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ABSTRACT

In this study the relative merits of thin films materials use
ful in solar energy technology are evaluated.

In particular, the sur

face morphological changes of Al, Cu, Ag, Au, Cr, Ni, Mo, Pt, Rh, and
W thin films have been studied as a function of temperature for 1 hr
anneals.

Tests were run in both air and under laboratory vacuum con

ditions with substrates of uniform composition and cleanliness.

In

one case the effect of annealing specimens in He and H2 was evaluated.
Morphological changes under investigation included pinhole formation,
agglomeration, cracking, peeling, oxidation, recrystallization, and
the interdiffusion of atoms across surfaces in multilayer selective
surfaces.
Mathematical tools have been developed to enable the prediction
of temperatures at which film failure occurs.
well with experiment.

These predictions agree

The relationship between the various film de

fects and their evolution from film deposition point defects to com
plete breakup (agglomeration) at high temperatures has been uncovered.
In most cases, materials of exceptional purity were used.

Test results

on films of high purity make mathematical analysis easy since trends
are easy to spot.

A few materials were of industrial quality.

It is

interesting, from a practical point of view, to know the failure tem
perature of these materials.

These tests also provide some gauge for

determining how well theoretical extrapolations from data on ideal
xvi

xvii

materials may work in the industrial realm where purity of materials
may be sacrificed in order to produce low cost, mass produced products.
Surface features before and after heating were recorded by
scanning electron microscopy as well as by both transmission and reflec
tion optical microscopy.
and x-ray diffraction.
explore grain size.

Crystal structures were explored by electron

Transmission electron microscopy was used to

There is a certain amount of art involved in

evaluating surface changes.

Frequently a characteristic mark, defect,

or discoloration in the surrounding metal was photographed so that this
characteristic spot could be returned to after heating.
It should be noted that the failure temperatures presented in
this report will provide a ready data reference for the estimation of the
high temperature performance of the multitude of "stack" selective
surfaces (i.e., tandem stacks, inverse tandem stacks, interference
stacks, etc.) in existence today and planned for in the future.

The

collected data will also be useful in the design of selective stacks
since they will indicate when and where stopper layers should „be used.
The performance of simple metal coatings used on concentrating and flat
plate mirrors subject to high solar flux and heat can also be determined
from the collected information.

Finally, the thermal durability of

electronic components employing metallic coatings can also be determined.

CHAPTER 1

INTRODUCTION

In this chapter we establish the basic definitions and vocabu
lary and describe the operating principles of the primary solid state,
thin film, photothermal converters that have prompted this research.
This description of devices should not be considered exhaustive.

For

a more complete summary the reader should see the many excellent reviews
available in the literature (Meinel and Meinel, 1976; Seraphin, 1974;
Spitz, 1977).
The basic principle of operation of a "selective surface" is
easy to understand.

First, we define the coefficient of absorption a.

This is just the fraction of incident light intensity, at a given wave
length, that is absorbed.

A coating is said to be selective if a is

large in the visible region of the spectrum and small in the infrared
region.

A small coefficient of absorption means the surface is bright

and neither absorbs nor emits much radiation (Kirchhoff's law).

Thus

the overall characteristics of the coating are high absorption in
visible light and almost no emission in the infrared.

Such a coating

is said to be selective with respect to the frequencies at which it can
absorb and emit radiation; hence, the name selective surface.

It will

not be possible for a selective surface to radiate away the energy it
has collected from visible light as low frequency thermal infrared pho
tons.

Such radiation would cool the surface and prevent attainment of

1

2

high temperatures.

Instead, the selective surface will have to heat up

until a temperature is reached such that radiation can take place at
higher frequencies closer to the visible region of the spectrum (in
accordance with Wein's displacement law) where the surface looks darker
and is therefore able to radiate.
The attainment of high temperatures by means of selective sur
faces is necessary for the efficient conversion of heat into electricity
since the Carnot efficiency n of such a process increases rapidly with
the increasing temperature of the high temperature thermal reservoir.
That is,
n

-

Cl.l)

where T2 and Ti are the Kelvin temperatures of the hot and cold reser
voirs, respectively.

Furthermore, direct use of the high temperatures

attained by selective surfaces may be made in certain high temperature
industrial processes like smelting without wasteful interconversion of
energy forms.
It should be evident from the preceding discussion that we de
sire the largest possible value for the ratio of a in visible light to a
in infrared light.

This ratio, called the selectivity S, is frequently

used to evaluate the effectiveness of selective surfaces.
tivity typically ranges from 1 to about 50.

The selec

Quoted values of S were

computed from room temperature measurements at normal incidence.
We will now discuss a few of the basic schemes for attaining se
lectivity and the materials problems inherent in each.

It is our under

standing of these problems that is the central theme of this research.

3
Tandem Stacks

Although some materials display natural selectivity (e.g.,
SnC>2> I112O3, LaBe), the characteristics of these materials are usually
far from ideal.

A more favorable selectivity can be obtained by com

bining several layers of material.

The simplest such arrangement is

shown in Fig. 1-1.

Solar flux

Thermal Infrared

Semiconductor layer
-Metal reflective film

Substrate material

Fig. 1-1.

Simplest Tandem Stack.

The Ge absorbs visible light but is transparent to infrared
radiation. The A1 reflects the infrared. The overall spectral
response is highly selective.

The semiconducting Ge layer absorbs visible light but is trans
parent to infrared light.

The A1 layer is highly reflective in the

infrared portion of the spectrum.

The result is a surface whose overall

characteristics show a large value of a in visible light and a small
value in the infrared.

Thus high selectivities result.

Typically S

may range from 15 to 50.
The simple photothermal converter just described is, however,
quite impractical.

The high temperatures developed by large selectivity
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rapidly cause interdiffusion between the metal layers resulting in a
loss of the desired optical properties.

The situation can be somewhat

improved by the introduction of Cr£03 diffusion barriers and a change
of materials to slightly more refractory Ag.

Antireflection coatings

may also be introduced at the top surface of the photothermal stack to
reduce reflection losses.
in Fig. 1-2.

The resulting multilayer device is depicted

The optical characteristics of such a device are close to

ideal and are shown in Fig. 1-3.

The operating temperature of this

sophisticated semiconductor stack may now be raised to about 600°C.
Between about 600 to 700°C the Ag layer rapidly develops pin
holes, which enlarge and eventually blend into one another leaving
discrete islands of silver.

This process is called agglomeration.

The

destruction of the thermal infrared reflective layer drastically alters
the optical properties of the stack.

The growth of pinholes in silver

under layers of SiO2, AI2O3, Cr203, and CrOx (where CrOx is oxygen
deficient Cr203) has been studied as a function of time and temperature
(Smith and Gurev, 1977).

This study has found that SiC>2 overlayers

partially suppress the formation of pinholes in the silver below.
Another study (Hahn, 1976) on (^03, CrOx, AI2O3, and MgO showed Cr203
and CrOx delayed the onset of agglomeration long enough to be considered
as a short-term solution.
suppressing agglomeration.

The oxides AI2O3 and MgO were less active in
Seraphin (1974) has pointed out that the

formation of pinholes and agglomerations probably limits the high tem
perature application of optical multilayer stacks in general.
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SiO

Nonreflecting

i1' 111 > • 1111111111111111|
Bulk absorber layer

'Ii in 11n 11111 1 ii i . . i. ,i

,/

layers

Diffusion barrier"Stopper" layer

iVYv-yy<^'\w/,'.v./vw^Am»wv/^'AAtoM<—Reflective film

CrpO^

Diffusion
barrier
Stainless

Fig. 1-2.

steel

substrate

Fully Developed Semiconductor Tandem Stack Selective Absorber.

100

SILICON OVER
ALUMINUM (Si+Al)

IRC SOLAR CELL
SILICON OVER NICKEL
(si+Ni)

WAVELENGTH, urn

Fig. 1-3.

Reflectance r( X ) = 1 - a ( X ) Graphed against Wavelength for a
Cell Similar to That Shown in Fig. 1-2.
The selectivity is ^20.
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Even short term suppression of agglomeration can result in
tremendous improvements in stack performance.

The preparation of multi

layer stacks is typically accomplished by chemical vapor deposition
(CVD).

This method is preferred because it is particularly adaptable

to the large-scale industrial deposition of coatings.

It is easy to

produce a smooth Ag film on a substrate, but when the material is placed
into the CVD reactor and raised to the temperature required for the
deposition of Si (700 to 900°C), the Ag quickly agglomerates and
results in a stack with poor performance.

The temporary suppression

of agglomeration allows completion of the deposition sequence and the
stack as a whole.
The sophisticated tandem stack shown in Fig. 1-2 has other high
temperature problems.

First of all, at temperatures close to 1000°C

interdiffusion between layers may proceed even with diffusion barriers.
In addition, the many diff'rent materials involved in stack construction
may produce severe thermal stress at high temperatures owing to mismatch
of the various coefficients of thermal expansion.
cauiie cracking and peeling.

These stresses may

The development of a crack is extra

severe for coatings operated in air since such a defect allows oxygen
to penetrate down to the reflective layer producing oxide and greatly
accelerating the agglomeration process as we shall see.

Interference Stacks
When light strikes a dielectric slab there is partial reflection
at both the upper and lower surface.

If a dielectric of suitable

thickness is prepared, these reflected rays may be made to interfere
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destructively with one another at a visible frequency.

Thus the dielec

tric would appear relatively dark in visible light and partially reflec
tive in the infrared where its thickness was incompatible with destruc
tive interference.
surface stack.

This is the principle of the interference selective

A well developed multilayer stack is shown in Fig. 1-4.

dielectric layer 2
^T^semitransparent metal
ii—dielectric layer I
_l ^reflective metal film
substrate
Fig. 1-4. Well Developed Multilayer Stack.
The thickness of the dielectric layers has been tuned
to give cancellation of amplitudes in the visible
region of the spectrum only. The surface appears
bright in infrared light.

The sophisticated four-layer stack has two dielectric layers as well as
a semitransparent metal layer and an opaque, bright, base reflective
layer.

This arrangement allows for the production of three emerging

rays of comparable amplitude.

There are two visible wavelengths that

can produce a net intensity of zero out of the addition of three ampli
tude vectors.

Thus we are able to get cancellation over a broad region

of the visible spectrum.

This is shown by the double minimum in the

graph of reflectance against wavelength (Fig. 1-5).
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100
4-LAYER AlUMINUM + SILICON MONOXIDE
(A1 + S10)
80

u
u
•z.

B

60

S
8
K

40

20

0.3

1.0

0.5

2.0

3.0

S.O

10.0

20.0

WAVELENGTH, Mm

Fig. 1-5.

Optical Characteristics of an Interference Stack.
This Al-SiO-Al-SiO interference coating shows
a double minimum with valleys at 1.0 and 1.5
ym.

To understand how the vector addition of three amplitudes gener
ates intensity minima at two distinct wavelengths, we need only observe
that three vector arrows may be added in two ways to form a closed
triangle as shown in Fig. 1-6.
Reflection amplitudes

The phases <ji may be computed from the

^
(a)

(b)

(c)

<t>2v

y

Rcdward minimum

Blueward minimum

Fig. 1-6.

Vector Addition of Amplitudes

The vector triangle on the left has phase angles <J>' which are
connected to phase angles <j> for the vector addition on the
right by <)>' = 360 - <|>.
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familiar formula

* =

x nt

(1.2)

where n and t are the index of refraction and the optical path length
in the dielectric, respectively, and X is the free space wavelength.
It is clear that one value of A will be required to close each triangle.
Selectivities of 22 may be reached with Cu + SiO + Cu + SiO
coatings and selectivities as high as 30 have been reported (Meinel et
al., 1973).
Although interference methods yield high spectral selectivity
for high-temperature applications, the need to accurately maintain di
mensions, optical constants, and the sharpness of interfaces raises
doubts about the durability of interference stacks at high temperatures.
The semitransparent metal layer is especially susceptible to diffusion
damage since it is only about 50 X thick and small amounts of material
transport can easily destroy it or alter its chemical composition.
Speculation exists as to whether the semitransparent metal layer is
pure metal or a mixture of metal and vacuum chamber inpurities.

Vacuum

chamber "art" plays a role in achieving a high performance semitrans
parent layer.

The sensitivity of stack performance to the compositional

details of the semitransparent layer aggravate the problem of interdiffusional contamination.

In addition to these difficulties inter

ference stacks suffer from the customary difficulties of agglomeration
of the base reflective layer, cracking, peeling, and oxidation.
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Wavefront Discriminating Materials
It has been found by Seraphin (1974) that the chemical vapor
deposition of Re results in the growth of needles whose dimensions
are comparable to the wavelength of visible light (Fig. 1-7).

Fig. 1-7.

Scanning Electron Micrograph of a Thick Layer of Chemical
Vapor Deposited (CVD) Rhenium. (Courtesy of B. 0.
Seraphin.)
The whiskers form traps that are highly absorbent
for normally incident solar radiation in the visible
part of the spectrum. At thermal infrared wave
lengths we have relatively high reflectivity.

Strong absorption of near-normal incidence solar radiation results.

At

thermal infrared wavelengths this material looks quite smooth and bright.
Selectivity results from the rough surface morphology.

If the rough

texture is lost by surface diffusion the selectivity is lost as well.

Summary
In the following six chapters the theory of thin film defects
and their interrelationships will be described.

The data analyzed

will be that collected by the author as well as that collected by other
researchers.

The remainder of the text will be devoted to experimental

methods and the detailed observation of surface structure at high
temperatures.

Every attempt has been made to fill in gaps in current

knowledge of high temperature thin film physics.

CHAPTER 2

THE RELATIONSHIPS BETWEEN DEFECTS

In this chapter we discuss the life history of a thin metal
film from its deposition to its eventual destruction via high tempera
ture cycling.
be stressed.

The relationships between the various film defects will
It will be seen that initially small defects may lead to

succeeding generations of defects that are of a very serious nature.
Film defects fall into three basic categories.

These are deposition

defects, defects caused by increasing and sustained temperatures, and
defects caused by cooling a hot film back to room temperature.

Each

of these classes will now be discussed.
The deposition of metal films O800 ft thick) by vacuum evapora
tion or chemical vapor deposition (CVD) methods produces a metal layer
that looks quite smooth and continuous to the unaided eye.

However,

when this film is examined in transmitted light at a magnification of
125X, occasional pinholes may be seen.

The density of pinholes is

generally higher (for a given film thickness) when CVD methods are
employed.

These pinholes will act as stress concentrating centers

when thermal cycling takes place.

A further film examination at a

linear magnification of 130,000 times via transmission electron micros
copy (TEM) reveals small voids whose diameter is less than 50 ft (Nakahara,
1977).

These small voids can turn into pinholes upon thermal cycling

as we shall see.

Finally, there is a "defect" which is invisible at
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any magnification.

Stress developed during deposition due to changing

substrate temperatures can play an important role in the peeling process.
In the second state of defect growth, we see the development
of deposition void defects into pinholes easily visible under the optical
microscope at magnifications of about 125X to 500X.

These pinholes may

grow at temperatures as low as 200°C when some metals are heated in air.
Higher temperatures are required when films are heated in vacuum or in
an inert atmosphere.

Material removed from pinholes beads up to form

hills or "hillocks" next to pinhole valleys.
1 ym in size.

These hillocks are about

To the unaided eye the film now appears to have a haze,

often "bluish" in color as blue light is preferentially scattered from
micron size defects.
paths.

At this point, film destruction may take several

Stress concentration around pinholes (both large deposition pin

holes as well as those thermally induced) may cause cracking.

It is

interesting that some of the smallest pinholes may cause the greatest
stress concentrations and therefore the most prominent crack networks
(Byars and Snyder, 1975).

If cracking does not completely destroy the

film, pinholes may continue to grow, eventually touching one another
and leaving an island of metal.

This irregular metal "droplet" is

called an agglomeration and forms at temperatures well below the melting
point.

Continued heating may result in rounding of the irregular

agglomeration into a hemispherical bead.
The final agglomerations are approximately 1 pm in size.

More

precisely, the size of the agglomeration may be computed by determining
the amount of metal enclosed within the polygonal figure formed by
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deposition void defects at the vertices (see Fig. 2-1).

At this point

the metal film is destroyed and is quite transparent to visible and
infrared light.

If films were heated in air, heavy oxidizing might also

be apparent in the form of discoloration.
reflectivity of the film.

This further lowers the

Even films heated under laboratory vacuum

conditions may show oxygen contamination picked up from the residual
atmosphere in the evacuating vessel.

This contamination shows up

readily in electron diffraction photographs of the surface.

Multilayer

film systems raised to high temperatures under laboratory vacuum condi
tions will show interdiffusion between the layers, further degrading
optical performance.

Cracking of protective overcoatings in a selective

surface stack may allow rapid penetration of O2 down to the reflective
layer causing accelerated agglomeration and oxidation.
deposition voids
film

catchment area

substrate

Fig. 2-1.

Metal within This Polygon Will Turn into a Hemi
spherical Bead of Volume 2/3 irr3 where r is the .
Radius of the Bead.

Finally, during cooling, one last destructive phenomenon may
occur.

Residual stress left in the film during deposition may cause the

film to peel away from the substrate when cooled to room temperature.
The mathematics of this peeling process has been described elegantly by
Langier (1978).

Tightly curled chips of metal will come off the substrate
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whenever the local adhesion of metal is weak.

The size and shape of the

chips seem to be determined by the extent of the crack network running
through the film.

Cracks define the shape of the edges of the chip.

In Fig. 2-2 we show a family tree of film defects.

In the next

five chapters we provide a theoretical description of film defects and
provide predictions of temperatures at which failure occurs via the
modes described above.

We then discuss the experimental procedures

and data that have led to this description of film defects.
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Fig. 2-2.

Family Tree of Film Defects.

INTERDIFFUSION

CHAPTER 3

VOIDS IN THIN METALLIC FILMS

During the deposition of thin reflective metallic films manylarge voids (called pores or holes in some literature) are formed.
These voids place limits on the structural strength of reflective coat
ings at high temperatures (Presland, Price, and Trimm, 1972a).

They

also have a large effect on the electrical resistance of metal films
(Lloyd and Nakahara, 1977).

A few measurements on voids in gold films

have been carried out by Nakahara (1977) and Lloyd and Nakahara (1977).
In this chapter we attempt to predict the number of voids from first
principles.
The starting point for the calculation presented here is inhomogeneous nucleation theory.

During rapid deposition, material may be non-

uniformly deposited on the substrate and may result in small voids being
left behind.

If these holes have a certain critical radius r*, they will

be "stable" in the sense that the surface tension of the metal will not
cause them to "evaporate" into monovacancies.

Indeed, monovacancies

whose number density is about 1020 cm"3 (Van Vlack, 1964) may condense
onto these small voids and may allow them to grow to their observed size.
The situation is not unlike that encountered in the study of raindrops.
Nucleation theory predicts that the smallest possible critical radius is
approximately given by (Dufour and Defay, 1963; Mason, 1971)

r* .
mm

»

(3.1)

E
16
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where a is the surface tension of the condensed phase, v is the average
volume per atom or molecule in the condensed phase and E is the heat of
vaporization per particle.

For the present calculation, a for crystal

line gold is approximated by a for the liquid metal (^1 N m-1).

An

atomic diameter typical of the reflective metals (gold, silver, alumi
num, copper, chromium, platinum, rhodium, molybdenum, tungsten) is 3 ft.
Hence the volume per vacancy in the condensed (void) phase is approxi
mately (3 X)3.

The quantity E is taken as the formation energy of a

monovacancy (i.e., E will be released when a monovacancy is removed by
becoming part of a void).

The formation energy is about 1 eV for gold

(Flynn, Bass, and Lazarus, 1965).

Hence, r*m^n = 3.4 * 10"10 m, which

is of the same order of magnitude as, but smaller than, the large 20 %
voids (Lloyd and Nakahara, 1977).

The volume V* ^

r*min is approximately 165 x 10"30 m3.

corresponding to

This volume may hold about 12

atomic volumes, but packing is not completely efficient.

Hence after

multiplying by the packing factor (0.74 for gold) we find that nine
atoms must be absent in order to create V* . .
mm

A void where only nine

atoms are missing is probably on the limit of acceptability for our
continuum mechanics treatment.
Next we assume that an empty V*m^n is created by the inhomogeneous placement of material during deposition due to statistical fluctua
tions.

The substrate is considered "cold" in the sense that impinging

atoms "stick" to their point of impact.

This approximation is acceptable

since in this chapter we are primarily interested in describing voids in
gold films deposited at room temperature.

This temperature is below the
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400°C needed to give gold atoms a high mobility (Andrade, 1935).

It

should also be noted that, via homogeneous nucleation theory, the proba
bility of producing a void of critical size without deposition fluctua
tions from an initially uniform distribution of rnonovacancies is ex
tremely small (Doremus, 1973).

Let us consider a metal film ana let us

carve it up into cubic boxes of size V* . , each holding nine atoms.
mm'

The

probability that one of these boxes will be empty after a random filling
process is given by the Poisson distribution (Landau and Lifshitz, 1969)
^
P

N -<n>

-

(3-2)

where <n> is the average number of atoms normally present in one of our
cubic boxes (i.e., <n> = 9) and N is the actual number we are interested
in (i.e., N = 0).

Hence P = 1.2 x 10

centimeter) of volume V*

.

The number of voids (per cubic

is then given by the product of P with the

number of cubic boxes per cubic centimeter.
- 3

voids cm

of size

Hence we have 7.3 x 1017

The measured number (Nakahara, 1977) of voids

in electrodeposited gold films is 3 x 1017 voids/cm3.

The probability

of larger voids being formed on deposition falls off rapidly and there
fore these larger voids have been ignored in our rough calculation.
ever, approximately 102 rnonovacancies
V*min*

How

may condense on each void of size

Hence our voids may grow to more typical sizes, as reported by

Lloyd and Nakahara (1977).

Thus both the size and the number of voids

in gold films are predicted.
The calculation is admittedly rough.

The nature and temperature

of the substrate as well as the method of deposition may change the number

of voids per cubic centimeter by a factor of 106 (Lloyd and Nakahara,
1977; Nakahara, 1977).

However, it is now clear that a certain non-

negligible number of voids is created on deposition owing to statistical
inhomogeneities during the placement of atoms.

In this sense, growth

of films during deposition is very different from the growth of metal
crystals in a furnace.

A similar conclusion has been reached experi

mentally by Nakahara (1977).
It is interesting to note that voids in silver have been counted
by Presland et al. (1972a).
10ll+ voids/cm3.

They have found a concentration of 3.3 x

If we select a value of E - 1 eV as suggested by Doyama

and Koehler (1962) we find the value of 7.3 x 1017 voids/cm3 as before.
This is not unreasonably different from the measured value.

Furthermore,

Tweet (1958) has observed the precipitation of Cu from Ge at ^500°C and
has estimated the critical volume to be filled by 10 atoms.
is in close agreement with our value of 9 atoms.

This figure

CHAPTER 4

CRACKING OF METAL COATINGS

Point defects have been relegated to a position of secondary
importance by many investigators studying the reflective properties of
metal coatings.

This is because the ratio of the defect area presented

to incident radiation to that of the undamaged portions of the film is
very small (Meinel et al., 1973).

In this chapter, we show that point

defects laid down during deposition and generated during thermal cycl
ing may act as starting points for severe film cracking at high temper
atures.

Thus, point defects, innocuous in themselves, may give rise to

a second generation of defects which degrade the optical characteristics
of a coating substantially.
It should be noted that cracks in A I 2 O 3 coatings have been ob
served to nucleate on pinholes by Goldstein and O'Neal (1969).

However,

at the time of their publication, the interpretation of their electron
micrographs was in question.
ing of Si on Si02-

Janai et al. (1979) have observed crack

No correlation between pinholes and cracks was noted.

Experiment
Soda-lime-silica and fused silica microscope slide substrates
of 1 in. x

3 in. x 1/16 in. dimensions were ultrasonically cleaned in

a mixture of Liqui-nox and de-ionized water.

This treatment was then

followed by a chromic-sulfuric acid bath to remove all traces of organics.

Three separate ultrasonic cleanings and rinses with de-ionized
20
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distilled water were then used to remove all traces of acid.

Finally,

the substrates were blown dry by a single high pressure burst of 99.99+%
He.

Chromium, copper, and nickel films of 99.999% purity were then laid

down by evaporation from 99.98+% pure tungsten.

The evaporation boat

for the Ni films was coated with AI2O3 to prevent the Ni from attacking
the boat.
torr.

The deposition chamber was pumped down to better than 10"5

Films were then thermally cycled in air once from 20°C up to a

maximum temperature and then cooled back down to 20°C.

The heating

schedule and film characteristics are given in the table below.

Micro

scopic examination of pinholes after thermal cycling revealed extensive
networks of cracks radiating from each point defect (Figs. 4-1, 4-2,
and 4-3).

Theory
Stress concentration appears to be the explanation for the radi
ating cracks (Byars and Snyder, 1975).

The phenomenon is well known for

metal plates and sheets containing holes.

It is important to note that

the smallest holes may have the largest stress concentrating effects
(Byars and Snyder, 1975).

Furthermore, cracking may develop if the

metal film is in either tension or compression with respect to the sub
strate.

Cracking under both conditions is well documented for common

structural members (Van Vlack, 1964).

In the experiments described

here, metal and substrate combinations were chosen to obtain both ten
sile and compressive stress.

Coefficients of thermal expansion, a,

have been included in Table 4-1.
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Fig. 4-1.

Cracks in 1000 X Thick Cr (99.999% Pure) on Soda-Lime Glass.
Field of view is ^0.4 mm across in transmitted light.
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Fig. 4-2.

Cracks in Cu (99.999% Pure) on Soda-Lime Glass.

Field of view is M mm across in reflected visible light. Oxidized Cu
film is dark. The glass substrate showing through pinholes looks bright
due to partial reflection. The depth of the cracks is uncertain and
they may lie only in the copper oxide layer.

Fig. 4-3.

Cracks in 2150 % Thick Ni (99.999% Pure) on Fused Silica.
The field of view is ^0.4 mm across.

Table 4-1.

Film Qiaracteristics

Metal
(99.999% pure)

Thickness

Cr
(a = 5 * 10"6 C0"1)

Substrate

Max. temp.
during thermal
cycle

Approximate
duration of
thermal cycle

soda-lime glass
1000 X (±500 X)

(a = 9 x 10"6 C0"1)

321°C (±30°C)

i hr

soda-lime glass

292°C (±30°C)

1 hr

344°C (±30°C)

10 min

Cu
(a = 16.7 x io-e C0"1)

536 X (±100 X)

Ni
(et = 12.8 x 10"6 C0_I)

fused silica
2150 X (±300 X)

(a = 0.41 x 10*6 C0"1)
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We may calculate the approximate temperature excursion necessary
to produce cracking in a metal film by elementary methods.

First, we

note that the stress concentration factor k is defined as the ratio of
the maximum stress at the stress raising defect (a

) to the average

IHclX

stress in the film (aEL V)
k

=

a

.

(4-1)

av

Consider a central circular hole in a film such that the diameter a_ of
the hole is very much smaller than the length or width of the film.

In

that case the tabulated value of the stress concentration factor
(Rothbart, 1964) is k = 3 for uniaxial tensile stress and k = 2 for
bi-axial tensile stress.

It is interesting to note that if a small

pinhole is a distance h from the edge of a long wide film under uniaxial
tensile stress applied parallel to the near edge, then k = 4.37 if
h/a = 0.67, and k = 3.16 if h/a = 1.56.
of the average stress (a

Next, we recall that the ratio

) to the average strain (eav) in a metal film

is defined as the Young's modulus (Y) for the met.al.

Hence, we may

write
CT
av

=

Ye
av

(4-2)

To be definite, let us now consider a Cr film on a soda-lime substrate
under thermally induced bi-axial tensile stress.

Thermal strain will

be developed in the film by differential expansion between the metal and
the glass substrate.
soda-lime substrate be

Let the coefficients of expansion of the Cr and
and as, respectively.

Then if a room tem

perature specimen of Cr on glass with length LQ undergoes a temperature
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excursion AT, we may write Eq. (4-2) as

a

=

av

a L0AT - a„ L0AT
Y —
.
LQ

(4-3)

Substituting Eq. (4-3) into (4-1) and simplifying gives

AT

=

max

f4-4)
<4

kY(cs - «Cr) '

Now for cracking to occur, °max will have to equal the "endurance limit"
for the metal.

Endurance limits (in units of stress) are tabulated

(Rothbart, 1964).

Hence we pick (Rothbart, 1964; Gray, 1972) k ^ 2,

Y = 36 x 106 lb/in.2, a

«\» 50 x 103 lb/in.2, a
ITLCLX

ag = 9 x io-1 K ~1.

= 5 x 10"6 K°_1 and
L/JZ

We then find T = 174 K.

Hence, cracks may develop

in metal coatings cycled over a temperature range of about 100 K or more.
This value of AT is in agreement by an order of magnitude with the values
actually used to produce cracks in our tests.

Temperature variations of

a few tens of degrees are probably not damaging to reflective metal
coatings.
Frequently, branching of cracks may occur.

That is, a crack may

nucleate on another crack defect during thermal cycling.

To test this

hypothesis, a scratch was placed on a Cr coating and brought up to 312°C
(±30°C).

The result is shown in Fig. 4-4.

Cracks are clearly seen to

radiate from the scratch, thus explaining the branching phenomenon.
Cracks are very prominent near the ends of a scratch where the curvature
of the defect is greatest and, hence, the stress concentration the
largest.

I

Fig. 4-4.

Crack Nucleating on a Scratch in a Cr Coating (1000 R) on
Soda-Lime Glass.
The field is ^0.4 mm across.
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Experiments with Ni coatings indicate that once cracking occurs,
peeling may begin wherever the local adhesion of metal to glass is weak
(Fig. 4-5).

The Ni film will curl away from the glass during the cooling

segment of thermal cycling forming small chips approximately 1 mm
area.

p

m

The details of the peeling mechanism have been elegantly described

by Langier (1978).

Discussion and Conclusion
During the preparation of high-temperature reflectors and selec
tive surfaces, it has been traditional to use the minimum amount of
material for the reflective layers that will permit the formation of an
opaque film.

This is done to conserve the precious metal that is fre

quently involved.

A few pinholes are usually ignored since they present

such a small area to incident radiation.

It is now clear that it may be

worthwhile to deposit extra material to fill in these pinholes since
this would reduce the number of sites at which cracking and possible
peeling could begin.

Presland et al. (1972a) have shown that the

empirical connection between pinhole density n (in holes per square
micrometer) and film thickness X (in X), is

n

=

1.5 x 106 X"2.

Hence the pinhole density falls off fast as we increase the film thickness.
It is also advisable to operate thin film devices below the pin
hole formation temperature.

Presland et al. (1972a, 1973) following the

theoretical development of Brandon and Bradshaw (1966) have shown that
the total percent of pinhole area (A) depends on temperature (T) and
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Fig. 4-5.

Peeling of Ni in Reflected Light.

White areas are reflections from bright Ni into the microscope objective.
Very black areas are reflections away from the objective. Grey areas
are partial reflections from the surface of the silica substrate. The
crack network can be seen intact surrounding the peeled area. Occasion
ally, a crack may be seen terminating on a pinhole. The field of view
is M mm across.
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duration of heating (t) by
.5/4
A

=

. e-E/RT
g0t

where g0 is a constant and R is the gas constant.

E is an activation

energy and, as long as the temperature of the film is low, insufficient
thermal energy will be available to activate pinhole growth with an
appreciable probability.

Under certain conditions heating may actually

decrease the pinhole density for a while.

Smith and Gurev (1977) have

described the process for silver overcoated with Si02.

They have found

that within a few minutes of heating, a large number of 2 to 4-ym
diameter pinholes come into existence.

A second phase then commences

which involves both pinholes being born and others shrinking.

Finally,

a stable density of holes forms and these grow larger with time at a
rate dependent on temperature.
An interesting question arises as to whether the deposition of
extra film material may lead to increased intrinsic stress resulting in
delamination of the film from the substrate.

The linear growth of stress

with film thickness has been noted by Hoffman and Thorton in Cr films
sputtered onto glass (Hoffman and Thornton, 1977).

Langier (1978) has

shown that at least some film stress is due to gradual heating of the
substrate during deposition (typically from a hot boat or filament).

If

this is the case, then at least some intrinsic stress might be relieved
by carefully heat sinking the substrate in order to perform depositions
under conditions of constant temperature.

This may not completely solve

the problem, however, since eight other stress mechanisms have been cited
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as sources of intrinsic stress in metal films.
by Wong (1978).

These have been reviewed

CHAPTER 5

THE FORMATION TEMPERATURE OF PINHOLES, HILLOCKS,
AND AGGLOMERATIONS IN A VACUUM

Thin metallic films subjected to high temperatures show large
changes in reflectivity and electrical resistance because of the forma
tion of hillocks, pinholes, and agglomerations.

The latter surface

structures grow via surface and grain boundary diffusion.

The charac

teristic temperature at which these diffusive processes and their con
comitant effects become important is predicted from the theory of
two-dimensional melting.

No semi-empirical Arrhenius relations are used.

It is shown that the ratio of the characteristic temperature to the bulk
melting point of the film material is 0.59.

This is in good agreement

with the value of 0.6 proposed by other researchers.
The formation of hillocks and agglomerations on thin metal films
has been observed to occur via surface and grain boundary diffusion.
(Presland et al., 1972a; Smith and Gurev, 1977).

The thickness of the

mobile layer has been estimated to be one atomic layer deep (Presland,
Price, and Trimm, 1972b).

Andrade (1935) has observed agglomeration in

silver and gold films 150 % thick in vacuum.

These materials show well

developed islands of metal at 623 and 723 K respectively.

However, other

researchers (Presland et al., 1972b) have reported stability for silver
in an inert atmosphere of hydrogen and water vapor up to 753 K.

Silver

films isolated from the surface diffusion enhancing effect of oxygen by

an overcoating of Si02 (Smith and Gurev, 1977) have been successfully
used at temperatures of 932 K for 50 h with only a 1% loss in reflectiv
ity.

Gimple, McMaster, and Fuschillo (1964) have reported agglomeration

of gold in vacuum at 873 K.

This result is in agreement with the measure

ments of Langley (1974) and Pennebaker (1969). However, a study by Kane,
Spratt, and Hershinger (1966) is in agreement with Andrade's observations
d'Heurle, Berenbaum, and Rosenberg (1968) have observed micrometer-sized
rounded hillocks after annealing 5-11,000 X films of aluminum between
723 and 833 K in an inert nitrogen atmosphere.

However, Lahiri and

Wells (1969) have reported the initiation of hillocks at 523 K in vacuum.
Sato et al. (1971) have cited an intermediate temperature of 673 K,
and the measurements of Herman, Schuster, and Gerber (1971) are in
rough agreement with those of Lahiri and Wells.

Lead films 5000 % thick

display hillocks between 323 and 398 K (Lahiri and Wells, 1969), whereas
nickel films show this phenomenon at 1073 K (Gimpl, McMaster, and
Fuschillo, 1964).

The initial stages of agglomeration in Sn films have

been observed by Schamhorst (1969) between 200 and 300 K.

Copper films

heated for 5 to 20 min at 673 K in a 10% C>2-90%H2 atmosphere show large
holes and hillocks (Swank and Lawless, 1965).

However, the same films

heated to 773 K in pure hydrogen are stable for 1 h.

Experiments by

Nielsen, Keating, and Miller (1967) have turned up similar changes in
copper films heated to 598 K for 2 to 3 h in the same 10% 02-90% H2
atmosphere.

In short, the surface monolayer of atoms of a variety of

metals may become quite active at sufficiently high temperatures, re
sulting in hillocks, pinholes, and agglomeration.
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Theory
In this work the theory of two-dimensional melting, as developed

by Kosterlitz, Thouless, and Feynman (Dash, 1975; Elgin and Goodstein,
1974), will be used to predict the temperature at which the surface mono
layer of atoms becomes highly mobile.

Thus, we shall model surface dif

fusion as a higher-order (gradual) phase transition.

The characteristic

temperature at which changes in surface morphology occur may then be pre
dicted from first principles.

Kosterlitz, Thouless, and Feynman have

found that an adsorbed monolayer of

He (and a variety of other materials)

on graphite undergoes a transition to a state of high mobility (called
a two-dimensional liquid) at a temperature T2^ given by the formula

T

=

—-—
(2TT)

mka20 2
—
8n

(5.1)

where k is the Boltzmann constant, m is the mass of atoms in the film,
a^ is the interatomic distance (for a square lattice of adsorbed atoms),
©2P is the two-dimensional Debye temperature and*h is Planck's constant
over 2TT.

The formula above is described in more detail by Dash (1975)

and in Appendix B.

It is convenient to rewrite this last equation in

terms of the three-dimensional Debye temperature 0
the average volume per atom.
(see Appendix C), 92d2 ~

and the radius r of

At the atomic densities occurring in solids

T ®3D2'

anc*

^ definition a3= y irr3.

Substi

tuting these last two relations into Eq. (5,1)

t
20

=

mkr2023
-i
—£•
243 ft2

(5.2)

We now compare this last result with the Lindemann three-dimensional
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melting formula (Ziman, 1964) for a simple cubic lattice:

'3D

_

X2mkr203D2
2
9ft

(5.3)

where X is the fraction of r that atoms must be displaced from their
lattice sites at 0 K in order for melting to begin.
(Ziman, 1964) that X ranges from 0.2 to 0.25.

It has been found

We shall use the larger

value since this gives the correct value of T2D/T3D ^or

a

variety of

rare gases on which detailed two-dimensional melting studies have been
conducted (Thorny and Duval, 1970; Dash, 1975, pp. 153, 157), see Appen
dix D.
Studies on adsorbed monolayers of rare gases on graphite have
been cited for two reasons.
for the rare gases.

First, the Debye temperature is well-defined

This is not the case with studies on nitrogen and a

variety of other molecular materials because of internal degrees of free
dom.

Second, graphite is a "homogeneous" substrate, i.e., it produces

no lateral fields for adatoms (Timmerhaus, 0'Sullivan, and Hammel, 1974;
Dash, 1975, p. 233).

Thus the monolayers behave "naturally" (i.e., we

can ignore the substrate).
Thus the theoretical temperature at which surface diffusion be
comes important is T2D - -59T3D

anc*

plotted in Fig. 5-1 as a straight

line against the bulk melting points of various materials.

The bars

indicate the temperature region where various experimenters have observed
the onset of hillock growth and agglomeration.

Hence surface diffusion

(and two-dimensional melting) should occur at these temperatures.
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Fig. 5-1.

(K°)

Dependence of Agglomeration Temperature (T2d) on the Bulk
Melting Point T3D.

The error bars indicate the range of reported temperatures where ex
tensive surface rearrangement may be expected to commence. The T2D
values for helium, xenon, and krypton were obtained from precise measure
ments (Thorny and Duval, 1970; Elgin and Goodstein, 1974). The errors
are too small to be presented on this graph. T2D for neon is approxi
mate and represents the two-dimensional neon triple point. Again the
errors are too small to be presented.
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Data
The data associated with some of the metals have quite large
error bars.

This is primarily due to the fact that surface diffusion

in some metals is greatly enhanced by the presence of oxygen, even in
trace amounts.

Hence experiments performed under laboratory vacuum con

ditions will have residual air left in the vacuum vessel which may not
allow the agglomeration process to proceed "naturally,,"

The consequence

of this contamination sensitivity is widely varying results from differ
ent experiments.

Silver films are particularly bad in this respect, as

can be seen from the large error bars.

Ideally the data that should be

fitted to the Kosterlitz, Thouless, and Feynmann theory is the agglomera
tion of unsupported metal films in a perfect vacuum.

Unsupported films

avoid hillock growth enhancement caused by compressive stress induced
via thermal mismatch between the substrate and film.

A perfect vacuum is

not realizable in the laboratory; however, for the best results the film
material should be relatively inert to the residual gas left in the
vacuum vessel.

The measurements of Gimpl et al. (1964) on nickel and

gold films satisfy both of these requirements.

Hence the error bars for

these films are relatively small.
Finally, it should be noted that most researchers used films
between 400 and 13,000 X thick.

In this range surface diffusion is,

at least approximately, independent of film thickness.
clearly by the detailed measurements of Gimp et al.

This is shown

Meinel and Meinel (1976) have suggested that diffusive phenomena
in metal films become important at a temperature of about 60% of the
melting point.

A value of T2^/T3p equal to 0.6 is in excellent agreement

with the value of 0.59 predicted in this chapter.

The correspondence is

particularly striking when we consider that the detailed nature of the
substrate and film metal underlying the mobile surface layer has been
ignored.

We must consider the result to be partially fortuitous; how

ever, it does seem to indicate that the essential physics has been in
cluded in the model.

Apparently, at the temperatures of interest for

surface and grain boundary diffusion in noncryogenic substances, the
underlying film material displays only "weak hetereogeneity" (Dash, 1975,
pp. 226-227).

Helium adsorption studies on copper and silver seem to

support this possibility (Timmerhaus et al., 1974).

The effect of this

heterogeneity is to create a more abrupt transition of surface atoms to
a state of high mobility (Dash, 1975, p. 182).

Furthermore, thermal mis

match between the film and substrate may accelerate the rate of film
surface change but should not change the temperature at which surface
and grain boundary diffusion begins (Gimpl et al., 1964; Pennebaker,
1969).

Hence, as a first approximation, it might be permissible to ig

nore the supporting materials of the mobile surface monolayer.
The theory of two-dimensional melting can be extended to take
into account more complex situations.

For example, surface diffusion

involving a mobile layer several atoms deep may be taken into account by
a factor M placed on the left side of Eq. (5.1); then T 2 Q = 0.59P1T3D.
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The value of M may be obtained from observation of melting in ^He multi
layers.

Specific heat measurements imply that mobile layers much more

than about twelve atoms deep behave very like the bulk material (Dash,
1975, p. 251).

Thus

^ = 1/0.59.

Premature two-dimensional melting

in the presence of a non-inert atmosphere may be treated by adjusting the
two-dimensional Debye temperature.

Adsorbed oxygen, for example, would

change the effective spring constant for harmonically oscillating sur
face atoms; this would result in a change in 02y
As pointed out earlier in this chapter, grain boundary diffusion
has also been cited as an important source of agglomeration damage.

This

is not difficult to understand since a grain boundary may be considered
as a two-dimensional adsorbed layer on well-crystallized grain material
(Van Vlack, 1964).

Migration may then proceed by the surface diffusion

mechanism previously described.
In summary, a method of analysis for surface and grain boundary
diffusion is presented.

The onset of these diffusive processes was mod

eled as a higher-order (gradual) phase transition, with a characteristic
melting temperature given by the Kosterlitz, Thouless, and Feynmann the
ory.

The ratio of this characteristic temperature to the bulk melting

point gives a ratio in good agreement with experiment.

The method pre

sented follows from first principles and does not depend on the use of
semi-empirical Arrhenius relations.

CHAPTER 6

PINHOLE FORMATION IN METAL FILMS AT
HIGH TEMPERATURES IN AIR

Selective surfaces used in the absorption of solar energy and
its conversion to heat employ high absorptance of visible light and a
low emittance in the thermal infrared (TIR) region of the spectrum.
These optical characteristics allow the surface to absorb a great deal
of visible light energy but prevent it from cooling by radiating away
energy as infrared light.
ciencies are reached.

Thus, high temperatures and collecting effi

Visible light absorption is accomplished by a

film of Si or Ge, whereas infrared reflection is accomplished by some
reflective metal like Ag.

The placement of a semiconductor film over

TIR reflective film is called a tandem stack selective surface (Spitz,
1977).

The development of selective surfaces has been limited by the

high temperature behavior of the TIR reflective layer.

High tempera

tures incurred during chemical vapor deposition of the semiconductor
layer (Seraphin, 1974) and during high temperature operation of the
selective surface (Smith and Gurev, 1977) result in surface morpho
logical changes of the TIR reflector.

The surface features which de

velop are on the scale of micrometers and substantially alter the basi
optical properties of a selective stack (Meinel and Meinel, 1976).
Surface changes in the metals Al, Cu, Ag, Au, Cr, Ni, Pt, Rh,
Mo, and W were studied in air.

Damage starts with the formation of
41
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pinholes.

Pinholes allow the substrate to show through the reflective

layer thus altering the basic reflectance of the stack.

Continued

heating of the films produces hole growth until pinholes eventually
touch one another leaving isolated islands of metal called agglomera
tions (Presland et al., 1972a).

In this chapter we have determined the

temperatures at which pinhole formation commences for a great variety
of metals useful in the solar energy industry.

Other investigators

have examined pinhole formation in samples of Cu (Swank and Lawless,
1965; Nielson et al., 1967), Al (Sato et al., 1971), and Ag (Presland
et al., 1972a,b; Sharma and Spitz, 1979) when heated in air or in an
oxygen-rich atmosphere.
systematic.

However, these tests have been somewhat un

We also report on a useful algorithm for determining the

pinhole formation temperature.

Experimental
The samples used in this study varied in thickness from 500 %
to 1500 X and most were deposited by vacuum evaporation methods on
soda-lime silica glass substrates.

A detailed listing of film composi

tions, purities, thicknesses, and substrate materials is compiled in
Table 6-1.

Substrates were cleaned ultrasonically in Liquinox, then

rinsed in distilled deionized water.

Next, all traces of organics were

removed with a chromic-sulfuric acid bath.

This was then followed by

three separate rinses and ultrasonic cleanings in distilled deionized
water.

The substrates were then blown dry with high pressure Ar of

99.997% purity.

Depositions were made by evaporation of metal (usually

of 99.999% purity) from a tungsten boat of 99.99% purity in an

Table 6-1.

Characteristics of As-Deposited Films.
Temperature at
which pinhole formation
commenced (error= lOO'C)

Purity and
compositional information

Substrate

Au

99.9999% pure Au starting
metal

Soda-lime silica
glass

626 K

These 600 % Au films had grains i>1000 R across with
the (111) planes parallel to the substrate.

A1

99.9999% pure A1 starting
metal

Soda-lime silica
glass

492 K

These 1500 % A1 films had grains £1000 % across with
the (111) planes parallel to the substrate.

Cu

99.999'»
metal

Soda-lime silica
glass

565 K

These 536 % thick films had grains £1000 % across
with the (111) planes parallel to the substrate.

Cu

99.99 9* pure Cu starting
metal

Fused silica

5S5 K

These 400 ft thick films had grains £1000 R across
with the (111) planes parallel to the substrate.

Ag

99.99% pure Ag starting
metal

Fused silica

493 K

These 400 X thick films were polycrystalline with
125 A grain size.

Cr

99.999% pure Cr starting
metal according to manu
facturer. Proton induced
x-ray emission analysis
revealed the as-deposited
film to contain the fol
lowing impurities (in
atomic percent): Zr, 0.1%;
Ti, 0.2%; Rb, 0.01%.

Soda-lime silica
glass

585 K

These films (1389 R thick) were polycrystalline
with 100 A grain size.

Ni

99.999% pure Ni starting
metal according to manu
facturers. Proton-induced
x-ray emission analysis
revealed the as-deposited
film to contain the fol
lowing impurities (in
atomic percent): Cr, 1%;
Mo, 0.5%;, Y, 0.2%; Zr,

Soda-line silica
glass

643 K

These 1561 X thick films were polycrystalline with a
100 % grain size.

Film metal

pure Cu starting

Comments

0.1%.

-C*
W

Table 6-1.

File metal

Purity and
compositional information

Continued.

Substrate

Characteristics of As-Deposited Films.
Temperature at
which pinhole formation
commenced ferror^ 100°C)

Comments

X thick

X

Ni

Ibid

Fused silica

723 K

Films were 1000

Pt

99.8% pure Ft starting
metal. Chemical analysis
revealed the principle im
purities to be Au, 0.081;
Ag, 0.071; and Cu, 0.01%.
All other impurities occur
at a concentration less
than 0.01%

Fused silica

1,373 K

Film was electron gun evaporated from a carbon
boat to a thickness of 567 X. Grain sizes were
measured lit 100 X. These films were heated for
only 5 minutes.

Pt

Ibid

Soda-lime silica
glass

1,503 K

Kh

99.99% pure starting
ljetnl

Soda-lime silica
glass

1,108 K for pinholes.
1,193 K for complete
agglomeration.

Rh

Ibid

Fused silica

1,397 K

Mo

Troton-induced x-ray
emissions analysis and
Auger spectroscopy showed
the composition of the
as-deposited films to be
(in atomic percent): Ho,
60%; C, 18%; 0, 18%;
Cr, 3%; W, M'; Sc, 0.6%;
Ni, 0.2%.

Fused silica

700 K

Films were chemical vapor deposited to a thickness
of 1064 X. 1he as-deposited film has a fee struc
ture with grain sizes of about 100 X.

Microprobe analysis of the
as-deposited film showed
99% K with less than 1%
C and 0 impurities

A Si wafer with
the (100) face
against N.

663 K

Films were 600 X thick and had grains £1000 X across
with the (110) planes parallel to the substrate.

with 100

grain size.

These films were 500 8 thick and have a grain
size of 100 X. Samples were heated for 5 min.
The substrate was seen to soften near the end of
the test.
Films were 417 X thick and were deposited by electron
gun evaporation. Grain sizes were measured to be
67 X across. The substrate remained hard during
the whole test, which lasted 5 min.
Films were 425 X thick and were deposited by electron
gun evaporation. Grain sizes were 67 X across. Tests
were 20 min long.
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evacuated chamber pumped down to at least 10~5 torr.
were 3 in. * 1 in. x 1/16 in. in size.

The substrates

A thermal gradient was placed

along the substrate and temperatures were monitored by Chrome1-Alumel
thermocouples.

After 1 hr of heating, the sample was removed and

inspected in transmitted light.
6-1 appears.

A pinhole pattern like that in Fig.

At the top the temperature was high and pinholes blend

together to leave discrete islands of metal.

At the bottom of Fig. 6-1

the temperature was low and discrete pinholes can be seen.

A scanning

electron microscope (SEM) examination of the pinhole region (Figs. 6-2,
6-3, and 6-4) reveals the details of surface morphology before and after
heating.

If sufficiently high temperatures are employed (>6000C), com

plete agglomeration will result.

This is shown in Figs. 6-5 through 6-9.

The micrographs in Figs. 6-5 through 6-9 were taken at successively
higher magnifications of the same region of a gold specimen 300 & thick.
This was done in an effort to disclose any second order features much
smaller than a micrometer in dimension.

No such features were found.

Eventually, at sufficiently low temperatures (< 353°C) the density of
thermally generated pinholes will fall off so that only a background
count of pinholes, which are deposition defects, will be evident.

To

determine the point on the sample where thermal pinhole formation ceases,
it is important to carefully photograph the sample before and after
testing.

Theory
The formation of pinholes and agglomerations has been attributed
to surface diffusions (Presland et al., 1972a).

It is believed that

Fig. 6-1.

A Gold Film (600 ft Thick) Exposed to a Thermal Gradient.
A pattern of pinholes is seen to develop.

Fig. 6-2.

A Gold Film (300 ft) before Heating.

Aside from the white speck used to focus the SEM, the surface seems
smooth. The magnification is 1000X.

Fig. 6-3.

Au Film (300 X) after Heating to 360°C for 1 hr.
The magnification is 6000X.

i nrimiirtitfl

Fig. 6-4.

Au Film of Fig. 6-3 at 10,OOOX.

Fig. 6-5.

Au Film (300 R) after Heating to 630°C for 10 min.
The magnification is 4000X.
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Fig. 6 - 6 .

Au Film of Fig. 6-5 at 10,000X.
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ifiUS

Fig. 6-7.

Au Film of Fig. 6-5 at 30,OOOX.

1*'' *•

Fig. 6-8.

Au Film of Fig. 6-5 at 70,000X.
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%

Fig. 6-9.

Au Film of Fig. 6-5 at 100.000X.
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the surface monolayer of atoms on a metal film is highly mobile during
pinhole formation (Presland et al., 1972a).

Based on this information,

it has been possible to construct a two-dimensional melting model which
approximately identifies the temperature at which the mobility of
surface atoms becomes quite large (Zito, 1979).
then occur at this temperature.

Pinhole formation may

Under vacuum conditions the pinhole

formation temperature (Tp^ in kelvin degrees) is related to the bulk
melting point of the metal (T

T,
ph

=

in kelvin degrees) by (Zito, 1979)

0.59 T .
m

(6.1)
v
'

In air the algorithm which approximately gives the pinhole formation
temperature is

Tph

=

(0.59) Tm[\ -

e"^1)]

(6-2)

where P = (N
- N,-., )/N
and N , N_. , are the Pauling
electro6
ox
filnr ox
ox' film
negativities of oxygen and film metal respectively.
temperature of atoms in the metal film and

0 is the Debye

is the Debye temperature

of their "kernel" (IIA atom of the same periodic row).
a film of Cu would have 0 = 343 K and Q^er = 230 K.

For example,

The quantity P is

proportional to the probability that oxygen will capture an electron
from the metal surface and thus weaken the metal-metal bond of surface
atoms.

This would reduce the temperature at which substantial mobility

of surface atoms begins.
and P -*• 1.

In the ideal case of a perfect metal

-* 0

For a rare gas ambience or vacuum conditions, the electro

negativity is not defined.

It is clear, however, that in these cases
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the probability of electron capture by the vacuum is zero.
and Eq. (6.2) reverts back to Eq. (6.1).

Thus P = 0

The agreement between the

algorithms presented above and the experimental data is shown in
Fig. 6-10.

Discussion
It is clear from Fig. 6-10 that only metals with a large elec
tronegativity combined with a high melting point form satisfactory
reflecting films at high temperatures in air.

The performance of Pt

and Rh is much better than expected based on our previous algorithm.
Apparently, something is missing from our simple rule.

Perhaps there

should be a stronger dependence on the inertness of the metal (via the
electronegativity) since inertness is very characteristic of Pt and Rh.
The ability of these metals to resist interaction with oxygen must
prevent, or at least retard, surface morphological changes via oxygen
enhanced surface diffusion.
Although it seems possible to build a Pt-based selective surface
capable of operating at about 1000°C, great costs may be involved.

These

"costs" may be both monetary (Pt sold for $620/oz in March 1980) as well
as political since the metal is scarce and may be found in only a few
countries, some of which are politically unstable.

Fortunately, one

of the major sources of Pt is the western United States.

Furthermore,

we should note that the high cost of Pt may be tolerated in concentrat
ing solar energy systems where only small quantities of the metal are
required but good high-temperature performance is demanded.

In order

to quantitatively evaluate Pt-based selective surfaces we should
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SUBSTRATE
KEY:

A

= silicon wafer

• = fused silica
• = soda - lime glass
c

= theory

$

Al

Ag

Au

Cu

Ni

Pt

Cr

Rh

Mo

W

Melals (arranged according to increasing melting point)

Fig. 6-10.

Pinhole Formation Temperature of Various Metal Films,
Temperature excursions were 1 hr long.

examine current device performance as well as cost and performance
goals of the future.

Attempts to stabilize currently popular "black-

chrome" surfaces at high temperatures have not been successful.

Manu

factured black chrome surfaces may not be operated above about 250°C if
we are to expect a lifetime on the order of years.
Carnot efficiency of M8%.

This implies a

By contrast, black-Pt surfaces should be

stable up to M000°C with a Carnot efficiency of ^79%.

Therefore, the

Pt surfaces may be operated 1.65 times more efficiently than the Cr
surface.

At the March 1980 price of commercial Pt, a 1000 % layer may

be deposited on 1 m2 of collector for $46.80 (Pt cost only).

In order

to better compare surfaces we might define the "energy equivalent cost
per m2" as cost per m2 divided by the surface efficiency relative to
black chrome.

In that case the energy equivalent cost per square meter

of a Pt selective surface is $28.40/m2. A preliminary draft of the U.S.
Solar Thermal Program Multiyear Plan (obtained in a private communica
tion from Gerald Braun, Director of the Solar Thermal Program--D0E)
indicates a black chrome material cost goal of less than $50/m2 by
1981 for a surface capable of operating at 300°C.

A goal of less than

$10/m2 has been set for a 400°C black chrome surface by 1985.

In the

intermediate temperature range (400°C to 700°C), a goal of less than
$100/m2 has been set for 1981 at an operating temperature of 500°C,
and less than $100/m2 in 1985 for a 700°C surface.
Nickel offers a good compromise between performance and cost.
Common basaltic rock contains about 130 ppm by weight of Ni (Green,
1972), hence, no scarcity of materials is involved.

The refractory

metals like Mo and W are poor performers in air.

A micrograph (500X)

of the Mo film after heating shows breakup of metal into granular
structures

ym in size (Fig. 6-11).

As a practical matter, selective surfaces containing the metals
discussed in this chapter should probably be operated at 100°C to
200°C below the pinhole temperatures found in this report.
allow for a surface lifetime on the order of years.

This would

This "safe

temperature" is based on discussions during the Second Solar Reflective
Materials Workshop held from Feb. 12-14, 1980 in San Francisco, Cali
fornia, and during the topical meeting on Optical Phenomena Peculiar
to Matter of Small Dimensions held at the Optical Sciences Center of
The University of Arizona, Tucson, Arizona, on Mar. 18-20, 1980.

MM/I

Fig. 6-11.

Mo Metal Film after Heating to 427°C for
1 hr in Air.
The magnification is 500X.

CHAPTER 7

A SCALING LAW FOR INTERDIFFUSIONS IN MULTILAYER COATINGS

The deterioration of multilayer coatings used for selective sur
faces and in the electronics industry seems to follow a simple scaling
law.

It appears that the temperature at which the lifetime of the coat

ing is short depends on the heat of fusion and the crystal structure of
the metal layer in the coating.
In the production of selective surfaces and in the microelec
tronics industry multilayer coatings containing metal films are quite com
mon.

At sufficiently high temperatures the atomic mobility of atoms in

these metal films becomes quite high.

The diffusion of metal atoms into

adjacent refractory layers may then take place.

This diffusion alters

the basic reflectance of multilayer selective surfaces (Spitz, 1977).
The operating temperature limits of a great variety of metals in a
laboratory vacuum with a residual air pressure of 10

6

torr have been

recorded (Meinel and Meinel, 1976; Meinel et al., 1973).

In the elec

tronics industry the diffusion of atoms from aluminum contacts into the
semiconductor material of the integrated circuit chips may result in
p-n junction failure at temperatures in the range 673-823 K when the
chips are heated in a relatively inert nitrogen ambience (Ghate, Blair,
and Fuller, 1977).

Deposits of gold on chromium also have electronic

use, particularly where a glass or ceramic substrate is involved.

When

these film systems are heated in air they show diffusion of chromium
61
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into gold at temperatures of about 723 K (Rairden, Neugebauer, and
Sigsbee, 1971).

Heating in vacuum should give similar results since the

activation energy for chromium diffusion in gold is the same (Schnable
and Keen, 1966).

In fact, a study by Masterson (1976) has shown that

th^ initial signs of deterioration in black chrome absorbers occur
after heating in a vacuum at 823 K.
The failure of multilayer thin films systems via the diffusion
mechanism may be approximately summarized by a simple scaling law.

We

simply demand that the kinetic energy of some fraction f of atoms in the
metal film exceed the binding energy necessary to hold them in a lattice
(i.e., we want the atomic kinetic energy to exceed the heat of fusion
E per atom).

Thus

I

2

fCC

f

=

"172
u

=

~Y]2
TT

J
x

X2

e"X

dX

^ exp(-X2) + erfc(X).

(7.1)

where X = (E/kT)2 specifies the value of T at which diffusion becomes
severe.
We can also construct this scaling law with E equal to the
lattice self-diffusion activation energy (LSDAE) or the grain boundary
diffusion activation energy (GBDAE).

However, these numbers are poorly

tabulated and are not, to my knowledge, recorded for several of the
metals discussed in this chapter in the temperature range of interest.
Furthermore, the reported values of the LSDAE and GBDAE vary somewhat
with the experimental methods employed in their measurement.

In short,

scaling via the heat of fusion provides a more error-free and theoret
ically manageable result.
We may evaluate f from the diffusion datum on one standard metal,
and then the scaling law above may be used to predict the failure temper
ature for other materials.

For fee metals rhodium was used as a

standard because its performance in selective surface stacks is rela
tively unaffected by the presence of oxygen impurities left behind in
the vacuum chamber during deposition (Meinel and Meinel, 1976).
a reliable value may be computed for f.

Thus,

Meinel and Meinel (1976) have

found that the lifetime of stacks containing rhodium will be short (=1 h)
when T = 1590 K, thus requiring f = 0.3486.

With this value of f the

failure temperature of stacks containing copper, silver, gold, aluminum,
and platinum may all be predicted with relatively small errors.

Nickel

is an exception with an anomalously large error of 35% of the experimen
tally determined Kelvin failure temperature.

For aluminum the predicted

failure is at 786 K, well within the experimental bounds observed for
junction failure by aluminum poisoning in the microelectronic devices.
For bcc materials chromium was used as a standard with f = 0.2070.
The results of theory and experiment are summarized in Fig. 7-1.

In view

of the gradual nature of interdiffusion, error bars of ±20% should be
associated with most of the experimental points.
One final matter deserves special mention.

Meinel and Meinel

(1976) have pointed out that failure by interdiffusion seems to correlate
with the melting point of the metal film.
few reversals.

However, this trend shows a

This can be seen in the data for platinum and chromium
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Fig. 7-1.

Thermal Limits for a Variety of Metals Useful in Optics and
Microelectronics.

The symbols o and • are the experimental and theoretical temperatures,
respectively, at which interdiffusion becomes severe. Several metals
show only a solid dot, indicating essentially perfect agreement between
theory and experiment. The agreement for rhodium and chromium is, of
course, perfect by definition. The symbol x indicates the melting point
of the metals considered. Specimen lifetimes were of the order of 1 h
at the failure temperature.
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as well as rhodium and molybdenum.

It is interesting that the violations

of the Meinel rule of thumb vanish when materials are arranged according
to their crystal structure.

Hence, within any crystal system the failure

temperature follows the melting point.

This is not hard to understand

since f is crystal structure dependent.
In conclusion, it should be understood that the proposed scaling
law is not intended to be an absolutely exact indicator of the onset of
interdiffusion.

However, it does show that when we heat multilayer film

systems in a vacuum to temperatures near those given by Eq. (7.1) care
must be taken in the selection of materials for adjacent layers in order
to minimize damage.

The activation energy for the diffusion of metal

atoms into adjacent refractory materials should be much larger than that
for self-diffusion in the metal film.
to impede interdiffusion.

Thus, an energy barrier is created

CHAPTER 8

EXPERIMENTAL METHODS

In this chapter we describe the experimental methods employed
in determining pinhole formation temperatures.

The basic idea is to

apply a thermal gradient along a film-substrate combination.

The tem

perature profile along the substrate may be determined by chrome1-alumel
thermocouples.

We may then correlate surface changes with temperature

from a microscopic examination of the sample.
A thin metal film, by its very nature, is a fragile item.

It

is not possible to weld thermocouples directly to the metal in order to
determine its temperature profile and the temperature at which various
defects occur.
stroy the film.

The application of high welding temperatures would de
It is possible, however, to monitor the temperature of

the substrate by cementing thermocouples to the glass substrates via
sodium silicate (Na2Si03).

"Water glass," or sodium silicate, is a

refractory ceramic cement which is stable up to 1000°C and which may
be bought under the trade name "Sauereisen" (Sauereisen Cements Co.,
Pittsburgh, Pennsylvania).

The number 33 powder is adequate.

A gradient

may now be placed along the film-substrate combination by positioning
the sample between two "furnaces" at temperatures Ti and T2 as shown in
Fig. 8-1.

Since the heat capacity of the substrate is much greater than

that of the metal films on top, the film simply mimics the profile of
the substrate.

In addition, substrate thicknesses have been chosen so
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BOTTOM
VIEW

junction cemented
to glass
substrate

1

T, (HOT)
(i

n

T, (COLD)

11

In

thermocouples
Fig. 8-1.

Position of Thermocouples on the Furnaces and the Sample.

that most of the heat current passes through the substrate.

This insures

that no radical change in thermal gradient will occur as the film begins
to develop pinholes and breaks up.
The fraction of the heat current passing through the substrate
may be computed in an elementary way.

The conduction heat current H is

given by
H

=

kA(T2-Ti)

where k is the thermal conductivity, A is the cross sectional area of
the substrate, and L is the length of the specimen.
film on fused silica (Si02).

Consider a silver

Then if we express the area A as width

times thickness, and call t. and t,-,._. the thickness of the silver
'
Ag
S1O2
film and substrate, respectively, we may write
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H
Ag

k. t A
Ag Ag

(4.26 W/cm K°)(500 x 1(T8 cm)

HSi0
2

kSi0
tSi0
2
2

(1.49 x 10-2 W/cm K°)(0.1 cm)

2130 x iq-8

2.13 x lQ-5

1.49 x

10-3

1.49 x 10"3

_

2A3

"

1 49

1 n-2

1.43 x 10"2.

Hence, about 1% of the heat current flows through the film and 99%
through the substrate.
We have found it convenient to linearize the thermal gradient
as much as possible.

This tends to spread the temperature changes out

over a larger distance giving added accuracy.

Aluminum radiation shields

above and below the substrate help reduce the T4 radiation losses which
would cause a precipitous drop in temperature at the hot end.
also helps reduce T convection losses (see Fig. 8-2).

A hood

The exact shape

of several temperature profiles is shown in Fig. 8-3.

radiation shield and convection hood
^/thermocoupl

£
/

T?

T

furnace

pinii
furnace

J

Ai radiation
shield

ceramic
support
Fig. 8-2.

Orientation of Furnaces, Radiation Shields, Connection Hood
and Sample.
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Graph of Temperature versus Distance along a Film-Substrate
Composite.

The construction details of the furnaces are shown in Fig. 8-4.
A slot is cut in a steel block and coated with Ni then Cr to create a
bright, hard, clean surface that reduces emissive energy losses.

In

the slot mated for the end of the sample, a carbon coating is sintered
on to form a clean refractory and optically black port in which to
place the end of the sample.

This insures good conductive and radiative

communication of the furnace with the sample.

Heating is accomplished
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3/l6 u holes
.24

cavity .166" deep

9/64" hole for
thermocouple
A , 2°3

insulated

Nichrome heating
element

9/64" hole and 8-32 thread
for

thermocouple

retaining

screw

Fig. 8-4.

Construction Details of "Furnaces."

by sending a controlled current through nichrome wire run through
alumina tubes to prevent short circuiting.
Electronic control of the heater current is accomplished by
an elementary type of triac circuit (Fig. 8-5).
circuit is simple.

The operation of the

As charge builds up on the capacitor, a potential

will eventually be reached that will open the bilateral diode.

Current

will then flow into the gate terminal and trigger the triac into con
duction.

Working current will then pass into the heater coils of the
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to Nichrome
wire heoter
receptocle

to wall
lOOkA
linear
pot.

fuse

0.2|iF_

Motorola
triac
HEP 340

Motorola
diac HEP3II

A/

5 A
Fig. 8-5.

Bilateral Diode (Diac) Prevents Accidental Triggering of the
Triac due to Noise.
Notice that all three leads of the potentiometer are con
nected even though one of these connections is not
necessary. Pots frequently show unstable electrical
characteristics at the extremum of their range. Connect
ing all leads prevents this.

furnace until the triac shuts off at the zero point of the AC input.
The process will then repeat on the next half cycle.
trols the charging time of the capacitor.

The size of R con

If R is large, the capacitor

charges slowly and the triac is triggered late in the AC cycle.
little power is received by the furnace.

Thus

If R is small, the capacitor

charges quickly and the triac is triggered at the very beginning of each
half cycle.

To see that R and C have the proper magnitude, we need only

note that the time constant of an RC network is

T

=

RC

=

105

x 2 x 10"7

=

2 x 10"2 sec

which is the correct order of magnitude for a 60-Hz input.

CHAPTER 9

IN-AIR TESTS ON GOLD

Ultrasonically cleaned substrates of soda-lime glass were placed
in an evacuation vessel pumped down to 10"6 torr.

Gold of 99.9999%

purity was then deposited by evaporation onto the substrates to a thick
ness which varied between 300 ft to 600 ft depending on the orientation
and distance of the substrate from the tungsten boat (manufactured by
R. D. Mathis Co.)-

TEM examination of the as-deposited film showed a

polycrystalline structure with grains M000 ft across.

The fact that

x-ray reflection from the (111) plane is so much stronger than, say, the
(200) reflection (which should have about half the powder method inten
sity) implies that (111) faces are parallel to the substrate (Fig. 9-1).
A thermal gradient was placed along the length of the substrate
whose dimensions were 3 in. x 1 in. x 1/16 in. (i.e., the size of a
microscope slide).

The hot end of the substrate was 386°C and the cold

end was 42°C.

A pinhole pattern emerged in the 600 ft Au film as shown

in Fig. 9-2.

The highest density of pinholes occurs where the tempera

ture is highest.
falls off.

At cooler parts of the substrate the pinhole density

The "terminator" region, where the pinhole density sinks

into the background count of deposition pinholes, occurs at about 353°C
after 1 hr of heating.

We may set error bars of ±100°C on this value

owing to uncertainties in the shape of the thermal gradient and inac
curacies of the chromel-alumel thermocouples.
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Cu Ka\ X-Ray Scan of an Au Film.

A small Cu K$ leakage through the Ni filter can be seen. X rays were
produced by bombarding a Cu Target with a 20 mA current accelerated
through 50 kV.
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IrtUi,

Fig. 9-2.

A Pinhole Pattern (in 600 R Au) as Seen in the Optical Micro
scope with Transmitted Light.
The field of view is M mm across.
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A scanning electron microscope (SEM) examination was conducted
ot 300 ft thick Au coatings on 1/2 in. x 1/2 in. x 1/16 in. substrates
specially prepared for the small specimen chamber of the SEM.

The

initial film is quite smooth as can be seen from the SEM photo (Fig.
9-3) taken at a magnification of 6000X.

A speck of dust (white spot)

was used to focus the SEM into the surface of the film.
light the film looks equally smooth.

In visible

Helium-neon laser transmittance

measurements indicate that only 10% of normally incident light at
6328 ft penetrates the undamaged film.

Other SEM samples were heated

on a Cr or Ta hot stage and reveal interesting structural changes.
A 1 hr temperature excursion to 360°C causes pinholes to appear in our
300 ft thick sample.
at 6000X.

These are seen in the SEM photo of Fig. 9-4 taken

This last micrograph also reveals some interesting surface

roughening.

The mounds are called hillocks in the literature.

A

closer examination of this sample at 10,000X (Fig. 9-5) reveals the
geometry of the holes.

Many are seen to be quite circular.

This jus

tifies the use of a circular hole stress concentration factor in Chapter
4 on the cracking of thin films.

The micrograph of Fig. 9-6 shows the

appearance of the sample in transmitted visible light at 500X.

Laser

optical density measurements indicate that the normal transmittance
in visible light at 6328 ft has not changed much due to the formation of
these pinholes.
Figure 9-7 shows the previous sample after a second anneal at
630°C for 10 min.

The magnification is 4000X and complete agglomeration

of the film is seen.

Discrete islands of metal are visible.

Shadowing
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Fig. 9-3.

SEM Photo of the Initial Au Film (300 % Thick) before Heating.
A micrometer is the length of the bar below the photo.
white foreign body was used to focus onto the surface.
general the film looks quite smooth.

The
In
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Fig. 9-4,

SEM Photo of an Au Film (300 % Thick) after Heating in Air
for 1 hr at 360°C.
Note the surface roughening. The mounds are called
"hillocks." A few large pinholes are also beginning to
appear.
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Fig. 9-5.

Closeup of Pinholes in a 300 ft Au Film.

The bar below the photo represents 0.1 ym. Many holes are seen to be
roughly circular. The sample is the same as that in Fig. 9-4.
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Sample of Fig. 9-4 Shown in Visible Transmitted Light.
The field of view is ^ 0.25 mm.

"V v

Fig. 9-7.

• ,

Second Anneal of the Sample in Fig. 9-4 at 630°C in Air for
10 min Shows Complete Agglomeration Marked by the Formation
of Long "Islands" of Metal.

details indicate that at least some islands are sitting on a thin skin
of metal perhaps only a few angstroms thick.

Transmission electron

microscope (TEM) studies have shown that eventually this thin skin will
completely withdraw from the substrate (Presland et al., 1972b).

Closer

examination of the agglomerations and the thin skin of Fig. 9-7 reveal
some interesting details.

Figures 9-8, 9-9, 9-10, and 9-11 were taken

at magnifications of 10,000X, 30,000X, 70,000X, and 100,000X respectively.
The agglomerations appear as long string-like islands of metal 0.1 ym
to 0.2 ym in width with junctions or arms at spacings of 1.0 ym to 2.0 ym.
Bays have dimensions about 1 or 2 ym across.

Conservation of matter

then requires a thickness of ^600 % for agglomeration islands.

In

Fig. 9-12 we see the appearance of the agglomeration sample in visible
transmitted light at 500X.

Laser transmission measurements now show

the film to be transmitting 40% of the impinging radiation at 6378 K.
An interesting nonspecular reflection may be viewed by the unaided eye
from the metal surface with a common white florescent light fixture.
The geometry of the phenomenon is shown in Fig. 9-13.

A "blue haze"

may be viewed at 15° to the normal of the substrate as depicted.

The

phenomenon is due to small particle scattering of blue light.
The set of micrographs presented in this chapter provides the
most detailed study of the development of agglomeration to date.

The

appearance of these defects to the unaided eye, the optical microscope,
and the SEM have been shown.

This allows inexpensive optical micro

scope examinations to suffice for most of the other metals.

Fig. 9-8.

Central Region of Fig. 9-7.

iS-iiivrtrfiUii

Fig. 9-9.

Central Region of Fig. 9-8.
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Central Region of Fig. 9-9.
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Fig. 9-11.

Central Region of Fig. 9-10.

The magnification is M00.000X, No higher order
features were observed to grow on the agglomeration.
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Appearance of the Completely Agglomerated Sample (Fig. 9-7)
in Transmitted Visible Light.
The field of view is 0.25 mm (^500X).
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15

\sample
Fig. 9-13.

white light from o
fluorescent lamp
Geometry of the "Blue Haze" Effect.

This phenomenon appears to be due to Mie scattering and was first ob
served by Mie for a colloidal suspension of Au particles.

Gold was chosen as the metal for this detailed study because
it is ideal for SEM work.
205°C leaving bare gold.

All known oxides of gold decompose below
The conductive bare metal film conducts

electrons away from the point of impact of the electron beam.

Other

wise, a buildup of electrons (charging of the sample) would cause
defocusing of the beam and a poor image.

No replicas or information-

degrading conductive overcoatings are necessary; the sample surfaces
may be examined directly.

CHAPTER 10

IN-AIR TESTS ON COPPER

Copper coatings were placed on soda-lime glass and fused silica
substrates to a thickness of 536 ft (±100 ft) and 327 ft (±100 ft) respec
tively.

The usual cleaning procedure was followed for substrates.

This consisted of an ultrasonic wash in a solution of Liquinox and
deionized distilled water, followed by a chromic-sulfuric acid bath and
then three separate ultrasonic washings in deionized distilled water.
Finally, the substrates were blown dry with 99.997% Argon or He.

Blow

ing the substrate dry allows both removal of water and its mineral
content, which may contaminate the substrate and result in poor film
adhesion.

Even distilled deionized water may contain 1 to 5 mg/liter

of dissolved material, mostly Na+, Ca+2 and HCO3".

The copper

(99.999% pure, see Table 10-1 for details) was evaporated from a 99.99%
pure W wire at a pressure of 10"5 torr or less.

Examination of the

as-deposited coatings with x rays showed grains ^,1000 ft across with
(111) planes oriented parallel to the surface of the substrate.

The

small amplitude of the (200) reflection [which was very much less than
the powder method amplitude of about half the (111) peak height] is
indicative of this orientational preference (see Fig. 10-1).
Pinhole formation temperatures have been determined for one hour
temperature excursions in air by the thermal gradient method previously
described.

A value of 565 K (±100 K) has been established for Cu on

soda-lime glass and a value of 555 K(±100 K) for Cu on silica.
90

Table 10-1.

Impurities in 99.999+% Pure Cu before Evaporation.

Impurity

Parts per
million*

Fe

<0.7

Sb

<1

Pb

<1

Sn

<1

Ni

<1

Bi

<0.1

Ag

<0.3

As

<2

Cr

<0.5

Si

<0.1

Te

<2

Se**

<1

s**

<1

*Percentages given represent known limits of sensitivity.
Elements listed are not visible spectrographically unless
checked.
**Chemical analysis.
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Cu Kai X Ray Scan of a Cu Film.
The current was 20 mA and the accel
erating voltage was 50 kV. The film
is seen to be almost monocrystalline.
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Therefore, changing the substrate resulted in only a small 10 K
difference which is well below the experimental error of ±100 K, which
should be set on these experiments.

Although no significant difference

in pinhole formation temperature was noted for the two different amor
phous substrates used in these tests, it would be interesting to see
what effect a crystalline substrate has on the pinhole temperature.
Figures 10-2 and 10-3 show pinholes in Cu on soda-lime (500X) and silica
(250X) substrates, respectively.
reflected light.

These photos were taken in visible

Occasionally a pinhole on the soda-lime sample will

seem to show some sort of shape, in the sense that a hole may seem to
be bound by straight edges.

This fact was noted and carefully photo

graphed by Swank and Lawless (1965) and later again by Nielson et al.
(1967).

Many of the features on the soda-lime substrate were so small

that it was difficult to tell if they were pinholes or small agglomera
tions.

The difficulty in interpretation is due to the diffraction limi

tations of the optical microscope.
modification has taken place.

At any rate, substantial surface

A particularly interesting feature in

Fig. 10-3 is the way small thermally generated pinholes avoid a large
pinhole which is probably a deposition defect.

The effect is possibly

due to local cooling due to radiation from the bare glass, which is black
in the infrared region of the spectrum.

Figure 10-4 shows cracks radiat

ing from a pinhole in reflected light at a magnification of 500X.

Crack

ing around pinholes has been previously discussed in detail in Chapter 4.
Another interesting feature of heated Cu films is the rapid
buildup of layers of oxide starting at temperatures of about 100 to 280°C.

Fig. 10-2.

Pinholes in Cu (536 R) on Soda-Lime (^500X).
The sample was heated for 1 hr in air at
about 565 K. The field of view is 0.2 mm
in reflected light.
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Pinholes in Cu (372 %.) on Fused Silica.
The sample was heated for 1 hr at about
555 K. The field of view is approximately
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Fig. 10-4.

Cracking in a 536 R Cu Coating.

The sample was heated for 1 hr to about 292°C. The field of view is
approximately 0.25 mm (^500X) in reflected light.
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This is below the pinhole formation temperature.

Thus we can expect

degradation of the film by means of oxide formation prior to destruction
by pinholes and subsequent agglomeration.

To the eye, oxide layers take

on a multicolored appearance with bright yellow and blue regions marking
the metal surface.

Yellow regions are seen at lower temperatures.

Look

ing through the bottom of the substrate reveals bright metal underlying
the colored regions.

Therefore, the colors are probably due to an

interference effect.

The dielectric oxide is relatively transparent to

visible light, thus light reflecting off the remaining unoxidized Cu
metal may interfere destructively with light reflected off the top of the
copper oxide layer.

o
Hence oxide in yellow regions is about 300 A thick

and oxide in blue regions is about 500 X thick.

This is in agreement

with the observation that blue regions occur at hotter temperatures where
the oxide buildup would be expected to be thicker.

The oxide layer also

appears to be smooth, even at the highest magnification, and not lumpy or
agglomerate.
Occasionally, delamination of Cu from the glass substrate will
occur.

This is seen in Fig. 10-5.

Delamination was discussed at length

during the recent "Second Solar Reflective Materials Workshop" (San
Francisco, February 12-14, 1980).

Two suggested mechanisms for the

formation of these delaminations were stress due to thermal mismatch
between the film and substrate, and substrate outgassing, which might
cause the film to pull away from the glass.

1

-+

$8

Fig. 10-5.

Delamination Disk.

The magnification is about 125X in reflected
light. The dimensions of the disk are on the
order of 1.0 mm.

CHAPTER 11

IN-AIR TESTS ON SILVER

The Ag films were about 400 R thick and were a little thinner
than usual.

The Ag of 99.99% purity was deposited on fused silica sub

strates by evaporation from resistively heated tungsten boats.
strates were cleaned by the method described in Chapter 10.

Sub

The as

deposited films were examined with x rays (Fig. 11-1) and showed a
grain size of about 125 ft. Grain sizes were calculated by the method
described in Appendix F.
Examination of the Ag film after a 1 hr anneal at 237°C (±100°C)
showed the breakup of the film into granular structures about 1 ym
across (Fig. 11-2).
220°C.

The first signs of surface change were seen at

Agglomeration of Ag films in air has been carefully studied by

other investigators (Presland et al., 1972a,b; Sharma and Spitz, 1979).
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Breakup of an Ag Film (400 %) on Fused Silica into Islands
after a 1 hr Anneal at 237°C.
The magnification is 250X and the field of view is 0.5 mm
in transmitted light.

CHAPTER 12

IN-AIR TESTS ON ALUMINUM

Films of A1 were 1500 % (±500 &) thick and were deposited by
evaporation of 99.9999% pure A1 onto soda-lime glass.

The usual

cleaning procedure, as described in Chapter 10, was used to prepare
the glass for deposition.

The substrates were Vanlab microscope slides

(made by VWR Scientific Inc., a subsidiary of Univar).

This type of

microscope slide was used for all metals whenever soda-lime substrates
were employed in this project.

X-ray analysis shows the as-deposited

films of A1 to have grains ^1000 X across with the (111) planes parallel
to the substrate (Fig. 12-1).

At a temperature of 219°C (±100°C) a

pinhole pattern developed (Fig. 12-2) after 1 hr.
film a "bluish" haze could be seen frequently.

At the hot end of the

Occasionally the A1 will

separate (delaminate) from the substrate in a very peculiar manner (Fig.
12-3) apparently due to poor local adhesion of the film to the substrate.
/

Delamination has been discussed in more detail in Chapter 10.
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Fig. 12-2.

Pinhole Pattern in an A1 Film (1500 R Thick).
The magnification is 125X in transmitted light
and the field of view is ^1 mm.
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Fig. 12-3.

Delamination of A1 from Soda-Lime Glass.
The magnification is 125X in reflected
light and the field of view is M mm.

CHAPTER 13

IN-AIR TESTS ON NICKEL

Film samples used in these tests ranged in thickness from about
1000 to 2000 ft. More precisely, films used for pinhole studies were
1000 ft (±500 ft) thick when deposited on silica and 1561 ft (±100 ft) on
soda lime glass.

These same films were used for the x-ray work.

Samples used for cracking studies (Chapter 4) and transmission electron
microscope (TEM) work were somewhat thicker at 2150 ft (±300 ft). All
films were made by evaporation of supposedly 99.999% pure Ni from an
AI2O3 coated tungsten boat.

The AI2O3 coating was necessary to keep

the Ni from chemically attacking the boat during deposition.

Substrates

were cleaned by the usual method described in Chapter 10.
Films more refractory than Ni should not be produced by evapora
tion by means of resistive heating.

This is because such high tempera

tures are required for vaporization that the tungsten boat will warp.
This was observed during the deposition of Ni and indicates that the
boat was near its melting point.
pected.

Hence, contamination by W was sus

Proton-induced x-ray emission (PIXE) analysis (see Appendix E)

revealed this not to have been the case (Figs. 13-1 and 13-2).

The

proton beam is able to penetrate the metal film to some extent and
there is some registry of the chemical composition of the underlying
substrate.

The peaks due to the elements Na, Al, Si, K, Ca, Fe, and Sr

are all from the substrate.

These elements leave a characteristic
106
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Film on Glass.
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signature which is present in the PIXE work done on Cr and Mo films as
well as the Ni films examined in this chapter.

The largest impurity

in our Ni films was Mo, which occurred with a frequency of about 0.5
atomic percent—an impurity level very much higher than that stated
by the manufacturer.

Other impurities were Cr at 0.1% (atomic), Y at

about 0.2% (atomic) and Zr at 0.1% (atomic).

These values may be

extracted from Figs. 13-1 and 13-2 by comparing peak heights and taking
into account the x-ray efficiency curves for detection of the various
elements with 1 MeV and 2 MeV protons (Figs. 13-3 and 13-4).
as-deposited films were also examined by the TEM.
were too thick to get good photos of grains.

The

However, the samples

The electron beam of the

TEM was used to examine the crystal structure of the Ni film by means
of electron diffraction.

This revealed a definite crystalline grain

structure as indicated by the discrete spots in Fig. 13-5.

Further

examination of the metal by Cu Ka\ x rays showed broad peaks (Fig. 13-6)
from which the grain size was extracted by the method of Appendix F.
The as-deposited film grain size was computed to be 100 R.

The fine

grain structure may be due to the large number of impurities in the film.
Figures 13-7 and 13-8 show the appearance of the Ni film on
soda-lime glass before and after heating, respectively.

A large number

of pinholes are seen after a 10 min temperature excursion to 370°C
(±100°C).

The Ni-on-silica sample showed pinholes developing at about

450°C (±100°C) after 1 hr.
described in Chapter 4.

Cracking and peeling of the Ni films has been

However, another interesting photo showing

cracks radiating from point defects is shown in Fig. 13-9.

X-ray
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Fig. 13-5.

Electron Diffraction Pattern for a Polycrystalline
Ni Film.
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Fig. 13-7.

>*jh

Initial Film in Transmitted Light.

75X, ^2 mm field of view.

Only a few deposition holes can be seen.

Fig. 13-8.

Pinholes Seen in Reflected Light at 75X.

The field of view is approximately 2 mm. Pinholes look bright in re
flected light since the glass substrate is bright compared to the dark
blue oxide layer which formed over the film.
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Fig. 13-9.

Holes in a Ni Film.

Stress concentration has caused radiating cracks. The magnification is
313X in transmitted light. The field of view is approximately 0.4 mm.
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examination of the Ni-on-soda-lime sample after heating (Fig. 13-10)
revealed essentially no grain growth.
to grow on the Ni soda-lime sample.

A dark blue oxide layer was seen
Examination of this oxide layer

with x rays showed a crystalline structure with a grain size of about
100 R.

The oxide layer does not penetrate all the way through the

film, and bright metal may be seen when examining the substrate from the
bottom.

Assuming the blue color is due to an interference effect, we

may guess the oxide layer to be several hundred to 1000 R thick, de
pending on the exact value of the index of refraction of the oxide.
In summary, nickel seems to be durable at high temperatures
when compared to other materials of comparable cost.

Nickel may prove

to be the optimal metal to use for thermal infrared reflecting layers
in inexpensive mass-produced selective surfaces designed for in-air use.
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Cu Kcl\ X-Ray Diffraction Peaks for a Ni Film on Soda-Lime
Glass after Thermal Cycling to 370°C for 10 min.

CHAPTER 14

. IN-AIR TESTS ON CHROMIUM

Films of chromium 1000 %. thick were deposited by evaporation of
99.99% pure Cr from resistively heated W boats onto soda-lime substrates.
The final film was examined at the PIXE facility (Appendix E) to deter
mine the concentration of impurities in the as-deposited film.

Figures

14-1 and 14-2 are the x-ray peaks for films bombarded by 1 MeV and 2 MeV
protons respectively.

The low energy protons are used to determine light

impurities and the higher energy 2-MeV protons are used to detect heavy
elements.

From Figs. 14-1 and 14-2 and the curves for x-ray production

efficiency of various elements (Figs. 13-3 and 13-4 of Chapter 13) we
may deduce that the principal impurities are Ti at 0.2 atomic percent,
Zr at 0.1 atomic percent, and Rb at 0.01 atomic percent.
are from the glass substrate.

Other peaks

The as-deposited film was also examined

with Cu Ka\ x-rays (Fig. 14-3).

These tests showed a 100 ft grain size

(Appendix F).
Pinholes developed at a temperature of about 312°C (±100°C)
after heating for 1 hr.

Figures 14-4 and 14-5 show the appearance of

the holes in reflected light at a magnification of 125X.
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Fig. 14-4.

Pinholes and Some Cracks in Reflected Light, 125X

The field of view is about 1 mm. The glass substrate looks dark
reflected light. The hottest end of the film is to the right.
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Fig. 14-5.

Pinholes in Reflected Light, 125X.

The field of view is about 1 mm and the glass looks black in reflected
light.

CHAPTER 15

IN-AIR TESTS ON PLATINUM

These films were deposited by electron gun evaporation of
99.8+% pure platinum onto fused silica and soda lime substrates.
orations were made from a carbon boat.

Evap

The substrates were cleaned

by the usual procedure, which was described in Chapter 10.

Table 15-1

gives a detailed breakdown of impurities in the starting bulk Pt
material.

Film thicknesses were 500 % for Pt on soda lime and 567 X

for Pt on fused silica.

X-ray examination of the as-deposited films

(Fig. 15-1) revealed a 100 % grain size.

Table 15-1.

Impurities in Pt Metal before
Deposition.

Element

Weight %

Cu

0.01

Ag

0.07

Au

0.08
<0.01

Other

Very high temperatures are required to create surface morpho
logical changes in Pt films.

In Fig. 15-2 we see a Pt film on soda

lime glass that was heated to 788°C for 30 min in air.

The photograph

was taken at a magnification of 500X in transmitted light.

A defect

can be seen and was used to find the surface of the film.

Aside from
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Fig. 15-2.

Pt Film on Soda-Lime Glass Heated in Air for 30 Min at 788°C.

The magnification is 500X in transmitted light and the field of view
is about 0.25 mm.
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this one blemish, the metal surface seems smooth.

Next, we examined

a similar coating on soda lime glass heated to 1230°C for 5 min in air.
The sequence of changes shown in Figs. 15-3 through 15-9 show film
changes as a function of temperature up to the terminal 1230°C value.
These photographs were taken at 500X in transmitted light.

Some sub

strate softening was noted at the very hottest end of the substrate.
Figure 15-10 shows a Pt film on fused silica heated to 968°C for 5 min
in air.

No agglomeration is evident.

may be seen in the metal.

However, a number of blisters

As previously discussed in Chapter 10, this

type of delamination may be due to a combination of substrate outgassing
and thermal cycling.
the surface.

A scratch was used in Fig. 15-10 to help find

Figure 15-11 shows a similar coating after heating for

5 min in air at 1100°C.

Agglomeration of the film is now clearly seen.

Figure 15-12 shows a peel defect in transmitted light at 500X.

A

similar defect is viewed in reflected light at 500X in Fig. 15-13.

The

Pt film shown in Figs. 15-12 and 15-13 was cycled to 1100°C for 5 min
in air.

The lighting and microscope focus in Fig. 15-12 and 15-13

were adjusted to bring out the details in the delamination defect.
Hence, a view of the surrounding small agglomerations has been lost.
Notice the similarity between the peel disk in Fig. 15-13 and that ob
served for A1 in Fig. 12-3 of Chapter 12.
In conclusion, it seems that a selective surface with a Pt thermal
infrared reflecting layer should be operable up to temperatures of about
1000°C. Such a surface would allow for a thermodynamic cycle to operate
at a very high Carnot efficiency.

This point is discussed more

129

<&

Fig. 15-3.

Pt Film on Soda-Lime Glass Cycled to 1230°C for
5 min in Air.

In this first stage of destruction, pinholes appear. The magnification
is 500X in transmitted light. The field of view is 0.25 mm.

Fig. 15-4.

Pt Film of Fig. 15-3 in the Second Stage of Destruction.

A "craze" pattern has developed. The surface is beginning to look
rough. The magnification is 500X in transmitted light.
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Pt Film of Fig. 15-4 in the Third Stage of Destruction.

The film is beginning to break up.
mitted light.

The magnification is 500X in trans
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Fig. 15-6.

Pt Film of Fig. 15-5 in the Fourth Stage of Destruction.

The film has now broken up into discrete islands of metal.
fication is 500X in transmitted light.

The magni
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Pt Film of Fig. 15-6 in the Fifth Stage of Destruction.

Large islands of metal have broken down into smaller islands.
magnification is 500X in transmitted light.
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Pt Film of Fig. 15-7 in the Sixth Stage of Destruction.

A further breakup into still smaller islands has occurred.
nification is 500X in transmitted light.

The mag
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Fig. 15-9.
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Pt Film of Fig. 15-8 in the Seventh Stage of Destruction.

The terminal bead-like agglomerations have been reached.
cation is 500X in transmitted light.

The magnifi
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Fig. 15-10.

Pt Film on Fused Silica Heated to 968°C for 5 Min in Air.

Few pinholes can be seen, but many small dark blisters are visible. A
scratch has been used to help focus onto the surface. The magnifica
tion is 500X in transmitted light.
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Fig. 15-11.

Pt Film on Fused Silica Cycled to 1100°C in Air for 5 Min.

The film is completely agglomerated.
transmitted light.

The magnification is 500X in

it
Fig. 15-12.

Delamination Defect Generated by Cycling a Pt Film on
Silica to 1100°C for 5 Min in Air.

Note the similarity of this delamination with that generated on A1
(Fig. 12-3). The magnification is 500X in reflected light.

Fig. 15-13.

Peel Defect of Pt on Fused Silica Cycled to 1100°C for
5 Min in Air.
The magnification is 500X in transmitted light.

thoroughly in Chapter 6.

It should be noted that although Pt is very

expensive ($620/oz in March 1980), a 1000 R thick film 1 m2 requires
only about 2 grams of metal (costing about $47).

The high efficiency

of "black Pt" films combined with durability may make Pt selective
surfaces cost effective.

CHAPTER 16

IN-AIR TESTS ON RHODIUM

These films were electron gun evaporated onto soda-lime glass
and fused silica from a carbon boat.
pure.

The starting Rh metal was 99.99%

Substrates were cleaned by the method described in Chapter 10.

Films on silica were 417 % thick and those on soda-lime glass were
425 R.

X-ray examination of the as-deposited film (Fig. 16-1) showed

a crystalline film with grains 67 %. across.

Grain sizes were computed

by the method of Appendix F.
At a temperature of 692°C the Rh on fused silica film looked
smooth after a 20 min thermal cycle in air (Fig. 16-2).

However, a 20

min cycle to 1124°C in air caused pinhole formation with cracks radiat
ing from pinhole defects (Figs. 16-3 and 16-4).
peel disk delaminating from the substrate.

Figure 16-5 shows a

Figures 16-2 through 16-5

were taken in transmitted light at a magnification of 500X.

On soda-

lime substrates, Rh films begin to be unstable at about 747°C when
heated for 10 min in air.

First, discolored patches form (Fig. 16-6),

then pinholes appear at the center of the patches (Fig. 16-7).

The

substrates were tested for hardness at 747°C and they seemed to be
rigid.

At a temperature of 835°C a 5-min thermal cycle in air results

in severe film damage.

Pinholes are numerous.

Pits can be seen in

reflected light with proper shadowing (Fig. 16-8).
be seen in the film.

Long valleys can

At 920°C a 3-min thermal cycle in air results in
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Fig. 16-1.

X-Ray Peaks from Diffraction of Cu Ka\ Radiation by a Rho
dium Film.
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Fig. 16-2.

Rhodium Film on Fused Silica after Exposure to 692°C for
20 Min in Air.
The film looks smooth. The field of view is 0.25 mm and the
magnification is 500X in transmitted light.
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Fig. 16-3.

Cracks and Pinholes in a Rhodium Film on Fused Silica after
Exposure to 1124°C in Air for 20 Min.
A few cracks may be seen to nucleate on pinholes. The
field of view is 0.25 mm and the magnification is 500X in
transmitted light.

145

Fig. 16-4.

Rhodium Film on Fused Silica Exposed to a 1124°C Thermal
Cycle for 20 Min in Air.
Cracks and pinholes may be seen. A large peel disk is
also noticeable. The field of view is 0.25 mm and the mag
nification is 500X in transmitted light.
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•s

Fig. 16-5.

wr

Large Peel Disk Created by Thermal Cycle to 1124°C for
20 Min in Air.
The magnification is 500X in transmitted light and the
field of view is 0.25 mm.
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Fig. 16-6.

Rhodium on Soda-Lime Glass Cycled to Just under 747°C
in Air for 10 Min.
Large circular discolored patches can be seen, but no pin
holes. The field of view is 0.25 mm and the magnification
is 500X in transmitted light.
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Fig. 16-7.

Pinholes Appear in a Rhodium Film (425
Discolored Patches.

at the Center of

The film was cycled to 747°C for 10 min in air. The field
of view is 0.25 mm and the magnification is 500X in trans
mitted light.
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Fig. 16-8. Pits in a Rhodium Film on Soda-Lime Glass Cycled to 835°C
for 5 Min in Air.
The magnification is 500X in reflected light.
of view is 0.25 mm.

The field

complete breakup of the film.
light (Fig. 16-9).

This may be viewed at 500X in reflected

A system of crack-like lines is seen in Fig. 16-9.

It is interesting to note that due to the very high temperatures needed
to vaporize Rh, the substrate may get hot during deposition.

Upon cool

ing, the film may begin to peel a little according to the method de
scribed by Langier (1978).
freshly deposited sample.

This is seen in Fig. 16-10, which shows a
The magnification is 300X in reflected light.

Aside from the crack-like network, the initial film seems smooth and
without granular agglomerations.
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*

Fig. 16-9.

Rhodium Film on Soda-Lime Glass Cycled to 920°C in Air for
3 Min.
Complete agglomeration is seen. The magnification is 500X
in transmitted light and the field of view is 0.25 mm.
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Fig. 16-10.

Beginning of Peeling in an As-Deposited Rhodium Film
The film metal looks smooth aside from the crack network.
The magnification is 300X in reflected light.

CHAPTER 17

IN-AIR TESTS ON MOLYBDENUM

Molybdenum was deposited by chemical vapor deposition (courtesy
of G. E. Carver, Optical Sciences Center, The University of Arizona)
owing to the highly refractory nature of this metal.

The films were

1064 & thick on fused silica and were formed by the pyrolytic decompo
sition of molybdenum carbonyl,

Mo(CO)6

Mo + 6C0.

This reaction does not go to completion at the deposition temperature
of 400°C, so that carbon and oxygen impurities were found within the
growing film (Carver, 1978).

X-ray and Auger analyses revealed a

fee structure (note that pure Mo is bcc) with 18 at.% 0 and 18 at.% C.
A W impurity at 1 or 2 at.% was also noted.

PIXE analysis of Figs. 17-1

and 17-2 showed other impurities; Cr at ^3 at.%, Se at 0.6 at.%, and
Ni at 0.2 at.%.

Attempts to reduce the C and 0 impurity by deposition

at temperatures above 400°C resulted in gas phase decomposition and
powdery nonadherent films.

It was possible, however, to produce a C

and 0 free film by giving samples a post-deposition anneal at ^1000oC
in a 90% He-10% H2 (by volume) environment for 5 min.

After outgassing

during this anneal, grains were seen to grow by a factor of 50 to 100.
Initial grain sizes were as small as 100 ft (Fig. 17-3) whereas final
grains may reach 1 ym across (Fig. 17-4).
153

This post annealed film
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Fig. 17-1.

X-Ray Peaks from a Mo Film Bombarded with 1 MeV Protons.
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Fig. 17-2.

X-Ray Peaks from a Mo Film Bombarded with 2 MeV Protons.
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Fig. 17-3.

Transmission Electron Micrograph and Diffraction Pattern
of a Chemical Vapor Deposited Mo Film before Anneal.
Courtesy of G. E. Carver.
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Fig. 17-4. Transmission Electron Micrograph and Diffraction Pattern
of a Chemical Vapor Deposited Mo Film after a 5-min Anneal
at 1000°C.
Courtesy of G. E. Carver.
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has an infrared reflectance within 0.7% of supersmooth bulk molybdenum
from 3 to 15 ym.

When polished to a supersmooth finish, bulk Mo has

an absolute reflectance of from 97.1% in 3 ym radiation to 98.4%
in 15 ym radiation (Carver, 1978).
We now examine the high temperature performance of the asdeposited film (no post-deposition anneal) in air.
the initial film.
may be seen.

Figure 17-5 shows

A relatively large number of deposition pinholes

This is a common characteristic of films produced by

chemical vapor deposition.

To insure good continuity of the film metal

depositions of £1000 & are needed.

Occasionally a "black" spot may be

seen in the as-deposited film (Fig. 17-6).

Microprobe examination indi

cates that these spots are finely divided Mo and are not pure carbon
inclusions.

Upon heating for 1 hr to 427°C ± 100°C the film begins

to break up into discrete islands (Fig. 17-7).
mately 2 ym across.

Each granule is approxi

A buildup of oxide is also apparent.

In fact,

6 min of heating in air at 500°C will oxidize the whole film to M0O3.
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Fig. 17-5.

An As-Deposited Mo Film on Fused Silica (No Post-deposition
Anneal).
Many deposition pinholes may be seen. The magnification
is 125X in transmitted light. The field of view is about
1 mm.
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Fig. 17-6.
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;

A "Black" Spot in an As-Deposited Mo Film (No Post-deposition
anneal).
The magnification is 125X in reflected light.
of view is ^1 mm.

The field
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7.

Breakup of a 1064 R Thick Mo Film on Fused Silica after
1 hr Exposure to 427°C in Air.
The magnification is 500X in transmitted light.
of view is ^0.25 mm.

The field

CHAPTER 18

IN-AIR TESTS ON TUNGSTEN

These W films were prepared and contributed by the Motorola
Advanced Products Research and Development Laboratory (Phoenix).

They

were prepared by chemical vapor deposition since evaporation was out of
the question owing to the refractory nature of W.

The films were 600 %

thick and were deposited on the (400) face of a monocrystalline Si sub
strate.

X-ray examination of the samples revealed a crystalline film

with grains £1000 % across.

Grains were preferentially oriented with

their (110) planes parallel to the substrate (Fig. 18-1).

Microprobe

analysis showed the as-deposited film to be 99% W and less than 1% car
bon and oxygen.

The initial films look smooth except for an occasional

omega-shaped defect (Fig. 18-2), which may be some sort of delamination,
and some "spots" of unknown origin.

One such discoloration ("spot") was

carefully photographed (Fig. 18-3).
Figures 18-2 and 18-4 show the appearance of a typical portion
of the film in reflected light before and after a 390°C temperature
cycle for 1 hr.

Surface roughening is observed after cycling.

We

tentatively set the agglomeration temperature at 390°C, but warn the
reader that conclusive measurements and observations were difficult to
make owing to the opaque nature of the substrate.
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Fig. 18-1.

X-Ray Peaks from the Examination of a W Film in Cu Ka\
Radiation.
A small Cu K& leakage may be seen.
prominent.

The (110) peak is
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Fig. 18-2.

The Omega Marking May Be Some Kind of Delamination.
Aside from this defect, the film looks smooth.
magnification if 75X in reflected light.

The
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Fig. 18-3.

A Deposition Defect before Heating Has Been Photographed
with Surrounding Metal.
The magnification is 75X in reflected light.
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Fig. 18-4.

The W Surface after Heating to 390°C
The magnification is ^300X.

CHAPTER 19

SUMMARY OF VACUUM TEST RESULTS

In Figs. 19-1 through 19-14 we show the appearance of the
various metals tested in this report (Al, Cu, Ag, Au, Cr, Ni, Rh, Pt,
Mo, and W) after exposure to high temperatures under laboratory vacuum
conditions.

A variety of effects can be seen.

Among these are pinhole

formation, agglomeration, delamination, and cracking.

From the data we

have collected, and the experience of other experimenters, we have
constructed Fig. 19-15 for the pinhole formation temperature after a
5-minute temperature excursion in a residual air atmosphere of about
10"5 torr.
It is seen that the pinhole formation temperature is truly at
about 60% of the melting point of the metal.

Our controlled tests have

removed much of the experimental noise apparent in Chapter 5 (Fig. 5-15).
We might, as a matter of practice, operate a selective absorber (con
taining a TIR layer of one of the metals investigated) about 100°C to
200°C below the determined pinhole formation temperature to insure a
lifetime on the order of years. This figure was suggested at the
recent topical meeting on "Optical Phenomena Peculiar to Matter of Small
Dimensions" during the final discussion of the contributors on March
20, 1980, at the Optical Sciences Center, The University of Arizona.
Keith Masterson of SERI suggested that this was the case for Cr-based
coatings.

At the "Second Solar Reflective Materials Workshop" held
167
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Fig. 19-1.

Au film (600 R) on Soda-Lime Glass Heated to 769°C for 5 Min
in a Residual Air Atmosphere of 1,6 * 10"s Torr.
Numerous pinholes may be seen. The magnification is 500X
in transmitted light. The field of view is 0.25 mm.
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Cu Film (536 X) on Soda-Lime Glass.

This as-deposited film was photographed at 500X in transmitted light.
The field of view is 0.25 mm.
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Fig. 19-3.

V-'

Cu Film (536 X) on Soda-Lime Glass Heated to 527°C in a
Residual Air Atmosphere at 3.5 * 10"6 Torr for 5 min.
Pinholes may be seen. The magnification is 500X in trans
mitted light. The field of view is 0.25 mm.
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Fig. 19-4.

Cu Film (536 X) on Soda-Lime Glass Heated to 556°C for 5
Min in a Residual Air Atmosphere at 4 x 10"G Torr.
Complete agglomeration of the film is seen. The magnifi
cation is 500X in transmitted light. The field of view
is 0.25 mm.
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Fig. 19-5.

Ag Film (405 R) on Fused Silica Heated to 476°C for 5 Min in
a Residual Air Atmosphere at 1.2 x 10"5 Torr.
Pinholes and agglomerations can be seen. The magnification
is 500X in transmitted light. The field of view is 0.25 mm.
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Fig. 19-6.

A1 Film (1500 X) on Soda-Lime Glass As-Deposited.

A deposition pinhole defect was used to help find the surface, but the
film seems smooth in general. The magnification is 500X in transmitted
light. The field of view is 0.25 mm.
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Fig. 19-7.

An A1 film (1500 X) on Soda-Lime Glass Raised to 295°C
for 5 Min in a Residual Air atmosphere at 4.6 x 10~6 Torr.
Delamination can be seen. The small white and black dots
covering the sample are hillocks and pinholes respectively.
The magnification is 500X in reflected light. The field of
view is 0.25 mm.
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Fig. 19-8.

Ail A1 Film (1500 R) on Soda-Lime Glass Raised to 492°C for
5 Min in a Residual Air Atmosphere at 6.5 * 10"6 Torr.
Numerous pinholes are seen in Transmitted Light. The
magnification is 500X and the field of view is 0.25 mm.
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Fig. 19-9.

A Ni Film (1000 ft) on Fused Silica Raised to 1097°C for
5 Min in a Residual Air Atmosphere at 1.1 x 10"5 Torr.
Numerous pinholes are seen in transmitted light. The mag
nification is 500X. The field of view is 0.25 mm. The
first signs of pinhole formation appear at 978°C for
5 min thermal cycles in vacuum.

(a)
Fig. 19-10.

(b)

(c)

A Cr Film (1000 R) on Soda-Lime Glass Heated to 1009°C in a Residual Air Atmo
sphere of 3.5 x 10"6 Torr for 5 Min.
Figures a, b, and c show the progression of
pinhole formation (a) to a tangle of ridges
sag was noticed at the end of the test. In
in transmitted light. The field of view is

film deterioration from initial
and pinholes (c). A little substrate
each case the magnification is 125X
1 mm.
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Fig. 19-11.

Pt Film (567 X) on Fused Silica Heated to 1097°C in a
Residual Air Atmosphere at 7 x 10"6 Torr for 5 Min.
Pinholes are beginning to form. The magnification is 313X
in transmitted light and the field of view is ^0.4 nun.
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Fig. 19-12.

Rh Film (500 %.) on Fused Silica Heated to 1235°C for 5 Min
in a Residual Air Atmosphere of 1.3 x 10"5 Torr.
A few pinholes and many dark blisters may be seen. Some of
the metal has also flaked off the substrate forming large
white spots near the edge of the sample. The magnification
is 313X in transmitted light. The field of view is ^0.4 mm.
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Fig. 19-13.

A Mo Film ( 2 0 0 0 ft) on Fused Silica after Heating to 1000°C
in 8.5% Hj + 91.5% He (by Volume) for 5 Min.
After this anneal the final film has outgassed its carbon
and oxygen impurities and reverts to the usual bcc Mo
structure. The film looks super smooth at 20,000X. A
speck of dust has been used to find the surface. (Courtesy
of D. Allred.)

180

; i,,• 'r> ; .

Fig. 19-14.
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A W Film (600 8) on a Monocrystalline Silicon Wafer.

The sample was heated to 1111°C for 5 min at 1 x 10~5 torr in residual
air. Aside from an occasional peel defect the surface seems super
smooth. The magnification is 125X in reflected light. The field of
view is ^1 mm.
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Fig. 19-15.
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Pinhole Formation Temperatures for 5 Min Anneal Have Been
Plotted against Bulk Melting Temperature for All Materials
Used in Our Experiments.

The pinhole temperatures for Mo and W were not found since the high tem
perature required destroyed the chromel-alumel thermocouple used in these
experiments. However, the tests conducted demonstrate that pinhole
formation will not commence below the indicated bars. The square and
triangle above Mo and W describe the substrate used.
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Feb. 12-14, 1980, in San Francisco, California, a similar value was
suggested for silver during the discussions.
At almost every solar materials conference a question is raised
as to what relation accelerated testing has to real-time performance of
materials.

In this report we did not answer that question; however, we

did show the relative behavior of metals with respect to one another
under controlled conditions.

Hence, it may still be possible to pick

a best reflective metal even though the absolute behavior of a metal
in real time is unknown.

APPENDIX A

NUCLEATION THEORY

In this appendix, we summarize the essential elements of nucleation theory.

A more complete discussion can be found in (Dufour and

Defay, 1963) and (Mason,1971 ).
Let N equal the total number of empty lattice sites in a crys
tal and let n be the number of free monovacancies.
vacancies tied up in voids is N-n.

Then the number of

Let gj and g2 be the Gibbs free

energy per atom in the condensed (void) phase and vapor (free monovacancy) phase respectively.

The total Gibbs free energy of a crystal may

then be written as
G

= (N-n)gi + ng2 + W

(A-l)

where W is the energy associated with surface tension.

For a crystal

with n voids and a surface tension a, we see that
W

=

n 4irr 2 a.

=

(N-n)gj + ng2 + n 4irr2a.

(A-2)

Therefore,
G

(A-3)

When a critical nucleus (void of critical dimensions) forms, we will
have just as many vacancies evaporating from a void as are condensing.
Therefore, G is constant and 6G = 0.
0

=

This implies that

-gj 6n + g2 <Sn + ri 8irra6r
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(A-4)
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or
o

-

Cg2 - gl)

5n +

8irnarSr.

(A-5)

If we define Vi as the volume per vacancy in the condensed (void)
phase, then
(N-n) vi = n jirr3

(A-6)

or
-vi 6n

4Trr2n<5r.

=

(A-7)

When this last differential expression is used to replace ri6r in the
differential expression containing the Gibbs function Eq. (A-5), we find

0

=[(g2 - gl) -

(A-8)

Since <Sn is arbitrary we may write

82-81

=

•

Over a plane surface where r =
as they should be.
ent.

(A-9)
the values of gi and g2 are equal

With a void of radius r the values of g are differ

The value of g2 - gi is just E - L, where E and L are the latent

heats, or formation energies, of a monovacancy from a void of zero curva
ture (infinitely large void) and finite curvature respectively.
When a void has large size and small curvature L ^ E and we
find E - L ^ 0; hence, r -> °°, as we expect.

For a critical void of

minimal size, L ^ 0; that is, just as many monovacancies condense as
evaporate.
r

In this case we have
=

.

(A-10)
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Now, it is reasonable to approximate a for a solid metal by a
for the liquid metal.

This can be seen from Volmer's rule (Volmer,

1939) which states that
sSL

V
f
where

=

Ig

V
v

(A- 1 1 )

and Lv are latent heats of fusion and vaporization respectively.

The surface tension asA is that for a solid-liquid boundary and a^ is
that for a liquid-gas boundary.

However, Antonow's rule (Antonow, 1907)

states that
aSl ' cSg - <,*«

CA-12)

Combining Volmer's rule and Antonow's rule provides the connection be
tween aS®, the surface tension at the solid-gas interface and a2'®.

We

find that

A

t

if ,

(A . 13)

Now, the latent heat of fusion for a metal is on the order of 3 k cal/g
mole, and the latent heat of vaporization is on the order of 100 k cal/
g mole.

Hence, we can expect aS® and ato differ by about 3%

small difference justifies our approximations aS® ^ a^.

This

APPENDIX B
THE TWO-DIMENSIONAL MELTING FORMULA OF
KOSTERLITZ, THOULESS, AND FEYNMAN

In this appendix, we collect arguments found scattered through
the literature concerning the derivation of the Kosterlitz, Thouless,
and Feynmann two-dimensional melting formula used in Chapter 5.

Special

attention is paid to filling in steps not well covered in the litera
ture.

The necessary dislocation theory is briefly described; however,

a more comprehensive discussion on dislocations and their interactions
can be found in Chapter 2 of the Theory of Crystal Dislocation (Nabarro,
1967).
In the Kosterlitz, Thouless, and Feynman view, melting in two
dimensions is due to the thermal excitation of the dislocation pairs in
the two-dimensional (2D) solid.

We will need to develop a formula for

the energy associated with a long, straight dislocation line.

Energy is

stored in the strained region surrounding a dislocation, and the total
strain energy of the body in the absence of external stresses is called
the elastic energy of the dislocation or dislocations present in it.

It

is well-known that for a solid the elastic energy density is given by
%Pe where P is the elastic stress and e is the strain (Nabarro, 1967).
For a linear defect P and e fall off as r

(Nabarro, 1967).

Therefore,

the integral of the energy density over all space per unit length of
dislocation goes as
186
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total energy = E ^ K

fl/r^l dV = 2ttK

(B-l)

(1/r^) rdr

E

{2L ln(r) + c}|R

(B-2)

E

2L ln(R) - 2L ln(r0)

(B-3)

where K, L and c are constants and L depends on the shear modulus G.
This expression for E diverges both as R tends to infinity and as ro
tends to zero.

The first divergence means that in a finite body the

conditions on the outer boundary can never be neglected.

A rough approx

imation to the energy is obtained by cutting off the integration at a
distance R of the order of the size of the sample, or of the mean spac
ing of dislocations if the sample contains many dislocations.

The diver

gence as ro tends to zero does not occur in real crystals because Hooke's
law breaks down in the core of a dislocation.
approximate atomic theory must be used.

In this region an exact or

However, we shall certainly

underestimate the energy if we cut off the integration at the value of
ro for which Hooke's law becomes inaccurate.

It can be shown (Nabarro,

1967) that this corresponds to ro ^ 2b where b is the magnitude of the
Burger's vector.

The Burger's vector, b, is essentially the displace

ment around a dislocation.

It is reasonable to take b ^ a, where a is

the lattice constant (Kittel, 1976).

For a more complete description of

the Burger's vector, see any standard text on materials science or solid
state physics (Van Vlack, 1964; Kittel, 1976; Nabarro, 1967; Ashcroft and
Mermin, 1976).
We may now rigorously define the melting point as the temperature
needed to separate thermally generated dislocation pairs by an infinite
root mean square distance.

This situation would, of course, cause a
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crystal to fall apart or melt.

Hence, we wish to find the minimum

temperature Tm such that

f" r* e"E/kT rdr
Ifl

<r2 > =

(B-4)
-E/kT
,
e
rdr

*0

goes to infinity.

Boltzmann's constant is k and T is temperature.

How

ever,
e-E/kT

_

e-(2L

lnr+ c)/kT

c/IcT
Define A = e —
= a constant.
R
<r2>

=

_

g-2L In

r/kT g-c/kT

(B-5)

Then

-2L/kT
2
r^ r

rdr

£2

fR

-2L/kT .
r
rdr

TO

(B-6)
O (1 - L/kT)
rdr
<r2>

:I£L
•2L/kT

rdr

r0

If T =

, then

-2

r
<r2> =

j

rdr

10

(B-7)
-4
r
rdr

*0
and we find as R + « that
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^

<r2> ^

-1

r

dr

(B-8)

*0

which diverges.

If the exponent of r were an infinitesimal, e, less

than 1, we would have a finite value for <r2>. Thus we set our melt
ing point Tm at
Tm

=

m

^ •

(B"9:)

As previously mentioned L depends on elastic constants.
In two dimensions, it can be shown (Kosterlitz and Thouless,
1972) that for large (laboratory-sized) two-dimensional arrays

L

=

^

4TT

4TT

.

(B-10)

A similar formula arises in three dimensions (Kittel, 1976), and it is
this similarity in the expressions for L that accounts for the formal
similarity of the two-dimensional (Dash, 1975) and three-dimensional
(Ziman, 1964) melting formulas.
the speed of sound.

It is useful to express L in terms of

This has been done by Feynman in a very general

way (Elgin and Goodstein, 1974). Here we will present the argument in
an abbreviated form.

We need only note that for an infinite isotropic

solid (and also in a finite solid for which the wavefront is a large
number of wavelengths) the speed of transverse waves, C, is connected
to the shear modulus G by the simple relation
Ct2p

=

G .

This relation holds in both two and three dimensions.

(B—11)
For a square

array in two dimensions p = m/a2 where m is the atomic mass and a is
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the lattice constant.

L

Therefore,

C 2m
——
4tt

=

(B-12)

It will be seen in Appendix C that under the approximation C0 ^ C
Xj

=
I

U2p we may write

Q2
2D

*2
_ ^
,2
k

{J*
2D
2
a

where 0 ^ is the two-dimensional Debye temperature„

L

=

k2
*"R

02
a*m
D
2D

(4TT)

Therefore, the two-dimensional melting temperature is

CP i 71
(B-13J

Thus

(B—14)

APPENDIX C

THE RELATIONSHIP BETWEEN THE TWO-DIMENSIONAL
AND THREE-DIMENSIONAL DEBYE TEMPERATURES

Experimentally it has been found that the relationship between
the two- and three-dimensional Debye temperatures is given by

02D

(C-l)

"763D

at the packing densities corresponding to a complete compact monolayer
(Elgin and Goodstein, 1974).

Equation (C-l) was necessary in deriving

the agglomeration temperature given in (5.2).

A graph showing the con

nection between 02p and 03p for a variety of packing densities has been
constructed by Elgin and Goodstein and is shown in Fig. C-l.
Fitr im
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Fig. C-l.

Debye Temperatures vs Packing Density.
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A complete monolayer corresponds to an interatomic spacing of about 3 ft.
Hence we may extract Eq. (C-1) from the graph.
is almost constant.

The ratio of 02 to 02
2D
3L)

However, it can be seen that at lower densities

(a-3.4) the value of this ratio rises to about .81.
We may also derive Eq. (C-1) from first principles as follows:
First, consider surface atoms capable of vibrating in the surface plane.
In this case we have one transverse mode and one longitudinal mode.

A

two-dimensional system containing N atoms will then have 2N degrees of
freedom.

Hence the integral for the number of states is
A cutoff
zp
dA d2
V.9
h2

A cutoff
dA d2p

00

00

longitudinal
modes

transverse
mode

2N

=

(

.
}

h2

where A is the area containing N atoms, d2P is the phase space area con
taining N atoms and h is Planck's constant.

Define C

and C^ as the

transverse and longitudinal speeds of sound respectively.

In general,

P = ft a)/C where ui is the angular frequency, fi = h/2ir and C is a
quasi-particle speed.

Then we may write

WD (2

2N (20^2

=

/j_
V

where

+

dim)

d2o

(C-3)

Ct2

is the Debye cutoff frequency.

Noting from simple geometry that

the differential frequency space area d2w = 2-nudu, we art; able to write
WD (2

4ttN

II
C*2

1
Ct2

dim)

u>du)

(C-4)
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The quantity N/A is an areal density,

In these calculations we will con-

sider a cubic lattice so that areal and volume densitites are both normalized to one particle per cell as shown in Fig. C-2.

a2

N_!_
V~ a3

Fig. C-2.

Atomic Packing Densities for
Surface and Interior Atoms.

Atoms are packed to a density of one atom per cell,

Hence N/A = 1/a2 where a is the lattice constant.

4tt

jD^2

1

Therefore,

dim)

(C-5)

2

t
If we make the simplest possible assumption concerning the relationship
between

and Ct, namely that

Ct = U2D> then we may write
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4ffUon2
2D
2

_
"

(C-6)

?
(2 dim)

Hence,
2U
2D
D(2 dim)

/ir"

(C-7)

By definition the two-dimensional Debye temperature may be written as

0_
'2D

•ft

~

k

(C-8)

D(2 dim)

where k is Boltzmann's constant.
_

0

-ft

2U
2D

2D

It is interesting that 0

Therefore,

(C-9)

/IT"

depends hyperbolically on a.

This is the

general trend shown in Fig. C-l.
We now generate the familiar analytic expression for

In

three dimensions we have 3N modes, two transverse and one longitudinal,
Therefore, Eq. (C-2) becomes
V cutoff
3N

•

V cutoff
dV d3P
2

h3

(C-10)

h3

00

00

longitudinal
modes

transverse
modes

Since P = ft u)/C and d3co = 4iTu2dw we get

3N (2tt)3

V

4TTV

Ct3

'WD (3 dim) 2
a) dco .
J0

(C-ll)

However, N/v = 1/a3, therefore,
3(2tt)3
4ira3

1

2

D (3 dim)
3

(C-12)
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I f

C

i*

Ct

E U3D th6n

3(2.)3 U|
"D (3 dim) "

<c"13)

4Tra;S

and

e3D

1f 2ir °3D / 3 \ 1/3
= £ -r^

(c"14)

'

Again, we see a hyperbolic dependence of 03^ on a.
Finally we can see that when the speed of surface and body
phonons are about equal we get

)

vl/3

®2D
0

3D

1 /£TT
/iT \

.91.

(C-15)

3

or

=
\

*83*

CC_16)

3D'

This is in close agreement with the low density value of this ratio pre
viously cited.

The result in Eq. (C-16) is independent of specific mate

rial properties and, therefore, appears to be valid for all metals.
However, we have made several severe assumptions in this calculation.
First, we have assumed that transverse and longitudinal phonons are the
only quasi-particles present.

Our second assumption is that working

with a simple cubic lattice is "realistic" and that results for this
system are indicative of what will happen in other systems.

Finally,

we have placed severe restrictions on the dispersion relations for our
materials by demanding Ct ^

= 02^ and 0^ = U

.

The assumption

U2D ^ 03p seems reasonable in the light of computer calculated dispersion
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relations for slabs of material 18 atoms thick with two free faces
(Wallis, Mills, and Maradudin, 1968).

The results of these calculations

are shown in Fig. C-3.

VV OPTICAL CONTINUUM
SURFACE OPTICAL MODES (2)

ACOUSTICAL CONTINUUM

'/////////'

IX)*

Fig. C-3.

Excitation Spectra for the 18 Layer
Slab with Two Free Surfaces.
o>0 is the Raman frequency of the
infinite medium.

APPENDIX D

OBSERVATION OF TOO-DIMENSIONAL

PHASES

The existence of two-dimensional solid, liquid, and gas phases
was thoroughly and convincingly demonstrated for monolayers of Kr, Xe,
and methane absorbed on exfoliated graphite (Dash, 1975; Thorny and
Duval, 1970).

The phase transition between solid and liquid

two-dimensional systems is remarkable in that the melting point is below
that for the melting point of the bulk material.

In addition to studies

on Kr, Xe and CHt^ performed by Thorny and Duval, two-dimensional phases,
condensations, triple points, and melting phenomena have been observed
by other researchers for the monolayers listed in Table D-l.

Further

more, Lander and Morrison (1967) have studied two-dimensional crystal
phases of FeCl3, Znl2, Gel^, Gel2, CeH2Br3, AS2O3, Br2, Cs, and Xe
adsorbed onto graphite.

Some materials, like Br2, exhibit more than

one solid crystalline phase.
The phases observed by the experimenters above are detected by
an elementary method.
gram of the system.

One simply looks for a plateau in the P-V dia

Of course, in a two-dimensional system it is

customary to graph fractional coverage f of the substrate instead of
volume.

It is also important to note that a high fractional coverage

implies a small volume per atom so that f in a two-dimensional system
is analogous to 1/v in three dimensions.

In the literature, f is

usually plotted on the vertical scale of diagrams displaying isotherms.
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Table D-l.

Researchers Studying Monolayers

Composition
of monolayer
Ar

Researcher
Matecki, Thorny, and Duval
Prenzlow and Halsey
Morrison and Drain
Larher

Year

.

1972
1957
1951
1968,1971a,
1971b

O2

Prenzlow and Halsey
Morrison, Drain, and Dugdale

1957
1952

N2

Kjems et al.

1974

C2H6

Ross and Clark

1954

H2O

Litvan

1966

Ne

Thorny, Duval, and Regnier
Huff and Dash
Huff

1969
1974
1973

NO

Matecki, Thorny, and Duval

1971,1972

3He

Hering
Hering and Vilches
Rollefson

1974
1973
1972

^He

Elgin and Goodstein
Bretz et al.

1974
1973, 1974

Kr

Fisher and McMillan
YuYao
Takaishi and Saito
Larher

1957,1958
1965
1967
1968,1971a,
1971b

Xe

Ross and Clark
Larher
Lander and Morrison
Suzanne, Coulomb, and Bienfait

1954
1968,1971a,
1971b
1967
1973

Dennis, Pace, and Baughman

1953

Bretz and Chung

1974

Tracy and Palmberg

1969a,b

Mason and Williams

1972

CH^
para-H2
CO
C2H5OH
(ethanol)
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Pressure in a two-dimensional system is "measured" by monitoring the
(3-D) vapor pressure above the substrate.

The higher the vapor pressure

the higher will be the two-dimensional analog of pressure in the ad
sorbed monolayer, since a high 2-D pressure will tend to squeeze atoms
off the substrate and into the 3-D vapor pha£e.

This is just a conse

quence of Henry's law (Dash, 1975, p. 219; Landau and Lifshitz, 1969,
p. 282).
We are now in a position to understand the shape of isotherms
for monolayers of adsorbed materials.

First consider the usual 3-D

P-V diagram showing phase changes (Fig. D-l).
orientation of the P and V axes (Fig. D-2).
of V) against P as shown in Fig. D-3.

Now interchange the

Finally, graph 1/V (instead

We may now examine the data of

Thorny and Duval (1970) for a 2-D array of xenon atoms.

It is seen from

Figs. D-4 and D-5 that for a substrate coverage f = 0.785, corresponding
to monolayer completion, a solid may exist below about 101°K.
101°K we get melting to the liquid phase.

Above

The ratio of the 2-D to

the 3-D (bulk) melting point is 0.62 and is close to the value of
0.59, which was predicted by picking X - 1/4 (see Chapter 5).
The basic apparatus used to collect the above 2-D phase data
is shown in Fig. D-6 (Coulomb, Bienfait, and Thorel, 1977).

A measured

amount of a test gas is allowed to enter the cryostat and be adsorbed
on the substrate.

From a knowledge of the substrate area, the volume

of gas entering the cryostat, the substrate temperature, and the volume
and pressure in the cryostat, it is possible to determine the fractional
coverage f.

The value of f together with the pressure in the cryostat

allows the compilation of the previous graphs.
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gas
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vapor-solid
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•TRIPLE POINT
Fig. D-l.

An Isotherm Is Shown on a P-V Diagram.

The plateaus are regions of two phase coexistence on the dotted isotherms.
p

—

e

gas

Fig. D-2.

An Isotherm on a V-P Diagram.

The regions of two phase coexistence on the dotted isotherm are indi
cated by a vertical line.
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gas

Fig. D-3.

Graph of f vs P.

"solid

0.763

o.s
0.7

0.1

0

10
vapor

Fig. D-4.

15

pressure

(I0~" 3 Torr)

Isotherms for the Adsorption of a Monolayer of Xe on Graphite.

We see two vertical rises, one for the gas-liquid phase change and one
for the liquid-solid phase change. The isotherm at about 101 K seems
to be the last one with a vertical rise at a coverage of f = 0.785.
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pressure
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Figure D-5.

Isotherms for the Adsorption of a Monolayer of Xe on Graphite
Continued from 108.8 K Isotherm.

leads from solid

state

thermometer

cryostat
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®

®

gas volume
measurement

substrate
pressure
gouge

to pumps

Fig. D-6.

Apparatus Used to Collect 2-D Phase Data.
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Various materials have been used for substrates.
preferred because it forms a homogeneous substrate.

Graphite is

That is, the sur

face of graphite forms a relatively flat bottomed square well potential
for the adsorption of gases, and shows relatively weak lateral fields
that might interfer with the formation of a two-dimensional lattice
of adsorbed gas molecules (Dash, 1975, pp. 47-53).

Other substrates

have also been used including NaCl (Ross and Clark, 1954), NaBr
(Fisher and McMillan, 1957), LiF and NaF (YuYao, 1965), NaCl and RbCl
(Takaishi and Saito, 1967), BN (Matecki et al., 1972), as well as
NiCl2, C0CI2, FeCl2, CdCl2, CdBr2, Cdl2, and Pdl2 (Larher, 1963,
1971a, 1971b).

Pure metals like Pd (Palmberg, 1971), Cu, and Ag

(Timmerhaus et al., 1974) have also been used as substrates.
The determination of the details of crystal structure of a
two-dimensional array of atoms poses another problem for the study of
monolayers.

The most effective methods have been low energy electron

diffraction or LEED (Tracy and Palmberg, 1969a, 1969b), atomic beam
diffraction (Dash, 1975, p. 207), and neutron diffraction (Marti and
Thorel, 1977).

APPENDIX E

PROTON-INDUCED X-RAY ANALYSIS

Proton-induced x-ray emission (PIXE) analysis involves the iden
tification of atomic species by their characteristic x-ray emission
induced via bombardment by low energy protons.

The apparatus is sche

matically drawn in Fig. E-l.

VAN

DE GRAAFF

•DEFLECTION MAGNET

TARGET
CHAMBER
TARGET
/^ X-RAY
TO DATA
ANALYSIS
CENTER

Fig. E-l.

~^-Si DETECTOR
* e~- HOLE PAIR
AMPLIFIER

Apparatus for Proton-Induced X-Ray Analysis.

Protons emerge from Van de Graaff port A as seen in Fig. E-2 and are chan
neled down different paths so that protons may emerge from port B (Fig.
E-3) where they collide with a target whose chamber is shown in Figs. E-4
and E-5.
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205

<>, . i

Fig. E-2.

Tandem Accelerator Exit Port.

Particles exiting the tandem accelerator may be diverted
from their straight line path by the magnet on the right.

t-j

Fig. E-3.

K°)

i

Proton Beam Ports Emerging from Deflecting Magnet.
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Fig. E-4.

Fig. E-5.

Target Chamber and Related Input Beam Port.

Top View of Targets Mounted in Target Chamber.
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The x-rays which are produced may be used to generate electron-hole
pairs.

These charged particles produce a current which is amplified

(Fig. E-6).

The resulting signal is further amplified, pulse height

analyzed and displayed on a cathode ray tube (Fig. E-7).

Fig. E-6.

Electron-hole Pair Production Area
and Its Related Amplifier.

The height of the pulses for each element present in the target is pro
portional to the concentration of that element in the target.

2Q8

Fig. E-7.

Amplifiers, Pulse Height Analyzers,
and Monitors for the PIX facility.

APPENDIX F

X-RAY ESSENTIALS

In this Appendix we describe a few of the essential facts neces
sary to evaluate the crystal structures and grain sizes of our test
films from x-ray data.
First, we shall discuss the correlation between x-ray peaks
(diffraction maxima) and angle for two typical crystal structures.

The

Bragg law
X

=

2d sin0

tells us that a first order diffraction maxima occurs for wavelength X
(1.54 % for Cu Ka\ radiation) when the spacing between planes containing
atoms is d and the angle of observation is 0 as shown in Figs. F-l and
F-2 below.

In a polycrystalline or powder sample, reflections from all

interfering
waves

/

atomic planes
Fig. F-l. Reflections from Planes Containing Atoms in a Crystal.
The quantities 0 and d are defined in the diagram.
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210

film sample
26

detector
Fig. F-2.

Typical X-Ray Machine Setup.

The angle 20 is measured directly from
a scale on the x-ray machine.

possible crystal planes will be present as we scan from 20 = 0° to
20 = 180°.

If, for a given sample, some x-ray peaks are small compared

to their powder method amplitude, then a preferred orientation of
crystallites is indicated.

If all peaks are missing save one, then

crystallites are oriented with planes causing the one strong reflection
parallel to the substrate.

It is interesting to look at the trace

for typical fee and bcc polycrystalline materials.

This is shown in

Figs. F-3 and F-4.
We now turn to a discussion of estimating grain sizes from the
width of x-ray peaks.

Small grain sizes (i.e., less than 1000 X)

encourage peak broadening due to diffraction scattering at angles near

211

20

Fig. F-3.

The fee Polycrystalline X-Ray Signature Has a Doublet Fol
lowed by a Singlet Followed by a Doublet.
A good example of this behavior is shown in the x-ray peaks
for Pt (Chapter 15).

Fig. F-4.

The bcc Polycrystalline X-Ray Signature Has a More or Less
Equal Spacing between Peaks.
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to, but not equal to, the Bragg angle.

A careful analysis of the situ

ation (Cullity, 1978) reveals that the grain size t (the average width
of a grain) is given by
0.9 X
B cos0

where X = 1.54 R for CuKai radiation, B is the extra broadening, and
0 is the angle at which the peak occurs.

The extra line broadening B

is given by
B

where B

m

=

/B 2 _
m

B

s

is a measured line width at half maximum and B is the measured
s

line width at half maximum of a monocrystalline standard solid with an
x-ray peak close to that used to measure B^.
Finally, we turn our attention to x-ray diffraction from amor
phous materials.

This is important since many x-ray photons pass through

our thin crystalline metal films and are diffracted from the amorphous
glass substrates below.
order.

For a gas there is no long or short range

As a result, x-ray scattering from gaseous targets has a Gaus

sian shape (Fig. F-5).

In a liquid or amorphous solid the interatomic

distance is fairly well defined.
order may also be present.

Some other kinds of very short range

The result is a very broad peak like that

shown schematically in Fig. F-6.
The effect of the amorphous glass substrate used in our tests
may be seen in most of the diffractometer graphs from Chapters 9 through
18.

The x rays simply "see through" the metal film to some extent
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>
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UJ
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90
26
Fig. F-5.

Diffraction of X-Rays from a Gaseous Medium.

maximum caused by
direct interception of
incident radiation at 0°
maximum caused by
short range order

25°

50'

75'

26
Fig. F-6.

A Broad Peak May Be Seen in the Diffraction of X-Rays
from a Liquid or Amorphous Solid.
The width of the feature may be several tens of
degrees on the 20 scale.
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and the final graph of diffracted intensity versus 20 has peaks (due
to crystalline film) superimposed on an amorphous substrate x-ray
pattern.

It is important to note that half amplitudes of the thin film

spikes are measured from the background level caused by the amorphous
glass.

The quantity B , used in grain size measurements, is then meas

ured at this half amplitude.

Figure F-7 is part of an actual x-ray

diffraction pattern for a soda-lime substrate used in our experiments.

£> -36

X> -20

4—

400

800

Intensify

Fig. F-7.
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Diffraction of X-Rays from an Amorphous Solid.
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