Lawrence Berkeley National Laboratory
Recent Work

Title
INTERFEROMETRY OF SOLID THIN FILMS

Permalink
https://escholarship.org/uc/item/9pz951 31

Author
Brown, Charles Ray.

Publication Date
1973-12-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9pz9513f
https://escholarship.org
http://www.cdlib.org/

) »

LBL-2264

e |
INTERFEROMETRY OF SOLID THIN FILMS
RECEIVED
LAWRENCE

Prepared

RADIATION LABORATORY

Charles Ray Brown
(M. S. thesis) FEB 4 1974

. " LIBRARY AND
DOCUM
December 1973 UMENTS SECTION

for the U. S. Atomic Energy Commission
under Contract W-7405-ENG-48

-

-

| )
For Reference

Not to be taken from this room

)

\»
¥922-197



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



~iij-

INTERFEROMETRY OF SOLID THIN FILMS |

Contents
ADSETACE & & o & o o o o o o o o o v b e e e e e e e e e e
I. Iptroduction e e e e e e e e e e e e e e e e e e e e

II. Techniques of Measurement . . . .+ & « o & o o o « o o+ &

A. Interferometry of Thin Films FE

B.

1.

2.

© 3.

~4-

Sign Convention . « « v « 4 4 4 4 4 ee 0 e . o

Fresnel Coefficients . . . . . . e e e e e

" Elements of‘Colorimétry e e e e e e e e e e

Chromaticity Charts . . . . . . v « « « . . .

Interference Microscopy . « « « « « « ¢ o o o .

c. Ellipsometry e e e e e e e e e e e e e e e e e e

D.

Profilometry + « « v o 4 « o o o o o o o o o o o w

1.

2.

3.

4.

5.1_

Skid and Skidless Modes. . . . v . + « &+ &« « 4+ .
Stylus Resolution Due to the Finite Size of the
Stylus Tip e e e e e e e D

Stylus Resolution Due to Surface Damage . . . .

‘Seismic Restrictions to Stylus Resolution . . .

Stylus Resolution Restrictions Due to Skipping .

ITI. Experimental . « v o v o o o e o v e o e e e e

A." Film Preparation . . o . « + « v ¢ ¢ v v ¢« & v o o &

1.

Selection oerateriais I BRI
Cleaning of the Substrafes e e e e "f e e e e
Deposition Apparatus . . . . . : e e e e e e e s
Preparétion of Metal Substrates . . . . . . . .
Preparation §f the Dielectric Wedges:. Test for

Anisotropy . . . . e e e e e e e e

12
13

16

‘19

20

20

21

22

24

25

26

- 28

28
44
45

48

51



—iv-

6. ‘Definition of Specimen
77.' Optical Constants . .
B. Thin Film Interference . .
1. Optical Bench . . . .

2. Chromaticity Values .

3. Color Sefies e e e e

Coordinates

C. SpectroéCOpy of Interference Colors .

D. Ellipsometry of Thin Films

E. Mechanical Step-Height Measurement , .

F. Optical Step—Height Measurement . . .

IV. Results . . .+ ¢ v v ¢ v v 4 .
Acknowledgements . . . « . . . . . .

References . . . . . « . . . « . . .

59
59

61

61"

77

77

77

108

109
110

112

129

130



-v—

INTERFEROMETRY OF SOLID THIN FILMS

Charles Ray Brown

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering; University of California
" Berkeley, California
ABSTRACT
, Experiments were conducted. to determine the validity of previously-
derived'interfenence color series and the accuracy obtainable by
nsing_white light interference for meaeuring the thickness of thin,
tramsparent films on metal substrates. Film;thickness profiles were
~ derived from.observed'interference colors and compared to profiles derived
from‘two different step—height measurements that were independentvof
the optioal properties of film-and substrate. In addition, film
thickness'was determined by two other optical techniques, spectrosoooy
~and ‘ellipsometry. , _ | .
Satisfactory agreement was obtained witb’fiimiprofiles obtained byi'
"Qisual interpretation of rnterferenee colorsband use of previously
determined color,seriesr The practical distinction betneen=neighboring hues

is not as sharo as._theoretically predicted. But colors of lower saturation

than previously assumed can still be observed in practice. -

N

* R : A . e . o
M. S. Thesis, research conducted under the direction of R. H. Muller.



I. INTRODUCTION °

- White light optical interference is a sensitive, non~destructive"

‘e

N technique for observing extended thin films. Since light does not
measurably disturb the film, white light interference has been used

2,4 for the quantitative determination of local

, . . 1,
in previous work

- thickness of draining electrolytes on partially submerged, polished
metal substrates. In addition to their visual and photographic

, . : N . 2
observation, interference colors have been characterized spectroscopically.

Ellipsometry of liquid léyers was used by Gu3 to study draining r
electrolytes on platinum substrates.. o
.In ordgf to derivé a'filmrprofile ffom observed interference colors
resul;ing from whité light inferferenéejin a tapered, transparant, thin
film, a model of thin film intérference is used. The surfaces of the
vfilm.aﬁd subsﬁrate afe geémetrically plapar and multiple feflection
ocCuréIatjmatefial interfaces. The fact that there are phase changes at
absorbing substrates was inéluded by’Muller.5 From the intensity
“distribution calculated for the wedge'film,_a color series can be
_— gal;ulatea for visual analysis. Turney2 compiled color charts
.'for different métaléliquid.reflectivities and arbitrary phése changes.
~ Thﬁs,.film ﬁrbfilés could be derived'eiiher’from spectroscopitrintenSity
distributions or from color series derived for a specific phase ch;ﬁge
. 4énd reflectivity. :
The purpose of fhis ﬁorkas to experimentally test computedvcolor
series derived from the model of multiple'beamlinterference in thin

films. 1In order to do this, experimental thin films must cover a wide

range of phase change and metal-film reflectance in order to examine

s
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differgnt areas of several of the compdted color charts. The film- | o
thicknesseé derived from the interfereﬁcé colors are, then, comﬁared

with thickneéses derivea using>methods'n§t dependent upon phase chénge i ' <
and reflectance (optical properties of the film and subStrate). Eliip—
sometry ané spectroscopy. are éptical methods that have been used, glso. .

Solid dielectric films have been used because they are stable for the

_consecutive examination by several techniques.

Vacuum deposited layers Have-been used for both substra;es and

. 8 ey T )
transparent films. Vapor deposition of the material in a vacuum

7

results in clean, microscopically smooth surfaces. The optical

properties of deposited thin films are constant abpve a criticél filmv—
thickness..:These properties are well—defined and are reproducible. ;

The dieléctfic was deposited in thé shape of a wedge in order to
obtain a series of interferenée,coldré'on each specimen. fhe film
thickness profilé of the dieléctric‘film was derived from three optical
measurements. These Qere:_ @b Photography of interference colors,
(2) ellipsometry, and (3) spectroscopy of white light interference.
These.film profiles were then compared with two indépendently derived
profiles; These were: (1) mechanical step-height measurement usiﬁg a
profilometer, and (2) optical step-height measuremént of a coated step
on the film using an interference microscope.

The optically~derived thickness pfofiles were compared with :
indepéndeétly derived step-height profiles ih order to dgtermine the
utility of the computed intérference color series for the visual derivatiéﬁ o

of film thickness.
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II. TECHNIQUES OF MEASUREMENT

A. Interferometry of Thin Films

Light interference is a non-destructive technique for the measurement
of transpareﬁt thin film thicknesses. It offers high resolution combined
with the capability of simultaneouely observing extended areas .of film.

Optical interference in thin films depends on the opticai ppopetties
of the substrate and film as well as the film thickness. For solid
films prepared in high vacuum the refractive index of materials
used for optical coatings'is, generally, indepeedent of thickness for
films/thick_er than 475 Angstrom9 .and shows negligible variation in
litereture values_.10 The optical ﬁroperties of'deposited metals are,

however, sensitive to both the structure and thickness Of‘the deposited

film and, generally, are different from the refractive indices of the

‘bulk,material.ll The optical properties’of the metal films are spectrally

dependent also with literature values showing a wide variation in index
values. Therefore, separate studies of refractive index of the
substrates are required.

S : : 1
The explanation of optical interfeéerence is given elsewhere. 2’13

White light interferencelie preferred for the study of thin films

because the interference results in non-repetitive color variations
for films up to about 1.5 microns thickness.

1.( Sign Convention

The eonventioﬁs and definitions describing the interaction of
light with a material interface are those'usedvin ellipsome’try.l
The complex index ef refraction of an absorbing medium is defined

as*né = n - ik, where n is the refractive index and k is the index of



extindtion, For a dielectric me&ium, k ié equal to zeroland éhe mediﬁm
is characterized by a real index of fefraction n. The medium containing
the incident beam is assumed to be a dielectric medium with refractive
index n;. , | |

The coordinate system is shown in Fig. 1. The direction of a

\

positive vector is shown by an arrowhead. Subscripts p and s designate

the component'™n the plane of incidence" and "normal to the plane of

respectively.‘ Sﬁperscript (") denotes the reflected wave,

and superscript (') the transmitteé wave. Phi, ¢, is the angle of incidence

incidence,"

and refiection with respect to the normal at the dielectric—incident
medium interface while ¢' is the éngle of tefractidn;

Superscript "1" denotes the dielectric-metal interface, subscript
"2"'denotés the dielectric-incident medium interfaée; and '"3" denotes
the incidént;medium—dielectric interface. Fiéure 2 is a description
of the uéelof this notation in identifying the Fresnel coefficients
and.the local relative phase changes. o

As a ray of light falls upon a film-covered surface, multiple

~

‘reflection occurs at the film surface aﬁd at the»filmfsubstrgte
interface asvshown in Fig. 3(a). The system of reflécted and refracted’
waves‘in Fig. 3(5) is equivalent to the éyétem shown‘in Fig. 3(b),16
where 'E'" is a wave equivalent to all waves reflected at the film,

E; and E'" are the equivalents of'all ﬁaves in the fil@, and Em is the

equivalent of all waves in the substrate. The substrate is to be

of infinite extent in the -y direction.
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Coordinate system and sign conventions for the electric
field (positive direction of E, and Eg in incident, re-
flected in refracted waves is indicated by arrows). The
propagation-vectors are represented by k,, kJ and kg.
Subscript p stands for polarization parallel to the plane

of incidence and subscript s stands feor rolarization

normal . to the plane of incidence. The complex index of"
refraction of the adsorbing medium is designated n-ik.
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“Fig. 2. JIdentification of reflection and transmission
coefficients, with associated phase changes
due to reflection from different interfaces.
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Fig. 3. Reflection from idealized film covered surface. (a) Representation by multiple
- beam reflection. (b) Representation in terms of ecuivalerit waves.
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2. Fresnél Coefficients

The local Fresnel reflection coefficients for a dielectfic—covered

’

" metal surface are given byf15

E n cosP - n

1
r = ls = o f Cos¢ B . N (1)
1s Es n cos® + ng cosp' . a
- B mg cos$ - n_ cosd' .
rlp = Ep = n. cosd + n cosd' : : . (2)
E" nf_cos¢i - n cos¢; _
Tos = Eé = ng cosd' + n_ cos¢; (3)
T e o
oL E ] no cos¢ - ng cqs¢in | ( o
2p Eé n cosd' + ng cos¢; . .
where by Snell's law:
ni sing¢.: - v »
. cos¢' = - : : - (5)
. ng .
ni sin2¢ A _ :
cosd)' = B — : ' , (6)
Bem '

' . . . ' e sl s 1
The transmission (amplitude) coefficients for a unit incident ray are 7

2no cos?

t3s = n_ cosp + ng cos¢’' &)

n
I}o COS¢

(8)

t3p T h, cosd + n_ cosg’

£ o Y , ',



ﬁnf cosd'

tzs - cosd' + n cos¢ 9

T © 2n \éos¢'
o £ “o%%
2p n cosd' + ng cos¢

(10)

‘The complex reflection coefficient may be expressed in exponential form:

r=refS | 1)

" Without the use of complex arithmetic, the reflection coefficients‘can

be formulated as follows:>

) ‘ 2
A" + B° - 2A cos$ + cos“d 12)

lr, .| =
1s' A2-+ B2 + 2A cos$ +‘cosz¢

_ A2 +.B2 -~ 2A sin¢ tand + sin2¢ tan2¢
} |r1pl B lrlst 2 2 \ 2 (13
A" + B” + 2A sin¢ tan® + sin“9 tan"¢
where
A - -LZ- [\"(nz - k2 - n2 sin2¢)2 + 4n2k2 + (n2 - k’%— r_x(?; sin2¢)] (14)
' 2n” L v ° ‘ o
v & ,
B = J L [\ﬂlz - 1% - 02 s1n®0)? + a0l - ¥ - i - o] sin2-¢>]: (15)
. 2n° S v \
' o : o : , .

The absolute phasé change Gm is defined.as the differeqce betweeﬁ
the absolute phase of the light wave before and after reflection.
m is equal to l; 2 or 3 at interfaces. o

The overall refléction coefficients for.a film—éovered surface are

given by the‘Drude:Eqs. (16) and (17).

N
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E" r, +r.e 9 +28' :

- 8 _ 1s 2s e 0 (16)
Ts ES ' -i%' -
/ -. ll + LR P | ) -
_ -8 , .
;Eﬁ Tip FTop ° o, 17y
rp = E = ‘ _‘zé; e L T » (17)
lfrb?be

where 50 is the phase change aséociated with the optical path difference

due to passage of the beam through the film (as observed in the

image) : i Qﬁ
AS = and cosd' ' - (18)
Aﬂn d cos@' . g »
§ = %l AS = __f_j\___ v , _ (19)
o . : :

' : .
where A is the wavelength of light in vacuum, 66 is the phase change

had no film been present, and d is the film thickness:

‘ 4Tdn_ cos9
6 = — o | (20)

o.

The ratio of the overall reflection coefficients can be expressed
, : v ‘

in complex exponential form

3 A |
p=ct= tanye (2h).
s ' '

where the: modulus of P, tany, is the relative amplitude and Ais the

relative phase change:

b=6 -8 - - @2

The absolute phase changes can then be expressed without the use of

complex arithmetic by:
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Gé = tan 1 <— 5 28 ;os¢ ‘ | _ ‘(23a)
A + B” - cos? . :
and |
B _ -1 (2B dos¢(A2'+.B2 —;sin2¢li :
Q.= tan 2.2 1 ,2. .2 2
: A"+ B —T(n + k°) cos"¢/
n
o

~

The total phase change between the reflection from the dieiqctric-metal

>and dielectric-incident media is:2

S = 8, = 6 P | : (24)

Metallic reflection coeffiéients, Ty and rip, and phase changes,
| | 5
Glp and 613’ are aalcglated‘by program MER.
The relative phase for external reflection from a dielectric, 63, is
0 for s and p polarizations below Brewster's angie.(¢ + ¢' = m/2). Above
Brewster's angle 6p becomes T,

‘ L © 2,18
The intensity from the multiple beam model is: ’

cOs(G+81r63)-2t t fzr T cos(62+63)

v 9 |
(t t,r,) +2¢, t.r.r.. N
2 . . ‘
1¢d,)) =.r3‘+ 2_3 1 273°1"3 : 27371 ? 3 ‘ : (25a)
. : l+(r1r2) —2rlr2cos(6+61+62)
from which the Michelson fringe visibility V, which is a measure of
fringe constrast
I -1 .
( . | S
Ay = max min _
VY = 13T R (25b)
max min : ;

is determined by program MLNIM2 for different angles of incidence. -
.Inténsity maxima and minima occur at film thicknesses'associatéd

with the relations derived from Eq. (25a), that is:z.
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. ’ 2_‘ ' 2
A 2 (t2t3r1 - 2t2F3rlr3 +.2t2t3rlr2r3 o
I°.2 =r, + x (26)
min 3 1+ (xr,r )2 - 2r.r
1%’ 7 “h1h2
_.and .
(t.t.r )2 4+ 2t t.r.r. + 2t.t r2r r
NCTOS T I b o G A b A 253%1%2%3 :
max . ©3 ' ‘ (27)

2
1+ (?1r2)' + 2r1r2

. / _
Program MBINF calculates the intensity function, Eq. (25a), for variable

film thickneés.at discrefe'wavelengths covering tﬁe visible spectrum.2
In order to determine the film thickness at a discreet location on a 
wedge shébed film,several maxima and'minima must be observed to decide
‘which order of interferéﬁce is aésociated with the filﬁ thickness.

3. Elements of Colorimetry

According to the tristimulus theory, the sensation of color can

be described‘using three primary or tristimulus coloi‘s.19 The

colorimetry system;allows any color to be given in quantitafive terms.

The three tristimulus primaries are known as primary X, primary Y
and primary Z. The amounts of these pfimariés in an equal energy spggtrum
for the rangé\38b < A < 780 nm are tabulated as x(A), y(O) gnd E(X),

respectively.‘ For light of spectral intensity distribution I(A), the

amounts of the primaries are

780 . ' '
X f I(\) x(A) dA , (28) -
380 . :

IA) ) dr | (29

=
. {
w ]
[0} ~
o [0.2]
o

780 -
7z = f 1) 2(\) dA (30)
3 : '
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The ’intensity function I(A) is a product of the spectral emissivity
of the light source'P(A), the attenuation due to passage through

filters or reflection from colored surfaces or interference, and the -

‘

-

response factor of the receptor. No correction is required when the
eye is the receptor. The normalized chromaticity values, which allow

color to be specified without‘régard to intensity, are:
XTIy T g A | [ )
YTX¥YFz : - | (32)
Z2= YTy Tz o | | (33)

4. Chromaticity Charts

When white light is incident onto a thin film, the resulting
cblprs can be predicted using Eq. (25a) and Eqs. (28) through (33). The
inteﬂsityvfunction,\i(l) in Eqs. (28) throuéh (30) ié theh/a product
of the spectral emissivity of the light spurce;,tﬁe Spectréi distribution
1(d,A) of Eq. (ZSa) and ﬁhe reéponée attenuation éf the'feceptor; _The
weighted distribution coefficients B(X) ;(A), P(A) §(A),‘F(A) z(A)
for CIE standard illuminanﬁsare tabu.lated.20 Chromatici;y values and
the primafies are caiéulatéd for va;iabie optical path difference by
program CHROM;Z'

Avchtomaticity.diagram basedvon.‘é standard sburce (sourcé A
in this case) as achromatic stimﬁlus is shown in Fig.'4. The &hite
area of the chért was chosen‘to be thevminimum resolution of an obsérvef

as given By Wiight.zl Turney2 assumed an achromatic region ten times

this size. The color regions eorrespond to the spectral bands of
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Fig. 4. Definition of color names employed in the colorimetric
analysis of interference colors on the chromat1c1ty
diagram for white light standard source A. ’



Table I. Visible Spectrum

Color Range of A (nm)

Purple  410-424
Blue 424-491
Green "491-~575

‘Yellow - 575-585

Orange 585-647

N

Red - 647-700
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Table I in accord witﬁ CI1E conﬁgntion}g A qolo;’chart for medium and
low réflectance substrate materials is aﬁéilable.zf Figures S(a).and
5(b) shdw'tﬁe charts. It can be seen from the charts that différenées
in film thickness of a minimum of 200 angstroms are discernible'by'
color changgs provided the colors of the géfies arefoptically saturatéd.

Purity of colors is represented by increasing'displacement from the

achromatic center of the chromaticity diagram.

f

B. Interference Microscopy
 An alternative optical technique to ;hite 1ighz interference
-"measurement of film thickness is step-height measurement by double—beam
iﬁterference microscopy; This teghﬁique requires C§ating the sample
with a refleétiﬁg material prior to measurement. The incident beam
is sﬁiit and, before réunitiﬁg in the ocdular, both beams undérgO'

reflections from mirror surfaces. One of the mirrors is an optically

-"flat‘reference mirror while the other is the Sample. This coating

.

equilizes reflectivity and phése change in reflection from bare and film-

covered substrate parts. Interference gfises in the reunited beam due
to an thical path difference resulting from differences in the surface
topographies of the reference and sample éurfaces. Hence, step
measure@ent at the film edge gives the film thicknééé proVided the

film has a rectangular cross-section.

A fringe displécement equal to the spacing between interference fringes

‘corresponds to a variation in topography of half the wavelength of
the light used. Difficulty in locating the center of a fringe due to
the gradual change of intensity of the fringe near the edges limits

measurement of step height to films thicker than 250A., A major
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Fig. 5a. Generalized color chart according to Turney: 1ry3=0.60.
Color names: R=red, P=purple, B or Bl=blue, BG=glue-green,
G=green, Y=yellow, O=orange, W=white. :
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disadvantage of the technique is that the film cannot be used égain

for optical investigation.

‘c. Ellipsoﬁetrz_

Ellipsdgetry is the measurement of elliptically‘polarized light
which résuits from optical reflection. Two parameters are measured:

thé change iﬁ rglative amplitude, tany, and the change in'relative>phase,
A;.ﬁf two orthogonal components of light. These parameters are
includéd iniEQSf (21) and (22). The resoluqion of éllipsOmetry is.
.quiie high due to the following reasons: (1) rélétive rather than
. absolute measurements are pgrformed, (2) azimuth angles éangies
resulting from rotation around an optic axiss ‘are measured Qith quite
high resolutibn with available inst;uménts. In many cases, an increase:
in film'thickness by one waveléngth results in an azimuth change of
a full tufn.zz_ Undef these conditions an aﬁgular resolution of~0.61°
'rgsults,in an average.resplution in film thickness of 3X10_5vwa§elengths
or'aBout 0.2 A, | |
., Rearranging\Eq.‘(Zl)vby applying cémplex algebra gives the

definitions: -

-1 Im(p) | -
A = tan <Re(p) , . | C o (34)
- and ; .
Y = tan~l{f0|} A - (35)

It is clear from the dependency of Y and-A on P and Eqs. (16)
thfough (21) fhat both ¥ and A are dependent on the angle of incidence,

the vacuum wavelength, the refractive index of the incident medium,
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the optica%.constants of the substrate and the film, and the thickness
éf the fiiﬁ} A éoﬁpilation of compute; programé which ca}éulate film
thickness from ellipsoﬁetric measurements is given by\M_athieu.23 All
nomputatiohs are based oﬁ the aséhmptions that both film and'subétrate
are flat with unifbrm optical properties. |

D. Profilometry

Principles of operation of stylus instruments have been outlined
by Bickel,(i963).24 A stylus is mounted in a measuring head which

can be traversed across the specimen. Its path is the basis or datum

for measuring the profile or cross-section of the specimen. The motions

of the stylus perpendicular to the scanning direétion may be recorded
as a graph showing the geometric differences between the profile-and
the datuﬁ. .These‘differences may also be statistically evaluated to

obtain characteristic numerical values.

1. Skid aqd Skidleés Modes

In_therskidless mode; thé datum line is.genérated Byva smooth,
stréighf slideway fOr:the'measuring head. Measurement in skidless
mode is done by a "true-datum'" device accotrding to Reason (1944)25 and
measurement.inﬂskid—mode is thus done by a "surface-datum" device. In
the skid mode, @he datum liné.is generated by a member or skid-shoe

sliding on the surface. The surface-datum method produces a distorted

surface profile. The distortion depends on the surface profile, on

‘the size ,and shape of the skid_and on the distance between the stylus

and the skid.24 Stylus measurement in skid mode of very rough surfaces -

characteristic of specimens- which have been mechanically polished,
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milled ér groﬁnd‘exhibité large errors. These errots diminish as the
surface becomés smoother.

The true-datum method produces a faithful surface profile of.g
flat surface asvfhe datum line is generated. independent 6f the specimen.
Steeply sloping hills, grooves in the film and steps are accurately
reproduced-ﬁsing a skidléss—mode'stylus arrangement to within fhe :
iimits 6ffﬁﬁe instrument's resolution. The skidless mode, then, is the
more satisfactory method to measure thiﬁ fiim profiles and step heighté

of films.

2. Stylus‘Resolution Due to thé\Finite Size _
of the Stylus Tip o :

The 1a;éral resolution of>§he stylus instrument is limited by
tﬁe radius of the stylué which contacts the spegimen. The efféctive
profile,_&hi;h is Fhe locus of the center of cusature\of the tracer tip,
~ is reported. by Hésuﬁuma (1966)26 to be a set of gently sioﬁing hills.
"The line;r re§ponsé 6f thg stylus tip and the form of the curve traced
by a sty}us tip along a cosinevcufvé model of the épecimen surface was
coﬁsideredfby Nakamura (1966).27: In measuring it was shown that thé
wavevié deformed due to the shape and size of the ‘stylus tip. ‘Nakamura
-computed the minimum amplitude and pitch (defined as twice the waveleﬁgﬁh)
of a coéine wave éf inclination angle 15° below which a trace recofd
using a standard ASA stylus tip ofvradius 2.54 microns déforms‘an

input cosine’wave of amplitude_greater than 3 microns and a period

of 63 microns by 10%. Assuming this 10% tolerance level, the minimUmv:

amplitude measurable was 0.6 microns and the minimum pitchvwas 10 microns.‘

A faithful trace record for the same stylus tip for:triangular wave
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form inﬁﬁt of inclination’anglg 15° is 1imited gé wave amplitudes
' greater thanKO.Q microhs and to pitches g#eater‘than 95 microns.

’ The error accrued on input wave height (defined at twice the
émplitude of the wave) incr;aSes with'increasing‘inclination angle.
Since the inclination of surface protuberances is usually 15° or smaller
(Nakamgrak(l966)27), the e;rdr in measuring Wéve height for éurface
roughness on the order of a micron is generally less than 10%. It
can be deduced from these findings~that trace reco:ds:of square wave
forms such as réCtangulgr grboveé of depth in the range of a micron will
have deform;tion errors gréater than 10%. The deformation errors in
wave height measurements are eliminatedvif fhe.grddve is widé enough
to apbroximate a step. In general, steps prepared for the purpose ’
of meaéuring thin film thicknesg by tracer meﬁhods should be at.the
edge of-thé thin film to avoid step-height errors due to the size of

the stylus.

3. Stylus Resolution Due to Surface Damégg |

Surface damage produced by the stylus in traversing the specimen
has been.studied using a scanning electron microscope by Guerrero
vand black.28 The result of their SEM study shswed that the
surface damage produced by the stylus is the resulﬁ of an unconstrained
loading situation and is equivalent tqimaﬁy cher forms of plastic
deformation; in particular, plowiné.

A study of surface damage to a thin chromium film by a Spherical,
diamond stylus of load 50 mg and tip radius 5.54 microns wés done here

1 .
using a Gould Corporation Profilometer (Model 21-1120-00) in the

skidless mode. A plow.track was produced on the metal film by
! _ P _ _
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traversing the stylus to and fro laterally. Thé track depth and
width ﬁere then recorded by ?assing the stylus across the groove
longitudinélly. The tface record indicated the stylus had cut a
path.0.027 microns deep per pass and roughly 0.254 microns maximum:
.wiﬁth. Since tﬁe §ty1ﬁs resolution is 1iﬁitéd by the finite radius
of the stylus tip in this rangerof surface irregularities, no satisfacfory
caléulatioh of iqdentor (contact)'pressﬁre5 wﬁich is quite sensitive
to the measured track width, can be made usiﬁg this eStiméﬁion.
Track widths measured by Guerrero and Black gsing the SEM rangéd-from

0.5 to l‘micron'at the widest point for a conically-shaped, diamond tipped'
stylﬁs of radius 12.5 microns under a load of 200 mg on stainlessvsteel.v
Assuming the maximum fréék width corresponds to the area where the
full SFY1US load is appliea'and'thét the tréck‘width for a 2.54 micron
radius tip is.fdughly 0.25 microns, the indentor pressure (load
divided'by half the contagt area as the_dynamiq load is applied to
.iroughly #he front ﬁalf of thé sfylus tip) is 6h thé order of ‘56,000 p;i
for a 50 mg.load.> R. R.,Austin. et al. (19_73)29 report yield stresses.
of dieleétrics used in opticél coatings on the dfder‘of 40,000 ési,
so thét the Stylus is expec;ed to damage these films. |

. Guerrero and Black»(l972)28 report the fheoretical limit on stylus
resolution due to surface démage fbf a spherical tip df radius R, a
ratio of yield stress to iﬁdentor pressure of thfee, where Y = yield

stress and L is the stylus load by an equatian for the plow-track

"depth:
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For a dielectric thin film of yield stress 42,000 psi (3000 kg/cmz),
typicalvof films used in anti—reflectién coatings, the track depth.
estimated:by Eq. (35)rfor q>2.54 microﬁ radius stylus under a load of

.50 mg is 0.035 microns. This value is larger than the'plowFtrack'
measurement on\the_chromium>film. Stylus reéolufion_for ?rofile
measurement, then, is ﬁegligibly'affected by surfacé damage effects

when cbmpafed’to the effect ofksfylus-size on resolution ofvsurféce
traces. However, surface damage is the primé\limitation on stylus
resolution for steg height meausrements since the size of the stylus

tip doesvnot affect the measurement of the‘step."Hence, step meaéufement

is restricted to steps larger than 350 angstroms.

4, Seismic Restrictions to Stylus'Resoidtion

Seismic vibratiqns can be a limiting factor before ; trace recdrd
Af the specimen's surface is made. A 750 1b granite sléb was used‘éo
re&uce the amplitude of seismic noise reaching the étylué. The frequency
and amplitude of all background vibrations ét thé su;face of the
granite insulation in fhis expefiment were il cyclés per second anq
85Iangstroms,vrespectively. The insulation reduced'seisgic noiée from
an undamped ampliﬁude of 0.37 ﬁicrbns to 0.0085 microns. The depth
of a plow track produced by a 1ightﬁeight (50 mg) stylus is roughly
250A whichlis about three times greater than the seismic uncertainty. \
Thérefore, under the present circumstances, seismic noise is small

compared to surface damage and has a negligible effect on stylus

resolution.
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5. Stylus'Resolutibn Restrictions due to Skipping

Skipping is the phénémenon whereby the stylus encounters friction\_
rqsistance due to local contaminationk(residuai cutting lubricants'
in the case of machined films, oxide films, etc.)”during plowing
deformation. Guerrero and Black observed differences in the tracks
of the stylﬁs on a sfainleés sféel surfaée with respect to the direction
of\motion of the stylus a; a resplt of the stylus reéponsé to the local |
topogfapﬁy'and friction conditions coupled with the ‘plowing deformation.
The effect may be quiﬁe pronouncé& with mechanicaily or ultrééonically
cleéned metai surfaces because large quantities of impurities are
usuall& imbedded in the éuffacg during these processes. Vacuum
deposited,AhomogeneouS'thiﬁ films, however,. are usually free of imbedded

surface contaminants. The aspect of skipping in stylus measurement of

‘film-steps is neglected for this reason.
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III. EXPERIMENTAL
In order to combane'the film profiles as measured by the observation
of colors and with the spectrophotometer with thoseadetermined by
'eliipsometry end.stylus and interference step height ﬁeasurements, solid,
dielectric films were‘formed on flat,lvaeuum—depesited, opaque metal
subsfretes. Vacuem deposition yielded clean, reproducible substrate

: . _ ,
surfaces. The metal was deposited on glass slides. The optical. constants

of the metals were determined ellipsometrically. The effect of variations

" in the optical constants of both the film and substrate on the ellipsometric-

parameters was considered. Tests for/anisotropyuin the dielectric films
were also made as an off~a#is depositing scheme wasIUSed fo preperé'
dielectric wedges.

White, polarized light interferenee was used to measure film profiles.
.Light reflected from the films Qas measured in three sepafete ways:
(1) the color was recorded photographically, and the profile estimated
from the colors and color transitionms, (2) the interference spectrum.was
measured at discrete film positions with a»spectr0phofometer, and
(3) the spatial distriButien of selected waveiengths‘was measured along
the film. . The first twovmethods were used by ’i‘urney,_and‘Muller.l’2

The advantege of using white-light over monoehrometic 1ight for film
ehickness measurement is that different interference erders can be
distinguished since the colors are non-repetitive.

For a wedge shaped, transparent film, white light yields maxima

and minima at several wavelengths which depend on the film thickness.
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‘Absolute intensity measUrements were inaccurate because external
fluctuationslcaused the instrument calihration to wander. Relative
intensity measurements cancel out externalffluctuations such as those
of the light source and imstrument. By scanning for‘naxima and minina
of thehintensity ratio,,calibration of the spectrophotometer is eliminated.
Therefore, he techniques of scanning the visible spectrum and scanning
the film at fixed wavelength for maxima and minima of relative inten31ties
were used.

Polarized light was used to create well defined phase change
conditions, since the phase change in reflectlon depends on. polarization.
Above Brewster's angle ds‘and Gp ditfer by 180° for'dielectric reflection.
This difference in phase results in approximately complimentary colors
for the tno polarizations at a given film thickness;-

) i
"Film profiles were determined using an ellipsbmeter"also. A

- ,monochromatic light beam was elliptically polarized by introducing a

quarter-wave phase retardation and reflected from the dielectric—metal
ensemble. The change in the state of polarization upon.optical
_ reflection was such that the reflected beam was‘linearly polarized.
Azimuth neasurements of the polarizer and analyzer rotation around
the optic axis were madeAautomaticallyvusing Faraday cells., The film .
thicknesses were then calculated from the‘measured values of the
optical constants of the bare suhstrate, and the ellipsometric
parameters,-w, and A of the filmfcovered surface.

A profilometric determination of ‘the film thickness was also

made. In order to determine the film depth, traces of the stylus:

. tip were taken over a step separating the film from the substrate.
. .
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Tésts were made to determine the seismic limitationé of step-measuremenﬁs.
Tr;cesrweré taken atvdiscrete film positibns; Uniformity of-film thickness
acfoss\the fiim (in thé X direction) was a criterion of this;technique.
Since fiims prepared by thermal evaporation from a point source exhibit
circulaf.interferencé fringes, it was, therefbre, necessary to limit

the amount of>fringe curvatufe to a tolerable level. This was doné

by adjusting the Aepositioq disﬁance and by masking the substrate.
-Therefore; fhe step height meaéured p£ofil§metrically aloné‘the edge’

of the film and the film thickness across the film were nearly the same.

Lastly, f;lm thickness wés measured using a Zeiss-Linnik -

Interferometric Microscope. In order to use this technique, a réflecting
coating had to.bé applied to thg dielectric film-metal substrate combin-
ation in order to equalize reflectivity and phase'change'on both éides/
of the'stép. Step height ﬁas then measured at discrete film locatioms

by measuring the displgcement of monochromatic interference fringes.

A. Film Preparation

1. Selection of Materials : . : S

The choice of film and-substrate was based on both their_réspectivev
optical properties and their joint optical effects, Selection began-
with the chéosing of the substrates such that a wide ranée-of relative
phase change, 51, was'realiéed simultaneously with a wide range of

reflection modulus, lr This insured a large variance in available

1l
reflectances. Figures 6 and 7 show several bare metal and semimetal
positions on Irll - 51 plots. The reason a wide range of metal

reflectances was desired was to determine: (1) capability of resolving

colors on high reflectance substrates, (2) comparison of color series

i
[ DO —
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" Figures 6 and 7
Identification of circled numbers.

Number Material n -k A(nm) - Reference
1 . Ag  0.08  3.40 \546.1«_ 45
2 . AL 0.81  5.47  S546.1 11
3 Cr 2.11  1.55  589.0 46
o si 4.14  0.03 © S46.1 47
5 Ni  1.80  3.29  546.1 48
6  sn 1.48 3.54  589.0 49
7 Mn . 1.83  3.17  546.0 50
8 Be  2.66  2.36  546.1 51
9 TL 2,41 3.24 . 589.0 52
W 3.90 3.5 460 - 53 .
‘11 Ta 3.3 . 2.30  s46.1 54
12 Mo 3.59 3.4l 546.0 1
13 Nb 3.60  3.60 R .55
14 Fe 3.35  1.15  546.1 56
| 15  Ge  5.20 2.10  S46.1 57
16 - InSb . 4.18 1.94 564.0 58
17 ‘ .\FeSi 2.661 . 1.29  589.3 59
18 CaAs 4.00 0.31  S46.1 60
19 InAs 4.32  0.56  563.0 el
20 I 3.47 036 563.0 62

21 GaP  3.65  '0.001 520.0 - 63



for reflection from a bare metal substrate of refractive index n =n-zk.
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with p¥edidted series for ﬁedium refléc;anée substrates and (3) comparison
, of‘color series with predicted series fof‘dieléctrié or‘low reflectance
‘substrates. —(Index values‘ére for deposited metals‘in some instaﬁces.)
Hence, the range of-possible color Seriés exten&s to several color
charts (each chart is vali& for a specified reflecfance quulusj.
Since 51 is depéndent'on the indek;of-refractioﬁ of the film, the
cﬂoice of'the.film materials was based on obtaining the widest range
of 5l'for'e§ch substrate. This'inéures the widest range of Gde for
the film—suﬁstrate pair. A'wide range of STOT af’any pqrticu}ar value of
lmodulus of reflection provides a sampling of color-series in different
portidns of the color chaft. \Siﬂge the ﬁhasé behavior of s- and pflighﬁ
is different, color sérieg for s- éﬁ& p-polarizations.are associated with
differeﬁt values OfdeOT' Figures 8 through lé(show pléts of GTOT vs
angle of incidence for the film-substrate pairs selected. The pairs are
not only the result of a selectién of the basis of éptical effects,
but are-£he result of considerationé of chemical aﬁd'mechanical sfability.
The 0ptimum\angle of incidénce, corresponding to obseryatioﬁ of
fringes with the best'contrast, was based on ﬁumericai computatibn of
.fhe Michelsdn fringe visibility of 584 nm incident light‘wavelength.
Figures 14 through 18 are plots of fringe visibility vs angle of
incidence for each film—subsﬁrate pair. The angle of incidencé selected
for observing.intefference colors was chosen both on the basis of these
figures and on thé basis of the area of film surface sampledvby the
fibetr prpbe at the.apgle.‘ In the case of large values of optimum angle,
the area of film surface available for sampling ﬁas much 1e§s tﬁan the

elliptical aréa sampled by a fiber-probe, so a compromise was mgde,hetween

S N .
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maximum fringe visibility and mimimum allowable sample space. For -
dielectric-aluminum pairs, this meant observing fringeé at 80 degrees
angle‘of incidence instead of at the optimum angle of incidence of 88°.

. | : : : \
All chromaticity computations were made for the observation angle.

2. Cleaning of the Substrates

The purity of substrates ié vital ;olobtainingfémooth, optica}ly
uniform, mechanicaily sturdy thin filﬁs in vacuum by a therm?i |
deposition preparation,30~ The substrates for deposition of metal
films were polished, 3 by 1 iﬁ., glass microscope slides. . The'slidesv
were bathed‘in an aqueous éblution éf potassium dichromate and

i

sulfuric acid at 150°F for 4-5 hoﬁrs éftef a thorough detergent cieaning.
Then, the ;lidés’were'rinsed with cold distilled water and immersed

ip hot distilled waeer for an’ additional hour. These washings weré

done to remove contaminant molecules such as grease and heavy metals.

The slides were rinsed again in a streamof distilled water and quickly
transferred to a desiccator for 24—hour‘é£ying. Precautions wefe taken
;o avoid‘contamination.by the desiccant, Driérite, in that shielding
was.placed between the substrafes andvdesiccanf, Adhesion of depositedr
metal films was satisfactory.

Instead of deposiﬁing silicon from a.vapor phase containipg

10_6 Torr of residual gaées (02, N2, CHA,'HZ, HZO)’ silicon wafers 3-inch
in diameter and 20 mils thick were used. The silicon surface was highly
polished with surface irrggularities (roughness) of 3008 determined

profilomettically. To clean the wafers, a two-step procedure was used.

First, the silicon was immersed in a concentrated (48%) solution of
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Hydrogen fluoride. Having been thoroughly rinsed in a distilled water

’stream, the wafer was then immersed in an eduéi—weight solution of hydrogen
_pefoxide and hydrogen chloride. The_firét cleahing removed light metal
‘contaminants, while the secgnd cleaning removed heavier contaminants.
' The wafers were bathed iﬂ hot distilled water and transferred.to a
desiccator.

In o;der to leave éxPoSed strip§2of bare substrate'bf masking,
deposited chrdmium and aluminum films were,removed.from\vacuum before
-fdieleétric films weré'deposited. Oxide léyers of indeterminate thickness
formed so thatrindependent measurements of the substrates' optical
properties were fequiréd.‘ The effect of a +20% véria;ion in both refracﬁive

index and extinction coefficients is discussed in Section 7.

3. rDeposition Apparatus ‘ B : ;
Iﬁ ordef to prepare the dielectrinmetal pairs, a thermél
deﬁbSition method was empioyed.‘ To achieve high Gacuum, an
_aufomatic vacuum apparétus (Mikros; Automatic Vacﬁum Evaporator,
Model VE—lO) équ;pﬁed with feed-through electrodes was used;'
Mechanical.énd diffusion pumps evacuatéd é 10 in.vby,izvin. cylindrical
bell 5ér within 10 minﬁtes‘tovafﬁressure.of'O.l micron. Within a half-
’ houf_the~ab$61ute pregsure was 10—6-Torr. four 5/16 in. 0.D. currént
feed throughs rated at 100 amﬁs-SO volts were pr&vided\togeﬁher with
" . a rotary specimen holder; Pt, lO%th thermocouples were installed
to monitor evaporant source tgﬁperatures. Feed'through and holder
were both O-ringvand'teflon'seéled while the thermocdﬁples werebepoxy—
sealed.‘ Both a Pirani,traﬁéducer:syStemvand a discharge vacuum meter
indiéated pressure in.the bell jar.r Adjustable copper electrodes

were built to position the sources.
\
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A turntable mount for the specimens was cdnstructed which premitted
both angular and vertical adjustments. The specimen was firmiy clamped

to a special holder which permitted a separate rotation of the specimen

about itsicenter axis. The specimen could be either moved past the

vapor stream or malntained in a stationafy positidn during depoéition.
Attempts were made to deposit.at normal incidence by moving the

subsfrate‘in.é linear’fasﬁion past the source axis, but control of

the plénetary'rotation of the specimen was not adequate to produce a

slowly fapering wedge film. Therefore, an off-axis deposition arrangement.

was used for wedges. Adyantage was takeh of the cosiné squared material
distribution at the substrate fof'condensate vapovized from a point-
souréé evaporator., Aléhough the ‘actual source used was an extended ,
\source ﬁvaporator, the materiél diétribution with respect’to depositi&h
angle (the angle made betweeﬁ'a ray in the plane of the substrate and
a ray from the evaporant source to a féint on the spbstrate) differed
negligibly from that of a point séurcé.
The.evaporant source’for powdered materials is déséribed in

. Fig. 19. The "boat" crucibles were constructed from 10-mil thick éheet
molybdenum, tantalum and tungsten. The crucible in the cenéef of the
boaf reaches temperatures above 1200°C. This high temperatu}e is ‘due
to the reduced area for cﬁrrent flow resulting in high local current

densities and resistive heating. Tapering the fins allows' a greater

current to pass through the crucible énd results in higher source

30,32

temperatures. Other source designs are possible, but few require

- as little machining or yield as high temperatures for the same current

loads.
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\F.ig. 19. Diagram of evaporant source for powdered materials.
1. baffles, 2. crucible, 3. fins, 4. screw holes
{for electrical connection). v S
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A hélical tungsten 'basket' evaporator was used to evapofate
élumiﬁum wire. The source was constructed by winding 20 mil tungsten
wire into a spiral. Small sections of evaporant.wire were hung onto the
"basket" and, then, mélted so that the evaporant eveﬁly wetted the
tungsten coil. The wetted évaporant could then bélvapoyized b§ raising

the coil temperature.

4.  Preparation of Metal Substrates ) - T

The selected substrate maﬁerials were aluminum, chromium and silicon.
The substrates ﬁere prepared by ﬁhermal deposifionyin the firét two
instances while p-type, boron doped silicon wafers were used in the
lafter case.

Aluminuﬁ substrates were prepared by vaporizing aluminum from'tupgstenl
coils, Aluminum wire, 15 mil in diameter by 1/8 in. in length, wetted the
tﬁngsten'at 960°C. At'960fC the vapor pfessure of aluminum isf8><10_5 'I_‘orr.33
The substrate, a microscope élide‘chemically cieaned33 to femove
contaminants, was then centraily positioned 10 cm abo&e the source
axis'(normal‘to the center of the source). Résidual:gas pressure as
indicatea by'the vacuum discharge tube transducer was 10_6 Torr. Ihe
coil was then heated resistively to about. 1500°C at which temperature
aiuminum has a vapor pressure of 2>.<10_1 Torr. According to the kinetic
ﬁheofy, the number of alﬁminﬁm atoms st;iking unit area of the

. e . , - -1 10
substrate at normal incidence is 3.4><109 atoms cm 2sec l.

The area. -
of a single adsorbed aluminum atom is about 6.54A2 so that a monolayer )

deposits in 2.2><10_6 séc. Hence, a micron thick film forms in about

a second assuming total adsorption.
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The minimum allowable film thickness of aluminum was based on
.the #alue qf the penetration’depthlfor light. The penentration depth,
—y;.is defined as tﬁe distance into the metal fiim at which the square
of the electric>fiéld aﬁplitude ga measure of light intensity) decreaseé
by a factor 1l/e. Light étk650 nm incidént'normally onto an aluminum
| film (having an extinction coefficient of 6.51) dissipates by a factor
1/e éf a thickness of 97A; Deposition occurred at near normal incidence
by planetary rotation of‘the~specimen through the vapor stream.

The glass.slides were.méskéd with molybdenum shéét masks in order
to provide an exposed strip of glass for step measﬁrement of the metal
film.. Average'step-height values for aluminum filmskon glass, obtained
by frofilbﬁetry, were in the rangé of 400 anéstroms for a deposition .
duration of 5 seconds. At this film tﬁickneés, the aluminum film is
impenetrable to ail“épectral wavelengths at all angles of incidence.34
A check of the film's impenet;ability to light from a white’

' gas~ditharge lamp/(fluoreéceﬁt) confirmed that the aluminum films‘were
opaque. |

Chromium films on glass were prepared by resistively heating .
electronic—grade'(99.999% pure), péwdered metél from tungsten and. Ta
Vsheet metal boats. Although the récomméndéd material for constructing

30,32 tantalum boaté were suitable.

"an eﬁaporatbr for chromium is tungsten,
_Tungsten/sﬁeet boats became'extreﬁely brittle upon heating and fractured o
frequehtlf. Tantalum, although a iower~melting material thaﬂ tungsten,

) could be cut more easily and was more resistant Fo thermal.stress.

. Boat temperature was 1200°C during vaporization. At this temperature the

vapor pressure of chromium was 4X19-5’Torr. Deposition duration was 15 min
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after whichltime a measured fiim of 700A_yas formed. The penetration
depth'fOr light for chromium films (of extinctinn coefficients 1.55)
is 350, - A

To test for pinholing, the metai films were inspected under a
high-resolution, white light microsndpé.' The homogeneity of a
deposited metal film depends onvthe fatio of the évaporato£ temperature
and the substrate temperature ms well as on the condition of tne

35,39

substrate. Since the substrate was at reom temperature at the

beginning of’condenéation,.Hnmogeneous films of aluminum and
,chrominm were anficipaped.36’38 However, the substrane température
during condénsatidn could not be controlled so‘thanltests of the
homogeneit§'of(the metal filns were required. Négligibie pinholing
was observed for eithef metal film. |

Mechanical stability and adhesiveness to the glass wére‘teéted
using a strip of_tape. Films damnged by rapidly nemoning a strip of

N

adhesive are considered mechanically unsuitable for use as solid

37

fiims. Both metal films passed this test.

The silicon waférs weré,masked before mounting in the vncuum
chamber. to expp;e a trapezoidal area of substrate 1 1/2 cm at the . -
'widest point by 7‘cm long.. The silicon was not evaporated because of ifs/
high chemical réactivity,with residual oxygen and nitrogen. In generai,
the ;eactivity of residual gases is of minor importance at chamber
pressures of 10—6vTorr orrnelow for thermal deposifion techniques; For

14

plasma methods, however, residual gas partial pressures of even this
vanishing magnitude constitute a major problem of reactiviﬁy.AO The
optical pronerties of thermally deposited silicon are sensitive to

oxide and nitride formatdon even at concentrations produced in
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vacuum~chamber atmospheres;41’43’37 "The formation of the mono and

’

di-oxide mixtures may result in changes in the metal index of refraction

as well as ‘the color of the material.
5.  Preparation of the Dielectric Wedges:
Test for Anisotropy .

The dielectric materiélé selected to coat the metals were cryqlite
(Na3Alf6) (Matheson, Colemén‘and Bell Chemicals Co.) and éinc sulfide
(Research Chemicals Co.). Besidés satisfying the‘optical requirements,
these matérials'gre industrially usgdvfor Optical_coatings. The
indices of refraction of cryoiite and zinc sulfidé are 1.30%0.01 and
2.30, respéctively.10 The index of refraéﬁion df ZnS is independent
»of anelength for the visible'sﬁéctrum while if is also independeht‘of‘
film thiékness for films thiqker_than SOOA.Q .Thefeffect of variation
in tﬁg film indices on the eilibsométric pa;amétérs'¢ aﬁd A is considered
in Seétipn 7. o

In:order to produce wedge films_in the réhge of film thickness
:from 0.05 to 1 ﬁiétbn, several‘Wédggs of each pair'had to be prepared
in'some instanées. Successive‘wedges'were deposited at. increasing
durations so that -their thickness profile; overlapped.

The‘éubstrates, which Weré deposited filﬁ in the cases of aluminﬁm
and.chromium, were mgsked_with molyb@enum'sheet prior to mounting in |
the vacuum chémber. This Qés done.fo provide a strip Qf exposed metal
at the edge of the dielectric for step-height measurement ﬁo the |
metal surface;n Wedges were obtained by directionéi deposition at a
soﬁrce to.subsﬁraté (edge) distance of 10.5 cm. Tapering foiiowed
roﬁghly a cosine squared distribution with respéct'to the depogition

angle. Only half the distriBution was used in the depositing scheme
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employed. Ihe minimum inclinationvof thg vapor stream with respect
to the substrate normal was 34°. |

Af this large inclination of thé incident vapor str;am, oriented
-films Qere anticipated‘.43 This orientation wquld result in éptical._
anisotropy which distorts the interpretation of colors f£om whitellight
intérference. To -determine the effect of Qrieﬁtation, pairs of
dielectric wedges were deposited on glass so that the thickness PIOfileé
of the ﬁembefs of a p;ir; a pair~beiﬁg characterized by a common
.dieiéétfic, overlapped with.the same thickness produced'at“different
inclinétibns.- Thépfilmé Weré speqtrophotogetriéélly,scaﬁned con-

. tinuously with réspect to film position for maxima ardd minima at
disCrete.wavelengths in theAvisible Specfrum. Their stép—height_préfiles
were measured using a profilometer and an interference microscope.
The position of maxima and minima was-théﬁ comﬁaredvfor the portions
of the films belonging_tq a pair having the same range of thickness;/
Figures 20(a), (b) and 21(a), (b)'shdw the results of the tes£s.for
anistropy.of the ZnS and cryolite wedges.

{ :
- A difference of 300A‘wés observed between the thickness of the
films at the same maxima or miniﬁa. with regard to the measurement

_ techniques, however, the difference is close to the resolution
of the.instrumeﬁts. fhereforé;'no pattern could be distinguished between
the degree of'orientafibn,‘indicatéd by the valﬁe.bf the depésition |
anglé, and the anisotropy as determined By'profile differences at

.spectral maxima or minima.

Films prdduced in this manner showed wide fringes, 0.25 in. in

width, with no appreciable curvature. Curvature of the fringes using

an extended evaporator, such as the one used, is elliptical rather
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Figures 20

Comparison of mechanically established film thickness for
wedge films of cryolite deposited on glass slides at positions
_ of spectroscopic maxima and minima identified in Fig. 20a
using p-polarized light for two samples.

~ Max. Min. Film Thickness (A) Deposition Angle (Degree)
| Sample 1 Sample 2 - Sample 1 Sample 2
o 2750 — 26.0° —
1 2950 R TN L —
2 5300 5500 18.5° . 29.6° -
3 6000 6100 14.8° 27.5°,

4 6900 6900 . 9.5° 25.5°
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Fig. 20a. Anistropy. Film profile of sample 1 of cryolite film on glass
determined by mechanical step-height measurement. Selected maxima and
minima of intensity are indicated on the top. The numbers correspond
to: 0 minima at 600 nm, 1 minima at 650 nm, 2 maxima at 650 nm’

3 maxima at 470 nm, 4 minima at 650 nm. ' :
® Mechanically measured step height.

.
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Fig. 20b. As in Fig. 20a. Sample 2 of cryolite film on glass.
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Figufes 21

films of zinc

sulfide deposited on glass slides at positions of spectroscopic
maxima and minima identified in Fig. 21a using p-polarized

Sample 2 .
710
1100
1360

1500

light. _
: _ﬁax; Min. Film Thickness (A,),
o Sémple‘l
0 .' 510
1 650
2-, 1020 -
3 1160
4 - 1250
s

1670

beposition Angle (Degrees)

Sample 1

34.8°

29.0° -

15.4°
9,2°

5.1°

Sample 2
- 28.0°
19.8°

- 18.5°
14.4°

2.7°

*Filmbthickness at a given film position was determined by taking
- the average of step-height measurements by interference microscopy
and profilometry interpolated for the film-position of
interference minima and maxima.
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. 2la. Anistropy: Film profile éf sémple 1 of zinc sulfide

_ Fig

film on glass-determined by mechanical and optical step—-
height measurements. Selected maximd and minima of intensity

~are indicated at the top. The numbers correspond to:

O-maxima at 520 nm, l-maxima at 580 nm, 2-minima at 580 nm,
3-maxima at 470 nm, 4-minima at 580 nm, S5-maxima at 580 nm.
® Mechanically measured step height,

O Optically measured step height.

\
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Fig. 21b. As in Fig. 2la. Sample 2 of zinc sulfide on glass.
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than circular for a plane substrate, Hence, masking the substrate to -

eliminate regions of large curvature of the fringes results in straighter

~

- fringes.

6. Definition of Specimen Coordinates

Figure 22 shdﬁsltheléoordinate"system used fo lbcate fiim positions
of inte?est. The origin of the z and x axes is at a corner of #he
glass—slide ﬁear the thin edge of the dielectric wedge.. The direction
of increasing z is the direction of increasing wedge thickness. This
direction was chosen to facilitate’orienting the film. Thick and thin
edges of the taper were easily located since maékihg was trapezoidal.
Tﬁe wide edgé of the trapezoid corrésponded'té the thick edge of the
taper and vice veréa.

Diamond scribe marks aiong the strip 6f;expoéed s1ide were cut along
the. z-axis. Uniforﬁity of_the film in the x direction was essential
for sampling with the optics probe. |

The Origin of the y axis was the.surface of the metallic subétrate.
The reasqn'ther;eal substra;e sufface was chosen was to eliminate the
effect éf éossible variatibns in tbe'fhickness of the.metal substraté.-

' The +y direction is indicated by an arrow head.

7. Optical Constants

The literature values of the optiéal constants could not be relied

v

upon due to possible surface adsorption and oxide formation on the

substrate. In order to test the literature values, ellipsometer

~

parametérs at various film thicknesses for ¥ and A were measured for



: - XBL7310-1988 '

Fig: 22. Description of specimen coordinate system. 1. Glass slide. 2. Metal substrate

layer. 3. Wedge-shaped dielectric layer..

_09_
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each film-substrate pair and compared to computed values, assuming a

’ \variabilityfof film and substraté‘indices of\iéOZ. The results are showﬁ
in Figs. 23 through 34. The plots indicate that selection of

reported optiﬁal propertiés is satiéfactory to within *207 in éll cases.

B. Thin Film Interference

1. bgpéiCai Bench

| Thé opticai benéh used beere by Turney is shown.in Fig. 35. Three.
images were,récoraed simultaﬁeously by the camera: a caption and two
1imagés of the sﬁrface.

The light sourcés were ﬁwo‘microscope lamps focuséd on-gréund glasé
,screens;b The-ligﬁts pperated at 18 watts each. A palr of irisis (diam.
1/8 in.).were placed in front of the screens to define'approximate‘poiﬁt
sources. A pair of positive lenses were used to provide paraliel-beams to
reflect from ;hevfilﬁ surface. Thé two>beams-wére polarized, using /
‘PolarOid'fiifefs, normal and parallel to the horizoﬁtai plane of
incidence. -

The cqllimating optical bench‘was mouﬁfed on a table ﬁhich could
pivot ‘about é commOn'axis with the surface. Thus; the angle of inpidence .
- could. be vafiedvto obtain the angle of best fringe contrast. A field
lené blaced_néar tﬁe film sﬁrface refocused the colliﬁated,.reflected
‘beam. This lens focused the light to- the diaphraém of the camera
objective and allowed all the reflected light to be received py the
camera. | |

The nominal angle of iﬁcidence, ¢, is one half_fhe reading dn the,
track on which the mevabie optical bench rides. The separation between.

the p and s polarizations was 6°. The actual anglés'of incidence were

¢+3° and ¢-3°, respectively.
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Fig@ 23. Comparison of measured and computed'ellipsometer quantifies

VY (deg) and A (deg). 2ZnS film on aluminum substrate,
$¢=75°. Computed nurves for fixed substrate refractive
index, n 1=0.82—5.41i, and film refractive index that
varies aébut the literature value of 2.3. Vertical lines
indicate film thickness in_A, + measured data for sample 1,
® measured data point for sample 2.

-
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XBL7310-5436 ‘
Fig. 24. As in Fig. 23. Computed curves for fixed film refractive

index, n,_ _.=2.3, and variable metal index.

ZnS v
1. nA1=0. 98-6.487

2. nA1=0.90-5.‘947f

3. n,,=0.74-4.86%
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360
XBL 7310-5429

Comparison of measured and computed ellipsometer quantities
¥ (deg) and A (deg). ZnS film on chromium substrate,

$=75°. Computed curves for fixed substrate refractive
index, n r$2.ll-l.55i, and film refractive index that varies
about the literature value of 2.3. + is measured data of
sample 1, e is measurement sample 2,vand()is sample 3.
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Fig. 26. As in Fig'. 25. Computed curves for fixed film refractive
index, n=2.3, and variable metal index. The single line
encompasses a *207% variation in N and K of.the substrate.
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Fig. 27. Cbmpafison of measured and computed ellipsometer quantities

VY (deg) and A (deg). ZnS film on silicon substrate,
¢=7.5°. Computed curves for fixed substrate refractive
index, n_.=4.14-0.037, and film refractive index that
varies agéut the literature value of 2.3. + measured data
point of sample 1, e measured data of sample 2. '

s
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Fig. 28. As in Fig. 27. -Computed curves for fixed film refractive indes, n, S=2.3, and :
: N0=3,90-0.02857,

variable metal index. 1. nAl=3.31—0.025i, 2. nAl=3.SO-03026i; 3

n
- met ; © Pl
4. n, =4.70-0.03451
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XBL 7310-5407
compafisoh_of measured and computed ellipsometer quantities

Y (deg) and A (deg) . Cryolite film on aluminum substrate,
$=75°. Computed curves for fixed substrate refractive index,
n 1=0.82—5}40), and film refractive index that varies about
tﬁe literature value of 1.3. +'s anameasur%d data points. -
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> Fig. 30. As in.Fig'. 29. Computed curves for fixed film refractive
’ index, n=1.3, and-variable metal index. 1. n,_.=0.74-4.867,
- .. . Al
nA1=0.98—6.49‘L :
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2000

Fig., 31.

360
XBL7310-5412

Comparison of measured and computed ‘ellipsometer
quantities ¥ (deg) and & (deg). Cryolite film on
chromium substrate, ¢=75°. Computed curves for fixed
substrate refractive index, n, =2.11-1.557, and film
refractive index that varies about the literature value
of 1.30. + is measured data.

e
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‘ Fig'. 32. As in Fig. 31. Computéd curves for fixed film refractive’
index, n=1.30, and variable metal index. 1. nCr=2.Olfl.47i,
2. ncf=l.81—l;34i
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Fig. 33.

360
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'Comparison of measured and computed ellipsometer
. quantities V¥ (deg) and & (deg). Cryolite film on

silicon substrate, ¥=75°. Computed curves for fixed
substrate refractive index, n_.,=4.14-0.037, and-film
refractive index that varies a%out the llterature value
of 1.3¢. + indicates a data point.
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As in Fig. 33. Computed curves for fixed film refractive

“index, n=1.3, and variable metal index. 'l. ng =4,74~0.0847,
'nSi=3.91-0.029i, 3. nSi=3.51—0.027i, 4. nSi=3.§

0-0.024%.
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Figure 35
Schematic diagram of optical bench.

. (1) Microscope lamps
(2) Neutral density step wedges
(3). Sdﬁrce iris with diffusing screen
(4) First surface mirrors for captions
(5) Collimating lenses | .
(6) Polarizing filfer's—polarization
(7). Polarizing filter prélarization
(8) Sample. surface
(9) Field lens

(10) ~Stereo;nirror systém

(li) Caméra objective‘x

(12) Camera diaphragm

(13) _Film plane

14)  Focusing lenses for captions

(15) Captions



vFig. 35,

14

10

Schematic diagram of optical bench.

1

2

13 .

XBL T012-T7L32

-SL-



-76—

A stero mirror system, placed ahead of the camera, was adjusted

so that thg two beams qonverged and crossed at the point where the
source irisis were in épcus. This is the point whexe tﬁe diameter of
the beams is smaliest. Thevdiaphragm of the camera'objective was
placed at this.point to preveﬁt’vignetting of the images.

‘ The camera used was A‘Nikbq F 35 mm-body. This was usgd with a
406 nm objective formed by coupling two 800 mm aéhrdmatic,thin lenses.
The camera‘and objective were mounted separately. so that‘the camera
could'se removed to align the objective.

A gentie-Shutter release was necessary to.prevent Vibrétion from
blurring the phofos. A timer on the camera allowed 10 seconds to elapse
between shutter releaée and setting the timer.v'Tge photbgraphs weré |
taken on Ektachrome color slide’filh balanced for 32005K tungsten at
1/60 second exposure time. .

" To recordztﬁe‘film—substrgte combination, léttering that indicated
‘the nominal angle of incidence, thé sampié number  and the.exposure”sgtting’
was assembled on another-oﬁtical bench as a céption. A system of mirrors
.and lenses Brought the image\of the captioh in-focus next to both iﬁages
of the speqiﬁen surface;
| The alignﬁent procedures for the optical bench have been described

bvaurney.2

v



=77~

2. Chromaticity Values » ' ' - -
Calculeted chromaticity values* afe'shown in Figs. 36-£hfough 47.

For each fllm-substrate pair, ‘there are two charts corresponding to

s and p-polarizations of the incident light. The hue is purer the

1arger the displacement. of a point on the curves from the region of

white. Each point corresponds to a thickness of the dielectric "film.

‘3. Color Series

From the chrbmétiéity values, color series were determined'at the
angie‘of incidence of the obeervaeidns. The obser&ed and ealculated
color series are coﬁpared in Figs. 48 through 59. Film range is
shown for the observed friﬁges. Color value- derived from the Turney
charts are eleo shown. The values of the optical path eiffefence
for passage of light through the film‘layer are indicated‘below the
calculate&van&-Turney-colof series.v Interference colors from three
‘different films are illustrated in Fig. 60.
| - The assumpfion of an_interfe:ence‘ordervwas made Based on

independeht profilenmeaeureﬁenfs} This was necessary'to deterﬁiﬁebehe

range of AS which was applicable to the‘specimen.

C. 'Spectfoscopy of Interference.Colors
Figures 61 and 62vare diagramsvof_the speetrophofoﬁeter_systems.
Two photometers (Camma'ScientifievModele 700 aed 2020) were used. A
fiber optics proBe was place in the incident beam whiie the bfher was

"placed in the reflected beam. Only one source was used during'a measurement.

*Fortran IV- program Chrom was  used. The value of GTOT calculated in this
program is the same for the convention of electric field vector directlons
adopted at the Nebraska convention.
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Fig. 36. Chromaticities of ZnS film on aluminum substrate for v
p-component of light. ¢=80° =240.00° and rp,h1=0.88.
Points indicate the optical patg glfference, As n A
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Fig. 38. Chromaticities of ZnS film on chromium substrate for
p-component of light. ¢=80°, 6T0T=270.00° and rp1=0.56.



-81-

045

0.40}5;

0.35

1 L vn' 1 1 | L1 1 [ | 1 ] 1 1 |
0.35 AR 040 . 045 ' 0.50 -

XBL 7310-5432

Fig. 39. Chromaticities of ZnS film on chromium substrate for
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s compqnent of light. ¢=80°, (S"I‘OT 60.00 and Ty O»°64
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Fig. 40. Chromaticities of ZnS film on siiicon substrate for
p-component of light. "¢=80°, 5T0T=180.00°, rpl=0.26.
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TOT

1



~84—

0.45

y 040

03—
0.40

Fig. 42,

XBL 7310-5409

Chromaticities of cryolite film on aluminum for
p-component of light. ¢=80°, 5T0T=210.00°, rp1=0.90.
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Fig. 44, Chromaticities of cryblite film on chromium substrate for
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Fig. 48. Color series for ZnS films on chromium, p-polarization. (1) Present, calculated
series: 6TOT=270.00 (deg), rp1=0.56, $=80°. (2) Observed series, sample 1. (3) Observed
"~ series, sample 2. (4) Observed series, sample 3. (5) Previous series according to
Turney: 6TOT=270.00.(deg), rpl=0.60. Film thickness, d = 0.241% LS.
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Fig. 49.

8por=50.00 (deg), rqy1=0.63, $=80 (deg).
series, sample 2. (4) Observed series, sample 3.
Turney: 5TOT=6O.OO (deg), rsl=0.60. Film thickness, d = 0.241% As

Color Series for ZnS films on chromium s-polarization. (1) Present, calculated series:

(2) Observed series, sample 1. (2) Observed
(5) Previous series according to
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Fig. 50. Color series for cryolite films on chromium p-polarization. (1) Present, calculated

series: 5T0T=210.00_(deg), r 1=0.61, ¢=80 (deg). (2) Observed series. (3) Previous

series according to Turney: 650T=210.do (deg), rp1=0.60. Film thickness, d = 0.588% As.
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Fig. 51. Color series for Cryolife films on chromium for's—polarization. (1) Present, calculéted
' series: 6T0T=30.00'(deg), rsl=0.81, $=80 (deg). '(2) Observed series. '

‘Turney charts do not cover high-reflectance. Film thickness, d = 0.588% AS.
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Fig. 52. Color series for ZmS films on. silicon p-polarization. '

(1) Present, calculated series: Sygr=180.00 (deg), rp1=0.26, $=80
(2) Observed series ‘ N .
(3) Previous series according to Turney: 6TOT?180.00, r ,=0.20

o Pl |
Film thickness, d = 0.241% AS.
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Fig. 53. Color series for ZnS film on silicon s-polarization. (1) Present, calculated series:

6T0T=0.00 (deg), rsi=0.32, ®=80 (deg). (2) Observed series. (3) Prévious series

according to Turney: 6T0T=O.OO (deg), ré1=0f20. Film thickness, d = 0.241% AS,
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Color series for cryolite films on silicon_p-polafization. >(l) Bfesent;_calculated_series:

Fig. 54,

¢T0T=180.00 (deg), r 1=0.49, ¢=80 (deg). . (2) Observed series. (3) Previous series
according to Turney: 6T0T=180.oo (deg), rp1=0.60. Film thickness, d = 0.588% AS.
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Fig. 55. Color series for cryolite films on silicon s-polarization.
(1) Present, calculated series: 6. =0.00 (deg), r .=0.65,
- TOT sl :
¢=85 (deg). Film thickness, d = 0.588% AS.
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series: GTOT=2'40.OO' (deg), r l=0°88’ ¢=80 (deg). (2) Observed series, sample 1.
- (3) Observed series, sample 2. Film thickness, d = 0.241x AS, '
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Fig. 57. Color series for ZnS films on aluminum s-polarization. (1) Present calculated series:
§ T=30.00 (deg), rsl=0.90, $¢=80.00 (deg). (2) Observed series, sample 1.
(39 Observed series, sample 2. Film thickness, d = 0.241% AS,
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Fig. 59. Color series for cryolite films on aluminum s-polarization. (1) Present, calculated

serieé: 6T0T=30.00 (deg), rsl=0.95, =80 (deg). " (2) Observed series,.sample 1.

(3) Observed series, sample 2. Film fhickness, d = 0.588% AS.
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Figure 60 T
. Examples of interferénée color series obtained with tﬁree_differenﬁ
substréﬁes. The nominal angle of incidence-is §O°. Scribe markings
~are 0.5 cm aparﬁ. The narrow image is'forhﬁ—polarization.and the wide
image“is'for sepolafization. The specimens aég
N left Cryolite film on aluminum substrate, sample 1.
cen;er‘ Cryolite film on silicon substrate.
- right Zinc sulfide film_on.chromiqm subétrate, sa;ple 1.
' The color series évaluate& from the projection of the original _
slide are iﬂcluded in Figs. 59, 54 aﬁd 49. Colors on the photégraphic_
prints are less saturated than on the original cqlor slides. 1In

particular, distinction between yellow and orange is worse using the

prints, made from the slides, than using the images of the slides.

(BBC 7310-6380)
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The probe in the reflected beam was placed in a rack and pinion
mount in order to scan the film. The film was mounted on a machined
surface and clamped securely. The lower edge of the taper was
positioned at the lower edge of the camera field in order to provide
a consistent reference for the probe. A variable resistor connected
to the mouﬁt allowed potentiometric readout of the vertical motion of
the probe. Horizontal motion of the probe was restricted by clamping.
The acceptance diameter of the probes was 0.125 in. At an angle of
incidence of 80°, the probe sampled an elliptical area of film surface
0.125 in. high and 0.375 in. wide. The probes (both Gamma Scientific
Model 600-3C) were of equal 5-ft length to even out transmission losses.

Both probes were coupled with a matched pair of monochromators
(Baush and Lomb Model 33-86-02) geared synchronously to give a uniform,
reproducible sweep of the visible spectrum. Their wavelength bandwidths
were 4 nm each. The useable range was limited on the blue by the output
of the source and on the red by the response of two photomultiplier tubes
connected to the monochromators. The photomultipliers were connected
to the photometers.

For a spectral scan for maxima and minima at a discrete film position,
the spectrophotometers were connected to a ratio-recording servo-recorder
(a modified Heath Servo Recorder, Model EAW 20) as indicated in Fig. 62.

In order to scan the film for maxima and minima at discrete
wavelengths, the photometérs were connected to a ratiometer (Hewlett
Packard Ratioing Voltmeter, Model A3200) as in Fig. 61, The output
of the ratiometer, was connected to the vertical (Y) chanmel of an

X-Y recorder. The horizontal (X) channel was connected with the output
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Figures 61 and 62

Schematics of ratio recording spectrophotometer.

1
(2)
3
(4)

€))
(6)

2

(8)
9
(10)

(11)

Thin film covered surface
Reference fiber optic probe
Reflected beam fiber optic probe

Matched, synchronous motor-driven
monokthromators

Matched photomultiplier tubes
Photomultiplier electronics
Unity gain amplifier

Ratio recorder

Ratiometer

X-Y recorder

Rack and pinion potentiometer



Fig. 61.

Schematic of spectrophotometer system in
Z-scanning mode
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XBL 7310-1990

=90T=



XBL7310-1989

Schematic of spectrophotometer system in A-scanning mode.

Fig. 62.
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of the probe potentiometer. Hence a trace of the ratios of beam
intensities against film position was produced by the recorder.

Calibrating the instrument response using neutral density filters
is required for an absolute determination of the ratio of incident to
reflected beam intensities, I/Io. Scanning either wavelength or
position for maxima and minima eliminates the need for calibration
since fhe value of the intensity ratio is not considered. Using a
relative measurement, a ratio, in this instance, is preferable to
absolute determination of intensity maxima or minima as source
fluctuations do not affect the measurements.

In the spectral scanning mode, several film positions were scanned
for maxima and minima in order to derive a film profile. Two or more
maxima or minima were required for each film position in order to
- determine the film thickness using program MBINF.

The film-scan mode produced a trace of intensity ratio
along the film for several wavelengths. By following the sequence of
max and min, film profiles were derived. Several simultaneous or
consecutive maxima or minima were adequate for a film thickness deter-
mination without aséuming an order of the interference colors. Only
in ambiguous instances where there were few maxima and minima
was the order of interference assumed.

D. Ellipsometry of Thin Films

The ellipsometer used was a self-compensating automatic ellipsometer.4
A mercury arc lamp source at 546.1 nm, with a bandwidth of 5 nm, was
used. Samples of the dielectric-covered metal films were positioned

in the beam by mounting the slides on a rack and pinion apparatus.
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Vertical motion of the sample was then possible. The ellipsometric
parameters were determined at discrete film positions by adjusting
polarizers in the incident and reflected rays and reading azimuth
angles. The film thickness obtained was an integrated average thickness
over the lateral film dimension (+x).  The data were analyzed using
program FPLOT.23 The film profiles were obtained by assuming a cycle

- of azimuth angle rotation based on independent film profile data.

E. Mechanical Step-Height Measurement

In order to measure step-height at the film-substrate boundary,

a profilometer (Clevite Surfanalyzer, Model 150) was used. The
instrument offered a maximum resolution, based on the absence of seismic
vibrations and the negligibility of surface damage, of 25.4A. Practical
resolution using vibration damping and a lightweight (50 mg force)
stylus was about 2504,

A diamond-tipped, stylus of radius 2.54 microns was used. The
profilometer operated in skidless mode to diminish datum distortionms.
The stylus traversed the specimen in the x direction such that the
step befween film and metal was in its path. A motor driven arm
carried the stylus across the specimen at a rate of 0.1 in./sec to
prevent skipping. The specimen was anchored to a polished flat glass
slab using adhesive tape.

The lack of interference fringe bending across the film indicated
that the step-height measurement was also the film thickness at the

center of the film.
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F. Optical Step-Height Measurement

Thin films of aluminum were deposited on top of the film and
substrate in order to measure step height dnterferemetrically. A
Zeiss-Linnik double-beam interference microscope (Carl Zeiss, Model 2000)
was used. A monochromatic, thallium light beam at 5400 A yas gelected
to produce fringes. Photographs of the fringes were made using PAN-X,
black and white, 85 mm film and a Zeiss Ikon camera. The camera was
released by cable tension to minimize disturbing the fringe pattern
with vibration. No lenses were used with the camera. The pictures were
taken of a circular area of surface along the boundary of the dielectric
coated with aluminum at several film positions. Step-height was
determined by measuring fringe displacement from pwojections of the

photographic negatives, A typical photograph is shown in Fig. 63.
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XBB 7310-6329
Fig. 63. Interference micrograph of the step between ZnS
(on the right) and chromium substrate (on the
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IV. RESULTS

Film Profiles

Figures 64 through 69 show film profiles derived experimentally
using methods described in Section III. A list of the symbols used
is included. The mechanical and optical step-height measurements are
the only profile measurements independent of the optical properties of
the film and substrate.

In order to determine the interference order for colorimet;ic
analysis and for the spectroscopic analysis of the interference colors,
spectroscopically the film thicknesses derived by independent
measurements were used to choose the order. The determination of film
thickness using ellipsometer parameters, Y and A, for a transparent
film required a thickness reference obtained using methods independent
of the optical properties of the film and substrate, also. The reason
a reference was needed was that the curves generated in Figs. 23
through 34, which are Y-A plots, are closed (closed curves are typical
of non-absorbing films on absorbing substrates), resulting in cyclical
Qariation of the ellipsometer parameters with increasing film thickness.
Thus, a reference thickness was required to determine the cycle.

Eight different measurement techniques were used to determine
each film profile. A possible ninth measurement, a spectroscopic
measurement in the spectral scanning mode using p-polarized light,
was not made.

The independently derived film profile data for dielectric films
on aluminum substrates fell within a maximum scatter-band 4507 wide.

The error in film thickness measurement was, then, +225A., Similarly,
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_CAPTIONS FOR FIGURES 64-69

Symbol

Q

N

D f

Profilometer step-height’

Interference microscope
step-height :

Spectrophotometer film thickness
\-scan, s-polarization

Spectrophotdmeter film'thickness

. z-scan, s-polarization

Spectrophotometer film thickness

‘z-scan, p-polarization

Ellipsometer film thickness

~ Colorimetric film thickness s~polarization,

using present, calculated qblor series
Coldrimetfic film thicknesé p-polarization,
using present, calculated color series
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' Fig. 64a. Profile of ZnS film on aluminum substrate,

sample 1. _ _ ’
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Fig. 64b.‘ Film profile of ZnS film on aluminum.substrate,’

sample 2.
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Fig. 66. Film profile of ZnS film on silicon substrate.



_1.20_
8000— ™ l T | — T
L) (0] _
J O +o ‘+o
[ ] o
- . D ’
6000} S - -1~
: o , .
»
| o -
y(A) | o
) . o+ '
D
. a
. 'm 0 | |
2000 g o | | , A
0 I SR SR SRS |
0 N o 5 6 7
z (cm)
' XBL7310-5405.

Fig. 67a. Film profilbe of cryolite film on aluminum substrate,
' sample 1. :



-121-
| T ] T ] T
) ) _ ) _ . Ce .
eoooL. e v I -
a4 A
a
T, r‘ o o o -
o + +
. L
_ 1 o o
6000 ' ; - .o _ R
+ 5 ©
- o
A
- 4 ° -
o | ' o v \
y(A) . i ®
_, [ ] o
4000+ - 5 —
B =
- s . +
L
o ° -
‘ . o 0 1 | | . 1 ] ]
- | o I 2 3 4 5 6 = 7.
z (cm) :
R _ XBL 7310-5406
\ " TPig. 67b. As in Fig. 67a, sample 2.



10,000 [ T —T 1 T T
¢
o -
¢
: +
. + ¢ }
B o A ’ -
4
- +
6000 2 ¢ .
] + @
. L)
,yd’\)’ - B o o —
y | v
4000 o ' T~
— " ey
. ® )
2000 -
| o o
n > ) -
. . ©o
o
0 A l 1 - |
0] | 2 : 4 S - 6 A
z (cm) '
. XBL7310-541

A_e; Fig. 68. Film profile of cryolite film on chromium substrate.



IZ.,‘OOO‘__"v _ o ' o . 7]

16000k o , _

8()~00‘—"  .. | -
| ' moa |

y(A)

e000 0 . e e & =

apoo- @ - | A

_ v _ z(cm) N ' » '
o o S - XBL7310-542!

Fig. 69. Film profile of cryolite film on silicon substfate.



-124-

the error in film tﬁickneés measurement for dielecffic.films on éhromium
was *190& while for dielectric films on silicon the error was *+250A
Agfeement between ¢olorimetrically derived—film profiies and profiles
derived otherwise w;s conSi&ered,satisfactqry if the colorimetry data fell
‘within ;he scatter.band of the'othef datﬁ.r The agreement was found to
be satisfécfory‘fér.diélectric films on aluminum and silicon. The
agreement for diélectric_filﬁs on chromium was ﬁdf saﬁisfactory accordiﬂé
to this criterion, but cduld, nevértheless, Bé cdnsideréd satisfactory :

if the uncertainty of color interpretation was also taken into account.

Discussion of Color Series

~

iExperimental éolor series were obtéiﬁed.photographically (Figs. 48 -,
tﬁrough 59).v These séries.wefe analyzed using caiéulate&:éolor series
of the.present work based on the multiple beam interference model.of |
Muller and Taney, usiﬁg thé opticaiip:oberties of the film and
substrate for the light range 380 < A < 650 nm. The range of film _
thiqknesé for éh observed coior—fringe was derived from'the corresponding
range of optical path'differenég.AS, obtained from.the analysis. The
value of theifilm thickness at the centér of the band was plotted against_ghe”
. film—locationfof tﬂe center of the colér—fringe. |
‘The present, calculated colbr.series were, then,'cpmparea witha
previous color series obtained from the coior chérts éf Turney shown
~ in Figs. 5a-and 5b. These color series aré inclgded on Figs. 50 through 62.
The diffe;ences betweeﬁ the preVious series and the pPresent éeries'wefe:
(1) the size of the achromatic region was reduced by avfaztor of tén

on the basis of observations of interference éolors for high-refleéténce

substrates thus giving more cdlors, (2) the éxpgrimental angle was
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used inséead of:fhe optimum angle of inéidence,‘and (3) the reflectances
of the mét§1¥film‘iﬁ£érfaceé of ‘the experiments were not exactly those .
used byKTﬁ;ney, |

Although the metal—fiim'reflectance and'GToT db.not change
appfeciaﬁly with respect to the angie of inciﬂence on the dielectric
sﬁrface, thé édior serieS'ggnerated using the expé;imentél angle of
incidence ma§ differ7from the color Se:iéS"ﬁsing the optimum angle of
incidence. Coldrs are most saturated at the’dptimum angle of incidence.
Hence,vthe effe¢t of varying the angle of incidence at comnstant

refléctaﬂce'and 6T ‘would be a change in the shape of the chromaticity

OoT

diagrams. Whether or not this change in‘éhape,'corresponding to

'\changesitn'the,pnrityibf colors, affecté.fhe color series for a particular
mefal—filmfpair is undetermined. quqr.séries Wefe;'therefore, calcuiated
for thg experimen;al'angle of inéidencg,invorder to detéfmine any
' differencéglwith the prgVidus color series by Turnéy.v Since films on
Chromium'substraées'wére ﬁeasuféd_af an eXperimehtal angle'of iﬁcidénce
slightly different from the optimumiangle of inciaence, &iscrepancies B
betweeﬁ fﬁe pfevious and presentvcalculated célor series were attributed
to the diffefence iﬁ gnglesvuséd and, to a lesser exéent, the differénce
in'refieétances of the éolor chart and the saﬁples.

The éign coﬁvéhtion adépted by the Nebraska confefence14 regar&ing-

"A the direétion of the reflected p-electric field veétof (see Fig. 1)

OT
charts uéiﬁg the old convention (in which the difection of the p:vector

~ does not affect the value of GT calculated by Turney for the color

is reversed) because GTOT-is the difference of absoiute»phase changes.
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: Accbrding to the analysis by Turney, colors with respect to films
on highly réflecting substrates would be too impuré‘(unsaturated) for
: visﬁal_rééolﬁtibn. Howevér, the_observation in this work that colors

that résﬁlp from dielectrié films on alumiﬁum can be resolved in regioms

quite near the achromatic center, ;onsidered white by Turney‘(see

Figs. 45-througﬁ 49)Vindicates‘0therwise. Therefore, color charté

can be éonstructed fér;high—reflecfanceé af the film-substrate interface

alsof ‘ o
-\Comﬁafiéon.of the.preéeni, calculated and previous color seriés

 by furneyl(See Figs. 52, 53, 54 and 55) éhow good agreeméntvfor

~ dielectric films on silicon.

'..Comparison of the preSent‘énd preﬁiods color series for dietectric
films on chroﬁium shows a discrépéﬁcy of about 0.1 micron in optical
path difference; The discre#ancy, in termé of film thickness, is about
240 angstroms for zinc sulfide films and about‘585‘angstroms for
.‘cryolife films, Thésabilityvtb discriminate Eolors visqall& ié not
as aécu;ate as numerical eépabilitiés of discrimination. Hence, the
discrepancy between color seriés is negligible &hen considered
»experimentallyf

Experimental film érofiles derived from the present calculated color
series for dielectﬁic.films on chromium show upwafd deviation from other
‘measurements. Use of the Turney series alleviates the upward deviation

somewhat.
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CompariSOn of.observed color series.with the present calculated
color series, based on chromaticities, indicated that the capabilitv
of visually resolving colors is considerably less than the capability
of numerically resolving colors by calculation. There were fewer colors
observed for a range of AS than are expected on the basis of the
chromaticitv values. fhe reason for the lom resolution’of visual
observations:may be that the eye does not distinguish COlors nor
gradations of color accurately 1 There is, moreover, a’ "loss in resolution
using photography due to the insensitivity of photographic materials to
small gradations of color.‘ .

The capability'of visually resolvingvcolors'was'determined by
- comparing.the-fringe width of a color; determined usingcchromaticities,A
with the fringewidth of the color determined bv fitting‘a straight line
'through'the £11m profile data from independent measurements for the
Tregion of the film_bounded‘by the color fringe. Hence;”fringe‘width
of the narrowest'band of yellon'based on chromaticities for zinc.sulfide
films on chromium is 400A in_bptical path difference, while the observed
band oflvellowris.an average of 14504 in optical path difference based |
on the independently measured film profiles Assuming the minimum error.

z

nin thichness measurement due to interpretation of the colors is. equal

_to half the bandwidth of the narrowest fringe, the error using observed
colors is +725A in optical path difference. This represents an error |
of #173A in film thickness of ZnS films due to color 1nterpretation.

: .Theferror for cryolite films on chromium was- +500A4 using similar
'assumptions. This"represents a considerable loss in resolution with

respect to the error of i147A for'resolution_of the yellow color fringe

based on chromaticities.
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The ability of. an Qbéefver to resolve cdlors affects the expefimentél
determination of color serieé. This ability to resolve colors‘is |
dépendent on: (1) the‘physiological response of the eye and the
interpretation of ‘color and (2) the influenée-of ﬁhe.célof of the ’

surface upon which the image of the interference,colors‘was projected.

i

Therefore, the resolution of colors willvvary depending on the conditions

of the observations.



-129-

. ACKNOWLEDGEMENTS
R § wouid like to express my thanks to Drs. R. H. Muller and
H. J. Matﬁieu for tﬁéir Héipfﬁl con#ersatioﬁ aﬁd aid iﬁ ekpéfimentation.
‘ThiSEWOrk waS'cohductéd under the.éuspices of the U. S. Atomic Eﬁergy

Commissiony‘



3.

10.

11.

12.

13.

14.

15.

16.

17.

= - -130-

REFERENCES

R. H. Muller, J. Electrochem. Soc. 113, 943 (1966).

" J. H;.Turney, Profiles of Supermeniscus Electrolyte Filme on
7 Partially'submerged Gas'Electrodes_CM. S. Thesis), LBL-171,

- August 1971.

H.lGu,'Ellipsometry_of Surface LeYers (M.HS..Thesis), LBL-165
December 1971
S. V. Chesnokov and Y. A. Chismadjev, Elektrochimia 5, 598 (1969).

R H. Muller and J. R. Mowat, Reflection of Polarized Light from

vasorbing Media, UCRL-11813 -1966.

, K. Estermann, Z. Phys. Chem. 106, 403 (1923).

K. Estermann, Z. Fizichnii Phys. 33, 320 (1925).

'R. W. Ditchburn, Proc. Roy. Soc. Al4l, 169 (1933).

A. Goswanmi and A. P. Gosvand, Thin Solid Films 16, 175 (1973).

0. S. Heavers, Optical Proberfieslof'Thin Solid Films (Dover,f
New York, 1965), p. 6, 96.

Landolt-Bornstein Tebles, OptiSChe Constenten (Springer, Germeny,

1962), Vol. II, part 8.

W. H. Steel,vInterferometry (Cambridge University Press, 1967).

M. Francon, Optical’Inﬁerferometgz,(Academic Press, 1866).

R. H. Muller, Surface Science 16, 14 (1969).
R. H Muller and J. R. Mowat, Reflection of Polarized Light from
Film Covered Surfaces, UCRL—17128 1967.

C. E. Leberknight and B. Lustman, J. Opt. .Soc. Am. 29, 59 (1939).

A. Vasicek, Optics of Thin Films (North Holland, 1960), p; 31



18 L]

19,

20.
21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32,

-131-

(

S. Tolansky, An7Introduction to Interferometry (John Wiley and

Sons, 1955).

Commitfee onkColorimetry Optical Society of America, The Science

of America (Optical Society of America, Washington D. C. 1963), p. 259.

W._D Wright, The Measurement of . Color (Van Nostrand 1969), p. 319.

W. D. Wright, J. Opt. Soc. of Amer. 33, 632 (1949).
R. H. Muller, Principles of Ellipsometry, LBL-187, 1966.

H. J. Mathieu, Computer Programs of Ellipsometry, LBL-1470,:1973.

. ‘ . . . I
E. Bickel, Some Fundamental Problems in the Measurement of Surface

/

Roughness in_Intexnatibnal Research in Production Engineerin‘gqL

'Prbduction Engineefs ReSearch Conference ASME, Carnegie Inst. of

Tech. 1963, p. 667.

"R. E. Reason, ~ibid, p. 694

H. Hasunuma, Japan Society of Percision Engineering 1(4), 205 (1966).

T. Nakamura, ibid, P 240  668.

J. L. Guerrero and J. T. Black, Trans. ASME 94(4), 1087 (1972).

R. .R. Austin, R Michaud A. H. ‘Guenther and J. Putman, Applied

Optics 12(4), 665 (1973).

‘K. L. Chopra, Thin Film Phenomena (McGraw Hill, New York,

1969),

R. L Meek, T. M. Buck and C. “F. Gibbon, J Electrochem. Soc.

'120(9) 1241 (1973)

Sylvania Catalogue of Evaporation Sources, Sylvania, GTE TWX

No. 510—297—4471.



"330‘

- 34,0

35.
36.

37.

38.

39.

41.
42.

- 43.

44,

45.

-132~

’

‘R. Ei Hohig and D. A. Kramer, RCA Review 30, 285 (1969).

R. W. Ditchburn, Light (Interscience, New York ,1964), Vol. II,

p. 590.

J. V. Sanders in Chemisorption and Reactions on Metallic¢ Films,

J. R. Andersdn,'ed -(Academic Prees, New York‘, 1971), Vol. I, p 27.

W. E. J. Neal, R. W Fane and N. W. Grimes, Philosophical Magazine
211169) 167 (1970)

W. Heitmann, Applied Optics 10(12), 2685 (1971).

K. R. Dixit in Thin Films in Optics, H. Anders, ed. .(Focal Press,
London, 1967), p. 21. ' -

W. M.-Feist,'S. R. Steelé and P. W. Readey in Physics of Thin

Films, G. Hass and R. E Thun; ed. (Academic Press, New York,

1969) Vol. 5.

S. C. Brown, Chemical Reactions in Electric Discharges (MIT Press,

Cambridge » 1967).

N Schwartz and R. W. Berry in Physics of .Thin Films, G. Hass and

R;_E. Thmn, eds. (Academic Press, N. Y. , 1969), Vol.,II, p. 401.
G. R. Booker and B. A. Unvala, Philosophical Magazine 11(11),
11 (1964).

D. F. Klemperer in Chemisorption and Reactions on Metallic Thin

Films,AJ.'R.'Andersoa, ed. (Academic Press, New York, 1971),

-~

Vol. 1, p. 81. ' ' \

H. J. Mathieu, D. E. McClure and R. H. Muller,4Self;Compensating'

Automatic Ellipsometer, LBL -1478, 1973

.R.7H. Muller, G. A. Somorjai, J. Morabito and K. Steiger, Surface

‘Science 16, 234 (1969).

4



-133-

46. H. ‘J: Mathieu,.private cooﬁunicetion.

.4J; K Vedam, W. Krausemberger and F. Lukes, J Opt Soc. Amer. ;g;
64 (1969) .

48. J 0. M. ’Bockris A. K. N.'Reddy; E. Rao, J. Electrochem. Soc.
113(11) 1133 (1969) |

49, Handbook of Chemistry and Physics, (Chemical Rubber Publ Co.,
1962), p. 3084. |

50. G. Pfestorf, Anxi, Phys 81, 906 (1926). o

51.  H. 0'Bryan, J. Opt Soc. Amer. 26, 122 (1926).

SZQ ,R; Menard, J.- Opt.. Soc. Amer.,52, 427 (1962).

53. J. Carroll and A, Melmed, J. Opt. Soc. Amer. 61, 470 (1971).

JZSA. C. J.'De11}0ca-énd L. Young, J. Electrochem. Soc. 117, 1545 (1970).

55, LJ'Young and F. Jobel, J. Electrochem Soc. 113, 1277 (1966).

56. A.'Melmed H. Layer and J. Kruger, Surface Science 9, 476 (1968).

57. H. Archer, Phys. Rev. ;;g, 354 (1958). | |

58. H. Phillip gnd.H; Ehrenneich, Physicei Review ;gg, 1550 (1963).

59. K. Volenik Corrosion Science 9 15 (1969)

60. C. J Dell'Oca and L. Young, J. Electrochem. Soc 118, 89 (1971).

- 61. H. Phillip ande. Ehrenreich, Phys. Rev. Lett. 8, 92 (1962).

62. M. Cardona, J. Appl. Phys. 36, 2181 (1965). '

'63. W. Spitzer and W. Kaimer, J. Phys. Chem. Solid 11, 339 (1959)



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




-

v

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





