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ELLIPSOMETRY OF SURFACE LAYERS¥
Hiram Gu
 Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering; University of California
Berkeley, California
ABSTRACT
Ellipsemetry wes‘used in two studies of fiims en platihum sub-
stretes: Chemisorbed carbon monoxide films and electroiyte films. Good
qualifatiVe correlation was found between ellipsometric and Auger Elec-
tron Spectroscopic measurements'of surface contaﬁinant layers. Steady-
state film profiles of 2.62N and 6.651\1 KOH films obtained on a platinum
electrode by ellipsometry'compared well with those derived from the
observation of interference colors. Ellipsometric measurements of
o.91+1\r‘1ﬁ123'o,4 film could be in‘ter};reted.in terms of a dielectric film while
data of'KdH films suggested absorption characteristics of the film which
may be dﬁe to the inclusion of foreign particles. Detailed procedures
for'the’alignﬁent of ellipsometers of fiked and variable angle of in-

cidence are given.

* . : ] : . .
M.S. Thesis, research conducted under the direction of R. H. Muller.
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I. INTRODUCTION
The history of Ellipsaometry can be dated back to 1'808.)‘Ll Due to

its high resolution =and the fact that it allows the performance of non-

destructive optical measurements in situ, ellipsometry has become a

versatile tool in surface research. Through the years; éllipsometry|

served in many areas of research such as determination of optical con-

Y2-hl 51 o - |

stants, 2-hk5 surface study of gla.ss,u5 corrosion studies, 6,47 studies
. 18- '- - | :

of oxide films,8 20 organic films on metals,59’6o polymer adsorption,él

gas aLdsorptiongo’2)4’6-2

63-65

. ion_adsorption,36’and electrochemical
. Because of its ability to determine film thiékness with
a resolution of often less than 1A, ellipsometry has mainly been used

to measure thin films (optical path less than one wavelength). However,

66

thick film measurements have also been made with ellipsometry.

V'This‘work covers two aspects of ellipsometfy——thin £ilm measurement

and thick film measurement. In additibn, a brief account of a pré—

‘liminary desigh for an automatic ellipsometer is given. The Study of

chemiédrption of carbon monoxide on a platinum sinélé crysfal is the
subjecflcovered in thin film measurement , while thé thick film measure-
ment deals with the study of eleétrolyte films oﬂvé piatinuﬁ,électrode.
The hydrogenation of unsaturated hydfocarboné on transition metal. 
catalysté is of great précticai interest. To understand the catalytic
reaction»mechanisms, it is importént to know how the aasorbed hydro—
Carbon,molecﬁlés arraﬁge themsélves on the metal surface. Piatinum
has been most Widely usedlfér‘éatalytic.hydrogeﬁatioﬁ reactidns. Con-
vgntionally, the adsorftiqn of gaées has béen studied by low energy-
eiectron diffréction (LEED), mass—spectrometri¢ techniques5 work
function ﬁechnique,’Auger eiéctron spéctroécopy>(AES) and flash-  :

desorption technique. These were carried out in’én ultra-~high vacuum



, o
system. CarbOn monoxide; a majorvambient_constitdteot in the vacuum
systemvwas known to ,chemisorb readily on.platioum substrates formlhg
ordered strustures;56 'During.the studies, the platinum surface'may
easily be cOntaminated by.carbon'monoxide, occupying:available adsorp—
tion sites. Tt is therefore important to understant thevinteraction ”
of carboh monoklde with platinum surfaces.

57

have done LEED studles of carbon monoxide

20-22 58

Morgan and Somorjai
adsorptioh_oh platinum surfaces.: Several'authors have reported

on the meritsrof'combining ellipsometry with LEED, or with Auger electron

spectroscopy measurements. In this work; it was hoped that the adsorptﬂjl'

studies of CO_on a platinuﬁ'crystal by ellipsometry could complement LEED
and AES measurements by proﬁidiog information on the amount of surface
coverage.

Electrolyte films:formed oﬁdelectrodes have lOngIbeen‘of interest.

67,68

Will, . from his experiments involving oxidation of hydrogen in

sulfurlc ac1d on partlally 1mmersed platlnum electrode, concluded that
the presence of the £ilm contrlbuted apprec1ably to the- charge transfer
reactlon. He was able to explaln ‘his experlmental resultsvln terms of
‘ 69,70 T1

a theoretical model. Bennlon and Toblas,
have done current distribution measurements on partially immersed elec-. .
trodes. Weber, et al.72 suggested the presence of eleétrolyte_films in

the'porés'of gas electrodesr'They formulated an electrolyte film mech-

anism model for gas electrodes as opposed to the Surfacerdiffusion mech- . -

anism model suggested by Justi and Winsel.73' Iczkow-ski78 has made a
comparison.between'the two models. The analysis,of‘porous electrodes

by Grens, et al.,7h Katan, et al.,76

and Rockett, et al.75 also suggested
that the pores of a gas electrode are covered by an electrolyte £ilm.

Since it is believed that electrolyte films contribute markedly to

&)

‘and Maget and Roethlein'™




gas electrode reactions, the study of the thickness of electrolyte

films is of impoftance for aﬁ explanation of the working mechanism of

29

a porous gas diffusion electrode. Muller has made optical studiés

of electrolyte films on partially immersed nickel and silver surfaces.

I

have used a monochromatic interference method to

27

~ has-

Burshtein, et al.
study 1N KOH and lN,HQSOh films on platinum electrodes; Turney
used whité_light interference to studyiaquedus KOH films on platinum
and stainless steel surfaces. |

A second purpose of this work was to apply ellipsometry to the study
of electrol&te'films‘and to compare the results.with white light inter-
ference méasurements. It was also hoped fhét the results.of ellipso-
metric measurements could help clarify a discrepancy bétween Turney's

results and those previously obtained by Muller.
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II. THEORY
Ellipsometry'dealé with the reflection of a monoéhromatic3 colli-
mated, polarized light. A polgriied light wave can be reprgsented
by an electric vector, E, propagating through space; changing in ampli-
tude and direction.v The electric vectérvcan be feéolved into two
comppneﬁts. Ohe lies in the plane ofiincidence, and the other normal
‘to the plané of incidencé. The state of polarization is characterized
by the.phése'and ampiitﬁde relationships between these two components.
Upon reflection,'the'stdte of polariéation will change. Ellipéometry
employs the‘measurement of thisvchange fqr the characterization of

the reflecting surface.

A,b Definifions and.Cohveﬁtions.

It is importaht to feéognizevthat.mény paramétérs in the.thedry
of ellipsomefry depend on'definifions and conventions afbitrarily
chosen.l In ordéf.tovaVQid cdnfusion, a set of definitions, con&entions,'
and the cdordinate éysteqused‘ih the‘pfesént ﬁork will be gi?en here.
All equationS”that follow.are derived from thése bases. o

The.compiex index ofjrefraction‘of an abéorbing medium is defined
as ﬁc =n —vik, where nlis the refractive iﬁdex and k, the index of
extinctioﬁ. For a dielectric medium; k is equal to zero aﬁd the ﬁedium
ié_charaétérized by a real index of réfraction”n. |

The_cdordinate sysfgm;is shbwn in Fig. 1. 'The directipn of a
positive vecer is-repfesenﬁed by an arrow-head; gSubscripts‘p.énd_s
~designate "in the pianevof_inCidence" aﬁd'ﬁﬁbrmal.to the plane of

incidence'", respectivély. Superseript (") denotes the reflected wave,

and.superséript (') denotes thé-transmitted wave. The medium containing"

the incident beam is assumed to be a dielectric medium with refractive:

1

o
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XBL 7110-7420-

Coordinate Syétem and sign conventions for the electric
field (positive direction of Ey and Eg in incident, re-
flected and refracted waves is indicated by arrows). The

- bropagation vectors are represented by kg kS and kg. Sub-

script p stands for polarization parallel to the plane of
incidence and subscript s stands for polarization normal to
the plane of incidence. The complex index of refraction of

the adsorbing medium is.designated n-ik.
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index, n_. The effect of reflection is characterized by the relative
phase change, 4 and the'arctangent of the relative,émplitude attenuation,

. They are defined as:

A = (ei)' - ep) - (e] - es) (1)
IEn/Enl

‘tan Y= T /Es (2)

p s '

where epsilén represents the phase of a component with respect to an
arbitrary time origin. €" - € can be termed the ébsolute phasé change,
S.

The éomplex relative émplitude aftenuation P is defined as the

ratio of the Fresnel coefficients for the p and s components.

(3)

_'Jsk?

The,FresheivCoefficiehts are defined as the fatio E;/Ep and EQ/ES.
They are in general, complex (when the reflecting surface is absorbing)

and can Be written as an amplitude ratio and a phase change:

(k)

E" ',E"I ) i€" ]

r =—S-=T—]—s == (5)
S ES . Es eleé :

Combining Egqs. (1), (2), (3), (4) and (5), we obtain the basic equation
-_of ellipsometry:

p=tanye® o (6)

C
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B. "~ General Principle'of Ellipsometric Measurements

The principle of ellipsometric measurements of A and Y is shown

_schematically'in Fig. 2. Monochromatic collimated light after passing

the polarizer becomes blaﬁe polarized in the direction which forms an
azimuth angle p with the plahe of incidencé. The'éémpensator, which

is usually é qﬁarter wave ﬁlate aﬁd in genéral wifh:its fést—axis
oriented aﬁ 450 ér 135° to the:pléne-bf incidence, will shift thé co&—
ponent parallel ﬁo its fast axis ahead Of_thé éomponent parallel to its
slow axis by 1/ Az or 90°. The beam is thus made giliptically polar-
izedf' The refle¢tionvwill restore the beam to plan¢ polarizéd light with
proper orientatién of the transmission axis azimuth‘of the polarizer.
The.reflected‘beam can then be extingﬁished** by adjusfing the analyzer.
From ﬁhe readings of the azimﬁth angle of_the ﬁolarizer and analyzer, |

A and Y can be determined easily with the help.of the Poincaré s'phere+

treatment and spherical trigonometfy.

C. Ellipsometry of a Film-Free Surface’
When polarized monochromatic light is reflected from a dielectric-
dielectric interface (see Fig. 3a), the Fresnel réflection coefficients
: 2 ' '
are given by:
| CE" . n o - sin (¢ -
E n cos ¢ - n, cos ¢ 31n_(¢ ¢r)

S
r = o= = - - -
s ' cos: ¢ t n.. cos ¢r o8 (o * ¢h3

(7)

0]
]

E": nl,éos ¢_—.ﬂ cos ¢r. 'fan-(¢ ; ¢r)

n, cos ¢ f n_cos ¢ T tan (¢ + ¢r)

L2

b
SO

1

%*
Ao is the vacuum wavelength of the incident light.

In practice, complete extinction is not obtained due to the imper-

. fectness of the optical components. The analyzer is only adjusted. to

obtain the minimum intensity;  The minimum is determined by two off
minimum readings. ' '

.f.
See Appendix IV.



SUBSTRATE

* Compensator

~_.

Polarizer NV  Analyzer
o elliptically .
polarized - :
| plane
p_olanzed
polarized .
Monoch'rlnmzsltic- . . S o - extinguished
Light Source : D - - BN
| | Detector

XBL 7110-7416
Fig. 2 ©Schematic representation of Ellipsometric Measurements. Azimuth
o . angles are measured counterclockwise from plane of incidence

: .whén looking against the propagation vector.

g
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Fig. 3 a) Reflection from a transparen+ substrate, n, sin ¢ = ny a—und)r
b) Reflection from an absorbing substrate. The propagation
vector k' forms the real angle d)r with the normal to the surface:
of the medlum while the attenuation vector a lies along the
normal. Planes of equal phase are normal to ko while planes of
equal amplitude are normal to a in the absorblng medium.
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where no is the refractive index of the incident medium and nl, that

of the substrate. The angie of incidence ¢, is related to the angle

of refractionl¢r by Snell's law:
n_ sin ¢ = ny s1n.¢r' o ‘ (9)

Eqs. (7) and (8) can thus be written in terms Of'nb,’n and ¢ alone.

'

1

Plots of rp, r and their moduli Rp, Rs (lr [, Irs!) as a function of

b
the aﬁgle of incidence_are shown in Figs. ha and Lb.

For light incidenﬁ-frém:a transparent mediﬁm énto a plane surface
~of an absérbing medium (see Fig. 3bj, the situation is more.complicated.
The Fresnel reflection coefficients are cémﬁlex quantities and can be.

1

written as:

rg = vno 08¢ Bo s ¥ _ _ sin (¢ - ¢") (10)
“n cos ¢+ n cos ¢! sin (¢ + ¢')
o , c ‘
v _n,.cos ¢. - g cos-¢'v_ tan (¢ - ') A
.rp ~-n . cos. $+n_ cos ¢ = Xan (¢ " (D') . (11)-

N o

- In this case, ¢' is the complex angle of refraction (not a real quantity;

as ¢r'is), and may be defined by the complex form of Snell's law:

= n' si = i v 12)
n_ sin ¢ = n' sin ¢r n, sin 0] (12)

Again ng is the refractive index of the incident mediﬁm and n, is the

complex index of refraction

'n - n - ik ' (13).
e , : . » _

n' in Eq. (12) is defined in Eq. (14):

n ''=n' - ik'. S (1)
c : o _ v
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The quantities n' and k' are related to the metal constants n and k by38
i° - k% = 0?2 kP (15)
cand
nk = n'k' cos ¢r ' _ (16)

n' and k' will be ferméd‘the‘alternate optical:constants.

(ItAis noted that if n.and k.are taken.to be éonstants,.the élter—
nate cbnsféhfs n' énd:k' Wili'haVe'a éiight aependence on angle of
incidence.g)

' o ' - o
The moduli of Egs. (10) and (11) are given by -39

A2 + B2 — 2A cos ¢ + cos2 ¢
. 8 A" + B” + 2A cos ¢ + cos ¢

_ A2 + B2 - 2A sin ¢ tan ¢ +.-sin2 b tan2 9] .
: R, = Rs 2 2 : ) 2 (18)
p A° + B + 2A sin ¢ tan ¢ + sin” ¢ tan® ¢

A =“/ l [\I(n2 - k2 - no2 sin2 ¢)2 +_hn2k2 + (n2 ;vkg - no2 sin2 ¢)]‘

(19):

B = ‘J I [‘/(n2 - k2 - no2 éin2 ¢)2 + lﬁngk2 - (ng; 2. n02 sin2 ¢)]

2
° | S o (20)-

2 n

A plot of Egs. (17) and (18) as a function of angle of incidence
is shown in Fig. 5d.

- The ellipsometric parameters A (relative phase change), w,(arctangeﬁf

. of relative amplitude attenﬁation),-ﬁp (absolute phase change of P com- -

" ponent) and‘ds'(absolute phase change of s compohent) are also functiqns -

: Lo g e 2
of angle of incidence. They are given by the following expre531ons:>’39
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360 -
A | 5
1.0 ' v':-v| f> o _ 30;)r-_. _
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0.5 - 240 '&5' —
_ e
60 |— ‘(_d)- —
T T
(e) i
¢(deg) _ 5o . ' .
I 0° . Py 90°

30 60
o (deg)

XBL 7110-7418

Fig. L Fresnel reflection coefficient f, modulus of reflection

coefficient R, absolute phase change §, relative phase change

A, and arctangent of relative amplitude attenuation ¥ as
functions of angle of incidence ¢ for a transparent dielectric

(glass), n = 1.5, k = 0.
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1807 . - 360°
120 — 300
Aldeg) | \ 1 3(deg)f
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(a)
o b 180}
150 . '
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¥ (deg) A
25 (b) n
-+ .
1 1 1 ol ! L .
o 30 60 90’ ) 30 60 90"
¢ (deg) ¢ (deg)
> XBL 7110-7419
Fig. Relative phase change A, arctangent of relative amplitude

attenuation Y, absolute phase change §, and modulus of

-reflection coefficient R as functions of angle of

incidence ¢ for a poor reflector (tantalum), n = 3.3,
ko= 2,21, L : : .
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2

A = tan“l'(- 23251n 9 = ¢ - 3.) - (21)
o A% + B _ sin® ¢ tan® ¢ -

where 0 < A < .1 for bare surfaces,

o 2 2 R . 2
Py = tan-—ls\/A + B - 2A sin ¢ tan ¢ + sin

2
¢ tan® ¢ } (22)
A2'+ B2 + 24 sin ¢ tan ¢ + sin2 ol tan2 o)

where 0 < Y < 7/Lk for bare surfaces,

2

5, = tan—l'g _ 2B gos () '2 } (23)
' A~ + B - cos ¢ o

where 0 < 6s < 7, and from Egs. (1), (21) and (23),

l 2 2 .2
U2y B2_— _;n,(nz + k2) cos® ) '
n )
O

These equatibné can also be appliedito a non—absorbing substrate
when we take k to be zéfo. An ‘example of the dependence of A, Y, Sp
and Ss.on’angle of incidence is shown in Fig. A (for diélectrip sub~-
strafe) and Fig. 5 (for‘absorbing substraté).

The optical constanfs of a substrate in a trahéparept medium can
be determined from ellipsometricvmeasuremeﬁts with the following

-2
equations:

n

5
i

n Q/l/z {07 - 82 + 51 ) + V0P - B2+ sin® 002 + w0%6%)  (25)

n_ ‘Jl/2 {—‘(Dz'— o 4.éin2&0-+\[(D2 _ E° + sin® ¢)° + hDgEe} (26)
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where

’ *
_ 5in ¢ tan ¢ cos 2y
D 1+ sin 2 ¢ cos A (27)

o Co%
- 5in ¢ tan ¢ sin 2y sin A
1+ sin 2y cos A

(28)

" When the substrate is non—absofbing, A will be either zero or

180° (see'Fig..h) and D will be zero. According to Eq. (26), k is there-

fore also zero as .expected.

. D. Ellipsometryvof a Film—CdveredTSurface

When polarized light is feflected.froﬁ'a fiim—covefed surface, the
change of state of ﬁolarization will depend both oh_the_bptical con-
stants of'the substrate,‘and on thevﬁhickﬁeéé and opticai constants.of
the film. .Similar'to a film—freé surface, the change can bé character-
ized bybﬁhe ellipsometric‘parémeters A and ¢. |

As a ray ofAlight falls upon a film—covered surface, multiple
reflection occurs at thé film surface ana at the film-substrate inter-
face as shown in Fig.'6a. It can Ee shown that the system of reflected
and refracted waves shown in Fig. 6a is equivalent to the system shown
in Fig. 6b, where‘E"'is a wave equivalent to all ﬁaVes reflected gt
the'film,.EF'ahd E"' are the e@uivalents of all wavés in the film and -
Em is the.eqﬁi§alént'of all wéves in.the mgtal.3 The substrate is
‘taken to be of infinite extent in the +z directidﬁ.h’5
With the help of MaxWellfs equations?6'thé overall reflection

- coefficients are given7 by:

D and E are equal to A and B of Egs. (19) and (20), respectively.
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| o
Transparent  '©
incident medium

) \ , Film L K '
\/ ' ' Nef N iKg
. % Substrate
(a) '
Egu
E Transparent no
incident medium
z=-L '
: E’ ' Em F||m o
| N Ny ik
z=0

l\cnn=nrn-'ikn1
Substrate

(b)

MUB-14178A

Fig. 6 Reflection from idealized film covered surface.
a) Representation by multiple beam reflection.
- b) Representation in terms of equivalent waves.
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-ia
" + 1
_ Es _ rls r2s © +id
r == — e O
s Es 14+ 7 omid o (29)
1s "2s
L 4 —.d
" + 1
- _ ?p__ 1lp r2 € +idg
HTE T i (30)
. -1+ '
v jo] 1 rlp r2p e
v
where,
4L .
a= 3 Dp COS ¢ (31)
o
_ brL ' : :
do =73 n_ cos ) _ | (32)
o .
and : . ) .
. - 1
.. ElS N n_ cos ¢ n_e cos.¢ (33)
. ] + . '
1s ES n cos ¢ M e co; ¢
. ] '_ '
.. Elp ) n, e cos ¢ n_ cos ¢ (34)
+ 1
lp Ep ne cos ¢ n_ cos 0 N
E"' : ' v _ 1 .
R n, . cos ¢ n, . cos ¢m (35)
: 1 1 + 1 :
2s ES n_e cos . ¢ n, cos ¢m
. ) E"' ' i
L. _ n, . cos ¢ n_ . €OS ¢m e
- v T [ 1
2p Ep n,, €os ¢ n,. cos ¢m v

AO is the vacuum wave length of the incident light, ¢' and ¢i are
the complex angle'pfvrefraction in the film and in the substrate

respectively. From Eq. (12), the following relations hold:

“ 2 . 2
. _ n. sin. ¢
cos ¢' = W1 - —9————5—*—- (37)
- Per R
_ n 2 sin 2 ¢
cos ¢' = @1 - © 5 (38)
- o N
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n,e is the complex refractive index of the film and ncm, that of the

substrate. rl is the Fresnel reflection coefficient at the film surface

"when the film is assumed to be infinitely thick and El is the reflected

electric field-component.under'this condition. r_ is the Fresnel

2

reflection'ccefficient ét the film—substrate_interface{

Since,”
T | i . , |
p == tanyet? - 1 (3),(6)
R [ . :
applying complex algebra, we have
el 'M} -
and,
-1 ¢, . Y
b = tan™" {[o]] (ko)

We csn‘see from_Eés.'(29)_tov(hO) that both A ande are functions'
of the anglevcf incidenCe, fhe‘Vacuum wave length, thevrefractive index
of the ineident medinm? the cptical ccnstants ofbnhe‘substrate and the
£ilm, and the thicknéss’cf tne £ilm. |

Several methods are.available for determining the nhickness of :
~films on feflecting_substrates,frcm ellipsometric‘measur.ement.s..3”5’8_12
When the.angie ofrincidence, the optical constsnts of ﬁhe film and of
the substfate are known, values of A and can be calcuiated for s
given thickness, L, of the film nsing tne eXact-Eqs. (29). to“(ho);
Examples of a transparent film onetrsnsparent substréte, a'tfansparent

film on absorbing'substrate and an absorbing film'onfébsorbingvsubstrate

are shown'in'Figs. 7, 8,9 and‘lO respectively. Experimental values of - _e

A and Y can be interpolated'in such related graphs or tables to deter—

mine unknown thicknesses, without Uncertainty if the thickness range

)

&3
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lated for increasing film thickness for wavelength 5461A, angle of incidence T75°,
base constants np = 1.52, ky = 0 and film constants ne = 2.30, ke = 0. Film thickness

in A indicated as parameter. The curve closes on itself at 1309A (optical thickness

one wavelength).
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ig. 8 Transparent film on absorbing substrate (aluminum oxide on aluminum). Valués of
Y and A calculated for increasing film thickness for wavelength S54k61A, angle
of ‘incidence 75°, base constants ny = 0.81, kp = 5.L7 and £ilm constants
ne = 1.76, kg = 0. The curve closes on itself at the thickness 1856A.
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Fig. 10 Absorbing film on absorbing substrate (nickel on chromium). Values of Y and A
: calculated for increasing film thickness for wavelength SL61A, angle of incidence
75°, base constants ny = 2.96, k, = 3.45 and film constants ne = 1.4, ky = 2.25.
‘The curve starts at the bare surface values for chromium and ends at the bare
surface values for nickel (i.e. infinitely thick film).
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is known¥*. ‘Sometimes, it is possible to determine both the film thick- :
ness and its opfical constants byvtrial'and error With the help of high.
speed conputers.lo’12 .
It must be noted that‘thebabove exact equations were defi#ed on
the basis that both the film and substrate are flét‘and uniform in
properties. In real life, however, this is usually not the case. The
~film is usually inhomogeneous, rough or only partially covering the
substfate. . The ellipsométric equations shown above wiil in this case,
predict a fictitious film ofvhomogeneous pfoperiies with an average

13,16 Sometimes, the substrate sufface itself may be rough.

thickness.
. : e . . 17 18

It this case the above predictions will be in error. Berreman™ has

described a method to treat rough surfaces. Unfortunately, up to the

present time, we still lack a satisfactory model to account for the

roughness of the surface.

*For transparent films, these curves close on themselves, therefore, -
uncertainty exists if the thickness range is not known. As for an
absorbing film, the curve ends at a value corresponding to that of a
bare surface of the film material. The thickness of a thieck absorbing
film cannot be determined by ellipsometry. B :
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III. THE ELLIPSOMETER

The Ellipsometer used is a Gaertner Model LllQFEllipsometer with
14 m Glaﬁ—Thompson prisms. A mercury lamp (General Electric A-HL)
with green filter (Gaertner L~541-E combination) ﬁéé_uSed as light
source. The retérdation plate is a quarter wave plate for the 5461A
line. Thg'aetector is a'photcmultiplier (RCA 9314, 6pérated at -800v)
coupled to a Lock-in-Amplifier (PAR model HR-8) and a chopper (PAR
‘model BZ%l). This reduces the.noise coﬁsiderably and increases the

accuracy of the measurements.
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IV. ADSORPTION STYDY OF CO ON A PLATINUM SINGLE CRYSTAL
A. Egquipment
The components of the Gaertner L119 ellipsometer are mounted on a
specially built table which can be connected to the LEED vaccum system.
The legs of the table are adjustable in the vertical direction and the
table is positioned by the use of spacers and tapered pins. A detailed
description of the instrumental arrangement has been given by Muller.lg’20

Figure 11 shows a picture of the system with a schematic sketch given

in Fig. 12.

B. Alignment

Due to the configuration of the LEED chamber, a fixed angle of
incidence of U45° had to be used. Therefore, the optical axes of the
collimator and the telescope should be perpendicular to each other.
This optical alignment and the calibration* of the ellipsometer were
done independently, with the table separated from the LEED apparatus.
The table was then rolled over part of the LEED apparatus. With a flat
reflecting mirror attached to a chamber window with double face scotch
tape, the collimator and the telescope were then autocollimated against
the windows. Any misalignment was corrected by moving the table and
adjusting the height of the table legs. The purpose of this is to align
the light beam normal to the cell windows. This alignment has been shown
by Muller et al.go not to be very critical. Misalignment of one degree
from normal incidence (Q>= 0°) will affect the measured relative phase

and amplitude parameters A and y by only 0.01°. After the components

were aligned with the cell windows, spacers were fitted between the

*
See Appendix II for the aligmment and calibration procedures.
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Fig, 11
Ellipsometer attached to LEED apparatus19
A. Roll-on table which fits on T. Spacer for fixed mounting of
LEED apparatus collimator and compensator
B. LEED vacuum chamber assembly
C. Mercury lamp with green U. Crystal manipulator
filter, 5L61A V. Rods for lateral translation
D. Light chopper of analyzer telescope with
I. Side window sleeves for reproducible
K. Optical view port on LEED chamber positioning.
N. Photomultiplier W. Dovetail carrier for vertical
0. Stiffening member for table top translation of telescope
P. Welded frame X. Base for rotation of telescope
Q. Braces in horizontal plane

Y. Screw for rotation of tele-
scope in vertical plane
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Fig. 12 Schematic of Ellipsometer Setup With LEED . Chamber.

A. Light source, mercury lamp G,K. Iris diaphragms
(General Electric A-HL) " H. Compensator, quarter
B. Green filter, SL6lA wave plate, S5u61A

Photomultiplier (RCA 931A, -
operated at -800V)

. Polarizer

(Gaertner L~5h41-E combination) I. LEED vacuum chamber
‘€. Light Chopper (PAR BZ-1) J. Specimen, platinum crystal
D. Pinhole ' ‘L. Analyzer .
E. Collimator M.,Telescope‘
F N.
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frames of tﬁe_LEED apparatus and the table. With the help of taperéd
pins, the table -could be rolled back to the:same_position after it had
been removed for baking oﬁt the vacuum system. This avoids the repe-

tition of the tedious alignment procedure.

C. Effect of Cell Windows

Althqugh tﬁe orieﬁtation.of the‘cell windows wiﬁh feSpect to the
light beam is not Véry critiéal, the bireffingenpe_and optical inhomo-
‘geneities of the glass cén‘be a problém in ellipsoﬁetric measurements.
Corning.7056-boro—silicate glass (9.5mm in thickness) was chosen as
the glass for the windoﬁs for lack of-inhomogéneities and Birefringence.
Table I shows‘the effect of the cell wiﬁdowé on the measured values of
A and Y. A marked increase in biréfringence due to mechanical tightening
of thé windows.was nqtéd. ,This.éffect oﬁ A and w'caused by the Ceil
windows was used as a correction factor for later measurements. The
* thermal biréfringenceACauéed by the héaﬁing of the crystal is expected
to be fairly small compared to that gaused by mechanical stresé, andvi

was neglected.

D. Specimen

The substrate used for the measurements was a platinum single

_erystal cut at 9.5° off the (111) face.

E. Bare Substrate

Before the adsorptibn of CO can.be_studied by élliﬁsometry, the
optical cqnstants of the substraté ﬁust.be known aﬁ the temperature.to
be employed.

Fof”the'measuremeﬁtvof the optical cohstants.of the platinum érystai,

the vacuum system was first baked out. The ellipsometer was then rolled
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Effect of window birefringence and optical
inhomogeneities on ellipsometric measurement
of platinum crystal surface (¢ = 45°,
wavelength = 54E1A), ’

» Difference from no Window
Measured Values Measurement
A (U] DA Dy

Without Windows

With Windows
(bolts not
tightened)

With Windows

(bolts tightened)

With Windows
(bolts tightened
and chamber
vacuum on)

165.22  L4i.2k

170.82 41.36 5.60 ©0.12
175.%0 41.77 10.18 0.53
174.86  L41.97 ' , 9.64 0.73
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onto the LEED apparatus and the platinum crystal aligned with the light
beam{. Measuremehts.were made as the crystal cooledFfo ffom aréund | : !
100660 by adjusting the hegting cufrent. To calculate‘thé opticalvcon- . : .r
stants n and.k from measured valﬁes of A and Y the computer program
”MQC"* was ﬁséd. Algrid of P versus A with n and k as‘pafameters (see 2
Fig. 13) covering the expected values bfbplatinum‘was.also constructed -
so that the vélués.of n and‘k could be deterﬁined graphically. Thevcon—
stfuction of the grid is accoﬁplished'by the use of cémputer prdgramb
"MEﬁ";* | | |
-Figure‘lh shows the change in A of thé platinum crystal with tem-
peraﬁure. .Tﬁe measurements were made at a vacuum of around 10-8 torr.
As can beAseen ffom thé graph, thé;curve starts to beﬁd down at around
Loo°c.- If one assumes that the température dependence curve_should
extrapoléte.as shown in the graph, thenfthe drop off must be due.to sur-
face confamination, (ﬁhiéh is véry_possible with the low vacuum
aéhieved). Auger‘electron spectquéopy (AES) measurements was'applied
aﬁd a carbon péak‘éid shéw.ﬁp at about 300°C. The carbon péak height
inereased as the temperéfure droppéd. A_éompérisbn of the change of A
with respect to the extrapolated clean surface valges and the Auéer
carbon peak héight is éhown in Fig. 15; ‘Ggéd correlation is exhibited .
betwéen the two curves. In addition, it shows that ellipsometry is moré
sensitive than AES to.surface impuritiés.'v.
Auger electfon spectroscopy isza usefui mefhoa to identify'surface"
impuritieé: 'It is:hdwever, unable to determine the abéolute degfee of . o -
coverage. Low energy eleétron_diffraction (LEED)'has.often_beén used
in conjuction with AES to account forvthe surfacelcoverage.v The iﬁter—'

. pretation of LEED déta, however, is usually.not'straightforwéfd.- Since

* -
See Appendix I.
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Figg_lh 'Change in measured values of A with temperature:. Specimen

is platinum single crvgtal cut at 9.5 degrees off the (111)

face. Pressure at 107° torr. Angle of incidence U45°.



2.0
1.8
1.6-

1.41

1.2;

1.0

0.8+ Auger 8
peak height] -

_ (arbit. unit)}-

0.6; '

0.4 4

04— y— — r _ ) ' — 0

° 0 o 100 200 - 300 400 _

© Temp. (°C) - _
. . XBL 7110-7404
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the results of ellipsometric measurements are also'cOvéfage'dependent,_
~the combination of AES, LEED and ellipsometry can be very fruitful in
surface research.21’22
The parameter Y, varies only'abéut 0.6° with temperature from .
lOOOOC to room temperature. The build up of the contaﬁinant layer con-
tributes a. change éf about 0.2°.

Tt mﬁst»ﬁe mentioned_that no quantitative éorrelation could be
made between.AES gnd:ellipsometric measurementé in the present investi-
gation. _T§ make a quantitative_correlation, we must be able to obtain
clean surface data at‘below'hOO°C. .This can only be accomplished with
a vacuum highér than the-lo—8 torr employed here. In addition, the
optical constants of the adsorbant should be known to eliminate one
variablei' quever, in ﬁﬁe.present_case, the optical constants of the

~contaminant layer were unknown.

" F.  Chemisorption of Carbon Monoxidév
Since theipiatinum‘crystal seemed to be contaminatedvat below Loo°c,
the adsorption of CO wgs.stﬁaied at ulo°c; After thefvacuum chamber
had been baked out, the platinum crystél was'cool§d~down to and main-
taihed at'thOC. Carbon moﬂbxide was then admitted into the chamber
éﬁd ellipsometric measurements (only two zoneé were'used*) were taken

T

continuously. The pressure in the chamber was 10" ' torr after the ad-
mission of CO (10—5 torr before.admissioh), However, no apparent

change was observed elther in A or Y even after 10 minutes. The LEED

pattern takenvimmediately afterwards'did,'howéver; show coverage of CO

* . ‘ , -
Because of the lengthiness of a four-zone measurement, it -is not prac-

tical to apply it to the following of film growth. McCrackinll has
shown that two-zone average will suffice in reducing the errors.'
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of af least éne monolayer. This discrepancy between ellipsometric
measurement and LEED obéervation could be explained if:’ a) a CO layer
was already present before the.measurement by ellipsometry, or b) the
changes in A and y produced by the CO_film were too small to be observed,
Calculations were made to see. what charges of-A‘aﬁd ¥ produced by
the CO film can be expected at 45° angle of incidencé; The result of
fhe calculatidns is shown in Fig. 16. The refractive index ﬁsed for the
CO film is 1.2; Since no refractive index data was’available for CO,
this value‘is Calculatéd from the molaf refractivity, R,23 ﬁsing the

Lorentz-Lorenz equation

o=

(k1)

]
+

where, n = refractive index
., M = molecular weight
o = density in gm/cc

~ The Vglue of R was calculated frém the contribution‘of atomic refractiv-.
ity for sodium line (D-line). Table II gives the valués used to calcu-
late the>refractive index of CO. It must be noted that n thus calculated
is Just an approximatién. However, the use of ﬁ ¥_l;2 should.give a
fairly good estimation'of the effect of a CO film on the ellipsometric
parameters A and Y. The accuracy of the film refracti&e index is not

too critical for the determinatioﬁvof £ilm thiékness»from changes in A

. . ol
‘and Y as shown by Archer and Gobell.2
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Table II. Constants used in the calculation of
: carbon monoxide refractive index.

Compound - C : =0 : co

Atomic Refractivity values23

for D-line - 2008 2.211 |
Molar refractivity, R(cm’3) | 4.629
Molecular weight,'M(gm/mole) o 28
Density,31 p(gm/cm3) ' _ ' , : 0.803

The calculation of the curve shown in_Fig. 16 is accomplished by
‘.using'the'cemputer program_"LAYER";* The calculation assumed that a film
of SA is oﬁ'the éurface, which is at least a monolayer coverage of co
(assuming that the molecules ere closely packed cubes on the surface.).
The difference of the values of A and ¢ for 5A film to film free values .
divided by 5 gives the sensitivity of A and VY to changee in film thick-
ness. Thie'is justified because the linear‘apprexiﬁation of A and ¥ for'
film.thickness L usually holds well in tﬁis range of thfckness.25
As one can see from Fig. 16, the change of A due to a SA.film of
O at 45° angle of ineidence is oﬁly,O.lSo. The effect on ¥ is only
0.0Q1°.** Theoretically, the'ellipsometer will not be abie to detect
the change inb¢, but a change of abeut Ongo in A (if the CO film reachee:
5A thick) would be detectable (the resolution of‘thefellipsometer is

0.01°). .However, due to an unusually high noise level encountered

* .
See Appendix I-D.

R o o N
Y is less .sensitive to changes in film thickness than A and often only

changes in A are measurable.
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duringvthe'measurements and the probability thét the CO film was ieés
than 5& thick,.the ellipsometer was unable to'resolve the changes in A
produced by the film. At T7° angle of incidence.(optimﬁm angle of in-
cidence), however, the sensitivity éf A.to'éhanges in film thickness is
almost féur—fqld that at ¢ = L45°, The efféct on w aiso gdes up to about
0.101 .The angle_of incidence at which ¢ regches a:maximum coincides
with.the principal angle of incidence.

The éensitivity éf A to changeé in CO film thickness on platinum
is at its maﬁimum ét about 77° éngie of incidence. When.nm, ﬁhe real
part bf thé refractive index of.thevﬁetal, is not very large ahd kﬁ’
the-imaginafy part, is large as_compared-to nos a low sensitivity of A
to changeé in dielectric film thickness»can be expected. This is so
even at optimum angle of iﬁcidence (sensitivity about 0.1 deg/A or less).
An example of CO film, this time on silver substrate (nm small and k_
‘larée),bis shown in Figf 17; When nm is 1érge and km is small as
compargd to nos the Sensitivity of A to Changeé in dielectric film
thickness will be much highér”éfioptimum angle of incidence. A good
example Wés given by Archei'26 for gefmanium and silicon suﬁstrates.
Figures 18vahd 19 show the two senéitiﬁity curves scaled for SA CO film.
The chahge>ih A at maximum senéitivity is larger, especially for silicoﬁ
substrate .when km is much smalle? than nm; Another interesting thing
is the abrupt’sigh phange of the A éﬁrve. The sensitivity curve of A
has actually two maxima wifh thevhigher maximum occurriﬁg at a_smaller
angle'of_iﬁcidence. The principal angle of incidence lies betweén
these two maxima (af'thé maximum of the Y curve). Judging from the
resﬁlts of a seriés oi calculations,.in Which differentvsubstraté opticélf

constants were employed, it appears that the transition from_the A curve
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(Carbon Monoxide on Silver). Values calculated for wavelength of SM6LA film
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in Fig. 17 to that shown in Fig. 18 for a transparent film occurs at
about nm/km = 1. VWhen this:ratio is less than one, the curve has.only
" one maximum.'IWhén the ratio is larger thah one,Atﬁo maxims in sensi-
tivity océuf. Winterbottom5 has éiven soﬁe criteria for the dependence
of the-sha?e of thé A and ¥ sensitivity curves on the optical constants
of the film and substrate.

The sensifiﬁity'of A to changes in film thickness is small for the
studyvof gas adsorption on & platinum substrate ét a L5° éngle of
.inéidence,(unless a thick absorbed film is deposited). AA vacuum
chamber is now under désign so that anvangle of incidence of 75° can be
used for theféllipsqmetric_measurements. The Ellipsometric study of

the chemisorption of CO on platinum should be repeated with this chanber.
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V. STUDY OF LIQUID FIIMS ON A PLATINUM ELECTRODE

A. Egquipment

1. cell

In order to study liquid films on electrodes, a cell was constructed -
which ailows the formation of a film on an electrode by draining the
liquid in which the electrode had teen totaily immersed.' The cell

27

construction has.been described in detail by'Turney. A top sectional
view and a side sectional view of the cell are shown in Fig. 20a and 20b.
The glass windows of thevcell are oriented at T5° to eachlother. There~
fore; an engle of incidence of 75° can bevuSed fof the measurement. This
angle is close to the principal angle of incidence aﬁd is in the sensi-
tive regioﬁ fof the measuremeht of films on‘a platinum surface. The
outside of the glass windows is coated with an enti—feflection.coating

to minimize the reflection from the window surfaces which may'cause |

an error in the measurements. Unlike Turney, during the present ex~

- periments, the nuts holding the ﬁindows to the cell were.tightened to

» oﬁly 20 in.-1b which Was.found te be sufficient to prevent the cell

ffom leaking., Mechahical stress iﬁposed en.the windows‘by the tightening
of nuts will cause birefringence 'in the windows. The smaller the torgque .

applied to the nuts, the lower the birefringence in the windows.

o, 'Liguid Filling and Draining System

The cell is filled and drained by graﬁitational flow. The cell's

filling and draining system has also been described by Turney.27 A
diagram of the flow system is shown in Fig. 21.

3. Cell Atmosphere Control SYstem

In order to keep a stable film on the platinum electrode, it is

necessary to keep a saturated atmosphere in the cell.. Nitrogeh,saturated°
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Flg 20 a. Side sectional view of liquid film experimental cell.
b. Top sectional view of liquid film experimental- cell. 27
1. Studs for clamping windows to cell body
2. Gas inlet
3. Gas outlet
4. Clamp and electrical contact
5. Gas outlet for counter-electrode chamber
6. Main chamber
T. Glass capillary for reference electrode
8. Platinum electrode
9. Liquid drain
10. Counter-electrode
11. Counter-électrode chamber
12. Liquid inlet ,
_lh.‘Passage between chambers
15. Welr to establish liquid level
16. Frame to hold windows
17. Plate glass windows
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with the film solution was fed to the cell to control the atmosphere
and to keep carbon dioxide and bxyéen out of the cell. These gases
.may react with the film or oxidize the electrode surféce. The gas
saturation system has been descfiﬁed by ‘I‘urney27 and a sketch of it is
shown in Fig. 22. |

4. Optical System

An ellipsometric setup allowing variable angle of incidencé'measure—
ments'was‘used for the study. The polarizervparts and_the compensator
- are stationed on a fixed.arm, while the analyzer parté rest on a>movable
arm which can be rotated around an axis to chahge tﬁe ahglevof incidencé.
These arms héve been extended away.from_the sampie table in order to
accommodate‘the cell. The sample table with fhree screwé for tilting‘
movement , was mounted on a mofor driven doﬁetailVéarrier which has a
vertical movement of about 11 cm. VThis movement allows‘measurements
to be made along the electrode. A photograph of the setup with the cell‘
in place is shown in Fig. 23. A simplified schematic sketch of the

system is shown in Fig. 2k,

B.. The Platinum‘Electrodé
The platinum electrode Qas coﬁstructed from a platinum sheeﬁ (10 cm
X % em x 0.05 cm) soldered to a 1/4 in. thick stainless steel baéking. -
Tﬁe surface of the platinum wa$ optically polished. - Except for a small "
afeaion theAtop, the .sides and back of the electfodé were coated Withz
Kynar,* Vhich is highly éorfosion resistantvupder most a§id or base
enviromment. FElectrical connection‘Was_made with a stainless steel (3i6y

pin in contact with the bare area.on the top edge.' This pin also serveé-

% - :
Trade mark of Pennsalt Chemical Corporation for a Vinylidene Fluoride
polymer. » R o ’ ' : : :



Liquid filling and draining system
1.
2.
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Fig. 21
27

Dust and carbon dioxide filters . ‘ :
500 ml flasks containing solution used for cathodic cleaning
of electrode .
500 ml flasks containing experimental solution
System flushing drain

Experimental cell

. Drain vent

Flexible connecting line

. Liquid drain



XBL 709-6668

Fig. 21



~50-

- ~ XBL70l1- 4123
: Fig. 22 ’
Cell atmosphere control system 2T

. Gas supply. cyllnder (Ng) " 6. Glass wool mist filter
Drying tube . 7. Saturated gas flow rate rotameter

. Glass wool dust fllter 8. Dust and carbon dioxide filter -
. Dry gas flow rate rotameter 9. Ligquid film experlmental cell

. Sparger with same solution as +0- Flexible connecting line’

in experimental cell

VW D+
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XBB 682--860
Fig. 23

Modified ellipsometer with experimental cell in place.

A.
B
Ce

. ° . °

HoEEtR+HEHaadHY

Moveable carriage for light source

Exchangeable monochromatic light source

Light chopper and generator of reference signal for phase-
sensitive detector

Collimator tube with pinhole entrance

Polarizer circle with illuminated scale

Compensator circle with illuminated scale

Experimental cell

Iris diaphragm for control of observed specimen area
Analyzer circle with illuminated scale

Telescope tube with pinhole exit

Photomultiplier

Table

Angle of incidence circle

Sample table with vertical movement

Motor drive control unit for vertical movement of sample
table
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Fig. 2L

Simplified schematic of ellipsometer setup with the cell
in place.

o ™
HE GO QW

BEOE

=

Light source

. Pinhole

Collimator lens

. Polarizer prism

Iris diaphragms

. Quarter wave plate

Cell windows with anti-reflection coatings to minimize
parasitic beam (=--)

Reflecting specimen (platinum electrode)

Analyzer prism

Telescope lens

Telescope pinhole serves to block most of the
parasitic beam (---)

Photomultiplier

Main beam

Parasitic beam
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to clamp the electrode in place.

C. ‘Pfgparation of Elecﬁrélyte,

'.The ﬁdtéééiﬁm hydréxide solutions ﬁere prépared‘from reagent'gradé
pellets and distilied watér. Since KOH attacks both glass -and paper
filters, feflon filters (Chemﬁaré Filter Membranes , Chemplést:lhé.) were
used ﬁifh'a polypropylené funnel to vaéuum filter the solution. The |
finest teflon filter wﬁich was available had a pérosify of 5u (fine).
After filfratidﬁ, the solution Wés purged Qifh nitfogen for the least
ol hours before it was used. .

The suifuric'aciazsolutionvwas=prepared from reégent grade concen-
trated sﬁlfuric acid. The solution was then Vacuum.filtered through a
glass filter:(porosity approx. lyu) and pfugéd with nitrogen Before beiﬁg

used.

-D. Preparation_of Eiecﬁrode'Sufféce Cleéning'of the Cell

Before the cell wés assembled, the platinum electrodg wés.cleanéd
with isopropanol to remove greésevana organic contaminants, followed by .
a cleaniné Withvnitric aéid. fhé céll body‘was cléaﬁed with ghrbmic |
acid ahd diétilléd.water.:VThe'cléaning of the céilIWindows wés rather
ldboriOus, One side of the windows is coatéd with anti4refi¢¢£ion
coating. Cleaning coﬁld nofvbe done easily with chromic acid without
destroyipg paft Qf the coating; For experiments wifh‘potassium hydroxidé
solution; the cieaning bf windows was omitféd'because the pofassium |
hydroxide solutionvetches the glass and therefore wets it very well.
However, forvexperiméﬁts wiﬁh dilute sulfuric'acid,'the glass windows
had to be cleaned since dilute'suifuric acid doeé not etch'glass; and‘
liquid drops would form on the window surface vhen drained. This would
. introducé great>error in ﬁﬂe meésurements. In Qrder.not to damage the

coating of the windows durinngIéaning, the éell was. first assembled,
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then'filled'with.chromi; acid and followed by fepeated,rinsing with
distilled water to wash the whole cell.

Before the performance of every experiment, the cell was filled
with the electrolyte and the platinﬁm_electrode was éathodidally
cleaned (current density,'750vma/cm2) by intermifegt evolution of large
quantities of hydrogen to insure tﬁe presence of a clean platinum sur-—
face. qu.couﬁter—electrodes‘were'used in sﬁccessiéh‘for the cleaning
-pfocess. Nickel screens wére used as the counter—électrode for cleaning
when expefimenté were performed‘with potassium hydroxide electrolyte.
When working with dilute sulfufic acid, a platinum plate was used
instead. Sometimes the cathédic cleéning had to be repeatedvmany times
to achieve a uniform Wetting‘of the platinum surface.

To.begin an experimenf, the cell was filled with electrolyte and
the gas séturétion-system turned on. The cell was then draihea és fast
as possibie. When the ligquid level reached the top‘of the weir,* timing

began for the measurement of the_thinning of the film.

E. Alignment
The élignmént and calibration of the eliipsometéf with variable
angle 6f.incidence setup is much easier than that described for use with
the LEED.setup.because fhe'polarizér and analyzer.télescobes can be
easily_brought into»"straight throughApOSiﬁionﬁ (i.e; optiéal axes coin-
.cidént #ith each bthef)T Essentially, the McCrackin alighment proce-
duresll were followed. The proéedures are Outlined by Steﬁé in Appendix

ITI.

® _ v
The weir separatées the solution contacting the electrode and that near

the glass windows since the KOH solution attacks glass. The weir also
serves to set the liquid level.
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Tﬁe.énglebbetween_the two.Winaows When:the:cell was assembled, did
not differ from.759 by more than one degree. The'eiecfrode Sufféée‘,
should férmieQual'dngles Wifh thé féceé ofithe windows. This aiignmentr
of the elecffqde'surface with.respect to the windows was estimaﬁed to be -
accuréte within half a . degree. To aiign thé‘cell Wiﬁh respect to the
‘light beam at T75° ahgle'of_incidence, the celi was.moved until the pin;
hole image.reflecting.from the electrode fell Qn'the cross—hairs of the
analyzér #éléscopé eyepiece. When this is accomplished; the light beam
should be normal £o the wiﬁdoﬁs, With a déviétion of less thah 6ne degree. -
As was mentiohed-ﬁefore, one:degree misalignment afféct the étate of
polarization only very slightly.zo It was not necesséry to align the

cell windbws_with respect to the light bean.

F. The Effect of Cell Windows

The effect of inhomogeheities and birefringenée in the cell windqws
on A and Y ﬁas determined by first measuring A and ¥ for the platinum
eleétrodé'with cell ﬁindo&s fémoVed and then With'windows”in place.

The difference-in Y and A between'the‘two measurements Wefebapplied
as éofreétién‘facﬁors. This‘measurémenf of the cell Window effect was
pefformed,every time:that the cell was taken apart and reéssembled.
Table ITT shows.the results of the window effept measurement,and.the cor-
rection faétors.defermined; ‘For detérmiﬁafion of the‘optical constants’
of thé_platinﬁm:electréde,_the fburezone.ave;age%l cOrrection_faétors
~for windbwé ﬁefe uséa; FWﬁen_measuiing‘films-on the platinum electrode,:.
twd—zoné.average correétion.factors.were used since film-measurements
were only made in two zoﬁes‘(compensator circle regdihg at hsé, quarter-
‘waﬁe plate'fast axis at 135° to plane of incidencej.A |

It must be mentioned that measurement of thexcell window effect

was only made at one point on the Window.. The inhomogeneities of the



Table III. Effect of the cell windows on A and Y
(Reflecting surface: Platinum electrode;

¢ = 75°; wavelength = 5461A4).

TWonone.Averagé
(quarter-wave plate fast axis at 135°) -

Four-Zone Average

-3

2.

Measurement No. 1| e 3 1 2
. ] A (deg.) 99.94 | 100.9% |97.00 99.65 | 100.60 | 96.74
1. No Windows" ) v
¥ (deg.) 34.13 33.71 | 33.33 3h.12 33.76 | 33.32
Windows On, ~ 98.16 97.82
" Finger Tight /I 3.1k 34.12
. : : v \
— : : — __ L
Windows On, _ n
3. Nuts Tightened 96.11 | 100.67 | 97.46 $95.79| 100.19 | 97.14
~ to 20 in.-1b Torque 3k.17 33.78 | 33.36 - 34.15 | 33.76 | 33.32
Difference from No : | a | '
Window Mesgsurement DA : -1.78 -1.83
2 -1 Dy 0.01 0.00
Difference from No v _ f . | - _ o '
Window Measurement DA - =3.83.| -0.27 0.46 —3.86 -0.41 | 0.40
3 -1 . . .
Correction factors aré the : C ’ ' '
(negative of these values listed) Dy 0.0k ' O'QY 0.03 0.03 0.00 0.00
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glass were probably the same along the wihdow.v However, to account
for the variation of birefringence along the window caused byvmechanical

stress, measurements should acﬁually be made at points where film study

measuremerits would be made. The task'ofbdetermining the effect of cell

windows at different points was not carried out because it was considered .

too lengthy and laborious. A slight uncertainty,'therefore; does exist
in the effect of the cell windows on‘meaéured values of A and U at
points where measurements were not made. When placing the windows onto
the cell, care was taken to tighten the nuts upiféfmiy to avoid un-
necessary bi}efringence.v Except.for one pair of winaows, which was
later discafded,'the effect of cell windowé was only of ﬁhe order of
half a.deéree in A and neglegibie‘in Y. The uncertainty limit of the
effect of the windqws at different pointé was éStimated to be of the
same order of magnitude buﬁ not higher. From calculations; it was shown
that an error. in A of %0.5° will introduce an error in the film thickness
of ab‘out‘ +2A, |

-G. Determination of the Optical Constants
of the Platinum Electrode

Tb thain the optical constants of a clean platinum surface, the
meqsuremen£ was made with the cell filled with eieétrolyte and the
electrode céthodiéally éleaned. This insured that the surface measured
would be frée of éxide layervand other conﬁaminants.;‘The optical coh—;
staﬁts of:the platinum eiectfode'measured ih air and_measured when

 surrouﬁded’by eléétrélyte are.éompéred in‘Table Iv.. Fo#f—zdne average
éf'A and ¥ ﬁeré.uséd to determine the optical constants.  The constants:'
' oBtained are close to that reported in literature.3h’35’36

When measurements of optical constants were made with the cell

filled With electrolyte, the alignment of the windows with respect to
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Table IV. - Optical constants of the platinum electrode
.(¢ 759, wavelength = 5h6lA)

A (deg.) Y (deg.) ‘n k

(Four-zone avefage)

1. Medsurement made with the
electrode in air : 100.65 33.80 1.70  3.85

2. Measurements made with the electrode surrounded by electrolyte
(electrode cathodically cleaned)

In 1N KOH solution o % *
(refractive index = 1.3hLk) 81.96 "35.46 1.h7 3.82

Electrode Re-Polished

In 2.62N KOH solution .

*% i *%
(refractive index = 1.3595) 81.85 32,48 - 1.93 3.71
In 6.05N KOH solution x% - v
(refractive index 1.3853) o 81.77 32,70 1.93  3.79
In 0.94N H SO)4 solution N + .
82.71 32,60 1.90  3.72

(refractlve index = 1.3393)

Wlndow ‘effect correction factors set 1 of Table III applied.
Wlndow effect correction factors set 2 of Table IIT applied.
+Wlndow effect correctlon factors set 3 of Table III applied.
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the light beam was more.critica128 because-it'could causebfalse angle
of incidence. A check was made.to see how much the'reflected light
5eam had deviated from ite original position after;the cell was filled
with'electrolyte. ;It Wes found that the reflected light beam was de-
flected enl& by two minutee by the eiectrolyte.. This means that-the
alignment.of the'ﬁindowsbwith respect to the light beam was very
good. The agﬁeeollimatien‘check ef the windows with respeet to.ﬁhe
light beam was not made because the anti—refiectien'coating would give
a refiectioh.teo.weakvte be observed, and beceuse'the attaehment of a
ﬁirraf'ente the windOWQmight destroy thevceeﬁing.

;Table IV shows that.the optical constants of the platinum electrode
measured iﬁ lN KCH was greatly different from the rest of the measure-
ments. - The reason for the discrepency islnot-clear. ‘One of the
_ foliowing reasons may explain the differeﬁce. e) At the time of measure-
ment the surface could have-been contamineted'by corrosion products*
which orlglnated from the top of the electrode. Making fhe measurement
near the bottom of the electrode may not have av01ded the problem
5) Since the measurement was made near the botfom of the electrOde, and
measure@ent'ef.the effect of windows was made at the middle of the
electfode,*¥ an uncerteinty exiet in fhe correction factors for window

effect. The pair of windows used at the time showed high inhomogeneities

-%*The corrosion product was produced because of an anodic dissolution
‘process during cathodic cleaning. The pin in contact with the electrode.
was at the time made from 304 stainless steel while the backing of the
platinum electrode was 316 stainless steel. Due to the roughness of

the .contact area, a small gap was present. This problem of corrosion
was solved after the contact area was smoothed. . In additions a 316
stainless steel pin was used later.

*¥Except with 1N KOH, measurement of the optical constant were made at
the middle of the electrode where cell window effect measurements were
made. This avoided any uncertainty in the effect of windows on measured
values of A and y. -
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and birefringence (see Tahle III). .Tﬁerefore,'the.ﬁncertaiﬁty range
might very'well be large. c) The electiode was re;poliéhed after the
measuremént with 1IN KOH. ' The surface of the electrode maj be very
different before and after the hand-polishing.
‘It‘might be noted that the optical chstants-of platinumvfallé in

thé range where n and k are quite sensitive to changes in ¥ and A
(especially to changes in Y) at 75° angle_of'incidencev(see Fig. 25).
For»instance, a change of. ¥ of approximately 3° will.change the cal-

culated values of n/nO from 2.0 to 1.5 and k/no-from 3.5 to about 3.8.

H. XOH Films
In the study of KOH films.on the pl;tinumzeléctrode, an'unexpected
problem arose. Measurements éould be interpreted only by assuﬁing
a smail index of extiﬁction, k in thé film (potassium hydroxide film
should Be transparent). Detailed dicussion will be’given in section
V—H—ﬁm

1. Measurement of the Thirning of the Film

The méasurement of the thinning of potassiﬁﬁ‘h&dfoxidé filmsIWas made
at 3783 cm from the top edge'of-the eléctrode; Meaéuréments began as soon
as the-electrolyte ieyei reachéd the top of thé Weir;  As the,electrolyté
was drained, some of it was cbllected for réfractive indéx'and concen- -
tration_detérmination_  The'refraétive index Was_détefmined usihg the
Bausch’and Lomb precisién féffactometer. The concentration wasvdeter;
mined by titratién with‘standéfd iN_HCl:(ﬁhehélph£halein end point).

- " Figures 26 and:27 show the thinning curves of 2.62N and 6.05N KOH
films."Thé fesultS'shoW Qhat was expected, the thihﬁing rate of 6.05N .
KOH film was slowér than that of the 2.62N film since 6;65N KOH had a

higher viscbsity (approximatly one and a half times higher) and'oniy
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Flg 26 Thinning of 2.62N KOH film on platinum electrode.

from top edge of electrode.
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Fig. 27 Thlnnlng of 6.05N KOH film on platinum electrode. ‘Measurement made at
© 3.83 cm from top edge of electrode. A :
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a slightly higher density. Howeyver, as opposed to results obtained by

hduller,29 thinning curves did not obey Eq. (AE)BO
L= )RRV (12)

where L = £ilm thickness

z = vertical coordinate, measured‘from‘the upper electrode down:

t = time |

u= viecosity
o) =.denSi£y
g = gravitational constant

2. Steady State Film Profile

The film profile was obtained by_making ellipsqmetric_measurements
et selected points along the electrode after the drained film had
reached etea&y state. Limitatione in the movement of the sample table
restrlcted measurements to parte of the surface higher than one centimeter
above the llquld level The film_profiles for lN,_2.62N and 6.05N KOH
film are'shown in Fig. 28.. The film profiies seem to show ﬁaviness;

3. Comparison with White Light Interference

It was of interest in this work to see how ellipeemetry.can be
applied to thick film measurement and.hew_it'cempares'with film inter-
ference meesurements. | | |

White light interferenee‘measurementbwes made immediately after fhee
ellipsometricvﬁeasurement.‘ With the angle of incidence remaining at TS°:
. and the cell unmoved the mercur& lamp was replaced by a whlte micro- |
scope llght - The quarter-wave plate was removed and the polarlzer set
either at the p or s pos1tlon (transm1851on ax1s in the plane of inci-

ence or normal to the plane of_incidence). LThe interference colors were
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Flg 28 Elllpsometrlcally determined steady state film profiles
_ of KOH films on platinum. Measureménts made 24 hrs
‘after the forming of films. ’
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obser&ed With.the analyzer-transmission axis étvh5° to'the'plané of
incidence.
| Comparison of ellipsometric measurements and film interference
measurements for 2;62N and 6.05 KOH films are made in Figs. 29 and 30.
An exéellent'agreement exist betWeen the two types of measuremenfs. The
ellipsbmetric measurement, as a ﬁatter of féct, shows less‘scatter than
intefference’measuremeﬁfs.

Tb obtain local film thigkness from ﬁhe‘interference.cdlors, the
color scales (Fig. 31) comstructed by Turney27vwas used. The use of
Fig.'3l‘reqﬁires the kpowlédge of dtot (total phaée change due to
reflection) | |

Gtotv% 63 -8 ‘ | - (43)

where 8 is the'ébsolute phase change aue to refleétioﬁ at the air-film
interféce and Gl, the absolute phase change at the film-metal interfaCe.

The abséiésa in Fig. 31 is the optical.path difference, AS, through
the film,: | | | |
. L co§~¢‘ S _ (L)

As = 2 n.

£

where n_ is the refractive index of the dielectric film, ¢'_the angle
of refraction in the film and L the film thickness.
A color series for platinum electrode is taken from Fig. 31 for

for both polar—'

p- - and s-polarization respectively. The Values of Stot

izations were calculated from Eq. (43). " The absolute phase changes for
p- and s-polarization, respectively, at the air-film interface and film-
platinum interface were determined using the computer program "MER"

(Appendiqu;C)."The'color series obtained are compared with those -

% _ S '
¢' in Eq. 4k is not a complex quanity as in Eq. (31), since the film
is assumed to be dielectric. -
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Flg 29 Comparlson of elllpsometrlcally determined steady state film
profile with white light interference determlnatlon 2 62N
KOl rilm on platinum.
O - Determined by ellipsometry
NSA - Determined by interferencé color observation
FARS s polarization -
A - p polarization
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Flg 30 Comparison of elllpsometrlcally determined steady state
film profile with white light 1nterference determination.

6.05N KOH film on platinum.
O - Determined by ellipsometry
A A - Determined by interference color observatlon
A~ s polarization
A - p polarization
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Fig. 31 Multiple beam interference., Generalized inteference color chart. T

(Typical for dielectric film on platinum or stainless steel sub-
strate). W - white, O - orange, R - red, B - blue, BG - blue green
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obtained by Turney T in Fig. 32. For the p-polarization, a difference
in AS of about 0.1 microns exists between the present results and

Turney's, while for s-polarization the difference is 0.05 y. A good

~agreement , howe&er, is obtained between the presently used color series

and fhe onesvused by Muller.
M,I_Discuésion |

To obﬁain the thickness of thé film, the computer program "DLVPS"
(Appendix I¥G)was used to piot the experimental data on the Y versus A
plane. Theoretical curves of Y versus A with different film optical
constants were also caiculatéd using computer program "FPLOT" (Appendix‘
I-F). The thickness was rétrieved by comparing.thé experimehtai y and
A with theoreticai ¢ and A, when a best fit was found between the data

and the theoretical cufve.

Potassium hydroxide solution is transparent and colorless. There
fore, KOH films should be non-absorbing and could be characterized by

a real refractive index n_ (determined by féfractométer). However, it

f
was found necessary to assume a small index of extinction for the film

(especially for the thinner part). Table V gives, for different thick-

nesses of film, the values of index of extinction réquired for the film

in order to fit the theoretical curve thus calculated to experimental

data.

The absorption characteristics shown 5y-the-KQH films probably“i‘
couid‘be explainea by the inclusion_éf‘foréign particleé in the solution.
Sinéé.the'finest péroéitybof the teflon filter used was 5 M, any par-
ticlés smailer than 5 1 would femain in thg solufion. Whén the film
was fofmed, these particles acted as scattering or absorbing'centers.

The resulté_dfvellipsoﬁetric measurehents thus showed that.the'film had

absorption characteristics. In the thinner part Qf the film, the volume =
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Fig. 32 Thin film interference color series for a platinum substrate;

Comparison of the series constructed for the present work
with those constructed by Turney.2
p polarization

*-P1 - Present work 6tot = 226°
P2 - Turney's : = °
. ! y's . 6tot 138
s-polarization '
81 - present work Gt £ = 23°
52 - Turney's 8 ° '
tot = 338°



Table V. Film optical constants used for the determination

of KOH film thickness on the Pt electrode..

Optical Constants

Experiment  Concentration - (measured) (fitted) Film Thickness Range (MicronS)
1N 1.3LLL 0.03 0.06 - 0.6
2.62N 1.3595 0.04 0.2 - 0.4
KOH Film Profile |
Measufements _ _ 0.015 O-“4 - 0.65
6.05N 1.3853 0.02 0.4 - 0.65
+ 0.01 0.7 - 0.8
2.62N 1.3595 0.02 0.5 --0.95
0.01 1.0 - 1.9
KOH Film Thinning _ :
Measurements © 6.05N 1.3853 0.02 0.6 - 0.95
‘ 0.01 0.98 = 1.2
0.00 1.3 - 1.5

)
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percentage of particles vas higher. A higher index of eXtinctiqn there-
fore existed in the thinner éart_of the film. This reasoniné is supported -
by the experiments with sulfuric acidi(Section vV-I). |

In calcuieting the theoretical‘values of ¥ and A-with changes in
film thiekness; the substrate optical constants were assumed to be those
measured when the platinum electrode was surronnded by electrolyte (see
Table IV). When analyzing'tne results for 1N KOH film, it was borne in
mind that the‘substrate cqnstants_might be in error es mentioned in
Section VeG; HoWever, it was found that'the theoretical w'versus A
curve based on.substrate constants of n = 1.47, ko =.3.82, and film
constants of n, = 1.34kk, k. = 0.03 fitted quite well with the data.

If the platinun optical constants‘were in error, this fit would mean
that the aecuracy of substrate constants is not.critical'in determining
the film thickness.

Two Y versus A curves, with film thickness as the parametersvwere
computed»with substrate constants n = 1.47, km = 3.82 and film con-
stants n, = 1.34hh, ko, =0 and.nf = l.Bﬁhh, kf = 0.03. These two curves
were compared with the two curves calculated using substrate constants
nm =1.93, km = 3.71* and the same.film constants. Fbr the transparent
film (nf :.l;3hhh),'tne maximum difference between the two is 4° in
- P and 5? in A which corresponds to an érror in thickness of about 30A.
These maximum”éifferences occur within the A range of 120° to 220°. For

the slightly-absorbing film (n_ = l.3hhh,'kf = 0.03),-the same maximum

f
differences between the two curves also occured within the range of

120° to 220° in A. The differences in ¥ and A, however, increase with

£ilm thickness; .8ince the present study deals with thick KOH films,

These substrate constants were obtained w1th ‘the electrode surrounded
by 2.62N KOH electrolyte They are expected to be accurate.
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an inaccuracy of $50A in film thicknees is tolerable, The accuracy in
the results for 2.62N and 6.05 KOH film, however, is expected to be much
better than *50A,

I. H SOM Fllm

Further support for the argumeﬁts presented in Section V-H-L to
explain the absorbiﬁg character of KOH films has beeﬁ.obteined by the
observation'of liquid films free of solid particlee on the same plat-
inum electrode. kbilute sulfuric atid as the liquid was chosen for the
following reasons.

| a) Reagent grade cdnceﬁtrated sulfuric acid is ebteined by dis-
tillation and therefore it is free of inert particles;_‘b) Dilute sul-
furic‘acid doee not attack glass as KOH does. A glass filter (with a
perosity of approximately lﬁ, Corning ultra fine) could be used to vacuum
filter the;solution. Therefore, any barticles still present can be
filtered oﬁt of the solution dewh te a size much smaller than was pos-
sible ﬁith KOH: «c) Sulfuric acid is of.practical interest in fuel cells

- and corrosion processes.

1. Experimentel

The thinnirg of 0.94N sulfuric acid filﬁs was measured at 4.32 cm
from the top of the electrode,. The result is shown in Fig.‘33. The
thinning rate of 0.94N KOH films was much faster than that of 2.62N and
6.05N KOH films since the v1scos1ty of 0. 9hN H soh is much lower. The
Tilm reached steady state 1n about 11 hours, compared to 20 to 22 hours
needed by the KOH films to reach steady statek However, like the KOH
.films? the time dependenee‘of‘the tﬁinning with HQSOh did not obey
(k2).
The resﬁlts of the film:profile measurement is shown in‘Fig. 3. A

tapered film of thickness of 508 to_2OOA wetted the electrode. The
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Fig. 33 _Thinning of O.‘9hN ’Hgsoh‘ film on i)latinum electrode. Measurement que
~at 4.32 em from top edge of electrode. ' '
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ig. 3k Ellipsometricaily determined steady state film‘prOfile
of 0.94N H‘280LL film on platinum. Measurement made 2k hrs

after the forming of the filﬁ.
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thickness of the film seemed to increase greatly at about 2 cm. above
‘the liquid level. Due to the limited traveling distance of the sample
table, data couid not be obtained closer to the liquidvlevel.

No f£ilm inﬁérference color was observable because the.film ﬁas too
thin. This again shows oéne of the superioritiesvof ellipsbmetry over
interferometrj when applied to film measurement.

_é. 'DiscussionA,

' In order to derive thickﬁess.valﬁes from the experimental values
of ¥ and A the calculated theoretical Y versus A cufvés were fitted to
the experiméntal poinfs. In contrast to KOH fesults, measured points
could be connected by a theoretical curve based on a real refractive

index for the film (n, = 1.3393, measured by refractometer, and k_ = 0.)

f f

' The substrate constants used were the ones measured when the electrode
was surrounded by 0.94N H,S0, electrolyte (see Table IV).

. As was'menﬁibned‘before, the 0.9L4N sulfuric acid was prepared from
reagent grade concentrated sulfuric acid and filtered through a glass
filter. Therefore, the solution used was free of particles larger than
in. The.ellibsdmetric results showed what was‘éxpectedf—a transparent
sulfuric acid film on a metallic substrate (platinum). The sulfuric
acid film gléo had a smoother appearance than the KOH'films when
oﬁservedvthrbugh.the énalyzer telescope. These results may not be a.
solid evidence that the absorptidn characteristic of KOH films was due
to fo?eign particles, however, they‘certainly contribute a substantial

support for the argument.



‘Vi. DﬁSIGN CONSIDERATIONS FOR AN_AUTOMATIC ELLIPSCMETER

Ellipsometry is Qéry useful in the étudy'of films. However, ﬁith
equipment operated manually, which requires severai minutes for each
measurement;‘it is limited to thE‘invéstigation of steady-state films
or transient films with a slow éhange in thigkness. An automatic
ellipsometer with fast response time Wouldvincrease thg écope of film
measufements.to include the stﬁdy of transient.adsorption and oxidation
proéesses.

There are various reports on automatic ellipsometers. Several

52 53

techniques such as computer control, electro-

54,55

servo-motor control,
optic and magnetb—optic modulation have been employed. In the

present design'of an automatic ellipsometer, -the scheme used is similar

to that described by H. P. Layer?s-—the use.of two Faraday rotators for
modulation. |

The Faraday rotation can be described by the following eqUa_ﬁcion23

6 = VHR » | (45)

where 6 = the Farad&y fotation,-ﬁinutes of arc

V = the Verdet constant, min/Oe—ém

H‘= magnetic‘field apﬁlied, Oersteds

g = leﬁgth of light path through the material, cm

A good Faradéy rotator is a material which has a high Verdet constant.
Since solids are convenieﬁf to handle, glass was‘chbsen to bé used
as Faraday cells in the automatic-ellipéometer. Selection of the most‘
suitable glass éé Faraday rotator should be based on thé following.
considerations (besides high Verdet constant): small absorbance, small
réflection ioss and small residual birefringence, Also, the glass
should have a low stress opfical coefficienﬁ éincé a stable‘and uhierm'

temperature is difficult to achieve in a Faraday cell.

i ' 1l
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The absorbance, 0 has been defined by Robinson33 in the following

equation
I(a) = I (0) e - (46)
where i(O)‘= incident light intensity | |
1(d) = transmitted light intensity
d = distance between glass surfaces where I(0) and I(d) are

measured
Equationi(hé)'dccount only for the absorption loss in the glass.
Fresnel refléctioh'loss'is not included.
Three glassés were considered for use as Faraday rétatdr: 1) Corning
8463 extra heavy lead glass, 2) Schott SFS-6 extra heavy lead glass, and
3) Chance—Pilkington, Zero étress optical_coefficient.glass.
: Comparisén between the Corning 8463 and Schott SFS—6_glasses as

33 Very few data,ho

Faraday cells has been reported in the literature.
however, were a?ailable for the Chance-Pilkington zero stress optical

coefficient glass. ©Some of the properties of these glasses are listed

in Table VI for comparison.

Table - VI. A comparison of glasses used as Faraday rotator.

: Chance-Pilkington
Corning 8463  Schott SFS-6  Zero Stress Opt. Coef.

Density o . ' :
(gm/cm3) ' 6.22 . 5.18 5.75

Verdet Const;33’ho : , :
at 5461A . ©0.15 0.14 . -0.10
- {min/Oe-cm)

Refractive
Index n

D 1.980 1.806 S

o, absorbance -

at 5L61A (em™+) 0.056 0.015
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The Corning 8463 has the highest Veréet constant. However, it
also has a high absorbance. Calculations shoﬁed that after passage
through 12 inches* of the glass, 82% of the light is abébrbed. From
_informatidhs32>gathered, the Corning 8463 has large residualbbirefringence
and a high stress optical coefficient. The residuallﬁirefringence can
be reméved by proper annealing. However, the glass is still very
sensitive to stréin—induéed biréfringence; |

The Schott glass has é high Verdet cbnstant and a small absorbance
(only 36% of the light is aﬁsorbed after passage through 12 inches of
the glass), It is an attractive glass to be used as g Faraday cell, No
data were available on its residual phase retardation aﬁd its stress
opticél coefficient. These propertiés, if not favorable, may be a-
hinderance to the use of Schott glass'as Faraday cells,

The Chance-Pilkington glass, which has the smailest Verdet constant
of the three poésesses é phasé retardation of less than 0.01° per
centimeter. As élaimed by the manufacturér, the zerorstreSs optical
coefficient glésé has.a zéro stress optical coefficient'at wavelength'
of 5890A and a stress opticél coefficient of 0.0L4 Brewsters at h3OOA.

No yalue on the absorbance of the Chance-~Pilkington giass wasvavailable.
If it has a small absorbance, the zero optical coefficiént glass will
be the most favorable glass tbfbe used as Féraday rotatqr in the autof
matic ellipsometer. With a glass cbre,of 6 inches in length, a Vérdet‘
constant of O.i.min/Oé—cﬁHWil; rotate a plane polarized iight approx-

¥* ¥

imdtely 30 degrees (maximum ) under & magnetic field intensity of_ll80-

% ' '
Twelve inch path length was used because Faraday cells of 6 inches long
each were planned for the automatic ellipsometer. One Faraday cell is

located behind the polarizer and the other before the analyzer.
*% ; S
A dynamic range of 30° was planned for the polarizer and the analyzer.
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Oersteds thich;is'hoi difficult'to,échieve).‘

When a glass,is‘Chosen.to bé used as Faraday'cell,'its f;ces should
be coated with_anti—refléctiOn coating to reduce:the Fresnel'reflection
léss; Here; é glasé ﬁith high;refféctive‘index is an'advantage, since
the reflectance één be reduced greatly by only a singlé A/h cbating.
of MgFg. |

The soleﬁoids used for Faraday cells wi;l have three separate
windings. The inner AC winding Will.bé uséd for the modulation. The
outermosthC winding will be used to rotate the plane of polarization.
The middle AC winding will be used to shield the inner AC winding
from the DC winding to prevent couplihg. The sqlenoids will be water
cooled. The pﬁrpose of the AC modulation of the magnetiC'fieid of each
solenoid is to produce a control éignal for a feedback circuit which
regulates the current in each DC winding fo achieve miniﬁﬁm transmitted
light intensiiy. ItAis hoped that the automaﬁic ellipsometer will have

a response time of 10 msec.
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APPENDIX I. COMPUTER PROGRAMS

A. TFORTRAN IV Computeér Program '"MOC"

This computer program (Metal Optical Constants) calculates the
optical constants from relative phase change, A, and arctangent of

relative ampiitﬁdé attenuation, y.

1. ‘Equations Used in the Program

sin ¢ tan ¢ cos 2y

,D 1A sin 2y cos A (27)
_ sin 2¢ sin ¢ tan ¢ sin A
B 1+ sin 2y cos A (28)
n 2 :
n2 = —%— [‘I(D2 - E2 + sin2 ¢)2_+ thE2 + (D2 - E2 + sin2 ¢)] (25)
n 2 )
k2 = -—‘2’—'[\/(])2 - E2 + ?s,in'2 qb)2_ + hD2E2 - (D2 - E2 + sin2v¢1)] (26)
- 2. Variasbles Employed in the Program
Name Symbol ' ‘ Description
PHID ¢v(dégrees) angle of-incidenée
PHI ¢ (radians) angle of incidence
DELD A (degrees) relative phase change
DEL A (radians) relative phase change
PSID Y (degrees) arctangent of relative amplitude attenuation
PsI v ¥ (radians) arctangent of relative amplitude attenuation
b "D : . intermediate variable'
E E _ intermediate variable
™ v n ' real part of the complexrefractive
' ' index ' ' '
TK k - o imaginary part of the complex
R refractive index (index of extinetion)
TNO - n ' ) refractive index of tfansparent
o v : ;

incident medium
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3. Input Data for Program "MOC"

The input data for the program MOC are arranged on cards as illus-

trated below

Card Col. 1 Col. 11 Col. 21 Col. 31 Col. 41, Col. 51 Col. 61

1 Title and comments (up to 80 columns may be used).

2 nO

3 ¢l ¢2 ¢3 ¢h ¢5 ¢6 ¢7
i Al A2 A3 Ah A5 A6 A7

Card 1 is printed verbatim oﬂ the first page of the printout. Tﬁese
5 cards chsﬁitute a set of input data. Any‘number of ‘sets may follow
this first sét. The last set of cards must be followed by fwo blank
cards. The data should contain a decimal point and may be located any-
where in the field beginning with the column indicated and ending in the
column.preceding the next field.

The program together with a sample output is reproduced on the

fbllowing pages.
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PROGRAM MOC (INPUTsQUTPUT)
C MOC METAL OPTICAL CONSTANTS
DIMENSION PHID(7)yPHI(?)oOELD(?),DEL(7),PSID(7),PSI(7)sD(7)oDSQ(7)
C,F(7)oE%Q(7)yTN(7).TNSO(?),TK(7)9TK§Q(7)
DIMFNSION TITLE (8)
READ 25 TITLE
FORMAT -({8A10)
PRINT 4 TITLE
FORMAT (1Hls 8A10)
FORMAT (F10e5)
FORMAT (7F1045)
FORMAT (7F1040)
FORMAT (////1Xs5HTNO =4F10,5)
FORMAT(////3X94HPHIDoéXa4HDFLD,6X,4HPSID,8X,1HD;9X.1HF99X92HTN97Xo
C2HTK) .
14 FORMAT(1H0//30X,43H———-‘——f——METAL'OPTICAL CONﬁTANTS —————————— )
READ 9,4TND ' _
IF(TNO.ER.DeA)Y GO TO 305
PRINT 14
PRINT 55 TNO ,
25 READ 11 (PHIN{M)sM=1,7)
READ 119 (NDFLD(M)eM=157)
READ 11s (PSTD(M)sM=157)
DO 101 M=147
PHI (M) =PHIN(M)*¥0,01745329252
DEL(M)=DELN(M)*¥Na01745329252
PST(M)=PSIN(M)%#0.N1745329252
101 CONTINUF '
PO 201 M=1+7
SPH=SIN (PHI(M))
CPH=CNS (PHI(M))
TOH=GPH/COH -
SH=SIN (DFEL(M))
CD=COS (DFEL(M))
STPS=SIN (2en#*#PST(M))
CTPS=COS {2e0%PST(M))
DIM)=+SPH*TPH#CTPS/ (1. O+(D*STPS)
NDSA(M)=D(M)#D (M)
F(M)=+SPH® TPH%#SN#STPS/ (1.0+CN*STPS)
ESQ(M)=F (M) *E (M)
F=NSQ(M)=FSNA(M)+SPH*SPH
TNSQI{M) =0.5% (SQRT (F*F+4, O*DGO(M)*FQO(M))+F)*TNO**2
IF (TNSQ(M)) 15041525152
150 TN(M)=0
GO TO 154
152 TN({M)=SQRT (TNSA(M))
154 TK%Q(M)—TNO*TNO/Z.*(%ORT(F*F+4.0*D§Q(M)*FSQ(M))—F)
IF (TKSQ(M)) 156+158,158
156 TK(M)=0
GO 10 201 _
158 TK(M)=SQRT (TKSQ(M))
201 CONTINUE .
PRINT 12~
_ PN 301 M= 1,7 : '
301 PRINT 10 PHID(M).DELD(M),PSID(M),D(M),F(M)oTN(M),TK(M)
GO TO 1
305 RETIHRN

(=8 NNaY

[ p— .
N OO DN e

—
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PROGRAM MOC =-- SAMPL:Z OUTPUT  (SILVER)
---------- METAL OPTICAL CONSTANTS=—=ece——i-

TNO =  1.0000¢0

PHID DekD PSID ) £ N TK

2.00000 179496520 44.99910 L20702  4,00236 .20703  4.,00221
40.00000 164.86780 44.63550 .19747  4.,05120 .19999  4,00001
45,00000 160.2934) 44.53170 .19693 4,06186 .19997  3,99999
50,00000 154.7838) 4+4.41140 .19643 . 4,07251 .19999 . 3,99999
©70.00000 115.79420 43.77840  .19471  4.10864 +19999  3,99999
75.00000 97.56286) 43.65930  .19443 . 4.11470  .20000 3,.99999

80.00000 72.8621) 43.71020. «19420 4.,11915 +19999 3.99998
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'B. FORTRAN IV Computer Program "AXCON"
Similar to the computer program MOC, the FORTRAN.IV program, AXCON,
(Auxiliary Constants) calculates the metal optical constants n and k

from given values of ¥, A and ¢. In addition, the program finds the

alternate constants n', k', electrical}conductivity o, dielectric con-

stant € and penetration depth.

1. Equations Used in the Program

D = sin ¢ tan ¢ cos 2y (27)
1+ sin. 2y cos A

sin ¢ ten ¢ sin 2y sin A (28)
1+ sin 2y cos A

E =

5 .
0 .
n2 = _éi_ [\/(DQ _ E2 + sin2 ¢)2 + uDQ 2 (D2 - E2 + sin2 ¢)] (25)
o , ' '
n - " ] N
€= 2 (V0P - 2 v aan? 0P v 1072 - 02 - P 4 ain® )] (26)
o ' Fram (12) (15)
n' = n sin ¢ ‘ll + tan g cos 2y (16) (25) and
' (l + sin 2y cos A) (26)

o sin ¢ tan ¢ sin 2y sin A
k' = - — — . From (12) (15)
: 1+ sin 2y cos A - (16) (25) ana

| (26)
_ hkw , v ' 2
0= EL : v(h?)
.EZ = n2 - k2 . ()48)2
. , e 2
penetration depth = —— : (L9)

20k’
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2. Variables Fmployed in the Program

 Name Sxybol Description

C c speed of light in vacuum.

PI m ratio bf circumference to diameter of circle’
WAVEL Ao vacuum wavelength .

OMEGA w angular ffequéncy

PHI ¢ (radians) angle of incidénce

PHID ¢ (degrees) angle of inéidence

DEL A (radians) relétive phase change

DELD A (degrees) relative phase change

PST w:(fadians) arctangent of relative amplitude attenuation
PSID Y (degrees) arctangent of relative amﬁlifude attenuation
D D | intermedate variable

E . E , intermedate variable )

IN,N n real paft of complex index of refraction
TK,K k index of extinction

TNP n' ratio of phase velocity of light in metal

to that in vacuum

TKP k' alternate index of extinction

TNO no fefractive'index of transparent incident
meaium |

SIGMA o electrical conductivity

EPSILON € - dielectric constant

PD _ : penetration depth
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3. Input Data for Program "AXCON"

The input.data for the program AXCON are punched on cards as illus-
trated below

© . Card - Col. 1 Col. 11 Col. 21

1 Title and comments (up-tq_80“é§iumns)
2 . ng o Xov(Ew.d field may be used)
3 L 8, Lo
4 ¢2 AE w2
g b3 55 ¥3
ete.

The first cérd is a title card and is printéd verbatim at the head
of the output}  The sécond card Shouia contéin the réfractive index of
the transpafent incident meaium between columns 1 and 10 and the wave-
length of the.light used between columns 11 and 20. The cards that
follow contain A and at verious angles of incidence ¢. There is no
limit to the number of data cards that may be used. The last card must
be followed by'a:blank card.

The caléulated penetration depth will have unit similar to that
of the inpuﬁrvaCuum wavelength. If the Wavelengﬁh is given in cm, then
the penetraﬁion depth will also be gi&en in centimeters and the other
dimensionalvcénstants;will be in éaussian units.

" The prégrém, together ﬁith aISample'of butput, is feproduced on the»

following pages.
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PROGRAM AXCON -( INPUT QUTPUT) _
THIS PROGRAM FINDS THE METAL OPTICAL CONSTANTS N AND KAPPA wHICH
APPEAR IN THE COMPLEX INDEX OF REFRACTION, THE (REAL) RATIO OF
PHASE VELOCITIES N PRIME, THE PARAMETER KAPPA PRIME, THE (RFAL)
ELECTRICAL CONDUCTIVITY SIGMAs THE (REAL) DIELECTRIC CONSTANT
EPSILONs AND THE ABSORPTION COEFFICIENT ALPHA AT WAVELENGTH OF
5461 ANGSTROMS. ' :

"DIMENSION TITLE (8)

READ 5, TITLF

PRINT 6y TITLF

FORMAT (//7/7/71XsSHTNO =9F194542Xs THWAVEL =,E10,3) S
FORMAT (//2%,s 107H PHID PSID DELD : N N PRIME
C K _ K PRIME SIGMA EPSTLON PENe DEPTH)
FORMAT (7F104%s 2Xs 3(E11e4s 2X))

FORMAT (3F1045)

FORMAT (8A10)

FORMAT (1H1s///8AL10)

FORMAT (F10e¢59E1061)

READ 99 TNOsWAVFEL

PRINT 13 TNOs WAVEL

PRINT 2

C = 2499776

Pl = 341415927

OMEGA = 2,0%PI*C/WAVEL

READ &4y PHINDGDELDsPSID

IF (PHIDGEQeN«N) GO TO 400

NEL DELN%¥0,N1745329252

PSI PSID#0,401745329252

PHI PHIN%0401745329252

SPH SIN(PHI)

SPYN = SPH%SPH

CPY = COS(PHIT)

TPH = SPH/CPH

SN
ch

oo

SIN(DEL)
COSINELY

= SIN{2,0%PSI)

= COS5(240%PST)

D = +SPH*TPH#CTPS/ (140 + CD*STPS)

PSQ = N¥*D . '

E = +SPHR*TPH#SD*STPS/ (140 + CD*STPS)

ESQ = E*E :

F = NSO = ESN + SOH#SPH -

TNSQ = 0o5%(SART(F*F+4,0%NSAXESA) + F)*TNO*#2
IF (TNSQ) 150, 1525 152

TN = 040 -



GO TO 154
152 TN = SART(TNSQ)
154 TKSQ = TNO*TNO/2. *(aQRT(F*F+4.J*DSO*ESQ)—F)
IF (TKSQ) 1564 158, 158
156 TK = 0,40
: GO TO 160
158 TK = SART(TKSA) :
160 TNP = SPH¥SQRT (1.0 + (TPH**2%CTPS¥%2)/( (1,0 + STPS*CD) *%2) ) ¥TNO
TKP (TNO¥SPH¥TPH#STPS*aD) /(140 + STPS*CDY
SIGMA = TN#TK*OMEGA/(2.0%P1)
FPSILON = TNSQ - TKSQ
PD=C/(24N%¥OMEGA¥TKP)
PRINT 3» PHINSPSIDsDELDsTNsTNP»TKy TKP, SIGMA,EPSILON,PD
GO TO 100
400 CONTINUZ
- END
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N
«20703
«19999
«19997

.10999

+19999
« 20000
« 19999

PROGRAM "AXCON -~ SAMPLE JUTPUT
TN = 1.00300 WAVEL = E.461E-05-

. PHID PS1D DELD

C 200000 44.9391) 179.9652n0

40,00000  44,5355) 154.86780

45.00000  44.35317) 150.2934D

TTTS0.00000  44.4114) 154.78380

70.0C000  43,7784) 115.79420

TE.0N000  43.6393) 97,.52860

8, 00NCN  43,7122) 172.86210

N PRIME

20994
«57244
0 73402
79083
«95945
. 98530
1.00377

K
4,00221
4.000N1

31,99999

3.99999
3,99999
3.,99999
3.99998

K PRIME
4.09236
4.05120
4.06186
4,07251
4.10864
4.11470
4.11915

SIGMA
4.5483E+D4
4.3914E+04
4.3909€+04
4.3913E+04
4.3914E+04
4.3916E+04
4.3913E+04

EPSILON
-1.5975E+01
-1.5960€401
-1.5960E401
-1.5960E+01
-1.5960E+01
~1.5960E+01
~1.5960E+01

PEN. DEPTH
1.0858€E-06
1.0727E-06
1.0699E~-06
1.0671E-06
1.0577E-06
1.0561E~06
1.0550E-06

_€6._
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-C.~ FORTRAN "IV Computeér Program "MER"

pi

metallic geflection from given values of n, k and ¢.

1. Equations Used in the Program

A° = = 5 [‘l(n2 % n 2 sin2 ¢)2 N (n2 -k° - n _2 sin d))]
o - - o .
2 n, :
' (19)
g% = —2L > [‘l(n'2 k% -n? _sin2 ¢)2 + kn%k? -_(n2 - k2 - n ? gin® ¢)] N
_ o = o
2n .
© | (20)
~ (Positive square root gives A and B)
A2 + B2 - 27 cos ¢ + cos2'¢
S A"+ B+ 2A cos ¢+ cos” ¢
B 2° + B - OA sin ¢ tan & + sin- & tan- ¢
R, =R 2 . 2 - 2 > (18)
P A® + B® + 2A sin ¢ .tan ¢ + sin” ¢ tan” ¢
tan § = - > 2B2cos ¢'2 (23)
A" + B - cos” ¢ o
: 2. 2 .2
Ctan 8 = 22B cgs o (A L+'g - ;12 @)2 . (2L)
PoaA® 4B - l/nov(n + k") cos” ¢
ton b m -y B0 teme (o)
' A" + B - sin” ¢ tan ¢
2 A" + B” - 2A-sin ¢ tan ¢ + Sin2 ) taﬁ2 ¢
tan® § = =5 : 5 —> = - (22)
AT + B™ + 2A sin ¢ tan ¢ + sin” ¢ tan ¢ R.

Rs and Rp for
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2. Variables Employed in the Program

Name Symbol ' Description

TNO n _ refractive index of transparent

incident medium

™ - n real part of the complex refractive
index of metal

TK k index of extinction

A A intermediate variable

B B : intermediate variable

RS Rs g modulus of the compléx Fresnel

a reflection coefficient for the s
polarization »

RP R . modulus of the complex Fresnel

’ p ' reflection coefficient for the p
" polarization

PHID ¢ (degrees) ~ angle of incidence

PHI ¢ (radians) angle of incidence

DELD A (degrees) relative phase change GP - 6s

DEL A (radians) relative phase change

TAND tan A

DELP 8y (radians) "absolute" phase change with

' respect to incident wave (p

polarization)

DELPD dp (degrees) " "

DELS 8y (radians) "gbsolute" phase change with

: respect to incident wave (s

polarization)’

DELSD Sg (degrees) " "

TANDP  tan 6p

TANDS tan 68 .
arctangent of relative amplitude

PSID y (degrees) attenuation '

PST y (radians) o oo

TAPSI i tan'w relative amplitude attenuation of

p to s polarization

n [



~96—

3. Input Data for Program "MER"

The input data for the program MER are pﬁnched on cards as illus-

trated bélow

Card Col. 1. Col. 11 = Col. 21 >.Col. 31 Col. 41 = Col. 51 _Col..6l
1 Title-and comments (up to 80 columns may be used)
2 n
e
3 n - k

Card7lbis_printed verbatim on the first page of the printout.

Cards 2, 3 and 4 cohstitute a set of input data. Ahy number of sets

may follow the first one. The last set of cards must be followed by

a blank card.

The program together with a sample output is reproduced on the

following pages.
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—
LN = O o

20

40

50

100

112
114

116

118
120

CHCX+CXACX)

122

PROGRAM MER ( INPUT«OUTPUT)

C MFR METALLTIC REFLECTION

DIMENSION PHI(?)9PHID(7),ASQ(7)’A(7)9%50(7);5(7),RPSQ(7)9
CRP(UT7)sRSSQUT7)sRS{T)s TAND(IT7)sDEL(T7) oDELD(T7) s TANDSIT7) sDELS(T) s
DELSD(7)9TANDP(7)9DtLP(7)9DELPD(7)9TAPSI(7);PSI(7)9PSID(7)
DIMFNSTON TITLRE (8)

FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

(8A10)
(2F10,0)
(777}

(7F1040)

{/4BX s 4HTN =sFTely 10X s4HTK =9FTe4)

(/775X sGHPHIDs8Xs1iHAs9X s 1HB 98X s 2HRS s 8X s 2HRP s 7TX s SHTANDS s 5X s

XSHTANDP 95X 9 4HTAND s 5X s SHTAPSI 95X s 5HDELSD 35X s 5SHDELPDs5X 9 4HDELNs 7Xs
X4HPSID/(1IH. s13F10645))

FORMAT
FORMAT
FORMAT
FORMAT
REAN 15,

(1H1)

(141s //7/7/BAL0)
(59X s5HTNO =3FTe4)
(F1045)

TITLE

PRINT Bs TITLE

N =0

READ 11, TNO
IF(TNO.FQeDeN) GO TO 310

READ 2,

TN ¢ TK

N =N+ 1
IF (NeEQe4) GO TO 40
GO TO 50 :

PRINT 7

N =1

CONTINUE

" READ 4,

(PHIND(M) sM=197)

PO 100 M=1,7

PHI (M) =PHID(M)#N.01745329252
CONTINUE

DO 200 M=1s7

SX=SIN
CX=C0s

(PHI(M)) _ S
(PHI(M)} . I

TX=8X/CX

TEMP1 =

TN*#D~TK#*#2-TNO##*2*SX#%2

TEMP2=TEMP 1% %2 +4 ¢ 0% TN¥¥# 2% TK# %2

ASQI(M)

= (SQRT{TEMP2)+TFEMP1)/(20*TNO**2)

IF{ASQ(M))I110s1125112

A(M)=0

GO TO 114
A{M)=SQRT (ASQ(M]))

BSQ(M)

= (SORT(TEMP2)—TEMP1)/(20%TNO¥%2)

IF(BSN{M))116+1185118

B{M)=0

GO TO 120

R(M)=SQRT (RSQ(M))

RSSQ(M) =

(ASQ(M)+BSQ(M)=-2,

D*A(M)*CX}CX*CX)/(ASQ(M)+BSQ(M)+2.0*A(M)

IF(R%SQ(M))l?Z;lZQ.l?Q

RS(M)=n

GO TO 126
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124 RS(M)= :SQRT (RSSQ(M))
156 RPSQ(M)=RSSQ(M) % (ASQ(M)+BSQ(M) =24 0%A (M) #SXHTX+SX#SX*TX*TX) / (ASQ(M)

128

130
132

" 133
134

136
135

200

250
300
310

CHRSOIM) +2, 0% A (M) #SX¥TX+SXRSXHTX*TX)

IF(RPSQ{M) 112851304130
RP({M}=0

GO TO 132 -

RP(M)— SQRT (RPSQ(M))
TEMP1=2+0%#B(M)#CX :
TEMP2= ASQ(M)+BSQ(M)—CX*CX
TANDS(M1==~TEMP1/TEMP?2

DELS(M) = ATAN (-TEMP1l/TEMP2)
DELSD(M}=DELS (M} /0401745329252
IF(NDELSPD(M) ). 133, 133, 134
DELSND(M} = DELSD(M) + 18040
CONTINUE

TEMP3=2. O*B(M)*CX*(ASO(M)+BSQ(M)-SX*SX)

"TEMP4=(ASQIM)+BSQIM) ) —( (1. O/TNO**Q)*(TN**2+TK**2)**2*CX**2)

TANDP (M) =+TFMP3/TEMP4
TEMPS5=2o0%B (M) %¥S5X#TX

‘TEMP6=ASQ(M) +BSN(M)-SX#SX*TX#TX

TAND(M)=-TEMP5/TEMP6

DEL(M) = ATAN (=-TEMPS5/TEMP6)
DELN{M) =DFLIM) /001745329252
IF(DELD(M)) 136, 135y 135°

DELD(M) = DELD(M) + 1800
CONTINUE"
DELPD(MY = DELSD(M) + DELD(M)

TAPSI(M)=RP(M) /RS(M)

PSI(M)=ATAN (TAPSI(M)}))

PSIN(M)=PSI(M)/Ne 01745329252

CONTINUE

PRINT 10s TNO

PRINT 59 TNy TK

PRINT 6’(PHID(M)9A(M)93(M)ORS(M)!RP(M)’TANDS(M)’TANDP(M)’TAND(M)

XsTAPSI (M) sDELSD(M) s DELPD(M) sDELD(M)sPSID(M)sM=147)

PRINT .3
GO  TO 20
CONTINUE
END
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DROGAAM MLR -- SAMPL. DUTPUT
PHIN A n
2.00950 . 09880 L2024
40.00000 L3001 65639
45.00000 02745 .72453
5307000 ot 2545 L THS79
70.00C00 L95575
75.00000 .98154
A% . N0000 A P4 T oD ¥4
PHID A B
2.970000 » 29944 30017
43.70007 .79869 - ,37561
45.00060 . 753689 +39794
59.00000 L0878 .42328
70.99700 .54017 .53555
75. 00062 53732 55833
80.€0000 .52112 .57568
PHID A A
2.000060 . 19999 4.00015
47.,00000 L19747  4.05119
45.00000 + 19695 4.C6187
50.00000 19644 407252
70.0000¢ L1947 4.10864
75. 00000 L19442  4.11471
80.000°0 .19421  4.11917
PHIN C A 8
2.00000 . 99641 .20012
40.00000 . 73241 .25562
45 . 0M000 . 73130 .27349
5).20000 L67R32 .29485
70.00000 49210 < 40642
75.00000 .46255 £43239
8N, H2000 .44174 -45275
PHID A B
2.000C0 L19998  2.66689
49 .a00Cn J19446  2.7426%
45.,00070 © ,19335  2,75H35
50.00000 .19226  2.71397
70.00000 16868 2.82661
75.00000 18810  2.83540
89. 00007 JIRTAT  2.84186
PHID & [
2.00000 . 99944 .30017
49.00006" .79869 ° (37561
45.00000 LTE389 -39794
€0, 000N0 70876 .42328
70.90065 .56017 .53%555
75.00007 83732 L55833
A0. 00000 .52112 L5TI6H

RS
+R2661
.95639
96304
«96876
98621
98982
.793238

RS
.14851
23430
266461
30247
55117
64164
+ 74524

RS
97681
+9R240
.98378
- 98529
99221
£ 99411
«Q9605

L3
+09962
16321
.18752
»21940
446693
-56833
+6B871

RS

.95211

96407
96698
97010
98427
«9RR1L
«99203

RS

-14851
«23430
«26461
10247
+58117
bh] b4
T4 24

£,

DU 7 "
i il El
RS B S

TMO = 1.,0000

TN = L1000 ™ = .2000 -

/P TANDS TANOP TAND

.82269 42679 .61535  -,00972

.91520  7.19770 .07321  -4.86590

292745 -32.70020 .06122 -32.70020

.93823 L05123  6.66298

.97225 .02209 .85802

.97946 _.01625 .584819

.98642  ~.35790 .01069 .37091

TNO = 1.0000

TN = 1.,0000 TK = .3000

RP TANDS TANDP TAND

L14817 -6.65145 <~6.68198  -.00067

.07695 =-2.99458  2.57391  -.83015

L07002 -2.48237 296176  -2.48237

.08481 -2.02797 .27029  5.08812

236166 - T5748 -.22412 . 45595

L4TB85 -.541T7  -.18454 .32477

£61928  -.349)3  -.12933 .21921

TNO = 1.0000

IN = L2000 " TK = 4.0000

[ TANDS TANDP TAND

+ 97678  -.53153 -.53230  -.000b1

496998  -.39124 - -.73995  -.27042

.96783  -.35818 -.82179 =-.35818

.96525  ~J32297  -,93627 -,47091

.95078  -.16727 -3,42013 -2.06913

.94866  -.12602-128.40848 =-7.46613

.95218°  -~.08427  2.48071  3.24296

NG = 1.5000

TN = 1.5000 TK = .3000

RP TANDS TANDP TAND

.09939 -9.97637 -10.02379  -.00047

L06276 -4.31868  2.41879  -.71326

.03516 ~13.52923 L61616  =3.52923

.05108 ~2.83146 ~-.15054  1.87969

.32059  -.95746  -.47093 .33533

44072 -.67028  -.36259 +24753

.58837  -.42501  -,24376 .16423

TNO = 1.5000

TN = .3000 TK = 4.0000

kP TANDS TANDP TAND

.95204  -.86626 -.86785 -.00091

.93865 -.40701

+93504 -.54589

93112 -.73421

.92102 -10.73438

+92643 2.25460 4.154T4

.94046  -.12213  1.07293 1.,37527

TND = 1.5000

TN = 1.5000 TK = .4500

RP TANDS "TANDP TAND

W14B17  ~6.65145. -6.68198  ~.00067

L07695 -2.99458  2.57391  -,.83015

S.07002  ~2.48237 L961T6  -2.48237

.0848)  -2.02797 .27029  5.08612

136166 - 75748 -.22412 .45595

67845 54177 . -.18454 32477

.61928 L3490%  -,12933

21021

Tapsi
99527
«95693
+96304
«96848
- 98584
+98953
«99309

TAPSI
«99777
«32843
«26461
«28039
« 65616
«74598
83097

TAPSI
+99997
98736
+98378
97966
95824
«95426

. +95596

TAPSI
.99766
.26200°
.18752
.23284
.68658
LT7547
.85430

TAPS|
-99993
+97363

©+96698
.95982
+93574
+93758
«94801

TAPSI
£99777
.32863
226451
,28039
£65616
L74598
.83097

OEL SO
23.11252
82.09034
91.75161

101.46824
140.63545
150.46769
160.30772

DEL SD
98.56999
108,.46603
111.94159
116.24814
142.85686
151.55241
160.75946

DEL SD
152.00823
158.6325)
160.29346
162.10136
170.50396
172.81749
175.18280

DELSD

95,72403
103.03721
105.81996
109.45196
136.24488
146,16682
156.97415

DELSD
139.09904
148.92689
151.37012
154.02162
166.26126
169.61393
173.03691

DELSO-
98.54999

108.46603

111.94159
116.24814
142.85686
151435241
1604 75%¢

DELPD
202.55536
184.18702
183.50322
182.93283
181.26572
180.93125
180.61258

- DELPD

278.51150
248,76813
223.88318
195.12490
167.36757
169.54445
172.63090

DELPD
331.97341
323.50027
320.58691
316.88522
286.29823
270.44619
248.04513

- OELPD

275.69713
247.53834
211.63991
171.43893
154.78285
160.06966
166.30082

DELPD
319.04697
306.78004
302.74026
297.73498
261.58364
246.08088
227.01492

DELPD
278.51153
2648.76813
223.88318
195412490
167.36757
169.54445
172. 63090

DELD
179. 44283
102.09668
91.75161
81.46459
40.563027
30.46356
20.30486

DELD
179.96151
140.30210
111.94159

78.87675
24.5107T1
17.99204
11.87144

OELD
179.96517
164.86776
160.29346
156.78386
115.79427

97.62870
12.86233

DELD
179.97310
144,50113
105.81996

61.98696
18453797
13.90284

9.32667

DELD
179.94793
157.85316
151.37012
143.71336

95.32238
76.46695
53.97801

DELD
179.96151
140.30210
111.94159

78.87675
24.51071
17.99204
11.87144

PSID
44, 86404
43.73924
43.92150
44,08268
44.59159
44 .69850
44.80123

PS1D
44.93591
18.18158
14.82126
15.66320
33.27112
36.72232
39,.72565

PSIO
44.99913
44, 63549
44,53164
44, 41137
43.77837
43.65932
43.71013

PSID
44 .93283
14.68159
10.62050
13.10694
34.47286
37.79256
40.50731

PSID
44.99805
44.23446
44.03817
43.82554
43.09073
43.15485
43,47134

PSID
44,93591
18.181%8
14,82126
15.66320
33,27112
36.72232
39.7256%
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D. FORTRAN IV Computer Program "LAYER"

The program "LAYER" finds the thicknessﬁand cdmplex refractive
index of a single, absorbing film Bﬁ an absorbing substrate. It does
SO byvsystemaficaily combining all prescribed'values of film thickness
L and refractive index n, - ik .énd célculating the A and y for each com-

f T

bination. Whenever a particular combination of L, ng

and kf yields
agreement with the experimentally determined quantities A and ¢ wiﬁhin

a specified error €A and Ew,'this combination appears in the output

as a solution.

1. Equations Evaluated by the'Program

. 'k\/ —> .
‘ n_~ sin ¢ ‘
cos Qm.= 1- — (38)
' n 2 sin2 ¢ '
cos ¢' = Y1 - 25— | (37)
Bor -

‘ n cos ¢ - n__ cos ¢ :
ro =2 = . (33)

1s . . 1

n, cos ¢ + n,p COS ¢v
n _cos ¢ -—n_ cos ¢ . : '
T1p © e . - (3)

. y L .

n_ e cosv¢ + n_ cos ¢

n._cos ¢ -n_ cos ¢
_rgs - cf. : : cm m (35)

1 . 1

n e cos ¢' + n. cos ¢m

, n_cos ¢' - n__ cos ¢
Top T —— '

) ! i

~ n,, cos o' + n, e COS ¢m
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Kele) !
n o Dep OS5 0
o)
-id
r + r
1ls 2s ©
-id
1+ 15" 0s ©
' -id
+
rlp r2p e _
-id
1+ rl r2p e
3
P = ”
S

tan ¥ = |p]

tan_l (tan A)

tan_l (tan V)

2. Variables Used in the Program

a. Real Quantities

Name Symbol
DELM A (measured)
DELC A (calculated)
DTN -
| N . an
DTNK ‘ 6kf
DI 8L
*

in Egs. (29) and (30).

No error ariSes from dropping the common phase f

Description

relative phase change (degrees)

relative phase change (degrees)

(31)

(29)*

(30)*

from-(6)‘

from (6)

iteration increment of film refractive

index nf

iteration inerement of index of

extinetion of film

iteration increment of film thickness L

actor elqo appearing



Name
FPSIM
EDELM

- PHI1
PHT
PSIM
PSIC
TN1
TNS

TNKS

TNI

TN

TNM
TNKI

TNK .

- TNKM

TI

Symbol -

€A

é»(degrees)-

) (radiane)

Y (measured)

 (calculated)

specified experlmental error 1n A . ,

-102~

.Descrigtion_b
specified experimental error in Y-
(degrees) '
(degrees)
angle of incidence o : : -
angle of incidence

arctangent of relative amplitude
attenuation (degrees)

arctangent of relative amplitude
attenuation (degrees)

refractive index of incident medium

refractive index of substrate

ihdex of extinction of substrate

lower limit of 1teratlon span of film
index n
f
refractive index of film
upper limit of iteration span of
film index nf

lower limit of iteration span of kf

. of film

index of extinction of film

upper limit of 1teratlon span of kf

. of fllm

lower limit of iteration span for
film thickness L

£ilm thlckness (unitsvas for A ) e

upper llmlt of 1terat10n span of

- film thickness - v .

vacuum wavelength (rnmits as for XO,
preferably in angstroms) -
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b. Cdmplex’Qpantities
Name Symbol Description
CPHI2 cos ¢! complex cosine of complex angle of

refraqtion in film

complex cosine of complex angle of

CPp !
HI3 v cos ¢m refraction in substrate

D id. complex optical path length

R1S - r Fresnel reflection coefficient at film-
1s . . . . .
air (or incident medium) interface.
(For polarization normal to plane of
incidence)

R1P rl Fresnel reflection coefficient at film-
p _ air (or incident medium) interface.
' (For polarization parallel to plane of
incidence)

R2s roq _ Fresnel reflection coefficient at metal-
film interface (normal polarization)
R2P ST Fresnel reflection coefficient at metal-
p film interface (parallel polarization)
RS r overall reflection coefficient for
s polarization normal to plane of incidence.
RP r . overall reflection coefficient for
- . polarization parallel to plane of incidence.
' ) A ' '
RHO p~rp/rs—tan Y e |
TN3 | no- ikm complex refractive index of substrate
TN2 - ne - ikf complex refractive index of film

3. Fortran Functions Used in the Program

Name ‘ Evalustes : ‘ 'Convérts~
CSQRT (C) v :' complex to complek
CEXP (C) e N complex to complex
CABS (C) Ic | | : o complex to real

 AIMAG (c) finds the imaginary part complex fo real
of C _ ’ '
REAL (C) . finds the real part of C complex.to real

cos (X) cos X ~real to real
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Nam Evaluates : : _:anVerts
SIN (X) sin X | real to real
ATAN (X)'j _tén-l X '. l ‘ » real toireal
ATAN2.(X,¥) tan™t (x/y) ~ real to real
ABS (X) 1% | | B real to real

CMPLX. (A,B)  constructs A + iB from A,B real to complex

Where C is complex, A, B, X, Y are real

4. Input Format for Program "LAYER"

Card Col. 1 Col. 10  Col. 20  Col. 30  Col. ko  Col. 50
é } Title and comments.(up to 80 columnsveaéh)
3 n_ - A n » k_
o o m m
Oy v&%. ey Kes &k o K em

“(initial) (increment) (final) (initial) . (increment) (findal)
5 I, SL L

(initial)  (increment) (final)
6 s v Ay €A

Theée'sixv¢ards constiﬁuté a set. Any:nﬁmber of sefs may follow.
'Thfee Elénk’cards must follow the last set of data. Cards 1 ahd 2 of each
set may éQntain any comments (or none atkall) as desired. Their contents.
.appear printed verbatim at the hegd of thévoutput;' |

This program‘can‘be usédvto‘calculate theoretical vélues of A
and ¢, with changes'in £ilm thickness or'ﬁith different film constants,
'_by punching numbers greater than (or equal to)‘90 for ew énd a number
greater thanA(or equal.to) 360 for €, vEntriesffor w.and.A cah be blank
or any valueé such as 0.0. |

The prdgram, together with a sample of output, is reproduced on

the following pages. -
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PROGRAM LAYER (INPUTsOUTPUT)
THIS PROGRAM CALCULATES THE THICKNESS AND COMPLEX REFRACTIVE
. INDEX OF A SINGLE ABSORBING FILM ON AN ABSORBING SUBSTRATE
COMPLFEX TN2s TN3s CPHI2s CPHI3s R1Ss R1Ps R2S5s R2Ps Ds RSs RPs RHO
DIMENSION TITLE (8)s RANGE (8) :
1 READ 2, FITLE,RANGF
2 FORMAT (8A10/8A10)
3 PRINT 43 TITLEsRANGE
4 FORMAT (1H1ls B8A10//8A10)
5 READ 99 TNLswWLsTNSsTNKS
IF (TN1) 3000, 3000, 6 v
6 READ 10s TNIZDTNsTNMs TNKTsDTNK s TNKM
7 READ 11y TIsNTsTM
8 READ 12 PHI1sPSIMeDELMIFPSIMSEDELM
9 FORMAT (F9.04 3F10,0)
10 FORMAT (F9.0, 5F10.0)
- 11 FORMAT (F9.04 2F1040)
12 FORMAT (F9e0y 4F10.0)
13 FORMAT (1HO»/6HPHI = sF542s10Xs4HN = sFT7e4s 10Xs L3HWAVELENGTH =
C F5.0s 11H ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE = 4 FT.4,
C 2X9 4H- Te F7e4) . '
14 FORMAT (1HOs 27HREFRACTIVE INDEX OF FILM = s F7e4s 2Xs
C 4H- s F7e4/718H FILM THICKNESS s F7¢2s 10H ANGSTROMS,
C //8H PSIC = 4 Fl0De5s 10Xs THDELC s F10.5,
. C //8H PSIM = , F1l0.5s 10Xs 7HDELM s F10.5)
15 FORMAT (1HOs THPSIM = 4, F1l0e5,10Xs 7HDELM = , F1l0e5//32H NO SOLUT
CION WITHIN GIVEN LIMITS
M o= 1 :
PHI = 0eN1745329252%PHT1
CP = COS(PHI)
SP = SIN(PHI)
TN3 = CMPLX(TNS»-TNKS)
CPHI3 = CSQRT (140 — TNI*#2%SP%#2/(TN3%*%2))

TN = TNI
20 TNK = TNKI
30 T = 71

100 TN2 = CMPLX(TNy—-TNK)
CPHI? = CSQRT(140 = TN1##2#SP®#2/(TN2¥*¥2))

R1S = (TN1¥CP = TN2¥CPHI2)/(TNL*CP + TN2¥CPHI2)
R1P =—(TN1¥CPHI2 = TN2%CP)/(TN1#CPHIZ2 + TN2¥*CP)
R2S = (TN2#CPHI2 — TN3#CPHI3)/(TN2#CPHI2 + TN3%*CPHI3)

R2P =—=(TN2¥CPHI3 - TN3#CPHI2)/(TN2*CPHI3 + TN3%CPHI2)
D = (De0s1e0)¥(400%34141592T#T/WL)*TN2¥CPHI2
RS= (R1S + R2S*CEXP(-D))/{1.0 + R1S*R2S#CEXP{(~-D))
RP = (R1P + R2P*CEXP(-D))/(1s0 + RIP*R2ZP*CEXP{-D))
RHO = RP/RS
PSIC = ATAN{CABS(RHO))/0,01745329252
DELC = ATAN2({AIMAG{RHO)y REAL{RHO)) /001745329252
IF (NDELC) 14051404150 '

140 DELC = DELC + 360.00

. 150 IF (EPSIM —~ ABS(PSIC - PSIM)) 400, 200, 200

200 IF (EDELM - ABS(DELC - DELM)) 400, 300, 300

300 PRINT 13 PHILsTNLeWLsTNGsTNKS
PRINT 14s TNyTNKsT+PSICsDELCsPSIMyDELM
M =2
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400 IF(TM =T) 60n+6N00+500
500 T = T + DT
GO TO 100 i
600 IF(TNKM = TNK) 8004+800s700
700 TNK = TNK + DTNK )
GO TO 139 .
800 IF(TNM = TN) 1000+1000s9ND
900 TN = TN + DTN
GO TO 20
1000 GO TO (2000, 1) M )
2000 PRINT 13y PHIL1sTNLsWL»sTNS»TNKS
PRINT 159 PSIMsDELM '
GO 10 1
3000 CONTINUE
END
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SAMPLE OUTPUT ~-- PROGRAM LAYER

TRANSPARENT FILM ON ABSORBING SUBSTRATE

1.0000

. . PHI = 75,00 N-=
REFRACTIVE INDEX OF SUBSTRATE =
. REFRACTIVE INDEX OF FILM = 2.2600
’ FILM THICKNESS = 0. ANGSTROMS
PSIC = 18.38686 DELC =
PSIM = 18.38000 DELM =
PHI = 75.00 N = 1.0000
REFRACTIVE INDEX OF SUBSTRATE =
REFRACTIVE INDEX OF FILM = 2.2600

FILM THICKNESS = 100.00 ANGSTROMS
PSIC =  23.86772  peLe =
PSIM = 18.38000 DELM =
PHI = 75,00 N = 1.0000
REFRACTIVE INDEX ué SUBSTRATE =
REFRACTIVE INDEX OF FILM = 2.2600

FILM THICKNESS = 200.00 ANGSTROMS
PSIC = = 28.77966 DELC =
PSIM =  18.38000 DELM =
PHI = 75.00 N = ~1.0000
REFRACTIVE INDEX OF SUBSTRATE =
REFRACTIVE - INDEX OF FILM = 252600

3.

3.

3'

3.

TANTALUM OXIDE ON TANTALUM

WAVELENGTH = 5461 ANGSTROMS
5000 - I 2.4000
- 1 0.
104.82163
104.82000
WAVELENGTH = 5461 ANGSTROMS
5000 - [ 2.4000
- Io.
79.89817
104.82000
WAVELENGTH = 5461 ANGSTROMS
5000 ~ . I 2.4000
- IO.
62.11156
104.82000
WAVELENGTH = 5461 ANGSTROMS
5000 - 1. 2.4000
—_ XO. ‘
48.15683
104.82000
WAVELENGTH = 5461 ANGSTROMS
5000 - 1 2.4000
- 1 0.

FILM THICKNESS = 300.00 ANGSTROMS
PSIC =  33.66301 DELC =
- . PSIM = 18.38000 DELM =
PHI = 75.00 N = 1;oboo
) REFRACTIVE INDEX OF SUBSTRATE = 3.
REFRACTIVE INDEX OF FILM =

2.2600
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FILM THICKNESS = 400.00 ANGSTROMS
PSIC = - 40.23194 "DELC = 34.38292
PSIM =  18.38000 DELM = 104.82000
PHI = 75.00 . N = 1.0000 WAVELENGTH = 5461 ANGSTROMS
REFRACTIVE INDEX OF SUBSTRATE = 3.5000 = 1 24000
REFRACTIVE.INDEX OF FILM =" 2.2600 - [ 0. '
FILM THICKNESS = 500,00 ANGSTROMS
PSIC =  48.60562 © . DELC = 8.70889
PSIM = ie.aaooo DELM = 104.82000
PHI = 75.00  f N = 1.0000 WAVELENGTH = 54611 ANGSTROMS
“REFRACTIVE INDEX OF SUBSTRATE = 3.5000 - I 2.4000
REFRACTIVE INDEX OF FILM = 2.2600 - [ O.
FILM THICKNESS = 600.00 ANGSTROMS
PSIC = . 45.54824 © . . DELC = 330.96808
PSIM =  18.38000 DELM = 104.82000
PHI = 75.00 | N = 1.0000 WAVELENGTH = 5461 ANGSTROMS
REFRACTIVE INDEX OF SUBSTRATE = 3.5000 - 1 2.4000
REFRACTIVE INDEX OF FILM = 2.2600 - I 0.
FILM THICKNESS = 700.00 ANGSTROMS
PSIC =  36.58898 ~ ° DELC = 311.26812
PSIM =  18.38000 | , DELM = 104.82000
PHI = 75.00 N = 1.0000 uAVE;gNth';j 5461 ANGSTROMS
REFRACTIVE INDEX OF SUBSTRATE = 3.5000 -1 2.4000
REFRACTIVE INDEX OF FILM = z.zsoo_.- I o. |
FILM THICKNESS = B800.00 ANGSTROMS A
ps1C = - 30.26527 - DELC = -297.05548
= __18;38000 " DELM = 104.82000

WAVELENGTH.= 5461 ANGSTROMS



REFRACTIVE INDEX OF SUBSTRATE = 3
REFRACTIVE INDEX OF FILM = 2.2600
FILM THICKNESS = 900.00 ANGSTROMS
PSIC =  24.81020 DELC =
PSIM =  18.38000 DELM =

PHI = 75.00 N = 1.0000
REFRACTIVE INDEX OF SUBSTRATE = 3
= 2.2600

REFRACTIVE INDEX OF FILM

FILM THICKNESS = 1000.00 ANGSTROMS
PSIC = 19.10487 DELC =
PSIM = 18 .38000 DELM =

L

.5000 I 2.4000

I 0‘

280.02744

104.82000

WAVELENGTH = 5461 ANGSTROMS

+5000

I 2.4000

I 0.

256.27882

104.82000
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~E. FORTRAN IV Computer Program "SFIIM"

The program "SFIIM" employs a different iteration scheme from
the program.'"LAYER" in that, rather than assuming a film thickness,
~this quantity:is calculated.ffom measufed‘valués of Y and A with the
assumed cdﬁplex film.index_nf - ik,. Like the program "LAYER", "SFILM"
finds‘the thickness and complexvrefractive index of a single, absorbing
film on an absorbing substrate. It does so by ﬁaking successive itera-
tions of filmvindex-and calculating L, A, andiw for each guess until
agreement is reached with the experimentaliy determinea quantities A

and ¢ (within specified error €, and Ew)'

1. Equations Evaluated by the ‘Program

‘/ 2 .2 | |
. nO sin ¢
cos Qm'= - 5 (38)
n_ v v
| ' ‘/3 | 'n02 sin® ) o I :
cos Qm =¥1 - 5~ - ‘ ' (37)
Ter

a n, cos o - n, e COs ¢! '
T1s ~ . (33)
1
_ n cos o + D, p COS ¢

. n cos $ - n cos ¢ o
. cf . o) . -
“1p ~ | — (k)
N,e COS ¢ +2po_cos ¢ : ' .

v . . .

_.ncfAcos.¢ — 0 cosvcpm
Tog = . — - (35)
n._.cos ¢'+n_ cos §' ‘

cf _ cm m
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_ n,. cos.¢' - 1. COS ¢i -

Top = 7 (36)

! ' A\

n, cos ¢ + n, e Cos ¢m

iAmeas
Preas = %88 Vpeag | (6)
A= (prlp - T1g) Tog 2p (50)*%
B = o(r r,.) - (r ) (51)%

¢ = pro. - rlp {52)%
X = [B° -4 ac]t/? (53)%
E1,2=('B + X)/(24) | (5h)=
» ' A ' Im E. |
: . 0o 4 -1 1.2 : v
L , —— [tan (-———=—Re o) 2>_ +'1 Log |E1’2|] |
‘ ef A (55)%

L = real part of L

1 ©OT L2,_which'éver has smaller imaginary part.

L7l , '
= ————— : el
d=-5= n_ cos ¢ o (G
o - ‘
C r + r, euld : o
r === e : (29)
l+r r e

* These equations are obtained by applying complex algebras to Eq. (3)
with the help of Egs. (29), (30), and (31), (Ref. 11, 12, 2). A and B on
this page are intermediate yariables for the evaluation of the film
thickness. They are not related to A and B of Egs. (19) and (20).



r s -id
r = 1lp _2p — (30)%
P +'r2p rlp_e '
r _ ' :
p=:= T (3)
s v
tan A = Im(p)/Re(p) ' from (6)
tan ¥ = |p] ' from (6)
A= tan_l(tan A)
Y= tan_l (tan ¥)

2. Variables Used in the Program

a. Real Quantities

Name - Sngolv

CDR 0.01745329252
- DELC " A '(calculated)
DELM A (measured)

DN . an
DNK Sk,
EDEIM - - €A
EPSIM €

]
ERROR '
o A /L
P L AShT

Description

~ conversion factor, degrees to radians

relative. phase change (degrees) .
relative phase change (degrees)

iteration increment of film refractive

index nf

interation increment of film index of

. extinction kf

experimental error in A (degrees)
experimental error in Y (degrees)

imaginary part of film thickness

*Again,vthe common factoxr eldo in Egs. (29) and (30) is dropped without

introducing any error.



v R
~113-
Name - ' Symbol Description
PHI L angle of incidence (degrees)
PSIC _w (calculated) arctangent of relative amplitude
attenuation (degrees)
PSIM Y (measured) . " L
N ~ n, real part of film complex refractive index
N1 ng v refractive index of incident medium
NI nfi lower limit of iteration span of nf
of film ' A
NK k., imaginary part of film complex
' refractive index
NKI k... _ lower limit of iteration span of k
i : . f
of film :
NM Don , upper limit of iteratibn'span of Do
of film '
NKM = k upper limit of iteration span of k
fm _ . . bl
of film
NS . n real part of the complex refractive
m . o
- index of substrate
NKS k) index of extinction of substrate
T L film thickness (same units as Ao)
WL » Ao vacuun Wavelength’(same units as L,

preferably. in angstroms)

b. Complex Variables

Name - Symbol v Descriptién

A A intermediate variable
B - B : _v intermeaiate Vériable
C | C intermediate variable
CPHI2 cos ¢' césiﬁe of complex.angle of re-

- fraction in film

CPHI3 cos ¢£ cosine of complex angle of re-
' fraction in substrate

D . =id- complex optical path length



N2

N3

R1S

R1P

R25

R2P

RS
RP

RHO

RHOM

Ti,T2 -

1p

2s- -

I'2p :

p=r,/rs=tany e

(caluclated)

p=rp/rs=tan P

(medsured)

Ly oLy

~11kh-

Description’

imaginary unit
complex refractive index of film

complex refractive index of
substrate

Fresnel reflection coefficient

" at film-air (or incident medium)

interface for polarization normal
to plane of incidence

Fresnel reflection coefficient

‘at film-air (or incident medium)

interface for polarization para-
1lel to plane incidence

Fresnel reflection coefficient

-at film-substrate interface for

polarization normal to plane of

“incidence.

Fresnel reflection coefficient
at film-substrate interface for
polarization parallel to plane .
of incidence.

overall reflection coefficient
for polarization normal to the
plane of incidence

overall reflection coefficient
for polarization parallel to the

.plane of incidence

complex relative amplitude-
attenuation . -

calculated complex film thickness
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3. Fortran Functions Used in the Program

See Appendix I-D Fortran Program "LAYER"

4. Input Format for the Program "SFILM"

Card Col. 1 Col. 10 Col. 20 | Col.‘30 | Col. yo Col. 50
é } Tit}eb.and cémments (up to 80 columns each)

3. .no Ao | | n_ km

b Rei ong By 51 Ok ¢ K fn

(initial) (increment) (final) (initial) (increment) (final)
.5._ vq) ’ _ 1] A ew ‘ €5

These five cards constitute é set. Any number of sets may follow.
Three blank cards must follow card 5 of the last setjbf data. All
numbers punched Qn cards 3 through 5 should contain a decimal point
and may ﬁe located anywhere in'thé field of éolumh 1-9, 10-19, etec.

A reprodgction of the program SFILM appears affer the next pagé,fbl;
lowed by & sample output. The output also gives the calculated imaginary
part of the film thickness. The set of output which gives fhe smallest
imaginary part of the film thickness (ideall&bzero) is taken as the

correct one.
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'

5, A Note To Program "SFIIM"

The piogram SFiLMjés it sﬁands now is not very useful in calcu-
lating thé-filﬁ thickness from é#perimentai Values of Y and A, A few
modificatiéﬁs aré needed:

1. The program should be prevented to calculate negative thickneéses.
In eyaluating:the complex éxponential e—id,_the program will calcuiate
a small nega£ive film thickheés rather than a correct large positive
film thicknesé value. A scheme.should be added to.the program to con-
vert the.caléulated small negativé film‘thickness to the correct large
film thickneéé.
2. The way. that the input data ére uéed now, the choice of the result
with the smallest imaginary fiim.thibkness may not be sbsolutely correcf.
'The Program Will give aISmallést’imaginary film thickness when the cal-
culated ¢ and A are identical to the input (eXperiméntal) Y and A. No
consideration of experimentélAerrofs EW and EA enters th¢ calculation
except té-control.the outputAof results. It is beiieved thaf if the.
vaelues in increments of A and ¥ tried within the experimental errors
iew and #EA are fed as input data, a correct film thickness may be
obtained from thg_prinfed results where the imgginary film thickness is
bthe smallest. |

It éhould be noted that the film constahts ére very sensitive to

.changes in ¥ and A.. In using'the program, approxiﬁate_film constants

should 'be known.
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PROGRAM SFILM (INPUTOHTPUT)

THIS PROGRAM CALCULATES THE THICKNESS AND COMPLEX REFRACTIVE

INDEX OF A SINGLE ABSORBING FILM ON AN ABSORBING SUBSTRATE

COMPLEX CPHI2, CPHIB3s N2, N3, R1Ss R1Ps R2Ss R2P, RSy RP, RHO

COMPLEX As Ry Cy Ds Ely £24 Iy RHOMs Tl T2s X '

REAL Nls NSs NKSs NIsy NMy NKIy NKMs Ny NK

DIMENSION TITLF(8)+ RANGF(8)

CDR = NeN1745329252

I = CMPLX({0eOs 1e0) .

READ 2y TITLFEsRANGE

FORMAT (8A10/8A10)

PRINT 43 TITLEs RANGE

FORMAT (1H1ls B8A10D//8A10)

READ 84 N1oeWl_ sNSsNKS

IF (N1} 1000, 10004 6

READ 9y NTsDNgNMyNKT s DNK 9 NKM

READ 10s PHI4PSIMsDELMSEPSIMyFEDELM

FORMAT (F9.0, 3F10.0)

FORMAT (F9.0s 5F104N)

FORMAT (F940y 4F10.0) ) -

FORMAT (1HO s /6HPHI = sF5,2910Xs4HN = sF7eb49s 10Xs 1IHWAVELENGTH =
C F540s 11H ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE = 4 FT7ebs
C 2Xs 4H= T F7e4) ‘ -

12 FORMAT (1HOs 27HREFRACTIVE INDEX OF FILM = » FT7e4s 2X»

C 4H= Iy F7e4//18H FILM THICKNESS = s F742s 10H ANGSTROMS//
C 36H IMAGINARY PART OF FILM THICKNESS = » FlUe5y 10H ANGSTROMS,

C //8H PSIC s F1045s 10Xs THDELC = » F1l0.5) |
C //8H PSIM s F1045s 10Xs 7HDELM = s F10,45) !
13 FORMAT {1HOs 7HPSIM = 4 Fl0e5+10Xs THDELM = » F1l0e5//32H NO SOLUT

CION WITHIN GIVEN LIMITS) . ‘ _
M= 1

N3 = CMPLX{NSs=NKS)

RHOM ‘= TAN(PSIM*CDR)*CFEXP( I#DELM*CDR)

SP = SIN(PHI#CDR) -

CP = COS(PHI*#CDR)

CPHT3 = CSQRT(1e0 — NL1%%¥2%#SP%%2/(N3%%2})
P = WL/(4,0%341415927)

N = NI

200 NK NK I

100 N2 = CMPLX(Ng—NK) .

CPHI? = CSQRT(1.0 — NI#*2%*SPx%2/(N2#%2))

R1S = (N1#CP — N2%¥CPHI2)/(N1%CP + N2¥CPHI2)

R1P ==~ (N1#CPHI2 - N2¥CP)/(NL1*CPHI2 + N2#(P)

R2S = (N2#CPHI2 — N3#CPHI3)/(N2%*CPHI2 + N3#*CPHI3)
R2P == (N2#CPHI3 — N3*CPHIZ2)/(N2%CPHI3 + N3*CPHI2)

200 ~d>® SN

—

mon

i

A = (RHOM¥R1P - R1S)%R2S5%R2°P

B = RHOM#*(RIP*R1S*R2P + R2S) =~ (R1S*R1P*R2S5 + R2P)
C = RHOM®*R1S - RI1P o _ .
X = CSQRT(B*%#2 ~ 4,0%A%(C)

Fl = (=B + X)/{(2.0%A})
F2 = (=B = X)/(20%A)
T1 =P¥*({-ATAN2(AIMAG(ELl)s REAL(EL1)) + I*¥ALOG(CABS(EL1}))/(N2#CPHI2)
T2 =P*(-ATAN2 (AIMAG(E2)s REAL(E2)) + I*¥ALOGICABS(E2)))/(N2*¥CPHI2)
O IF (A3S(AIMAG(T1)) - ABS(AIMAG(T2))) 110s 110, 120 '
110 T = REAL (T1) - : ' : '
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FRROR = AIMAG(T1)
GO TN 130
120 T = REAL(T2)
_ ERROR = AIMAG(T2)
130 D == (4eN¥341415927%T /WL ) *I#N2%CPHI2
RS = (R1S + R2S#CEXP(D))/(1e0 + R1IS*¥R2S*¥CEXP(D))
RP = (R1P + R2P#*CEXP(D))/(1e0 + RIP*¥R2P*CEXP(D))
RHO = RP/RS
PSIC = ATAN(CABS(RHO))/CDR >
DELC = ATAN2(AIMAG(RHO)s REAL(RHO))/CDR
CIF (DELC) 14091405150
140 DELC = DELC + 36040 _
150 IF (EPSIM = ABS(PSIC - PSIM))400s 200 200
200 IF (EDFLM = ABS(OVELC = DFLM))I420, 300s 300
300 PRINT 11s PHI N1 sWL s NSeNKS
PRINT 12s NsNKsTsERRORSPSICsDELCIPSIMsDELM
M= 2 : :
400 IF (NKM = NK) 600560045500
500 NK = NK + DNK
GO TO 100 ,
600 IF (NM ~ N) BN0,s800,700
700N = N + DN
GO TO 20
80N GO TO (9NNs 1) ™ : _
900 “PRINT 11sPHI¢N1yWLaNSsNKS
PRINT 13, PSIMsDELM
GO TO 1
1000 CONTINUE
END -



SAMPLF O/1TPUT —

CARSON MOMOX[UE ADSORPTION ON SLATINUM CRYSTAL

PRI = 45,00 M= 1.0000 WAVELENGTH » 5461  ANGSTRULMS
REFRACTIVE INDEX OF SURSTRATE » 2,8500 = -1 4,4200

REFRACTIVE INDEX OF FILM » 1.1000 = 1 0.

FILM THICKNESS »  8.34 ANGSTROMS

IMAGINARY PART OF FILW THICKJESS = -.00913 ANGSTRCNS

PSIC = 40.94n41 (DELC = 166.90696

PSIN = 40.94786 DELM = 166.90693

PHI.» 43,00 WAVELENGTH a 5461 wNGSTRUMS

N = 1.0000
REFRACTIVE INDEX OF SUBSTRATE = 2.8600 ~- I 4.4200
REFRACTIVE INOFX OF FILM = 1.1100 - 1 0.

FILM THICKNESS = R.14 ANGSTFOMS

IMAGINARY PART OF FILM THICKNESS o =+05722 ANGSTROMS
PSIC = 40,9423 . DELC .»  1¢5.90696
PSiM o 40,94786 CELF =  1656.90693

PHI = 45,00 N e 1.0000 WAVELENGTH & 5461 ANGSTROMS
REFRACTIVE INDEX OF SUESTRATE s 2.8600 = I 4.4200
REFRACTIVE INDEX UF FILM = 1,1200 = 1§ O

FILH THICKNESS = 7.56 ANGSTROWS

IMAGINARY PARYT OF FILK THICKNESS » ° =.04721 ANGSTROMS
PSIC » © 40,34830 OELE o 166,90605
__'SIN &  40,9478s NELM = 166,30693
PHI = 45,00 ‘W= 1.0000 WAVELENGTH = 3481 ANGSTRUMS

REFRACTIVE INCEX OF SUBSTRATE » 2,8600 ~ 1 4.4200
REFRACTIVE INDZX NF FILM = 1,1300 - 1 0.

FILM THICKNESS = 7,07 ANGSTKOMS

INAGINARY PARY OF FILM TRICKNESS »  =.03064 ANGSTROMS
PSIC = 40,94824

PSIM = 40,94786 - DELM = 166.90693

DELZ » 1566,90695,

PHI = 45.00 N = 1.0000

- WAVELENGTH = 35451 ANGITRULMS
REFRACTIVE INDEX OF SURSTRATE = 2,R600 = 1 4.4200
REFRACTIVE INDEX OF FILm o 1.1400 = 1 0.

FILM THICKNESS » t.b4 ANGSTROMS

INAGINARY PAST GF FILM THICKNESS »  ~.03119 ANGSTROWS
PSIC & 40,04810 DELL = 166,90695 . - - )
PSIN & . 40,4786 DELA » 166.90603

PHL = 45,00 o 1,00M)

WEZVELENGTH ® 5661 4 GSFRIMS
REFRACTIVE [nDER @F SUSTI:[F o 2,800 « [ 4,420

REFRACTIVE DX OF FItY » 1.4%00 - 1 3,

FILM THECKIESS « EYSL IV SOPTH S
IMSGINARY BLT “F 1LY TriiKen§S = ~eU2462 ANGSTRONS
PSIC o 40.94P13 - I v Mool queda ‘
PSIM & 40,c47Ry | OFL4 & '166.9063)

PHE » 45,00 how 11,0000 MAVELENGTH = ° 8451  4KRGSTRUMS
REFRACTIVF [1OFX OF SUFSTRATE = 2,600 = 1 4,4200

REFRACTIVE 1.DFX OF $#ILM = 1.1600 - 1 0, .

FILM THICKNESS = 2496 AGSTEOUS

TMREGINARY PAKT UF FILM THICK.ESS o =« 0lR78 ANGSTRUMS

PSIC » © 40.94R08 DELL = 166,90694

PSIM = 40.°478¢ DELM »  1¢6.9060)3

PHL = 45,00 . s 1,0000 WAVELENGTH = 5461 ANGSTRUMS
REFRACTIVE INDEX OF SUNSTRATE & 2,8600 - | 4,4200
REFRACTIVE -INOEX OF FILM » 1.1700 - | 0,

EILM THICKNESS = 5,68 ANGSTROMS

INAGINARY PART OF FILM THICKHESS =  =.01348 ANGSTHONS
PSIL = 40,94R0) DELC « 166.90694 .

PSIM 40,9486

OEL"M =~ 1£6,90609)

PHI a 45,00 N s 1,00G0 WAVELENGTH & 5S40l  ANGSTRUMS
REFRACTIVE INDEX OF SUBSTRATE = 2,8600 - | 4.6260
REFRACTIVE INOFX OF FILM = (.1400 - 1 Q.

FILY THICKNESS = 543 ANGSTRONS

IMAGIRARY PART F ‘l‘L! YN(CKNES’S - =+00847 ANGSTROMS .

PSIC = 40,94797 JDELC = 166.90693 )

PSIN o 40.94786 " OELM = 166.90693

PHI » 45,00 N oa 1.0000 WAVELENGTH = 5461  ANGSTROMS

REFRACTIVE INDEX OF SURSTRATE = 2.8_800 = 1 4.4200
REFRACTIVE IKDEX OF FILM » 1.]900 - ] 0,
FILM THICKKESS = 5,20 ANGSTROMS

l-.AGlNARV PART OF FILA THILKNESS o ~+004286 ANGSTROMS

PSIC o  40.94792 DELC »  1£6.9049)
PSIM o 40.947R6 BELM = 166.90403
\
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PHL = 45,00 N & 1,0000 WAVELENGTH ® 5451 AnGSTRUMS
REFRACTIVE INDEX DF SURSTRATE.» 2,8600 = [ 4.4200

REFRACTIVE INOEX OF FILM = 11,2000 - | O,

FILW THICKNESS = 5,00 ANGSTRUNS )

IMAGINARY PART OF FILN THICKNESS =+00019 AXGSTRONS

PSIC «  40,94786 DELC o 166,9089)
PSIM = 40,94786 QELM = 166,9069)
PHI = 45,00 N = 1,0000 WAVELENGTH » 5661 ANGSTAONMS

REFRACTIVE INOEX OF SUBSTAATF = 2.8600 =~ | 4,4200
REFRACTIVE INOEX QF FILW « 11,2100 ~ 1 0,
FILX THICKNESS » 4.82 ANGSTHOMS

INAGINARY PART OF FILM THICKNESS = 400350 ANGSTROMS
PSIC = 40.v4781 - PELC = 166.90693
PSIM = 40.94786 DELM = 166.90693
PHI = 45,00 N = 1.0000 WAVELENGTH = 5461 ANGSTRONS

REFRACTIVE INOEX OF SUBSTAATE » 2.8600 - 1 4.4200 ‘ -
REFRACTIVE INDLX OF FILN » 1,2200 = 1 0 '
FILW THICKNESS » 4,63 ANGSTROMS

IHAGINARY PARY OF FILN THICKNESS o 00716 ANGSTROMS
PSIC = 40,54775 © OFLL = 168.90692

PSIM = 40.94786 '

OELM »  1066.90693
PH} = 45,00 . N = t,0000 WPVELENGTH @ 5461 ANGSTROMS
REFRACTIVE [ANFX OF SUBSTRATE = 2,8600 -~ [ 4.4200
REFRACTIVE INDEX OF FILM o 1.,2300 = 1 O,

FILM THICKNESS » 4450 ANGSTRUNS

IPAGINARY PART OF FILM THICKNESS e +01047 ANGSTROMS

PSIC » 40,94770 OELL & 166,90692

PSIN = 40.94788 DELM =  16¢.9069%
PN » 45,00 ’ N = 1.0000 WAVELENGTH = 5461 ANGSTROMS

REFAACTIVE INDEX UF SUDSTPATE = 2.A600 = 1 .4200
REFRACTIVE [NDEX OF FILM » '1,2400 ~ i 0.

FILM THICKNESS »  4.36 ANGSTROMS

IMAGINBRY PART UF FILR THICKHESS = 401343 ANGSTROMS
PSIC =  40.94764 DELC » 166.90692

PSIM o 40,9478 DELM s  166,90603

PHL = 45,00 N s 1,0000 WAVELENGTH = 340l ANGSTROMS
REFRACTIVE INODEX GF SURSTHATE = 2,8L00 = | 4,4200
REFRACTIVE INDEX OF FILM » 1,2%00 - | 0.

FILM. THICKNESS = 4,23 ANGSTHONS

IMAGINARY PART UF FILN THICKNESS RUITTH] MGSYIO'_'S
PSIC = 40.94759 DELC = 166.90692
PSIM @ [ 40.94788 . DELY =  L166.9069)
CPHL = 43,00 . N s 1.0000 ' WAVELENGTH » 5481 'ANGSTAUMS

REFRACTIVE INDEX CF SUBSTRATE o 2,8600 - 1 4.,4200
REFRACTIVE INDFX OF FILM = 1.2600 - [ Q.

FILM THICKNESS o 4,12 ANGSTROMS

IMAGINARY PART UF FiL¢ THICKNESS 201947 ANGSTROMS
PSIC =  40,947%5) DELL =  166,90592
PSIN = 40.94786 . NDELM o  166,9969)
PHI = 45,00 N = 1.0000 WAVELENGTH = 5461 ANGSTROMS

KEFRACTIVE INDEX OF SURSTRATE = 2,800 - [ 4.4200
REFRACYIVE INDEX OF FILM = 1.2700 - 1 O,
FILM THICKMNESS = 4,01 ANGSTAOMS

TMAGINARY PARY CF FILJ THICKHESS = 02220 ANGSTROMS

PSIC » 40.94747 DELL & 166.90692

PSIN = 40,84786 DELY = 166,90693

PHI = 45,00 . N = 1.0000 WAVELENGTH » Sebl ANGSTRUNS

REFRACTIVE INDEX OF SURSTRATE = 2.8600 =- [ 4.4200
REFRACTIVE INOFX OF FILM = 1.2000 - 1 Ou

FILW THICKAESS o 3.9 ANGSTRONS

IMAGINARY PAKT OF FILM THICKNESS o +02483 ANGETROMS
PSIC o  40.94742 DELC = 166, 90692

PSIN = €0.947486 DELM = 156,90693

PHI = 43,00 N = 1.00%0 WAVELENGTH » 346} ANGS"ldﬂS
REFRACTIVE INDEX OF SUBSTRATE » 2,8600 - 1 4,4200
REFRACTIVE INDEX OF FlLmM = 1.2900 =- 1 0.

FILM THICKNESS = 3.81 ANGSTROMS

INAGINARY PART OF FILY THICKNESS = 02735 ANGSTRAONMS
PSIC = 40.94736 DELL = 166,90692

PSIN »  40,947684 DELK =  1£6.90693

=0T~
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F. FOBTBAN IV Computer Program "FPLOT"

| Thevprogrém "FPLOT" (Film Plot) calculates theoretical quantities
ofdlénd.A Vifh.changes in film_thickness. Depending on the code number
M, results are tabulated (as'program LAYEE) or given as curves or both.
The equations and variables used in this progfam are similar to
those used in ‘program LAYER (see Appendix I-D). | |

Inpuf data for program "FPLOT" are arranged on cards as illustrated

below:‘
Card Col. 1 -~ Col. 10 Col. 20 © Col. 30 Col. 40 Col. 50
é } Title ‘and comments (up to 80 columns)
3 n A - n k
o 0 o m m
' - Sk
boomgy 6, Bfm Kes °f B
(initial) (increment) (final) (initial) " (increment) (final)
5 L SLL L (limited to 200 points)
1
6 ¢ . M

These six cards.cpnstitute a set.  Aﬁy nuﬁber‘of séts may follow.
In each set, the values of fhe opticai constants of the film may be
‘varied in.inérements if one desired. Threé blank cards mﬁst follow
the'laét Set of cards.
M is the code number. The integer used for M detérmines’how the

. results will be presented.

Format of Results

0o vResﬁits will be tabulated and given
as three curves =

‘a) § versus A curve with thickness
as parameter

b)  versus film thickness

¢) A versus film thickness
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M ‘Format of Results
1 - Results will be tabulated and only
' the ¥ versus A curve is plotted.
2 Results will be tabulated and two
curves will be plotted .
a) w.éersus-film thickness
D) A versus film thiékness 
3 Reéulté wili fe giﬁén only as threé_.
curves - R
~a) w'vérsus A
b) Y versus film thickness
c) A versus film thicknéss
N  Output has only the Y versus‘A‘curve
5 Two curves will be given

a) Y versus film thickness

b) A versus film thickness

 The‘maximum'number-of data points for L (thickness) is 200. If the
Y vérsus thiCKhess and A versus thickness curyes are to be plotted,
the maximum mumber is reduced to 101. The program "LAYER" should be
used instead, if only tabulated results are wanted. |
This_program "FPLOT" has to utilize the subroufines "PRNPLT" and
"PLSCAL" written by M. S. Itzkowitz to do the plotting of the curves.

These twovSﬁbroutines_are library subroutines and they'ére stored . in

the computer (control data T600 system) at Lawrence Berkeley Laboratory.

A reproduction of the main program and the two subroutines is given
on the following pages; A sample of the three outputvcurves is also

given.
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RPROGRAM FPILOT ( INRPUT $ODNITPUT) .
THIS PRUGRAM CALCULATES DELC AND PSIC FRUM FILM THICKNEDS
IT ALSU PLOTS PSIC VERSUS DELC CURVE WITH FILM THICKNESS AS PARAMETcKS
ANU Palv VERSUS FILM THICKNESSs DELU VERSHS £ ILM THICKNESS.
CoMPLEX TN2s N3y CPHEZ2e CPHI Ay K159 R1IPs RZ5 RZ*") De RKSse RPy RHU
DIMENSTON TITLE (8)s RANGE (8)
DIMENSION XPLOT(200)s YPLOT(2)9)s ZPLOT(200)
READ 29 TITLFsRANGE
FORMAT {(RA1D/8A410)
ORINT 49 TITLESRANGE
FORMAT (1H1ls BA1U//8AL10)}
READ 95 TNLswLs TNSeTNKS
LF (TN1) 3300s 3000s 6
READ Ts TNIeDTNs TNMs TNK] s DTNKs TNKM
READ 11s TLeDToeTM .
IF (T1eNEeDen) TD=TM=T]
8 REAND 12s PHILsM
9 FORMAT (F940, 3F1NN}
10 FORMAT (F940y 5F 10N}
11 FORMAT (F94)y 2F10.0)
12 FORMAT (F9ey 11 ) .
13 FORMAT (1rH0s/6APAL = 9F5e291UXs4riN = sFTals idXs L3ANAVELENGTH = »
C F3e0s 11A ANGSTROMS//33:1 REFRACTIVE INDEX OF SUBSTRATE = 4 F74bs
C 2Xs GH- Is FT7e4) .
L4 FORMAT  (1HD, z?HREFRAC[Ivﬁ INDEX OF. FILM = 3 F7ebs 2X»
C 4ii= Iy Fle4//718H FILM THICKNESS = s F8e2s 104 ANGSTRUMS,
C //8H PSIT = 9 FlueBs lUXs THDELC = 5 F1D,5)
15 FORMAT. (1H1) :
16 FORMAT (22HPSTC VERSHS DFLC CURVE)

DO N

~ >

17 FORMAT (6HPAT = sF5e 29 LOXs4HN - = sF7ebslOXy L3AWAVELENGTH =
C F9elstrt A ¢9XKsl13HNM ~ KM = sF fe@slXstH= lsFTlat)
18 FORMAT {(13HNF = [KF = sF7e4s2XsaH= 1sF7.4)

19 FORMAT (26HDELC VERSUS FILM THICKNESS)
21. FORMAT (26HPSIC VERSUS FILM THICKNESS)

PHT = NaN1745329252#PHT L
CP = COS(0HI) '
SP = SIN(PHI)

TN3 = CMPLX{TNSs=TNKS)

CPHI3 = CSART(1e0 = TNL*#2%SPx%2/ (TN3%%2))

TN = TNI ) -
20 TNK. = TNKI
30 T = 71

NPOINT = 1
100 TN2 = CMPLX{TNs=TNK)

CPALI?2 = CSURT(Lla) = TNLI*¥2%#SPR#*D/(TN2*#*2) ).

R1S = (TN1#CP = TN2#CPHI2)/Z{TNL*CP + TN2*CPHI2)
R1P =—(TNL1#CPHI2 = TN2#CP)/{TNI*CPHI2 + TN2#*(P)
R2S = (TN2#CPHAIZ — TN3#CPAI3)/(TN2#CPHI2 + TN3%CPHI3)
R2P ‘== (TN2H¥CPHI3 — TN3%CPiil2)/(TN2#C P13 + TN3*CPHIZ2)
D = (g.Uo1.d)*(4.0%3.1415927*r/wL)*TNZ*CPHIZ
RS= (R1S + RISHCEXP(=D)}/{(1e0 # RISHR2SHCEXP(=D)}
RP = (R1P + R2ZP#CEXP(=D))/(L1eN + RIPHRZP*#CEXP(-D)}
RHO = RP/RS. :
PSIC ATAN{CABS(RHO) )} /0401745329252 :
DeELC TATANZ2 (ATMAG(RHO)Y s REAL(CRHDI ) /0601745329252



140
150

300

3500

400

600

1500

3300

3159
3400
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IF (NDELC) 14091409150
PELC = DELC + 360400
[FiMeuTe2) GO TN 300

PRINT 139 PHI1aTNLeWLsTNSs INKS

PRINT 149 TNsTNKsT«PSICeNELC
XPLOT(INPOINT) = DELC
YPLOT(NPOINT) = PSIC _
[F(MeFEReleNReMaFDa&) GO TO 400
[F(TIeEWeDa0) GO TO 3500
ZPLOT{(NROINTY = T = TD

GO TO 400

ZPLOT(NPOINTY = T

NPOINT = NPDINT + 1

[F(TM =T) 60Ne6NNeBNN

T = T + OT :

GO TO 100 ‘

NPODINT = NPOINT - 1
IF(MeFNe?2eDRaMeFReB) GN TO 1500
PRINT 15

PRINT 16 _ : ’
PRINT 17s ®HI1sTNLawWLs TNSsTNKS
PRINT 18s TNsTNK

CALL PRQPLT(XPLOT,YPLJT’Béo.ob 09906929090 esUa s NPOINT)
[F(MeFeleOReMeFEQar) GO TO 1100 ' '
PRINT 15

PRINT 21

PRINT 17 PHIl;TNloWL9TN§;TNKS
PRINT 18s TNye TNK

IF(TIeENeNe)) GO TH 3100

"PRINT 3300, TD

FORMAT (5HADD  3FB84¢2s17HTO SCALE .READINGS)

CALL PRNPLT(7PLOT9YPLOT9TD,100.,90.,2.’0.,0.sNPOINT)
GO TN 3400

CALL . PRNPLT(ZPLUT, YPLOT,Tw,lou.,90.,2.90..0.,N901NT)
PRINT 15

PRINT 19 .

PRINT 17s PHILleTNLleWLsTNGs TNKS

PRINT 18s TNsTNK

3200
1100
700

8Nnn

00

1000
3000

[F(TIeFEQeNeN) GO TO 3200
PRINT 3300s TD

CALL ")RNPLI-(/'JL()I9XPLOF9TU’1)). ’3600910.,0.")09'\“‘)01[\11‘)

GO T0 1109

CALL PRNPLT(ZPLOT9XPLOT,T4 100.,36u.’ld.’U.’U.oNPOINl)
IF(TN(4 - TNK) 800.8009/0J

TNK TNK + DTNK

GO 10‘30 = o

IF(TNM = TN). 1000410004990

TN = TN + DTN .

GO -TO 20

GO 1O 1

CONTINUE

FEND.
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SURROUTINE.DRNPLT(X-YvXMAX'XINCR,VﬁAX'VINCR.ISX'ISV'NPTS)

"C PRINTER PLIT RIUTINE M,S.ITZKIWITZ MAY,1967
€
. C PLOTS THE #NPTS+ POINTS GIVEN BY #X(1),Y(I})2 3“ A 51X 101 GRID
c USING A TOTAL OF 56 LINES ON THE PRINTER
. C IF 2ISX2 DR #1SY+ ARE NON-ZERO, THE CDRRESPONDING MAXIWU! AND
C. INCREMENTAL STEP SIZE ARE COMPUTED ’
c IF EITHER INCREMENTAL STEP SIZE IS ZERD, THE PRNGRAM EXITS
c - NEITHER 3F THE INPUT. ARRAYS ARE DESTROYED. [IF SCALING IS DONE
C THE CNRPESPINDING NEW VALUES OF MAXIMUM AND STEP SIZE ARE RETURNED
. SC . s . : ’
000013 ) DIMENSIOM X(NPTS),Y(NPTS),IGRID(105),,XAXTS(11)
Ce :
000013 - INTEGER BLANK,NDIT,STAR,IGRID,PLUS
noco13 DATA, BLANK,DOT,STAR,PLUS / 1H ,1H.,1H%*,1H+ /
c i

000013 9l FORMAT(14X,10581) . .

1000013 N2 FORMAT(IXELD 342Xy 1H44105A1,1H+}

000013 903 FORMATI(1EX,103(1H.))

000013 904 - FORMAT(TX,11(F10.0),2H (,14,5H PTS) )

000013 905 FORMATI{16X,11(1H+,9X)) o

000013 . 9800 FNRMAT(46HISCALING ERRMR IN PRNPLT, EXECUTION TERMINATED )

: C
000013 TFUISXaNELD) CALL PLSCAL(XyXMAX¢XINCR,NPTS,100)
000017 : IF(ISYNELD) CALL PLSCALIY,YMAX,YINCR,NPTS,50)
000030 TFIXINCR.EQLO..OR.YINCR.EQ.N.) GO TO 83N
000042 . YAXMIN=N ,01%YINCR
000043 - XAXMIN=0,01%XINCR
000043 . TZERD=YMAX/YINCR+1.5
000046 JZERO=103,5-XMAX/XINCR
000050 IF(JZFRO.GT.1N3.0R.JZERN.LT.6) JZERD=2
000062 - PRINT 995
000066 PRINT 993
000075 DO 12 I=1,51
000102 IF { I.NELIZERD) GD TO 16
000104 " DN 14 I=1,135
0on1L1l 14 IGRID(JY=PLIS
000112 G0 TO 15
080116 | 16 DO 11 J=1,13¢
000124 11 . IGRID(JI=BLANK
000131 15 1GRID(JZERN)=PLUS
000132 : IGRID(1%4)=D0T
0001135 IGRIN{21=D0T
000136 NN 12 K=1,NPTS
000140 . ITEST ={Y¥YMAX- Y(K))/Y!NCR&I.M
000144 . TFUITEST NE.I) GO TO 12
000146 J=103,5-( XMAX-X{K)) /XTNCR
oon152 IF(J.6T.103)4=105
000156 . IF(4.LT.3) J=1
oonlset IGRID(JI=STAR
000163 - 12 CONT INUE
000167 ~ IF(MND(T1,10).E0.1) GO TD 13
000174 PRINT 9N]1,IGRIDN
000201 GO T2 10
000205 13 - YAXIS=YMAX-(I-1)%YINCR
‘00021t : TF(ARSIYAXIS).LT.YAXMIN) YAXIS=0,
000216 PRINT 962, YAXIS, (IGRID(J)4JI=1,105)

000232 192 CNNT INUFE

‘000234 PRINT 9303

000240 PRINT 905

000247 DN 20 M=1,11

.000260 : XAXIS(M)=XvAX~ X[NCP*(FLOAT(ll ¥)11%10.0
000264 ) IF(ABSU{XAXIS(M)) LT, XAXMXN)XAXIS(MI‘D.
000267 . 20 CONTINUE

000270 PRINT QOQyXAXISyNPTS

000303 RETURN

000304 800  PRINT 9800

000310 CALL EXIT

000311 END
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' SURROUTINE SLSCAL(V,VMAX,VINCR ,NPTS,NDTVTS)

SCALING PROGRAM FNR USE WITH PRNPLY MeSJITZKOWITZ

THIS VERSION ADJUSTS THE FULL SCALE TD 2.5,5.0,
"AMD ADJUSTS THS MAXTMUM POINT TO AN INTEGER MULYIPLE 0OF S&VINCR

‘DIMEMSION V(NPTS)

CVMIN=V(1)

VMAX=V(1)

DO 12 1=1,N2TS - _
IF(V(I)LLT.YMINY VMIN=V(])
TF(VII).GT.YMAX) VMAX=V(I)
ORANGE=VMAX~VMIN

CONTINUE -

IFCORANGELEDQ.N.) GI TO Rﬂn"
ORANGE =N, 43&2044*ALOG(0PANGE)
IF(ORPANGE)2D,20,30
TRANGE=QRANGE

GN TN &4n

IRANGE=-QRANGE ~
[PANGE=—-IRANGE-1 )
NPANGE=QRANGE-FLOAT{ IRANGE)" .
RANGE= 11 #xIRANGE

PANGE IS %ETMFEN 1.0 AND 10.D

IF(PANGE.GT.2.5) GO TN 41
RANGE=2.%

GO T 59

IF(PANGF.GT.5.0) G3 TO 42
RANGE=%,0
.GN TD 5N

RANGE=1",0 :
TRANGE=RANGE* (10 ,** TRANGE)

R 10.

TRAMGE IS NDW 2.5,5.0, DR 10.C TIMES A POWER OF TEN

VINCR=TRANGE/FLIATINDIVIS)
TF(VMAX)IS1,51,52
ITMAX=VMAX/(5.,0%VINZP)

XMAX =6 “*VYNCQ*FLUAT(I"AX01)
GO TN 83

IMAX--VMAX/(S OXVINCR)

XMAX= P*VIVFR#FLOAT(-IMAX#I)
IF(VMIN GT.XMAX-TRANGF) GO TO 1nD
RANGE=RANGE*2 .0 )
[F{RANGF=-12.) 43,43,54
RANGE=RANGE/10.
IPANGE=IRANGE+]

GO TO 43

VMAX=XMAX

VMIN=XMAX-TRANGE

RETURN

A0N0. PRINT QANC

9800

CALL EXIT
END

MAY,1967
TIMES 10%%N

FORMAT(4SHIPLSCAL CALLED TN SCALE ARRAY WITH ZERD RANGF)
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G. FORTRAN IV Computef'Program "DLVPS"

This program 1s used to plot the experimental | versus A curve so

that it can be compared with the theoretical curve.

The ‘subroutines "PRNPLT" and "PLSCAL" written by M. S. Itzkowitz

are used tésdo the plottings.

Namé
TN
WL
TNS
TNKS

PHI

DELIM

"PSIM

‘Card

1l. Variables Used in.thevProgram'

Symbol

n
o
A
o
n
m
k
m
¢

A (measured)

Y (measgred)

Description

refracfive index of incident medium
vacuum wavelength (R)

real part of complex refractive . index
of substrate '

index of extinction of substrate

-angle of incidence (degree)

time (hr)
relative phase change (degree)

arctangent of relative amplitude
attenuation (degree)

position (cm)A

2. Input Format for Program "DLVPS"

Col. 1 Col. 10

= w

ete

N+1

n A

o -0 :
tlmel ; posltlonl
tlme2 __p081tlon2

0.0

Col. 20 Col. 30 Col. Lo

‘Title and comments (up to 80 columns )

m m
Al l’bl
A2 l1)2
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These cards constitute a set. Cards 1 to 3 are used for identi-
fication and will be printed out in the output. Data are entered in .
cards k4 through N. The N+1 card is used to signal the end of‘one set
of data. " Any number of sets may follow. Three blank.cards must follow
the last_set of data. |

A feproduction of ﬁhe main program DLVPS appears on the next page.

The subroutines employed can be found in Appendix IfF.
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PROGRAM NDLVPS [ INPUT $0OTPUT)
THIS PRUGRAM PLOTS THE MFASURED VALUES OF PSIT VERSUS OEL
OIMENSION TITLE(SYT s RANGE (8)s DELM (5U)s PSIM (50} T (50)sP(50)
REAN 2y TITLF sRANGF
FORMAT {8ald/8A10)
PRINT 49 TITLFs RANGE
4 FORMAT (1H1sRALO//8A1V///)
READ 75 TNls WL TNSs TNKSs PHI.
IF (TN1) Llslleb
9 FORMAT (F9ae 4F104D)
6 PRINT 12s PHIs TNLe WLy TNSs TNKS _ . _
12 FORMAT (1HUs/6HPHL = 3F542510Xs4HN = sF7e4s 1UXs L3HWAVELENGTH = »
C F5ens 114 ANGSTROMS//33m REFRACTIVE INDEX. OF SUSSTRATE = 4 FTe4,
C 2Xs 4H— Is Fla4/) '
PRINT 13
13 LORMA!(lﬂu»BiF[Mt(HN):5X912HPO>ITION(LM),luX,4HPblM LUX s4HDELM/ /)
NROINT = 1
3 READ 5,'T(NPOINT)oP(NPOINI)’DFLM(NPUINI)yPSId(NPOINT)
5 FORMAT (F9eNy3F10.N)
[F(NDELMINPOINT) ¢ENGD) GO TO 10
PRINT 8 T(NPUINT)aP(NPuIQT)9PbIM(QPUINT)’UtLM(NPOINF)
8 FORMAT (2XsF5e2s10XsF5e25sLl1XsF10e354XsF1043)
NPOTNT = NPOINT + 1
G TH 3
10 NOOINT = NPOINT - 1
" PRINT 7 : : : :
{ FORMAT (1H1ls 22HPSIM VERSUS DELM CURVE)
CALL PRNPLTIDELYM9PSIMs36N09De370s92e30e904 SNPOINT)
GO TO 1 '
11 CONTINUE
FEND

N =
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APPENDIX II

ATIGNMENT AND CALIBRATION OF THE ELLIPSOMETER ON LEED SETUP

A, "Alignment of the Ellipscmeter

Due to the constraint imposed by the LEED-Chamber, the angle of

incidence used is fixed at hse, This means that the optical axes of the

polarizer telescope and the analyzer telescope should be perpendicular

to each other. A prism with two reflecting faces at 90° (plus 40 sec)

to each other (Fig. Al)_was used to align the optical axes. The

following procedufe was followed:.

1.

With the Quarter wave plate removed, the alignment priém resting

on. a precisioh tripoid is positioned between the telescopes soO that‘
the perpendicular surfaces of the prism are facing the telescopes.
Using anuAbbe Lémont”Aﬁtocollimating eyepiece; one face of the
prism is brought to be perpendicular to the optical axis ofvone

telescope by adjusting the tripoid legs to bring the crosshairs

" of the eyepiece and their reflected image into coincidence (Fig. A2a).

‘The same autocollimation procedure is then carried out with the

second telescope. Hoﬁever, the crosshairs and their images are
brought into coincidence by adjusting the position screws on the
telescope (Fig. A2a).

Looking through a pinhole eyepiece placed on_thebcollimator and

- closing down the iris diaphragm on the polarizer, the target on one

face: of the prism is centered in the view of the collimator. The

centering is done by shifting the prism and varying the height bf_;
the ﬁripoid-tablé. | |

With the pinhole eyeplece on the analyzer telescope, the target on.
the prism is viewed by the analyzer telescope. The target is

centered in the horizontal sense by Slidingvfhe prism. If at this
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point‘the target is not centered vertically (Fig.vAQb) in the View.
of the analyzer telescope, the level of the analyzer telescope is
adjusted (adjustment of the dovetail mount cérrier)'sd that the |
targét ié.céhtered vertically.
The two‘optical axes of the telescopes are now lyihg in one plane and
the angle between them is at 90° (Fig. A2c). | |
To chgck the alignment, the pinholevis placed:in the polarigzer
and the éyépiece in the analyzef; A mercury light is used to illﬁminate
the pinhole. By rotating the.prism table approximately 45° . one face
of the prism is used as the réfleqting surface. The image of the pinhole
is observed through the eyepiece. 'Without adjusting the legs of the
tripoid;‘oﬁe should be able to piace the image of the éinhole.at the -
center of the croSshairé. If_nbt, the alignment procedure shouid be

repeated.

B. -Calibration of the Polafizer and the Analyzer Circles

The,Calibrafion of thébpélarizer and the analyzer circles on the_
LEED sétiup presents éome difficultiesf‘ The m?in one is that the
two ﬁeiescoéesvcan ﬁot be érranged in;the straight‘throuéh position.
Therefofe,,the way to‘detefmine the corfectibh faptors for,the_ciréle :
readings will depend on finding'the minimum intensity at ektinction "
settings of the polarizer and the analyzer. The extiﬁction setting
of the anéiyzer Will.depend on the Seftiné of the polarizer. Ho&ever,_
extinctioﬁ'inteﬁéity wouid Eé‘af a minimum'when‘the transmission‘axiéi
of fhevpolarizer is either parallel tovfhe plane of incidence'(p—pési--
“tion) Qr:pérpendicular‘to the plaﬁe of incideﬁcev(s-position).v

A stainlesé steel alignment mirror Vés used.as thé reflecting'i

surface and the procedure below was followed.
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. . N
Turn the polarizer to s-position (0° on circle reading).

Turﬁ the analyzer to p-position (90° on circle reading).*

Adjust pblarizer and ahalyzer for minimum photomultiplier curfent.
Note dial recorder reading.

Retﬁrn polarizer to 0° circle réading andvanaiyzer to 90° circle
reading; | |

Loosen collar screws of both the polgrizér and the anaiyzer carrier
and rotate them until the‘minimum reading'obtéined_in step (3) is

reached. -Tighten the screws.

To determine correction factors for the polarizer circle readings.

6.

Set polarizer at 0° and find the extinction setting of the analyzer

by the'method of taking two equal intensity readings around null.

: Repeat step (6) at 0.1° (or 0.05°) steps from 0° until a noticeable

inérease in photomultiplier current at extinction setting of the

analyzer is obtéined.

Do the same at minus O;l° (or -0.05°) steps.from 0°.

Uging a chaft recorder instead of the,diai,**'reset all the extinc-
tion settings ofvthe.ﬁolarizer and analyzer and display fhe photo-
multiplier current on the chart récqrder. .

Analyze the chart recofder display of the photomultiplier cur?enté
The polarizer and analyzer;settings (0? + dP.aﬁd 90° + dA) that
give the minimum photomul#iplier cﬁrrent are the $ettings_when the

polarizer transmission axis is at s-position and that of the analyzer

% With the arrangement of optical components that we used (light source,
polarizer,; compensator, sample, analyzer:and'detector),the circle reading
of this particular ellipsometer is based on an angle measured counter-
clockwise from the plane perpendicular to the plane of incidence when
looking into the beam. ' _ ’ '

*¥ Because the noise level of the photomultiplier is high at low inten-
sity of light, it is difficult to read a dial recorder.
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‘at p-position. The values -dP and -dA are chosen as correction factors.

 vC. Calibration of the Compensator’circle Setting
Insért quarter-wave plate_and rotate éompenéator circle to s-position
(ciréle reading 0°). | |
With thé_bolarizer and' the analyzér set at s~ and p—pdsition‘respec—
tively,‘rotaté the quarter-wave plate in its‘holder’until a minimum
phéfoﬁultiplier Qufrent is réached.
Detgrmine'the circle reading Qf”the compensator at minimum intensity.
If the circle reading ié 0°+ dQ, then the corrected compensator
‘setfiﬁg would-be Q + 4dQ (for example, LS° +dQ-dr 135° +4Q) during

measurement.
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XBB 7110-Lko1kL

Fig. Al Alignment prism (reflecting faces at 90°) and tripoid for
use with LEED setup.
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Fig. A2

Schematic of alignment procedures on LEED setup.

A
X

u

EsB
E.IT
AB,CH!
ef,gh

- Plane of table

- Plane of tripoid table before adjustment
— Plane of tripoid table after adjustment.
- Reflecting faces of prism

Planes containing the telescope axes

- Telescope axes

- Normals of prism reflecting faces

Refer to Appendix I-A

a.

Step 2 brought ef to align with AB by tilting the
tripoid table an angle . Step 3 brought CB' to
align with gh.

AB, CB' both perpendicular to the faces of the
prism B and & respectively but AB, CB' do not
intercept.

. AB, CB' intercept each other and are normal to

each other.
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Fig. A2a
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~ Fig. A%b

© XBL 7110-7460
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APPENDIX III

ALIGNMENT AND CALIBRATION OF THE ELLIPSOMETER
(VARIABLEYANGLEvOF INCIDENCE SETUP)

A. Adjustment of the Collimator and Telescope Axes to be -Coplanar

1. RemoVe:qgarter wave plate; ‘Place pinhole'in fixed telescope (colli;
nator with polarizer) énd illuminate it with the lamp.

2. Swing the moveable telescope.(ﬁith analyzer) to in‘linejposition
With the fixed telescope.' (The'binhole image is centered on the
verticel_cross-hair of fhe analyzer eyepieCe. The horizontal'ecale
reading,:or angle of incidehce reading should be approximetely 180°.)

3. Center the pinhole.image.on the eyepiece cross-hairs by adjusting
theyveftieal screw of:the moveaele telescope (see Fig.rA3a).

L, ,Plaee the alignment mirror* on the-sample teble and autocollimdtew
the anal&éer with the mirror (to get the miffor nofmal to the optical

'aiis-ef the telescope). The eross—hairé and their reflections are {
brought to coincidence by adjusting the table (Fig. A3b).

5.  Rotate the table with_mirror 180° and autocollimate with the fixed
telesco?e (collimator with polarizer). Correct half of the error -
By adjusting the table and half by adjustihg'the vertical scfew of
the'collimator (Fig. A3c). | | |

6. . RemoVeAmirrorLand rebeat>steps 1 and 3; and then: k and 5 until no
furtﬁer adjustmeﬁﬁe are neceSSary'(Fig.vASd).

Steps 1 to 6 have set the optical axes ef the telescppee pafallel_;

. to each other and perpendicular to the axis of rotation of the table.¥¥ -

" A vertical mirror with target in the middle and mounted on an aluminum
block. ' '
*% '
The optical axes of the telescopes are both parallel to a plane which
is normal to the rotational axis of the sample table.



Flhs—

Steps T through 10 will set the table surface perpendicular to its

rotational axis.

.

8.

Keep moveable teleécope in 180° pbsition;

Place mirror on table in same position as before, fhen rotate mirror
on giggg_téble By 90°.

Return mirror by rotating the table to autocollimate with‘moveablé.
telescope. Errors are corrected by adjusting the tabie (Fig. A3e).
Repeat step 9 with mirror ét different positions on the table.

Final error due to deviation of right angle mirror mount should
stay the same during a full rotation of the mirror with respect to
the table.

The following stepé wilivbring the two optical axes of the telescopes

to lie in the same plane normal to the rofational,axis of the sample

table and to intercect the rotational axis at a common point (Fig. A3f).

11.

k.

15.

Place‘alignment mirrof on table and observe target on mirror through
fiiéa telescope with pinhole. Move target on tabie until target
shows no lateral motion upon‘rotation of the table (target in table
axis).

Closing down thé iris.diaphragm, center the target in the view of

the telescope in vertical direction by raising or lowering the table.

. Use lateral adjustment on fixed telescope (sérews at dovetail) to

center target in the horizontal direction.
Rotate table with mirror 180° and observe target through moveable
telescope with pinhole.

Closing down the iris diaphragm, center targét in the view of the
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17.
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telescope in the vertical directioﬁ by'placihg shims under moveable
teleécope at dovetail connection.

Use lateral»adjustmeht screvs on moveablé»telesédpe to center
target in horizontal directioh;'

Remové mirfqr. Plaéé‘pinhole in fixed teleScoPé and illuminate

it. .Cénter pinhole image.in énalyzer éyepiece.by adjusting the
vertical screw of the movéable‘teléséope (this is necessary_oniy
when~thé shimming of step 15 is necéssary).

B. Adjustment of the Horizontal Circle Readings
“(Angle of Incidence Readings)

Put pinhole in fixed telescope and illuminate it.

Put eyepiece with cross—haifs in moveable telescope.

Move telescope such that thé’image of the pinhole is centered on

the cross-hairs.
Set horizontal circle to read 180° by adjustiﬁg the screw at the
base of the fixed telescope and compensator mount.

The above procedures of setting the angle of incidence circle

readings is based on the assumption that the rotational axis of the

samplé table is in line with the rotational axis of the moveable tele-

‘scope. Section C outlines a prodecure to check the alignment of the

rOtational'aXes of table and telescope and a way to correct the errér‘

when necessary.

1.

C. Alignment of Rotational Axes of Table and Telescope -

Misalignment Check .-
a. Translatory Movement
(1) Place alignment mirror on center of table as described in

“A-11.
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(2). Rotate taﬁle and mOQeable_telescope, target éhould stay
centered laterally.
b. Tilting Movément
(1) Check autocollimation with moveable telescope in 180°_
| position; |
v(2)'»Check autocollimation-fof different positions of moveable
telescope by rotating the table.with mirror unchanged.
Variations in éutocollimation are.due to angle between axes
" of rotation. |
This alignment check ﬁas not'necesséry befor¢ the modification of
the originai ellipsometer when thé table was mountea on the sameiaxis as
the teiescope] After the modificafion, the table was mounted on a dove-
tail carrier and the rotational axis of the table was made to coiﬁ—

cide with that of the telescope at the time of assembly.

2; Alignﬁéntvof'Rotational Axes

vAligﬁment of the rotational axeé of the telescope and the table,
involves adjﬁsting the dovetail carrier on which the.sample table is
sifuated. vAlﬁolngnal mirror* (dr-the‘90° prism as mentioned in
Appendix II) can Be used to assist in the alignment.

a. . Place the polygonai mirror*>on the tablé and check autocollima-~
ﬁion with the movesable teleséope in 180° position. Any error
is_corréétéa by adjustiﬁg the tabié._ Make sure that the table
surface is perpendicular fo the rotational axis. (SectionvA,.}

.steps 7-10) |
- b. With the table unchangea, rotate the polygoﬁai,mirror'to any

angle (such as 90° or 120°).

*A polygonal mirror_isva device with a vertical mirror which can be
rotated with respect to the base. The angle of rotation is indicated by
the scale on the side to a precision of 1 degree. (accuracy 0.25")
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c.  Rotate the moveahle telescope to the same angle as the mirror. -
d. Autocollimate the telescope with the mirror. Any error is
corrected by adjusting the rotational axis of the table.

- €. Check the alignment with the mirror rotated to different angles.

‘Calibration of Polarizer and Analyzer Circles

1. Inéert pinhole-in fixed telescope and'iiluminaﬁé-it.

2. Remove qﬁarter;wave plate and with the moveable_telescope.in l80°
poéition, check ﬁhe'éeﬁtefing of the pinhole image aﬁd then insgrt
photomulti?lier. | |

3. Turn'the polarizer to s—position_(circle reading at 0°).

L, 'Extingﬁish with analyzer.  The ahalyzer circle reading should be
approximétely 90°. If ﬁhe reading is very different from:90°, note

‘ photoﬁultiplier curreﬁf;

5. Loosen collar screw ofxanalyzef carrier and rotate to minimum
vintensity'féading as noted in Step L withbcircle set at 90°.

6. Determine again the.extiﬁguishing readiﬁg‘of‘the aﬁaleer cifcle

which is probably 90° + AA.
v .

T. Plaéentést mirror on sample table and reflect. light off test mirror

near principal angle of-inéideﬁce (75°). The telescope should be
in l§0° posifion oﬁ horizontal éircle (anéle 6f incidence circle)
reading.; Center pinhole image on cross-hairs of eyepiece and then.v
iﬁsert photomuiti?lier;

8. Set analyzer cifcle.readiﬁg at 90° (p—positiqn),énd-adjust polérizef
to obtain. minimum photomultlpller current. The polarizef circle

readlng should be 0° + dpP. 'Note photomultiplier current.

The test mirror is a sualnless mirror whlch has approximately a prln—
cipal angle of incidence of . 75°
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Set analyzer at +0.05 (or smaller) steps from 90° and adjust pol-

arizer for minimum photomultiplier current until a noted increase

in photomultiplier current is observed. This will give sets of
polarizer and analyzer‘circle readings-—oo + dP and 90° + dA.‘
Repeat step 9 in -0.05 (or smaliér) steps from 90°. |

The set of feadings‘that_givesidA - dP = AA is chosen as the correct
set;_bThé éorrection factors that apply to measurements will be -dP

and -dA.

E. Calibration of the Quarter—Wafe'Plate
With the telescope in 180° position (straight through position),
inserf qﬁarter—wave plate.
Set the polarizer circle at 0° + dP and the analyzer circle at
90° + 4A.
With the compensétor éircle set at 0°, rotate the quarter—ane plate
in its holdér until a minimum photomultiplier ¢urrent is obtained.
Dete;mine the compensator circle reading at minimum photomultipler
currenﬁ. The reading will probably be 0° f de The setting of the
compensator circle readingvduriné measurement will therefore be

Q + dQ (such as 45° + dQ or 135° + dQ).
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Fig. A3V_Schematié of alignment procedures of éllipsometer with
~ variable angle of incidencé. (See Appendix III-A)
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APPENDIX IV.

POINCARE SPHERE

The use of a sphere for the representatibn'of the state of polar-
ization of light was introduced by the French scholar H. Poincaré€ in

11,79-83 can be

thé 18th éentury.v In ellipsometry, the Poincaré sphere
used to lelow step by step the change of polarization caused by'each
‘optical component of the ellipsémeter. The inter-relationship between
parameters and the relative'intensity chénge of the light can also be
readiiy determined by thebuse of Poincaré sphere. |

The representation of ellipsometric pérametérs on a Poincaré sphere
is shoﬁn ih_Fig. Aﬁ. Point H, which lies on the equator, representé
any arbitrary reference plane and is chosen here as the plane of inci-
dence. Points on the equator will be statesvof linear polarization.
The boints L and R represent circular polarized'light. Any point between
the north pdle‘L, and the equator‘designatés elliptically polafized light
 with counterclockwise rotation (left-hand or poéitive polarization)
when 1odkiﬁg toward the light source.v Pointé between.the south fole.R,
“and the equatér designate ellipticaily polarized light Witﬁ.a clockwise
rotation (right—hand or negative polarization). The angle 8 is the
azimuth angle of the poiarized light (see Fig. A5). .For a plané polérized
light, Qis the angle between the plane ofvincidence and the electric
vector whereas féf an elliptically polarized light, if is chosen as the
angle between the plané of iﬁcidence and the major axis of the ellipse.
g is measured counterclockwise from H when looking down from the pole L.
The angle y is a measurement of the>e11iptici£y of the polarized light
(see»Fig; A5) and is defiﬁed as positive on the ndrthefn hemisphere
(left—hénd polarization) and negativé_qn the southern hemispherév(right-
hana polariz@tion),
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The relative phase_chqngeiA, is meaguréd counﬁerclockwise when iook-
ing from the reference point H. .The arctangent of .the relative amplitude
~attenuation Y, is measured from the'oppoéite end of the éphere's diameter
(V) that pésses through H (measured from the plane no;mal to the féference
plane). The‘fetardation of:the compensafof SQ is meésﬁred countercléck-
wise when ;odking ffom'the poiht F. Point F represents the fast axis
azimuth anglevof the compenéator. The orientéﬁion of‘the tranémission
axis of tﬁe.pdlarizer; analyzef,'and the fast axis of the compensator*
are represgnted in the same way as 6 on the Poincare spheré€. |

With a system such és.the ohe shown in Fig. 2; the representation
. of the éhéngé of.state of polarization on a Poincaré sphere is illu-
strated inﬂFig.'AG.' When the eilipsometeric system is at null, the
polarizer ié-set'at an azimuth angle of'p from the pléne of incidence.
The light, after passingvthroﬁgh the polariéer (iinearly polarized) is
represented by point P on the.equétor with an angle of 2p from H. The
' quafter—wavé plate; with its.fést_aXis (F) at éZimuth u5°‘(90° on the
sphere),wi;l cause a phase shift (GQ) of Qoévand brings the state of
polarizaﬁion to E. Since E is located on the lower hemisphere, the
light is riéht—hand elliptically polariZedt The effeét of thé reflection
is represented on the Pbincaré sphere as two Parfs-;phase éhange and
amplitude change. Thérphaée change A restores‘the eliipticélly polarizea
light to 1inearly polarized light and'bfings,it.back‘to the foint F on
the équator. The émplitude chahge will éaﬁse:an azimuth aﬁgle change
and bfings the polarization state to A'. With the analyzer transmission

axis A, set at 90° (180° from A' on the Poincaré SPhere).to the light

A1l azimuth angles are measured counterclockwise from the plane ‘of
incidence when looking into the light source_(or looking against the
polarizational vector).
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vector, the light is extinguished. With reference to Fig. A6, we note

that
~ o~ _ :
A = EF = PF (from spherical trigonometry, Law of sines)
or
A .
A = HF - HP = 90° -~ 2p (A1)
and also,
o~ B N
VA' = AH
oy = 360 - 2a
Y =180 - a ' (a2)

The Egs. (A1) and (A2) derived abo#e can be used to obtain A and
Y from polarizer and analyzer circle readings for this‘special zone.
Relatipnsvbetween A,y and p, & for other zones canvbe derivéd on the
;Poincaré sphere.following the same tréatment as méntionéd.* If the
stereoéraphic projection of the Poincaré sphere is used (right-hand
colﬁmns of Fig. Ah), quantitative treatmenf on the Poincarévsphere can

be applied with the help of Wulff's net.37

See Appendix V for the conversion of p and a to A and Y respectively

for different zones.
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POINCARE SPHERE.

const. 27 N

~ ———const. 28 -

Fig. All- o XBLE85-2759- A

Representation of ellipsometric parameters on Poincaré Sphere (left)
and its stereographic projection (right) seen from the north pole L
(left-hand circular polarization). H denotes the reference plane.
Top: grid for geometric parameters 6 and Y, center: grid for physical
parameters Y and §§ bottom: grid for retardation SQ of a compensator
with fast axis F. '

Bhe




od od o b ods 1 e
_153_
+Es o

v v

6 | 8
A=0 *+Ep A=

-

Y
N

O< A< -g—

Fig. A5 .

MUB-8168-B

Dependence of elliptical polarization on relative plane

change A. Y is the ellipticity, 6, the azimuth angle of

polarization

and Y, the arctangent of relative amplitude
attenuation. ' .
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Flg A6 P01ncare Sphere representation of the changes in
the state of polarization through the components

of an elllpsometer arrangement in Flg. 2. .
~~

T = 2p VA' = 2y TE = 8g EF = A
and AFVA = 2a '

s
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APPENDIX V
Ellipsometric parameters 4 and § from polarizer and
analyzer circle readingsin different zones,.

. . L. - . Arctangent
Polarizer Azimuth of Compensator Azimuth of Analyzer Azimuth of Relative of Relative
Circle - Transmission Circle © " Quarter wave © . | Circle Transmission . Phase. Amplitude -

. Zone  Heading (P) Axis {p) Reading (Q) -Plate Fast Axis-{q) Reading (A). . Axis (a) - Change (A) . Attenuation ‘(w)
A (& rrom 0° to 90°)
_ _ ’ 90 - 2p 180 - a
A 90-135 0-ks 135 L5 0-90 90-180 270 - 2P 90 - &
: - i 2p -~ 90 180 - a
A2 135-180. -45-90 us 135 0-90 90-180 2P - 270 90 - A
_ _ _ . 270 - 2p a
A3 0-k5 90-135 135 L5 90-180 0-90 90 - 2P A- 90
- - O 2p - 270 a
Al 45-90 135-180 ks 135 90-180 0-90 2P - 90 A - 90
B (4 from 90° to 180°)
- ) - _ _ 90 + 2p a
‘Bl 90~-135 -0 b5 3] 135 90-180 0-90 2P - 90 A - 90
. : _ ~ 270 - 2p 8
B2 135-180 _ 45-90 135 k5 90-160 0-90 450 - 2P A-90
- 2p - 90 180 - &
B3 0-45 90-135 45 135 0-90 90-180 2P + 90 90 - A
450 - 2p 180 - a
BY 45-90 135-180 135 s 0-90 90-180 270 - 2P 90 - A
C (A from 180° to 270°)
' _ 270 - 2p a
cl 90-135 0-k5 135 ks 90-180 . 0-90 450 - 2p A-90
. . 2p + 90 a
c2 135~180 45-90 is 135 907180 0—90‘ 2P - 90 A - 90
i I 450 - 2p 180 - a
c3 0-45 90-135 135 bs 0-90 90-180 270 - 2p 90 -
- 2p. - 90 180 - &
cl 45-90 135-180 s 135 0-90 90-180 2P + 50 90 - &
D (4 from 270° to -360°)
H -135 -4 L - _ 2p + 270 180 - a
bl 90-135% 0-45 L5 135 0-90 90-180 2P + 90 90 - 4
b2 135-180 45-90 1 ! - " 450 - 2p 180 - a
) 5 i5~9 35 45 .0-90 90-180 630 - 2p 90 - A
D 0-hs . .90~1 b - 06 2p -+ 90 a )
3 5 90-135 5 135 90-180 0-90 2P + 270 A - S0
- 630 - 2p a
Dl L5-90 135-180 L - -
4 5-9 35 135 5 90-180 0-90 450 - 2P A- 90

-GST-

s
]

SN L ST

s
"

[
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