igating whether it is due to the stress or anisotropy in the
oxide layer of the abovse samplas; by using the ellipsomater,
The following tests were designsd for the above purpose for

three samples corrssponding to 5 mV (unheatead).

1, The values of W and A have been measursd For each
. sampla. Two saﬁplas were taken out of the oven .after heating

for 3% hours at 573 degrees Kelvin. One was left to cool down
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to room temperature slowly in zir and the other one quenched
in the ice bath straight away; The third sampls was lsft to
cool to room temperaturs insids the ovan; which had been

switched off. - The measurement of VY and A after the abovas

processes ars given in Table 6.2.

2. The sbove three samples were then heatsd for a further
2% haurs_at'SDGDC; the values of Y and & For each sample
were also measured and tabulatsd in Table 6.2, This tabls
suggests that the quenched process suppresses the oxidation
because nearly the same values of A were obtained befors and
after heating For 2% hours at 300°C.  For the sample which was
left inside the oven to cool down to room temperaturs, this
table shows that the oxidation continued during the heating
for the 2% hnur;s at auo""c,ie th A value increased by 10
degrees, but it showed a changa. of 3 degrees 'in A value after
heating for 2% hours at 300°C for the sample which was taken
out of the oven to cool down to rocom temperature, i.e, the
rate of oxidation for this sample was lower than that aF'thé-
previous one. In summary, this test indicates that no stress

could be detscted.

For the purpose of anisc£ropy test, thas sampls correspond-
ing to 5 mV has heeh rntafed through S0 degrees, 180 and E?U |
degrees and the two angles Y and A have been measured in
each case. The result was found to be ths samms as that of
the unrotated sampla;  This means that thers is no possibility

of anisotropy being detected in the Film.
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These tests suggest that since there was no detectable
stress or anisotropy, the actual changes in ¥ and A of the

stainless stesl samples could not be attributed to sither of

these possibilities, but~could possibly be attributed to the
structure,. -

" The optical conmstant could not be determined for the
coloured stainless steel samples supplied by (INCO) as has been

~ -

done for thermally grawn'oxides of titanium. Further studiss
are needed for every sa;pla using.varinus parameters of

deposition and taking thes measurements by ellipsometry and .
direct measurement of the reflactance during the process of

dEpQSition: The implication hers is that the optical constants

of the film could be changing with the thickness.

S mV Samples .
. ’ - * A
Degrees Degrees
Sample (1]| unhesated 18.0 114.88
heated 3% hr (320°C) then : '
quenched in ice bath 22,73 2l.77
+ 2 hr heating 320°C 23.25 20.83
Sample (2)| heated 3% hr (320°C) then
cooled outside the oven _
" to room temperaturs |~ 19.85 35.30
+ 2 hr heating 320°C 21.16 - 28.87
Sample (3) heated 3% hr (320°C) then
the sample cooled to room .
temperature insids the oven 22.74 27 .28
+ 2 hr heating 320°C 22.95 24,20

Table 6.2 The experimental values of the sample corresponding

to S5 mV process exposed to different conditions
after heating fFor 3% hours at 320°C,
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5.3.2 SELECTIVITY

The reflectance spectra of the five coloured stainless
stesl samples illustrated in Figurse 4.9 and the calculated
absorptances of the above samples which are illustrated in
Figure 4;10, suggested that the greater selectivity was '
exhibited by tHa blue coloured sample of the 5 mV process,
where a = 0,865 with 2(100°C) = 0.10 were Found. Although the
reflectance spectra For the abovs samples, as shown in Figurs
4;9, demonstrates gentle wavey Ffringes occurring in the solar
region towards the shorter wavelength, the absorption in the

Film decreases the fringse amplituda:

This could probably be dus to the interference phencmena

occurring between the two surfaces of the Film.

Figure 4.11 suggests that fha absorptivity of thess
films decreases with tha_increasa of the off-axis angle; This
dependence decreasses the collector efficiency wheﬁ the solar
beam is projected obliquely with respect to the collector.

It is, however, preferasble to decrease such an sffect by
producing a diffuse reflection film, Ih order to absorb the
radiation at all angles, tha need for tracking will be

minimized and the diFfused radiation will be absorbed,

It is also Found thatltha qaléurad INCO afainlasa stesl
samples were insensitive to dirt and could be cleaned by
swabbiﬁg with destergent solution without changing their optical
prnpertias; i:s} the calculated absorptance and the smittance
values were the same bafore and after the cleaning procesa;
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6.2.3 LIFE TESTING

The tests of cdntinuqus annealing in air at tsmpesratures
of 110°C and 300°C For the Five differsnt coloured stainless
steel INCO samplaes ars given in Figures 4;12 to 4;15. They
show a slow shift of interference Fringes to longer wavslength
For all the samples for a short heating period, i:ul For 48
hours wp to a‘teﬁperatura of 110°C. This shift is ssean to be
rapid when both the period of heating is extendsd to 192 hours
and the temperaturs increased to ElUnC, and is more rapid at

a higher tamparatura; For example ses the curves for each

samplal

During the annealing at 110°C For 48 hnurs;-tha reflasctance
of 1.5 mV and 3 mv‘samplas decreased over ths solar rénga
extending from 0.4 U_kn tol5 Y m‘, corresponding to an increass
in the a values of about 2.8% and 2% respectively, as shown
in Table 4.8, whils a slight shift change in ths reflectances
occurred over the above range of wavelengths for the 5 mV,

7 mV and S mV samples. These results gave nearly the same

values of a and 8 as those for unheatsd ones,

After 192 hours of heating at 210°C, the rsflectance of

- the 1.5 mV and 3 mV samples over the solar range of U;4ﬂ.u mo
to 1 { m decreassd, corresponding to an increass in the é
value of about 4% and 2% respectivaly; whiles the slight

increase in the reflectances which occurred For the 5 mV sample

gave no éubsequant changes in the corresponding a valus, but
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the increase.in ths reflsctance which occurred for the samp les
of 7 mV and 8 mV caused a decrease in the a value of about 1%

and 4% respectively, as shown in Table 4.3,

A set of coloured samples were subjected to heat trsat-

ment at 300°C for different time periods of 5 minutas; 60
minutes .., . 160 minutes and 182 haurs: All the samples showed
the saﬁe pattern of the reflectance spectrum as in the case

of the 5 mV sample (see Figure 4.17). This Figure illustrates
the rapid movement of the interference fringe with tha time of
heating at 300°C and toward the long wavalangth: The changes
in the reflectance spectrum over the solar ranges for fhe'l.S mV
and 3 mV samples gave an increase in the é value of about 4%
for up to 60 minutes heating. For 5 mV, 7 mV and S mV samples
a decrease in the a values of about 3% respectively was shown,

However, the a value of 3 mV sample remained unchangad;

After 192 hours of heating at 300°C the reflectancs of
all the INCO samples increased over a wavelength range 0.4\u m
to 0.6 m. The interference fringe shifted rapidly towards the
llongar wavelength, as shown in Figures 4.12 to 4,16,
corresponding to a decrease in-é values from those carried
out For the 1680 minute test at the same temperature CSDUOC].
These decreasas were 3% for the 1.5 mV; S% for the 3 mV:; 8%
for the 5 mV; 5% for the 7 mV and 52 for the S mV sample.
These results have been tabulated in Table 4;9, i.m., the
absorptancs val;ss of the samples decreased at this tamperature

even after B0 minutes heating and the colours changed too.
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This effect occurred even at 250°C when the samples wers heated

For 48 hnurs;

The result of the cycling test in air for the thres ssats

of INCD samples were found as follows:

£i) After cycling between témperaturas'dF 50°C and 110°C at’
a rate of 4 cycles/hr up to 48 hours, ths 1,5 mV sample gave
an increase in-thé'g value of about 2%. The 3 mV, SmV, 7 mV

and 8 mV séﬁplas showed stability during the above test.

(ii) After cycling bstween temparaturas.oF 50°C and 2io°c at
a rate of 4 cycles/hr up to 48 hours, the 1.5 mV sample gave
an increaéalinlé value of sbout 2% and gave nearly the sams
value of a as that of the unheated 3 mV sample. The 5 mV,

7 mV and S mV sampleé showed stability during the ‘above test,

Li1i) After cycling between temperatures of 40°C and 210°C ét
a rate of 2 cycles/hr up to 182 hours, the 1.5 mV sample gavs
an increass in 3 value of about 2%, The 3 mV samﬁla gave
nearly the same valus of a as that of the unheatad sample,
The S mv, 7 mV and 8 mV samples showed a decrease in the

absorptancs value of about 2%, 2% and 3% respectively.

Summarizing the results of the life test, we saw that
the effect of annealing on the spactral profilses is limited to

wavelengths smaller tﬁan'a,u m. In the higher raflectancs

range, the reflectance is neaily constant,

- 197 -



The blue coloured 5 mV INCD'sémpla displayad the highest
smlectivity of all other sémplas: I+t was also Found to be
stable wp to 210°C heating and For short periods of eycling
at thiS_famparétura, i;ai between 50°C and Zldccil'chavar, it
started to dstsriorats after lnhéar periods of dycling at the
above tamparature; although the 1.5 mV and 3 mV samples showad
an increase in selectivity upon heating up to 300°C for short
peninds; The highest values still remained lower than that of
the 5 mV sample‘tunheatedj. The 7 mV and S mV samples
displayed a decrease in seléctiviég on heéting even for

short periods at 300°C.

Karlsson and Ribbing (1978]) reported that the water
content for their grsen coloured stainless steel sample was
one of the two mechanisms which caused the dsterioration of
selectivity, and they could detect this mechanism by the mova-
ment of fha intngarendé fringe towards ths short ﬁaQéiamgth

region as the water leaves the Film.

Since the water release befors the cxidaﬁicn coﬁméncas in the
vacuum environment, the results of the spectral FaFlacténca
of this test at 300°C and in a soft vacuum, as shown in
Figure 4.23, followed the . same: pattern aé that of tha

continuous heating.

Since there was no such movement of the interferencsa
fringe towards the shorter wavelength during ths heating,

either in 3ir or vacuum, we conclude that the oxidation
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mechanism was responsible for the deterioration of the INCO
‘coloured stainless steel at high temperatures above aln°c;
further heating and oxi&ation increases the optical thickness
of the Film and moves the Fringes to longer wavalangtha; This
pattern was detected in the life test while heating sither in
air or va;uum for low temperatures and Ffor high temperatures

up to 300°C and For different periods of time,

6.3.4 STABILIZATION OF THE OXIDE LAYER

. Figures 4.24 to 4.28 illustrate the spectral reflectancs
curves obtained when a layer of SigN, (250 nm) was coated on
the coloured atainleéé gtesl sémplea; T;asa Figures showed
that the First fringe was lccéted‘at about 2.5 Mm to 3,ﬁ(m;
This location causes the decreasa of reflectances in thermal

region which in turn increases the smittance.

The above Figures also include the curves of the coloured

stalnless steel sat with a 125 nm thickness of Si "Tha'

34
fringe was located between 0.9 to 1 M m For the samples
corresponding to 1.5 mV and 3 mV. This causes an increassa

in the abscrptance‘oF the above samﬁles to 0;397 aﬁd U;éQS
respectively, whils the location of tﬁe ?ringa Fnr.tha S nV
gampla was slightly beyond 1 jlml The abécrptanca of tha |
sample corraesponding ta 5 mV was Fcuﬁdltn.ba the same as that
of the uncoated sample with 513N4, but the absnrptanca.nF the

7 mV and 9 mV samples coated with 125 nm Sia“é decreased,

corresponding to the high reflectance in the solar range (see

Table 4.9).
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The coated SiN, (125 nm tﬁicknesa]-colpurad stainless
steel samples showed thermal stability For 3% hcﬁrs heating at
300°C, i.e. the calculated values of the absorptance and the
emittance were found to be the same before end after heat

treatment (see Taeble 4.9).

The promising result in the case of thea 515N4'(125 nm
thickness) coated coloured INCO samples needs Further

investigation in order to stabilize them against daterioration

at higher temperatures.

Summarizing the stability test, we can stats that the
absorptance of the éamples corrasponding to 1,5 mV and 3 mV,
coated with 125 nm thickness of 813N4“1ncraaaad'From-ﬂl?S to
0.896 and from 0.795.to 01899 respectlvaly; and were atabla
after heating For 182 hours at 250°C and for 3% hours at 300°C.
There is an overall improvement in the selectivity character-

istics due to the addition of a layer‘cﬁ'513N4, 125 nm thick.

-

6.3.5 COMPOSITION ANALYSIS

The results from Figurss 4,31 and 4,32 suggest that the
chlorine, carbon and sulphur weras concentrated at the air/
oxide boundary but persist throughout the bulk of the surface
Films, This is probably dus to the Handling of the aampl;.
and to ;he abidic path treatment,. Hﬁwevar. the chicrln;

disappeared after 20 minutes of sﬁuttering;

Figures 4.33 and 4.34 demonstrate that the. chromium
content of the oxide Film exceeds that of the substrate because

of ‘the deposition from the acidic solutions (chromic acid).



The iron contanﬁ decreases graaﬁally toward fhalFilm
surface., The nickel content Follows the samalpattarn. Tha
metallic chromium cantenﬁ incraéaes rapialy through the oxids
fFilm up to 200 minutes of sputtering, after which it starts

decreasing with the decrease of the oxide layer thickness.

The oxygan content increases gradually From the surface
oxide film and after 50 minutes of sputtering reaches a peak
value.uF concentration ~. 20% Ffor the 5 mV sample and 24% for
the 9 mV sample after 150 minutes of sputtering time. The

oxygen content then starts decreasing with a decreasa in the

oxide layer thicknass;

The boundary between the oxides 1ayaF and the metal
substratse carresp;nds'to the point where the concentration of
the iron deviates from the horizontal portion, as ahﬁwn inm
Figures 4,33 and 4.34. Thus, the thickness of oxids on ths
S mV sample is about 100 nm and that of the 8 mV sample is
about 200 nm. The abcvé results suggest that the surfacs

oxide Films corresponding to the S mV and 9 mV samples were

rich in chromium with smaller quantities of iron and nickel

present,

Figure E;; shows tha_ccmparisun of the iron, chromium
and nickel concentrations with the sputtering time from 100
to 2000 minutes for the 5 mV and 9 mV samples. This figura
indicates that the iron concentration increaaeé linearly Ffor
the 5 mV sample up to 500 minutes of sputtering time, while

the curve of the S mV sample shows a Flat portion at 100 to
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500 minutes of sputtering time. The chromium concentration
of both samples decreased linearly. The nickel concentration

for both samples was Found to be equal up to 500 minutes of

sputtering tims,

'In summary, the composition of the oxide corresponding

to tha 5 mV sample and tha metal in the Film changes linearly,

The chromium to oxygsn ratio within the Film up to 500
minutes of sputtering time is slightly greater For a su~face

film obtained from a S mV process than from that of a 9 mV.

process.

Fimally, the 5 mV sample with the oxide layer thickness
of about 100 mm appeared to confer a favourabls sslmsctive
surface among the other INCO surfaces, i.a. 1.5 mV, 3 mV,

7 mV and S mV samples.

We believe that Further composition analyses are needed
for each sample before and after heat treatment in order to
investigate the optimum oxide compcsitidn which gives thﬁ
Favourable optical properties. To predict the tharmal ageing
mechanisms, Further studies are needed in respect of each
colour of the INCO surfaces in order to determine how thea

structure and composition change upon thermal ageing,
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Fig. 6.1 Comparison of the depth profile for the 5 mV and
S mV samples. :
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6.4 THEHMALLY DXIDIZED STAINLESS STEEL TYPES 304 8 316

6.4.1 ELLIPSOMETER RESULTS

The ogtical constants of the stainless steel polished
surface bF the two types as destermined by éllihsomater at tha
wavelength of light radiation 546.1 nm, were 2.28 - 3.7i for

304 stainless steel and 2:30 - 3;701 for 315 stainless atuull

These results show agreement with those of Fane =t al
(1973), i.e. 2.28 - 3.77i and Latham and Brah (1877), i.s.

2.35 - 3.70i. . Y ) P “

The oxidation rate was found to bes temperature dependsnt
and it was higher For the 304 stainless steel type than for

that of the 316 type at the same tamperétura‘[saa Figurs 4.35),

The diffuse éurFaca which results from the thermal
oxidation process made the investigation of the optical
ccnstantshuF thermally oxidized film more difficult and only

a limited number of readings of Y and A were pcsaibla'.

6.4.2 SELECTIVITY

Stéinlass staéi axidizad'by heating in air gives rise
to a moderats improvement in éalactivity From the valus for
the metal subétrata with its original oxide layar: The best
optical properties of the surface films wers Found with 304

and 316 stzinless steel types when heated at 873 Kelvin for
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6 and 80 minutes respectively, see Figurs 512; Tﬁu value of
absorptance fFor both was Ffound to b=s 0275: It ﬁauid noﬁ be
improved, sven by hééting for longer pafiads at this or
higher ﬁempéfatures. On tha.cthar haﬁd, the valus 6F the
absorptance decreased buf the Emitfancs increased whaﬁ the
sample was heated for longer periods; Moreover, the colour
‘nF thaqsampla also changed from dark SIua to gray”[aeu Table

4.13).

Figures 4,36 and 4-.37 show that tha valus of r;aFiectancea
for phélwavalangthglungar than 8 Um ramain ccnstént and
approach the reflectance of polished bulk stainless steel,
During heating either at 823 or 8973 Kelvin, the shift of the
reflectance showed the same pattern for the sample at different
sintering times at either temperature, but with an increased.
time of heating, pha fringe shifted towards longer wav;langths,
indicating an increase in the oxide thickness. These fringes
suggested that the moderate selectivity of this simple method
is obtained by interference betwesen the two surfaces, the
substrate and its derivative oxida, Investigations of
oxidation at higher temperatures, for example 1198 Kelvin,
was carried out, but the rate of oxidation was too rapid to be
effectively controlled. Our results here show a markesd
contrast to those of Sharma and Hutchin (1878) for stainless

steel, -, Table B.3 gives details of the comparison,

Figure 6.2 also includes tha specular reflectance curve

for tha INCO surface cgrrasgcnding to 5 mV sémpla. This
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figure indicates that the INCO process shows more salectivity

than the simple heating process, i.s. the reflesctance for the

INCO surface aover the sclar rang= From 0.3 5 Ud m to 2 U m is

lower than that of 304 and 316 types of stainless stmel st

873 Kelvin.

Sample

Presant work

Reported wor-k*'

a%

Heating| Heating a% g, colour al I colour
tamp. time =] S
Kelvin Cmin) (100°c) _ iC1007c]
316 s.s. 823 es 77.0| 20.0 -
~
316 s.s. g73 a0 74.0 11.3 |dark - & -
. blue
318 s,.s. 1188 10 74.0 9.8 |dark - - —
blue
304 s.s.| 1043 45 70.0{ 5.0 |purplea
304 s.s.| 973 & [75.0| 9.5 |dark - - &
blqa_
304 s, s, lls8 s 75.0 8.5 |dark - - =
blue

Table 6.3 Comparison of th= calculatad o

*

of thermally oxidized stainlas
published data,

Sharma and Hutchin [1973)
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—== 316 sis. (973K)
o 4@l " e ARl
= 304 s,.s. (973K)
L & ;
.
o
2al
a § $ b ' } } 4
.3 .5 2 3 3 12 , 20
A (MICRONS)

#ig. 6.2 Comparison of specular reflsctance for 6 mV and
thagmally oxidized stainless steel types 304 and

316 samples.

- 207 -



6.5 BLACK NICKEL FOIL

The application of black nickel foil ( bonded ) on to
either stainless steel or aluminium was found to be sequally

Feasible,.

6.5.1 ' SELECTIVITY o | ..

The absorptance and emittance values of a set of black
nickel foil samples were calculated; The averaga valuses found

were 3 = 0.986 and =(100°C) = 0,136,

The actual manner in which the reflection of the surfacs
varies over the visible spectrum can be seen for the unheated
and heated sample from Figures 4,38 and 4,40, 1t indicates

that heating has no effect on the reflectance at short wave-

lengths.,

The general sppearance of the surface is velvet black,
The blackness of this surface is caused by the topography of
the surface. The scanning micrograph in Figure 4,41 suggests
that the surface is not smooth, it is rough; Thus the high
absorptivity is caused by multibla reflection of light within
the surFacalstructura; At the same time the surfacs appears
smoocth at anlnnger wavelengthl In addition the black nicksl
Foil provides =z véry slight gradual decreassa in ébvalua as a

Function of the off-axis angle which is an advantage For Flat

plate collection application, as shown in Figurs 4,39,

- 208 -



The results of tha specfral measursmsents of reflectance
For black paint [3M-NEXTEL]) and black nicksl foil obtained in
the present work can be compared with the results of
McDonald (1975) For black chrome and that of Peterson and
Ramsey (1875) for two layers of black nickel, ses Figurs B.3.
It is clear that in the visible spectrum both the double layer
black nickel and the black chroma have minimum-ﬁaximum reflect-
ance charactaristicé, probably due to the index of refraction-
layer thickness combinations producing interference effects.
There is a displacement of about Dlasﬁlm betwaen tﬁé maximum-
minimum points on the black chrome curve and the corresponding
points on the double layer of black nickel. However, the
reflectance of black nicke;l Foil is independent of the visible
spectrum up to 1.2 )tm.'"The reflectance increasss more
rapidly with wavelength in the infrared region for the doubiu
layer of black nickel than for the black chrome and tha latter
more rapidly than the black nickel. At a wavelength of 10 4 m
the black nicksl Faillhas the iowast reflectance. It is 4%
lower than the rsflectance of black chrome and 8% lower than
for the double layer of black nickel. This leads the
emissivity of the black nickel Foil surface to be higher than
the other surfaces mentioned [é.= 0.088 black chrome; é = 0,07

double layer; while g = 0.13 - 0.14 For the black nickal
bonded foil. |

The é/g values reported in the literature for black chrome

and double layer black nickel are 9.8 and 13.8 respectively, and the
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Fig. 6.3 Comparison of the spscular reflectance for the

black nickel foil (=-—=J), with that of double layer

black nickel [...],_black chrome (-] and 3M-Nextal
black paint ( J.
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determined values from this work For black paint and the
black nickel foil weres 1 and 7.3 raspectivaly; The result
obtained in this work for é/E_For the black nickel foil, i.s,
7.3 is lower than the value of 8.1 reported by Wright and
Mason [1978) For the black nickel Foil {without adhesivs).
This could possibly be due to two Factors; Firstly the
technique of attaching the adhesive foil to the substrate.

On heating it was clearly demonstrated that tha‘changaé in
the surface Flatness leads to reflectance changes from one
sample to annther; thus giving different values of the
emittance. So thsvaluss given in Table 4.14 are the average
of a set of samples For each‘tast;' Secondly, the absorptancs
calculated in this work was from total hemispherical

directional reflectance, i;a. a5 while those of Wright and

Mason were quoted from specular reflectance, i.s. 8.

6.5.2 LIFE TESTING

The maximum temperaturs stability of the black nickasl
adhesive Foil has been found to be in the range 220°c - 250°C
in air and in a vacuum of 10 mTorr. Above this temperaturs

range the adhesive will break down.,

The cycling test between 40°c and 110°C and betwsen 40°C
and 210°C up to 48 hours at a rate of 4 cycle/hr showed ro
effect on the absorptance and ths emittance valuaa; However,

only the emittance value increased by 2% after cycling bastween

40°c and 210°C at a rate of 2 cycles/hr up to 192 hours,
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Black nickel foil passed the test at a constant
temperature of 57°C and 97% relative humidity For 72 hours

and 192 hours, i.=. the E and B8 valuses did not change under

this test, as shown in Table 4.14,

6.5.3 COMPOSITION ANALYSIS

The elemental compositions on the surface of the
ﬁnhaatad black nicksl foil were found to be rich in nickel and
poor in chromium and uxygsnl After heating For 182 hours at
210°c the oxygen content increased From 38% to 48% with a- -
reduction in concentration of the nickel, i.e.. the nickel
oxide increasesd in depthl This increassd layer of the oxide

appeared to have no effect on the selectivity of the black

nicksl Fcill

5.5.4 LIMITATIONS

Since black nickel Foil with an adhesive underneath has =
Flat surface, it should be rolled and attached to the substrate
carefully such that no air pockets, creasass or folds can be

seen. This will keep emittance low and hence the surfacs will

have higher selectivity.
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6.6 SUMMARY - OF CONCLUSION

There appears to be a cnr'r-elation- betwesn low '\’Uand A
values and good selectivity For a given sample after treatment
or Ffor a grou of samples of the same material. This suggests
the possibility of using the ellipsometer as a guide to

selectivity.

Computation analysis as carried out for ths grown
titanium oxide case did not produce a model to explain changss

in W and A relating to a varied oxide growth for the INCO

stainless steel samples.

Table 6.4 illustrates the optical properties of the
surfaces under study before and after heat treatment. This
table also gives the efficiency .of every surface considered.

It is defined as

absorbed Flux - emitted Flux
solar insolation

The efficiency in this work was calculated at =a

teﬁperatura of 100°C with an insolation of 800 watt m-a;

The absorbed flux is then equal to BUGLéL The emitted .-
Flux is g_g-[Ts4 - Tw4], where a is the absorptance and é is
the emittance at temperaturs 373 Kelvin and the Stefan

Boltzmann constant 6~ = 5.668 x 10~8 watt rn"'2 K-8

Table B..4 suggests that the best candidate For =

selective sample surface is the 'black nickesl Foil', It is
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of highest afficiency of about 88% even after heating at
21008 for l92 hours; It is of lower cost thamn the other

surfaces,

Tha second candidate is the INCO stainless stesl surface

corresponding to 5 mV with an efficiency.about 78% up to 192

hours Hﬁating at 210°C.

The advantages of the stainless étaal over thes black
mickel is that it has a good appearance, a good wear raessist-
ance, a high corrosion resistance and it has no problem of
Flatness limitaticn; However, its disadvantage is that it

has a higher cost.

The efficiency of the 1.5 mV and 3 mV surface
samples increases by sbout 10% when they have been coated

with Si3N4 125 nm thick layer.

The values of the total hahispharical emittance

obtained by using the calorimetric (steady state) method werses
significantly higher than that obtained by reflectance

technique for the selective and non-selective surfaces,
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APPENDIX 1l.a

Ellipsometer prooram

The program sets out to calculats the values of ellipsometer

parameters and for a set of assumed values of ny,kz and
thickness for the film,

184
118
126
128
140
158
1ed
176

c—‘.

"

—
il

PP e
— L0

3
= CI 0
Dod R ol el

Rl N (W )

I
n
i

2EQ
278
s
2948
288
=lg
28
230
48
=208
<ER
g
225
250
Big )
415
420
430
446
455
460
473
420
439
=86
o1
S29
s
4G
=59

REM === ELLIFPSOMETER FROGRAM =====

FEM == THE FROGRAM SETS OUT TO CALCULRTE

FEM == THE VALUES OF ELLIPSOMETER PRRAMETERS

REM == HHD FOR A SET OF ASSUMED

REM == YALUES OF M2,KZ2 AHD THICKMESS FOR THE FILM
PRINT"O"

PRINT" PROGRAM IS RUMHING" :FRINT

PRINT" Q8SCREEH OR fPRIMTER" :FRINT

GET A%:IFAF=""THEN1Zd

IF A¥="S"THEMOFEHN4,2:GOTO220

IF A$="P"THEMOFEH4, 4 :G0TO22¢

GOTOD 1249

FREINT#4," FPSI DEL"

FRIHTH#Y, '====sss=sssssse=mnosssssssssscsmsmmm====
FREINT#4,

DIMACL40,BC140, K3, NC13), R(S5), ¥(5), Y(5)
READNCZY, K(2),H(3),K(3>,T,L.,D0,D3, 50
FRINT#4, "H2="H(2)SPC(SY"K2="K(2)

FRINT#4, "M3="H(3)SPC(S)"KE="K(3) : FRINT#4
FRINT#4, "WAVELENGTH="L :PRINT#4

FRIMT#4, "ANGLE (RAD)="T:FRINT#4

FRINT#4, TREC1); "THICKHESS" TRBC10),; "DELTR";

PRINT#4, TREC18); "PSI"; TREC14); "REAL DEL"
PRINT#4, TRECL) ; "s========"TAB(10); "=====";
PRINT#4, TAB(S) ; "======"; TAB(12); "======

FOR D=DaTOD? STEPSO
[=0:KE=K(Z+II¥K(2+]) 1 T4=T: ¥(4)=SINCTH)

AC=R (O FR(4) TH(4+ID=N(2+I¥N(2+]D)

B2+ 1D=H(4+1)-KE-K(4)

P2+ =ZHNCEFTIRK 2+ T KOG+TD=K(2+ I DR (2+]1)

YA+ 1=V (E+IDEYC2+D) ' RO=SARCKCA+II+YC4+T )
AB=SGERCCRA+XRC(2+ID/2)
AC4+12=H(2+I ¥R A(T+II=SAR(ABS((RO-X(2+1))/2))
RCA+12=ACT+IDRK(2+ID+ACH+I) T ACA+ I I=KO+MN (4 +1)
RCZ+I0=AC(3+10/7AC4+10 ' EO=K(2+ID#AR0: BC4+1)=HC2+I D#ACP+])
BC2+10=(BO-B(4+I0)/AC4+]): IFAC2+IY>OTHENG1LO
H(Z+]D=-A(2+10 ' B(2+1)==E(2+I) ,

GOTOS1G

¥51%=H(2+I)¥KCE+I)

ACAI=SINCTE) (K=K ¥4 tHCA+I D=2+ D#NC2+1)
AL2HTI=NCA+IN=RCII=H(4) 1 (241 D=24NC2+I D HK 2+ D)
ACHHII=HCIHIDER 2+ (W 4+ D)=V 2+ T DHY 2+ D
RCID=SORCHCI+ID+Y(4+1D)
RCID=SRRCCRCIDHRCZHI D 0/2) tACA+II=HC2+ I D$ACTD
RCT+ID=50RCCRCII=KC2+ID D A2) RO+ ID=ACT+I DHKC2+ DD +ACE+I)
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APPENDIX l.alcont)

1 AP+ =S0RCCRCID=RO2+III/2) tACS+ID=ACT+ID#KC2+ I D+ACH+D)
3 ACH+Ia=KCID+HCA+ID CAC2+ID=ACE+II/ACH+1)

BCID=K(2+ID%ACI Y BC4+ D=2+ 0#R(7+I)

B2+ 0=(BCI2=-BC(3+100/AC3+1D  IFAC2+I)>OTHENG10O
AC2+I0==RAC2+10 B(2+1)=-B(2+I)

I=1+1

IFI=1THEH4=5

0 C=COS(T4):Cl=H{2)#C: Ca=A(2>-C1

E2=C1+A(25:D1=K{(2>%C: D2=D1+B(2)
2=E(2)=D1 :E=C2¥E2:E1=D2%F2
G2=E+E1 :G=E24E2:G1=F2%F2:G5=6+G1
GR=G2/C:F=C2%F2:F1=D2%E2 :H2=(F1-F)>/G
H=H{3X>#R(22 H1=K{(3>¥B{2) :H4=N{(2)$¥A(3)
HS=K(2>#¥EB(3) :C3=H4+HS-H-H1{
HE=HC(ZO#EC2) tHI=K(3)#R(2) ' HE=K{(2)$¥RA{3)
HP=H(2»#%B(3) : D3=H2-HS+H7-HS
EZ=H+H1+H4+HS : F2=H3+H7-H3-HE : G4=C34E3
DS=DC%F 2 GE=ES#E3:Gr=FI#F3+G6
Go=(G4+55)/G7 : F4=C3%F3
H3=(DZ3E2-F4)/067 :P=H{(Z)>#¥A(2)
P1=K(22#B(2) :P2=C-P=-P1 :P4=N(2)¥B(2)
FPo=K{2)%RC2) 1 S2=C+P+P1 : Q2=P4~-P5
T2=F5-P4:U=pP2%32
U1=02%T2:U4=824S2 : US=U4+T2%T2
U2=CU+UL>AUS:UV=02%52  UB=P2¥T2=-U?
VEsUBA/US I G=HCEY#RCE) (Q1=K{(2)$E(2)
F3=F+P1-Q-C1 :04=B(3)¥H(3) : Q5=K{(2)$A(3)
2=P5-F4+04-03: S2=P+P1+0+Q1 : T3=PS5-P4-04+0Q5

Y Y=PIES3: Y1 =RIHTE: V4=S34E3

YOSV +TIHTI  UZ=(V+V1 /Y0

VE=PI¥T3 V=083 V3=(VE-L7)/V5
Mi=P+F1:M=5.233183%D/L :M1=M14M
Li=C(P4=-PSO#M :MI=EXP(2%L1) t M=2%M1
M2=M3¥COSCMD ' L2=MI¥STH(M) : L4=G3¢M2
LO=H3#L2:AC110=02+L4+L5: LE=H2#M2
L7y=034#L2: BC11)=H2+LE-L7: S4=U2%U34M2
SS=V2¥V M2 So=L ¥V ST=L2%V24U3
AC12)=1+54~-55+SE+57 ' SO=V24¢U3¥M2
SO=LI2EM2#y3: J=U24U3%L 2 J1=Y24V3$L2
B(12)=33+59-J+J1 ! RE=02¥G3¥M2
H7=HZHHI¥M2 : O8=H2¥L 2453 : QS=H3#L24G2
AC12)=1+Qe-Q7+03+032 : PESH2¥GI¥M2
Fr=H3#G2#M2: PE=L2#524G3: PO=H2#H34L2
BCIE=PE+P7-PEI+P3: TO=U2¥M2

18 TE=Y3I¥L2: A(14)=U2+T5+TE: T7=M24Y2
8 To=US¥L2:B(14)=Y2+T7=-TS
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1828
1828
1a4i
1838
18ea
1678
1528
1626
1168
1118

1128 2

1134
1148
1156
11e8
11ve
1128
1154
1268
1218
1228

FRERDY .

APPENDIX l.a (cont)

RC2ZI=ACILD#ACIZY 1 J2=R(2)-BC11 )¥EBC12)
RC2I=BECI10#AC12) 1 J3=AC1 1 2¥ECI22+R(ED
FC4r=AC130%#A014): Ja4=R{43-B(130%B(14)
RCS2=EC130#AC145 : JS=AC1Z2%E(14)+R(5)
W1=J2#J4 : H2=J3%J5 H3=T4%T3  Ld=L3+TS%TS
M=CHLI+W2) AW 21=T4%T3

23=J”#J5 22021220 /NG 1 23=100%ATHCEAWY A CHEATHCL D D
Yi=2 .
33=1BB+23

Zd=|1%l]

S=1CHFATHCSORCZ4+2%2 2 2 ACA$ATHCL 2 )

FRIMTH#4, TRECZ); DS TABCE) ; 23 TREC3 )
FRINT#4,Z5:TRECL Y . Y1 SHEKT

EMD

FEl=========== IATA ==============

REM DATH MC2),K(2)=FILM& MC3),K(3)= SUBS
REM T=IMC.AMGC(RADM & L=KAYLEHGTHCAMG)

REM DATH Ig, D3=MIH & MAX

REM DRTA S8=STEP IM FILH THIEFHEQS

DATA 2.42.8,2. :8;3 vl B? o451, B 28,9
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APPENDIX 1.b

'Reflectance versus film thickness program

The program sets out to calculate the values of the spectral

reflectance for a system of absorbing film of index [nF-ikF)

on an absorbing substrate of index [ns-ik J.

166 REM===THIS PROGRAM IS SET OUT TO
268 REM==CALCULATE THE WALUES OF THE
360 REM==SPECTRAL REFLECTRMCE FOR A

460 REM==SYSTEM OF AM AESOREING FILM
SEn REM==OF (HF-IKF» OM AH ABSORBIMG
608 REM==SUBSTRATE OF (H3-IKS)

£16 PRINT#4,

788 RERD MF,KF.H3,KS

860 READ M1,W2,SW,T1,T2,TS

S0 F=C1-HF 124KF 1257/ 1+HF ) 12+KF 12

1866
1186
1280
1384
14686
15848
1E68
1768
1860
1264
ZE88
=188
gl v 5
pRCt 5
aqﬁu

bt s X

E=(2%#KF )/ {1 +HF Y 124+KF 120

Cl=HF 12-HSt2-K312+KF 12

Ca=(HF+HZ) 12+({k3+KF ) 12

C=C1/C2 '

Di=2%HF#KS+Z#MNS*¥KF

D=D1/C2:0PEH1.4

FPEINT#1,"HF=";MF :PRINT#1.KF=";KF

FRINT#1, "HS=";NS:FRINT#1.KS=";KS
FRIHTH#1,"————— i e T W
FRIHT#1.," - " PRIHT#I
FOR W=K1 TO W& STEFP SW

FOR T=T1 TQ T2 STEF TS

E=EXP (=4 THEF AW #C0S (¥ THNF /LD

F=EHP (-4 THKF /W) #STHC SR THENF /WD
G=R+CHE+D#F

H=E-C#F+D#$E

h-1+H*l#E-P+D#E+F#H+D+F¥P#L
L=E*A*D+E%C¥E-F#A%C+F+E+D

F=( COFR+HEL ) T2-CRHH=-GEL Y 120 A0 KR+l 120

3 FEINT#1.RE,T.H
1 HEXTHEXKT :CLZEL
1 FEM === IARTH =====

REM === DATA MF ,KF , NS , KS ==

3 REM === DRATA W1 ,WZ ,SW .T1 ,T2 ,T3

IATA 2.4..25,2.368,3.28
DATA S451,5%521, 109, 183, 708, 50
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Optical Properties of Bulk Titanium and Thermally Grown
Oxide Films on Titanium Using Ellipsometer.
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