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ABSTRACT

An analysis of the first-order effects of component imperfections
and azimuth errors in an automatic, self-compensating ellipsometer is
presented. Twenty-three parameters in a linearized theory are used to
compute the ellipsometer parameters A and ¢ from polarizer, quarter wave
compensator, and analyzer azimuths. These parameters are evaluated
using 56 experimental measurements. The effectiveness of the corrections
is recognized by a substantial decrease of the differences between 4-zone
measurements. The theoretical dependence of tHe magnitude of errors on
the orientation of the polarizer, analyzer, and quarter wave plate was

experimentally verified.
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NOTATION

Analyzer azimuth (degree). As a subscript,
refers to the component.

Quarter wave plate azimuth (degree). As a subscript,
refers to the component.

FCI-C

Electrical field vector perpendicular to plane
of specimen surface.

Etlectric field vector parallel to plane of specimen surface.
Refers to measurements made with Faraday cells.

Glass core in the polarizer Faraday cell azimuth.
Refers to component as a subscript.

Glass core in the analyzer Faraday cell azimuth.
Refers to component as a subscript.

Refers to measurements made without the Faraday cells.
Refers to measurements made without windows.

Polarizer azimuth (degree). As a subscript,
refers to component.

P-FCI

Rotator matrix describing orientation of principle
frame of reference for a component.

Reflection coefficient in direction perpendicular
to specimen surface.

Reflection coefficient in direction parallel to
specimen surface.
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Tj Transmission matrix for component j.
TS R(T: R(=3)
j Iy R
t]j Describes non-ideal effect of component j on
the electric field intensity (degree).
sz Describes non-ideal effect of component Jj on

phase of the electric field.

WI,WR Entrance and exit window azimuths. As a subscript,
refers to components.

L. Refers to azimuths of component j.

A Relative phase shift due to reflection from
specimen surface (degree).

8B Specimen mispositioning error (degree).
SA Deviation in A due to component imperfections.
6pj Deviation in P5 due to imperfections in component j.
Sy Deviation in y due to component imperfections.
6Zj Error in azimuth of component j.
€y Phase of electric field vector in x-direction.
ey Phase of electric field vector in y-direction.
Y7 Coupling constant for Z. error &Z..

j J J
Y Coupling constant for p. error &p..

pj J J
A Wavelength of 1ight, angstroms.

) Angle of incidence (degree).
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Relative transmittance for component j.
Specimen reflectance ratio, ='rp/rs

Relative intensity parameter due to reflection from
specimen surface (degree).

Frequency of light.



I. BACKGROUND AND THEORY

Ellipsometry is used to study the surface properties of materials
immersed in an optically transparent medium. The two quantities of
interest in ellipsometry studies are the changes, due to reflectioﬁ
from the surface, in the relative amplitude ¢ and the relative phase A
of two orthogonal components of the electric field vector which describe
the state of polarization of the probing Tight beam.

When the components of the ellipsometer contain imperfections,
their effects on the phase and amplitude of the 1light must be iné]uded
in the interpretation of ellipsometer measurements. Imperfections in
the ellipsometer are assumed to be either calibration errors in the
graduated azimuth circles of the polarizer, analyzer, and quarter wave
plate, deviation from quarter wave retardation, or flaws in the optical
components due to strain-generated birefringence and polarization-
dependent absorption.

The purpose of this analysis is to obtain a set of equations for
Py and A which compensate for the component imperfections. This analysis
extends the word of Azzam and Bashara] on error corrections for a manual
compensating ellipsometer to the use of an automatic self-compensating .
ellipsometer. The self-compensating ellipsometer uses Faraday cells to
rotate the plane of polarization, thus enabling the ellipsometer to
follow rapid changes in the state of the surface. The Faraday cells
add two more imperfect components to the analysis, which results in more
error terms in the equations for y and A. The Faraday cells are assumed
to be both birefringent and dicroic, thus producing both relative phase

and relative attenuation effects.
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A.  Components of the Ellipsometer

The components of the ellipsometer are arranged ?n the following
sequence (Figure 1): polarizer P, polarizer Faraday cell FCI, quarter
wave plate C, entrance cell window WI, specimen S, exit cell window WR,
analyzer Faraday cell FCR, and analyzer A. The abbreviations used to
represent each component (P, FCI, etc.) will also be used in other
contexts: as subscripts to designate to which component a parameter
refers; and to represent angles of rotation. These latter usages will

be introduced in the following sections.

B. Rotated and Standard Coordinate Systems for the Measurement of the
Nulling Angles

There are two possible coordinate systems for the measurement of
the nulling azimuth angles of the analyzer and polarizer. In one system,
the nulling angles are called standard azimuth angles and are denoted by
a and p (for analyzer and polarizer). In the other, they afe called
rotated azimuth angles and are denoted by A and P.

The two coordinate systems are defined by the experimental set-up,
specifically by the positioning of the specimen, which in turn depends
on the nature of the experiment. Figures 2 and 3 illustrate the two
different experimental set-ups. If the specimen plane is horizontal
(Figure 2), then the coordinate system is standard; if the specimen
plane is vertical, the coordinate system is rotated (Figure 3).

The orientation of the orthogonal components, EX and Ey, of the
electric field vector is defined relative to the plane of the specimen.
The Ey—axis is parallel to the plane of the specimen, and the positive

Ex-axis is in the direction of a vector in the plane defined by the



LIGHT SOURCE

COLLIMATOR

POLARIZER (P)

POLARIZER
FARADAY CELL (FCD)

QUARTER WAVE
COMPENSATOR (C)

ENTRANCE
CELL WINDOW (WD)

SPECIMEN (S)

EXIT
CELL WINDOW (HWR)

ANALYZER
FARADAY CELL (FCR)

ANALYZER (A)

TELESCOPE

PHOTOMULTIPLIER

XBL 774-8330

Fig. 1. Components of the automatic self-compensating ellipsometer.
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Fig. 3. Vertical specimen orientation defining rotated
coordinate system. Azimuths p, a, and g referred
to as (capital) P, A, and Q in text.



incident and reflected beams. Rotating the specimen plane counter-
clockwise from a vertical position (rotated system) to a horizontal
position (standard system) therefore rotates the Ex'Ey coordinate system
by 90° (in the counterclockwise direction).

Though the azimuth circle of the polarizer can be moved, the
transmission axis of the polarizer remains fixed with respect to the
azimuth circle. The same is true in regard to the transmission axis of
the analyzer. The azimuth angle of the polarizer is heasured counter-
clockwise from the positive E, axis to the transmission axis of the
polarizer (indicated in the figures by a heavy double pointed arrow),
and the azimuth angle of the ana]yzef is measured counterclockwise
from the positive EX" axis to the analyzer transmission axis (see
Figures 2 and 3).

Because the two coordinate systems are related by a 90° rotation,

the polarizer and analyzer azimuths in each system are related by:

90° ,

)
[
o
14+

90° .

=
"

QD

+

In keeping with the rotation for the analyzer and polarizer
azimuth angles, the setting of the quarter wave plate is denoted
by ¢ if the nulling angles have been measured in the standard
system or by C if the nulling angles have been measured in the

rotated system, and

C=c*90°.
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Some derivations and results given in this paper do not depend
on the coordinate system used to measure the nulling angles. For that
reason, unless otherwise noted, A, P and C will be used throughout this
paper to refer in general to the analyzer and polarizer azimuth angles
and the setting of the quarter wave plate in either coordinate system.
If the results depend on the coordinate system used, both sets of

results will be given.

C. Zones and Groups

The values of ¥, the relative amplitude, and A, the relative phase,
are not measured directly, but are calculated from the nulling azimuth
angles of the analyzer and polarizer respectively. The ranges of ¢

and A and the nulling azimuth angles are :

p: 0°-90° a,A: 0°-180°

A: 0° -360° p,P: 0°-180°

Though the value of A depends explicitly only on P, the equation
defining the ideal value of A in terms of P is not the same for all
values of A. In fact, the defining equation for A depends also on the
range of A and on C, though neither A nor C appear in the equation.
For this reason, it is convenient to distinguish 16 categories called
gones to which a measurement, consisting of a value of P, C and A can
belong. The 16 zones are defined as follows: The range of A is
divided into two subranges, 0°-90° and 90°-180°; the range of P is

divided into four subranges, 0°-45°, 45°-90°, 90°-135° and 135°-180°,



and the value of C is limited to two possibilities, 45° and -45° (135°).
Taking all possible combinations of the subranges of A and P and the
value of C yields 16 zones. Moreover, the zones are grouped into four
larger categories called groups, which depend on the range of A. It is
a convention that the groups which correspond to a certain range bf A
are lettered and that the four zones, which comprise one of the lettered
groups, are numbered according to the range of the polarizer azimuth.2
However, the numbering of zones is not the same for rotated polarizer
azimuths as for standard polarizer aximuths. Table El gives the
definition of groups and Table E2 the definition of zones.

The ideal (uncorrected) value of ¢ and A for each zone, as well as
the corresponding ranges of the polarizer and analyzer azimuths for both

the standard and rotated azimuth system, are given in Appendix A.

D. One-Zone and Four-Zone Measurements

A one-zone measurement consists of a value of A, P and C. The
value of C may be either 45° or 135° and is set before the nulling
angles A and P are found. A one-zone measurement may be taken on
either a bare, unchanging surface or on a surface that is rapidly
changing. After the nulling angles have been measured, the zone to
which the triplet (C, A, P) belongs can be found from Table I which
contains the zone and group divisions. The triplet will belong to
one and only one of these zones, hence the name one-zone measurement.
Once the correct zone is determined, the ideal values of § and A may

be calculated using the appropriate formulas.



TABLE ET1. Definition of group lettering

Group Range of A
A 0°-90°
B 90°-180°
C 180°-270°
D 270°-360°

TABLE E2. Definition of zone numbering

Range of Range of

standard rotated
Zone azimuth p azimuth P
, 1 0°-45° 90°-135°
2 45°-.90° 135°-180°

3 90°-135° 0°-45°

4 135°-~180° 45°-90°
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A four-zone measurement is actually four one-zone measurements that
all belong to the same group, but fall into the four different zones
within that group. Since each set (C, A, P) defines a value of y and a
value of A, a four-zone measurement_ié only meaningful if taken on an
unchanging surface so that the four one-zone measurements all define the
same values of y and A. Ideally the values of y and A calculated from
the four one-zone measurements should be the same. This is rarely the
case, however, and the conclusion drawn is that the components of the
ellipsometer contain imperfections which affect the measurements. The
assumption that disagreement in the four-zone measurements is a result
of imperfect components is central to this analysis, because the aim of
using the corrected equations (to be derived in following sections) is
to improve the agreement of the four one-zone measurements.

Givén below is a four-zone measurement and values of ¢ and A
calculated from the ideal equations in Table I. For comparison, the

corrected values of ¥ and A are given.

E. Theory

The analysis of Azzam and Bashara uses the Jones Calculus to
describe the optical effect of each component on the state of polariza-
tion of the light as it passes through the ellipsometer. The Jones
Calculus, invented in 1940 and 1941 by R. Clark Jones,3'uses a matrix to
represent an optical device such as a polarizer or retarder and a vector
to describe the state of polarization of a beam of 1ight. The passage

of the 1ight through a component corresponds to multiplication of the
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Four-zone measurement made on bare zinc

Zone c a p

B1 135° 37.68° 5.23°
B2 45° 40.06° 84.03°
B3 135° 142.70° 95.35°
B4

45°

145.09° 174.42°

Ideal values of ¥ and A calculated from
four-zone measurement

Zone P° A°
B1 37.68 100.46
B2 40.06 101.94
B3 37.30 100.70
B4 34.91 101.16

Corrected values of ¢ and A

Zone U] A
B1 37.473 100.422
" B2 37.509 100.632
B3 37.472 100.392
B4 37.452 100.742
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vector representing the 1light by the component's matrix. The effect of
imperfections in a component is treated as a first-order Taylor series

expansion about the ideal component value.

F. The Jones Calculus

To define the spatial arrangement of the ellipsometer, we use a
right-handed rectangular coordinate system with x, y and z axes. The
components of the ellipsometer 1ie along the z axis which is perpendi-
cular to the planes containing the components. When the axes of a
component are parallel to the x and y axes, the component is said to
be in its principal frame of reference. In this case, the Jones trans-
mission matrix of either a partial polarizer or a retardation plate

is given by e1¢N, where N equals

where

=
P
i

exp [-i (2md/2) (nX - 1kx)]

exp [-i (2md/A) (ny - 1ky)]
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and d is the thickness of the plate; X is the wavelength of the Tight in
a vacuum; n, and ny are the principal indices of refraction in the x and
y directions; and kx and ky are the principal extinction coefficients in
the x and y directions.

For a partid] polarizer the principal indices of refraction are
1¢N

where

equal, n, = ny = n, and the Jones matrix has the form e D

<PX 0>

N =

P L]
0 ?y

is the absolute phase factor and PX and Ey are the principal

eiCP
transmittances in the x and y directions, respectively. If the absolute
phase of the two components of light is of no interest, then Np may be
used alone as the matrix representation of the partial polarizer. This
form of the Jones matrix is called the standard matrix.

For a retardation plate, the principal extinction coefficients,

kX and ky’ are both zero and the Jones matrix has the form e1¢ N

eiY 0
N, = i and vy = 6/2
R 0 'Y

where § is the retardance. As in the previous case, the absolute phase

RS

factor ei¢ may be omitted so that the standard matrix of a retardation
plate is Np. Appendix 2 of Reference (4) lists the standard Jones

matrices for commonly used optical devices.
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For this analysis the standard Jones matrix is further simplified
by dividing each entry in the matrix by the entry in the upper Teft-hand
corner of the matrix, and then dropping the divisor. The representation

of the partial polarizer is then

<] 0 >

T =

P i
0 Pp

where Pp is the relative transmittance for the polarizer, Ey/PX.

For the retardation plate,

T =
R 2
0 fr

where pp = e_16 is also called the relative transmittance.
Using this simplification, each component of the ellipsometer has
the same diagonal form when in its principal frame of reference. Thus,

for the jth component,

where pj is the relative transmittance. However, if the component is not

*
in its principal frame of reference, then its Jones matrix Tj is related

to the Jones matrix Tj by
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: T; = R(0) T; R(-w)

where R(w) and R(-w) are the rotator matrices

cosw Sinw [ COsw =SThw
R(w) = and  R(-w) =
-Sinw Ccosw Sinw  cosw

The angle w measures the amount by which the coordinate system associated
with the component has been rotated with respect to the fixed x-y
coordinate system.

The form of the Jones vector that will be used in this analysis
is just

E

m}
i

y

where EX and Ey are the scalar components of the electric field vector

along the x and y axes. E, and E, are further defined by

Ax exp[i(eX + 2mvt)]

T
1

zal
1]

Ay exp[i(ey + 2mvt)]
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where AX and Ay are the maximum values of Ex and Ey, and € and ?y are

the phase components of EX and Ey at time t=0. In problems not

i2mut

concerned with time, the time factor e can be dropped so that

[l
1

A, exp (iex)

m
]

y Ay exp (1ey)

Subscripts on E; EX and Ey will be used to designate throuéh which
component the light has just passed.

With the major elements of the Jones calculus defined, we can now
express the optical effect of the sequence of ellipsometer components

as a chain of matrix multiplication:

E E
: * * % *  * %x X

c = TaTeer Twr s Tur Te Trer ROPIL

Y/ final YV initial

Two points should be noted in connection with the matrix multiplication
given above. First, because the Jones vector representation of Tight is
Timited to polarized 1light, the first use of the Jones vector is to
describe the state of polarization of the 1ight after it has passed

through the polarizer. Therefore, the Jones matrix for the polarizer
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*
TP'does not appear in the matrix chain through the counter rotator matrix

R(-P) does. Secondly, the Jones matrix for the specimen is

where Pg is the specimen reflectance ratio.

G. Component Imperfections Treated as First-Order Series Expansions

For the purpose of this analysis, the relative transmittance of an
optical component contains the measure of the imperfection within that
component. For a small imperfection in the jth component, the relative

transmittance ¥ is given by

[o]

where pj is the ideal relative transmittance and Gpj is a measure of the
imperfection. Since the imperfection may affect both the intensity and

the relative phase of the light,

Sp. = t

.o+ . 2
; 1571ty o (2)

where t1j measures of the effect of the imperfection on the intensity and

t2j measures the effect oh the relative phase .
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Due to calibration errors the true azimuth angle Zj (this refers
to C, A or P) may vary from the measured azimuth Z; by a small deviation

6Zj:

7. = z; + 8L (3)

When the Tight flux transmitted by the analyzer is a minimum, the
value of Pg > the ratio of the complex reflection coefficients (rp/rs)

for the specimen, is given by equation (4):

The first order Taylor series expansion of (4) about 0; and Zj is

S J7J P

pg = T(Zjspg) + 20 vy 875+ 2 Y, S (5)
J i 9

The coupling constants Yzj and ij determine the way in which the azimuth

error sz and a component imperfection Spj couple onto an error in Pg-

The zeroth-order approximation to Py given by
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is the value of P whén the measured azimuths are substituted into the
error-free ellipsometry equations in Table I, The corresponding
corrections to ¥ and A, & and A, are found by taking the logarithmic

differential of pg = tany eiA,

Gps/pS = 269/sin2y + i8A (7)

The expressions for &y and SA are therefore,

it

S = %sin2p Re(sp /o)

SA Im (éps/ps) A

H. Birefringence in the Polarizer Faraday Cell

The coupling constants for the polarizer, analyzer, quarter wave
plate, and entrance and exit cell windows, as well as the corresponding

corrections to ¢ and A are derived in Reference 1. It can be shown that

y
PFCR

is presented here; the procedure will first be outlined and the algebraic

has the same form as Yp . The derivation of the constant Yo
WR FCI

steps and simplifications will follow.

For the purpose of determining Yo . 2 the other components are
: FCI

assumed to be ideal; therefore

b = Pty § (A)
s S Pre1 PRer
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The imperfection in the glass core of the Faraday cell is assumed to
affect both the intensity and the relative phase of the Tight beam so
that

=t

SPrcr 1rer ¥ T torcr

The measure of the imperfection 6pFCI is embedded in the Jones matrix

for the Faraday cell:

) 10
Ty (FCI) = R(FCD) R(-FCI) (B)
0 Prer
where
Prc1 = Prcr t SPpcr - (C)

The result of the chain of matrix multiplications (from right to left),

X * * * . .

Tg Te TFCI Tp, acting on the incident beam, is the vector (Ex,s’ Ey,s)’
The ratio of the components of this vector defines the specimen reflectance

ratio:
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This ratio contains the term SpFCI which has been carried through the
matrix multiplication 1ike a constant. Using a1gebraic.simp]ifications
and trigonometric identities, the single-term expression for Pg given in
equation (D), can be separated into two terms, one of which is multiplied
by GpFCI. Comparison of this to equation (A) yields expressions for

p; and YPrcr® These expressions are then substituted into the equation

for the Togarithmic differential of o, which in this case is,

Y e
Gps ) PFCI FCI -
pS p;

where O in the denominator of the term on the right hand side has been

approximated by its ideal value p;, and

Sopcr = Yircr T T tarcr

When the resulting expression of equation (E) is separated into its real

and imaginary parts, it yields the corrections to { and A that must be

made to compensate for the imperfections in the polarizer Faraday cell.
The details of the matrix multiplication are given next.

The 1ight beam leaving the polarizer is described by a Jones vector as,

E, = (T, Pp)
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For the purpose of determining Yecr Pp © 0, because in the Tlinear
analysis, component imperfections in the polarizer do not affect the
analysis for the Faraday cell. On passing through the polarizer Faraday

cell, the Jones vector becomes

E = T R(-P*) E

=FCI FCI P

(cosP*, PECT sinP*)

where P* = P-FCI.

After passing through the compensator,

Eo = To RE-C9) Egg
(10)
= (F]’ F2)
where,
F1 = cosC* cosP* - PECI sinC* sinP* (11a)
Fy = pc(sinC? cosP* + pp.y cosC* sinP*) (11b)

and C* = FCI-C.
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Upon reflection from the specimen, the light is Tinearly polarized

so that A = 7 and

p. = =~ tany. (12)

The Jones vector is given by

L TsR('C) Ec
(13)
= (Ex,s’ Ey,s)
where
pg O
T = 9
S 0 1
and
Ex,s = ps(F1cosC - FzsinC), (14a)
Ey,s f (F]sinC + cmosC) . (14b)



- where equations (14a) and (14b) have been substituted for EX
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For extinction (or flux minimum), the value of ¢ is given by A £+ 180°;

substituting this into equation (12) gives

Pg = ~-tanA.

Combining this fact with the following definition of Pg>

s and Ey,s

H]

yields the following expression for %

~tanA[sinCcosC* cosP* - PECI sinC sinC* sinP* + pccosC sinC* cosP* + Pe Prcl cosC cosC* sinP*]

[cosC cosC* cosP* - PrcI cosC sinC* sinP* - Pe sinC sinC* cosP* - Pe PRI sinC cosC* sinP*]

~-tanA[tanC - PFCT tanC tanC* tanP* + Pe tanC* + Pe PRI tanp*]

[t - PECT tanP* tanC* - Pe tanC tanC* - Pe PrCI tanC tanP*]

-tanA[tanC(]-pFCI tanC* tanP*) + pc(tanC* *+ Prcr tanP*)]

- PrCI tanC* tanP*) - p. tanC (tanC* + PECI tanP*)]

tanA [tanC + Pe (tanC* + PECT tanP*)/ (1 - Ppcy tanc tanP*)] (16)

Pe tanC{tanC* + OFCT tanP*)/(]—pFCI tanC* tanP*) -1
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Assuming that the ideal relative transmittance for the Faraday cells is

one, we can make the substitution PrcT = T+ 6pFCI in equatioh (16)

to obtain,
* * *
carh tanC + pc(tanC + tanP” + GpFCI tanP™)
. 1-tanC* tanP* + 8ppcp tanC* tanP™ (7
0¥ =
S (tanC* + tanP* + pp.; tanP*)
Pe tanC - 1
(1 - tanC* tanP* - 8p.., tanC* tanP™)
FCI
The terms,

*
pc(tanC* + tanP*) + Pe SPpcr tanP

in the numerator, and

(1 - tanC* tanP¥) -'SpFCI tanC* tanP*

* * *
(tanC* + tanP*) + SPrcl tanP

in the denominator
(1 - tanC* tanP¥*) 'GpFCI tanC* tanP*

are both of the form (x + e,)/(y + e,), which may be expanded as,

(X +¢€)

(Y +¢,)

€ e X
- 2 (18)

X 1
= —_—
2N R
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This expansion is valid for £, << 1, which is the case for small values

of GpFCI'

The numerator term is expanded as follows:

pc(tanC* + tanP™) + Pe SPrer tanP™® pc(tanC*-+tanP*) Pe SPpcr tanp™®
= +
tanC* tanP™ (1 - tanC* tanP™) (1 - tanC* tanP™

* *
(1 -tanC™ tanP™) - 8pper

* * * *
pc(tanC + tanP™) GDFCI tanC™ tanP

+ )2

(1 - tanC* tanP*

Using the trigonometric identity tan(a+8) = (tang + tanB)/(1-tanatanB),

and combining the second and third terms, the expression becomes

* * *
pc(tanC tanP™) + p. Sppcrtant

(1 - tanC*tanP*) - 80pc] tanC* tanP*

* * * * *
Pe apFCI[tanP +tanC” tanP”™ tan(C™ +P*)]

= p_ tan{C*+P¥) +
¢ (1 - tanC* tanP™)

(19)
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The expansion of the term in the denominator is:

- (tanC* +tanP*) + 8prcy tanp™® tanC* + tanP”
. (1 - tanC* tanP*) - T tanC* tanP* (1 -tanC* tanP*)
* * * * *
X GpFCI tanP X (tanC” - tanP™) SpFCItanC tanP
(1 - tanc® tanp®) (1 - tanC* tanp*)?

GpFCI[tanP* + tanC* tanP* tan(C* +P¥)

= tan(C* +P¥) + (20)

(1 - tanC* tanP®)

The result of putting the expansions of the numerator and denominator

terms into equation (17) is another expression of the form of equation (18).

[1+tanC¥tan(C* +P*)]

[tanC +p_tan(C* +P*)] +p 6p tanp™
¢ cTFCl (1 - tanC* tanP™)

tanA _ * * , pk
¢ ¢ (1 - tanC* tanP*)

. tanC + p_tan(C* +P%) 0 8pcnrtanP*[1 +tanC*tan(C*+P*)]
- c + c "FCI
ptanC tan(C* + P*)-1 (1- tanC*tanP*)[pctanC tan(C*+P*)-1

[tanC + pctan(C*-FP*)] [pCSQFCItanC tanP*(]-ftanC*tan(C*-kP*))]

(1 - tanC*tanP™) [0 tanC tan(C* +P*) —1]2
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Combining the second and third terms and replacing (C*-+P*) by

(P-C) gives,

o tanC-FpCtan(P -C)
tanA p.tanC tan(P -C) -1

pCGpFCItanP*[]+tanC*tan(P—C)] [pctanCtan(P-C) -1 —tanC(tanC-+pCtan(P—C))]

+
(1 - tanC* tanP™) [o tanc tan(C* +p*) —1]2

tanC-+pCtan(P-C) pCSDFCItanP* sec2C[1-+tanC* tan(P-C)]

p tanC tan(P -C) -1 (1 - tanC* tanP*) [o tanC tan(P-C) - 172

(21)

Comparing the last expression to g = p; + YFCIspFCI shows that

tanA[tanC + pctan(P—C)]
P = (22)
pctant tan(P-C) -1

-tanA pc'tanP* seczc[l +tanC* tan(P-C)]

Y
FCI (1 - tanC*tanP*) [pctanC tan(P-C) —]]2
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The expression for YFCI'can be simplified as follows:

—tanA;%seczc[1 + tanC* tan(P-C)]

Yo
FCI (1/tanP*-tanC?")[pctanCtan(P-C)-]]2

-tanA;%seczc[1+sinC*sin(P—C)/cosC*cos(P—C)]

(cosP*/sinP*-sinC*/cosC*)[p_tanCtan(P-C) -1]2
c

-tanApCseCZC sinP*[cosC*cos(P-C) + sin(P-C)]

cos(P-C)(cosP*cosC* - SinP*sinC*)[pctanCtan(P-C) - 1]2

—tanApcsec2CsinP* cos(C*-(P-C))

cos(P-C)cos(C*+P*)[pctanCtan(P—C) - 1]2

ftanApcseCZCsinP*cosP*

cos (P-C)[p_tanCtan(P-C) 174

~tanA pcseCZCsecz(P—C)sinZP*

Z[pctanCtan(P—C) - 1]2

(24)
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The fractional error of p due te birefringence in the Faraday cell

core is

YECI

(%)
P7ECI Ja

where 6pFCI = t]FCI + 1t2FCI' Ideally, the quarterwave plate affects only
the phase shift measured by A and not the intensity of the beam and under
this condition ¢ = 45°, A=90° and pc° - -i. When, in addition, C = w/4,

equation (22) gives,

-tanA[1 -1 tan(P -n/4)]

[i tan(P -m/4) + 1]

_ tanA(1 + tanP - i tan P + i)
- (i tan P - 1 + 1 + tanP)

<tanA(cosP + sinP - dsinP + i cosP
(isinP - icosP. + cosP + ‘sinP)

~tanA (e-1P * 1e—1P)

(e1P _ 1.e1P )

i

I
]
rl-
fel]

S
=
0

fn

1
-l
-
[o3)
S
-
)

1
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Similarly, for ¢ = -n/4, equation (22) reduces to

p = 1 tanA o~ 12P

o]

(26b)

We can now use equations (24), (25), and (26) to solve for SVrcr

and 6AFCI' First, for C=n/4 and P = -,

i tanA sec (P --%L) sin2p®

'Y =
FCI [i tan(P - %») + 1]2

) *
i tanA sin 2P

cos® (P - ﬁ_)[ i(tanP - 1) ]2
4
(1 +tanP) +1

i tanA sin 2P*(1+tanP)2

2
<;;§‘COSP + ;gg—sinP> [tanP(i+1) +(-1-+1)]2

. 2
. . on*[ (cosP + s1nP)]
i tanA sin2P [ coSP

. .. 2
%(cosP+s1’nP)2 [(] '1)(gg:g'+151nP)]

2i tanA sin2p™

~tanA sin2pP™ e'12P

-tanA e'i2P (sin2P cos2FCI - cos2P sin2FCI) (27)
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+
For p = p
o)

TECT
== - -i(sin 2P cos2FCI - cos2P sin 2FCI) (28a)

and for C = -n/4, p=p ,

Yrer

i i(sin2Pcos2FCI - cos2P sin 2FCI) (28b)

Equation (25) becomes

<§Q

p>FCI = %1i(sin2P cos2FCI - cos2P sin 2FCT)(typep + Ttorey) (29)

for C = z7/4, and the corrections to A and { are given by

= gg = F1 1 - i
SA In|<p )FCI Fi(sin2P cos2FCI - cos2P sin2FCI) tircr (30)
and
S = X% sin 29 Re %
P Fel
= +X%sin 2A(sin 2Pcos 2FCI - 2P sin 2FCI) t (31a)

2FCI

for those zones in which sin2y = sin2A.



~-33-

For those zones in which sin2y = -sin2A,
8¢ = FX%sin2A(sin2P cos2FCI - cos2P sin2FCI) toper - (31b)

When the error terms have a11 been derived, they are added together
to give the total correction to ¢ and to A. Care must be taken that
the parameters appear with the correct signs; the signs depend on the
setting of C and the range of A and the range of P. The result is that
32 equations are needed to characterize A and 32 more are needed to
characterize y. Sixteen equations, one for each zone, are used when the
nulling angles have been measured in standard azimuth angles, and the
other sixteen are usedehen the nulling angles have been measured in
rotated azimuth angles. The equations for { and A are written out in
full in Tables IIa and IIb (Appendix A). Tables IIc, IId, IIla, and
IIIb contain the signs of the parameters in the equations for ¥ and A
for all groups.

If the ideal-value equations for A (Table I) are solved for 2p and
the resulting expression substituted for 2p into the corrected equations
for A, the final result is a set‘of equations for p. Replacing 2a in the
equations for ¢ with expressions in terms of the ideal value of Y yields
a set of equationé for a. If the same sort of substitution is made for
2P in the equations for A (for rotated azimuths), the resulting set of
equations for P are identical to those for p. The same is true of the
equations for A; they are identical to those for a. The equations for A

and P are used in linear combinations to solve for the parameters. The
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procedure will be outlined in the next section.

Tables IVa and IVb show the complete equations for A and P for
group B. The analysis also includes intensity effects in the analyzer
Faraday cell. This involves use of the coupling constant YEcr? having
the same form as Yyr> derived in Ref. (1), and SPrcr = B1FcR™T itorcp
(6A)FCR and (Gw)FCR are found as in equations (30) and (31).
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II. EVALUATION OF THE PARAMETERS

A. Introduction

Nineteen parameters have been used to characterize the component
imperfections, window birefringence, and azimuth angle errors. Eight of
the parameters appear only in the equations for y and are solved using
the equations for AZ’ A2, A3 and A4. The other parameters, with one
exception, appear only in the equations for A and are evaluated using
the Pi equations. The exception is 6C which is in all of the equations.

The expressions contained in this section are those that were used
to evaluate the parameters. Some alternate expressions have also been
indicated if there is a choice between determining a parameter from
measurements made on either a dielectric or a metal. In general, the
expressions presented are the simplest. A discrepancy of nearly half a
degree in the value of t]FCR sin2FCR did not occur between dielectric and
metal measurements; the value for the metal measurements was chosen.

The equations for A and ¢ in terms of the azimuth angles are
different for each group of zones. As a result, the definition of a
parameter depends on the group in which the measurements occur. Once
defined, however, the parameter does apply to other zones. The parameter
definition does not debend on the use of standard or rotated ézimuths

for the measurement.

B. Experimental Procedure

Inspection of the complete equations for ¢ and A in Table IVa and
IVb show that the magnitude of the corrections depends upon ¢ and A.

By the appropriate choice of the specimen and the arrangement of the
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ellipsometer, this functional dependence on ¥ and A may be used to simplify
the expressions. For reflection from a dielectric, A =0° and ¢O= 45°.

Measurements were taken in each of the‘four zones for the group
determined by the experimenta] value of A. It will be shown that the
appropriate averaging of the azimuths A and P for the zones isolates
certain component parameters. Isolation of parameters is also achieved
by making fdur-zone measurements with and without various components. It
should be noted that when the Faraday cells are removed, manual ellipsometer
measurements are necessary. These were performed by monitoring the output
voltage from the photo-multiplier tube, and determining the minimum inten-
sity by averaging azimuths for A and P which give equal voltages on each
side of the minimum.

The ellipsometer was first placed in the straight-through position.
With Faraday cells in place, the calibration circles of A and P were
adjusted to give minimums fqr A being perpendicular to P. The calibration
circle for C was adjusted to give the smallest average deviation when set
parallel to A and P. The Faraday cells were removed, and a four-zone
measurement was made.

The ellipsometer was then aligned to reflect at 75° from a surface
facing up. Alignment was performed by auto-collimation from mirrors on
a prism accurate to 16 seconds of arc. Without the Faraday cells,
multiple four-zone measurements were made from a clean, uncoated glass
prism. The specimen was realigned for each four-zone measurement, to
allow the azimuth angle 88 to be averaged to zero in the analysis of the
data. With the specimen fixed, the Faraday cells were inserted at a

fixed orientation. One four-zone measurement was performed. The
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procedure for the dielectric was repeated for a metal surface. Finally,
four zone measurements with and without the cell windows were conducted

for reflection from the metal specimen.

C. Expressions for the Parameters

The following subscripts have been used to identify the set of
measurements used in the calculation of each parameter:
S — measurements made while the ellipsometer is in the straight-
through position,
D — measurements made using a dielectric as a specimen,
FC,NFC — measurements made with and without the Faraday cells in place,
respectively,
W,NW — measurements made with and without the windows in place,
respectively,
The windows are always used in combination with the Faraday cells (though
the Faraday cells are sometimes used alone), and in the context of this
paper, FC, NFC, and NW will all refer to measurements made on either a
dielectric or metal specimen. In addition, the notation ) represents
the average of multiple measurements of the quantity inside the brackets.
Whenever A and ¢ appear in the expressions for the parameters, they
refer to the four-zone average calculated from the set of measurements
that is being used to evaluate the parameter. If the measurements are
taken with the windows and/or Faraday cells in place, correction terms
must be added to the four-zone average for A. For measurements made with
only the Faraday cells the correction term is topcp cos 2FCR; for measure-

ments made with both the windows and Faraday cells in place, the correction

term is the sum of t2FCR cos 2FCR, t2NI cos 2WI, and tZWR cos 2WR.
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The correction terms are the same for all groups. Table V contains the
formulas for the fou?-zone averages for A and y for each group and the
correction terms for the four-zone average of A.

Because most of the paraméters do not depend directly on other
parameters, the order in which the parameters are calculated is not
important except in a few instances. Some of the terms for the Faraday
cells or windows involve a four-zone average of A. Therefore they
indirectly depend on t cos 2WI, t

cos 2WR, and/or t cos 2FCR,

2WI 2WR 2FCR
terms which appear explicitly only in the equations for A. The expressions
for these parameters are given first.

From measurements made on a dielectric:

topcp €05 2FCR = BL(P=Py+Po=Py ) e = (Py=PytPa-Py )] (32a)
for groups A and C
= BL(-P+P,=PatPy) (= (<Py#Py=PytP, ) o (32b)

for groups B and D .

The terms tZWICOSZWI and tZWRCOSZNR always appear as a sum in the
equations for A and Pi; therefore it is not necessary to solve for each

parameter individually. From measurements made on a metal:

toul COSZWI+tZWRC052WR = lﬁ[(P1—P2+P3—P4)w—(P]—P2+P3—P4)Nw] (33a)

for groups A and C,

BL(-Py+Py=Pg4Py ), = (-P1+P,-Py+P 33b)

123 4)Nw] (
for groups B and D .

The next ten expressions are for the parameters that appear in the

equations for ¢, (from measurements made while the ellipsometer is in
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straight-through position):

i

6CC-+6AC 90° - %(A1+A +A+A )S for groups A and D, (34a)

2 374

GCC —6AC 90° - % (A, tA+A+A )S for groups B and C,  (34b)

1727374

From multiple measurements made on a dielectric with neither the Faraday

cells nor windows in place:

1

sin2yp, cosADacc-+6AC 90°- %<A1+A2+A +A, )

374°D
for groups A and D,

sin2y , cosA.8C_ - SA 90°- LA +A +A+A) (35b)
d c c 1

2 34D
for groups B and C.

D

Combining the appropriate form of equations (34) and (35) and solving

for SCC gives

(A, +A, +A,+A,)_ - (AL +A, +A+A)
GCC = 1 2 '3 45 1 2 3 40 for all groups.

4(cosAy sin2y -1) (36)

The value of §C_ may now be substituted into equation (34) to solve

for GAC.
GAC = 90° - k(A]-+A2-FA3-FA4)S —6CC for groups A and D, (37a)
SA. = -90°+ %(A]-+A2-+A3-+A4)S-+6CC for groups B and C.  (37b)

From measurements made without Faraday cells on a dielectric:



“From multiple measurements, without Faraday cells, on a metal:

for groups B and C.
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(A, -A, -A, +A,)
top = 1 2 3 ¢4 for groups A and B ,
4sin 2y
(-Ay +A, +A, -A,)
= 1 2 3 4 for groups C and D .
4sin 2y

Y

Y

Y

t

€(1,3)

C(2,4)

€(1,3)

C(2,4)

Ay EAy

+A,) -180° —2(sin2¢;cosA6Cc —SAC)

-{A, +A

2 4

sin2y sinA

>+180°-+2(sin&pcosA6CC —GAC)

—(A]+A3>

sin2y sinA

For groups A and D,

+180° —2(sin2¢;cosA6CC-+6Ac)

(A, +A,)

2 4

sin2y sinA

—18O°-F2(sin&pcosA6CC-+6AC)

sin2¢y sinA

(38a)

(38b)

(39a)

(39b)

(39¢)

(39d)

If the measure of the quarter waveplate in zones 1 and 3 is q=45°

_ o + - .
or Q=135°, then t]C = t]C(],S) and t]C t]C(2,4)' Otherwise,

+ —
te ®

t

1C(2,4)

and t]

¢ * Y1c01,3)"
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From measurements made with the Faraday cells on a dielectric:

. o [(A]+A2+A3+A4)FC —(A]+A2+A3+A4)NFC]
2FCI cos 2FCI

- 2sin 2y cosA

(40a)

for groups A and D,

_ ~L(ArASHASHA, ) oo - (AgtAstASHA, ) pig ] (405
2sin 29 cosA

for groups B and C.

From measurements made using the Faraday cells on a metal:

. L i —[(A]+A2+A3+A4)FC —(A]+A2+A3+A4)NFC] +ZtZFCICOSZFCI(sin2¢cosA)
opcy Sin2FCT = ) ,
2sin 2¢¥ sinA
(41a)
for group A,
_ -[(A1+A2+A3+A4)FC '(A1+A2+A3+A4)NFC] -ZtZFCICOSZFCI(sinchosA)
2sin 2y sinA
for group B, (41b).
_ [(A1+A2+A3+A4)FC —(A]+A2+A3+A4)NFC] —2t2FCIc052FCI(sin2wcosA)
2sin 2y sinA
(41c)

for group C,

[(l\1+A2+A3+A4)FC - (A]+A2+A3+A4)NFC] +2t 50 COSFCI (sin2ycosA)

2sin 2y sinA

(41d)
for group D.
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From measurements made with the Faraday cells on either a

dielectric or metal specimen:

(A=A -A+A ). - (A;-A,-A+A,)
t]FCRCOSZFCR - 172 3 74'FC 1 72 "3 T4'NFC (42a)
2sin 2y
for groups A and B ,
_ AthotAgAg)pe - (FApHAAS-Ag Iy (425)
2sin 2y
for groups C and D ,
and
(A=A +A=A,) o - (Ay-A+AL-A,)
t]FCR sin 2FCR = 17273 4°FC 1 72 73 "4'NFC (43a)
2cos 2y
for groups A and C ,
_ (ApHAy-AgHA D pe - (AgHAS-AgtA D yEc (43b)
2cos 2y
for groups B and D .
From measurements made with both Faraday cells and windows in place
on a metal:

+A

~[(A AL AR, ) - (ApHASTAS

1727374
2sin 2y sinA

P

t sin 2WI

2W1 (44a)

for groups A and B ,

i (A]+A2+A3+A4)w--(A]+A2+A3+A4)Nw (44b)

2sin 2y sinA

for groups C and D .
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The next six expressions are for the remaining parameters that

appear only in the equations for A. Because the terms t.. and GPC

1P
always appear as a sum in the equations for A and P, they are evaluated
as a single term. From measurements made without the Faraday cells in
place, on either a dielectric or metal specimen:

tip P, = 6C, +90° - %(P] +P2-+P3-+P4) for all groups . (45)

From measurements made without the Faraday cells, on a metal:

= ——— an 2 5 —— a
2C(1,3) SinA 2C(2,4) i
for groups A and C,
(Py -Py) (P, -P,)
= 1 3 - 2 4 .
Yac(1,3) 7 ——— and  tpe(z,4) _ (46b)
sinA sinA

for groups B and D.

From measurements made with the Faraday cells on a dielectric:

tZFCR sin2FCR = % tan2¢[(P1-P2-P3+P4)FC -(P]—PZ-P3+P4)NRC] (47a)

for groups A and B,

it

;‘é tanZU) [(_P]+P2+P3_P4)FC - (-P]+P2+P3_P4)NFC] (47b)

for groups C and D.
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From measurements made with the Faraday cells, on either a dielectric

or metal specimen,

sin 2FCR % tan2y[(P,-P,-P+P -p_+P

17PaPgtP)pc = (Pr=Py=PgtP ) e
for groups A and B,

torcR (48a)

X tan2¢[(~P1+P +P-P -P,+P_+P _~P

*P37Pa) e = (-Py*Po*P =P ) e
for groups C and D.

(48b)

From measurements made with the Faraday cells, on either dielectric

or metal specimen:

(P4+P,-P~P,)cpr - (P4+P,~P-P,)
tipcy cos 2FCT = 1.2 3 47FC 1.2 3 47NFC for all groups. (49)

2 cosA

From measurements made with the Faraday cells on a metal:

[P]—PZ-P3+P4)FC -(P]—PZ-P3+P4)NFC]-+2t2FCRsin2FCR(cot2w)

2sinA

t]FCIsinZFCI

(50a)
for groups A and B,

[(P1-P2-P3+P4) —(P]—P2—P3+P4)NFC] -ZtZFCRSinZFCR(CotZw)

2s1nA

(50b)
for groups C and D.
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EoupSINZR = % [(P1=PyPosPy)y - (Py-Pp-PyrPy)y ] (51a)
for groups A and B,
= 5 LU-PyrPotP Py = (SP+PoP Py )y (51b)

for groups C and D.

Now that all of the parameters have been defined, the specimen mis-
positioning error can be determined. For groups A and D,
+ + .
% (R™ -ResA™) - sin2y cosA 6CC -6AC

s8° = (52a)
c0s2¢ + sin2y cosA

and for groups B and C,

% (R* - ResA™) + sin2y cosA 6C_ - 6A
sgt = c__c (52b)
c0s2¢ - sin2yP cosA ~ ’

The sign refers to the setting of the quarter wave plate. If q=45°

3 and ResA = A2-+A4.

Table VI contains the

or Q=135° for zones 1 and 3, then ResA+ = A1-+A

Otherwise, ResA™ = A, +A, and ResA™ = A

2 4 1 73
corresponding expressions for R which are different for each group.

+A

Finally, we have for the azimuth angle errors,

-}

6* = 8C_ + s (53)
Pt = 6P, + sp* (54)

6AT = oA+ (cos2¢)68™ (55)
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where the errors 6AC, 6Pc, and GCC:in the calibration circle azimuths
are given in equations (37), (45), and (36). Note that, for the purpose
of calculation, the combinations t1P-F6Pi -8C* which appear in the
equations for A and P are equal to t1p-+6PC —6CC.

Table VII contains the numerical values of the parameters calculated

for our experiments.

D. Index of Parameter Expressions

Parameters that appear in the equations for Y and A:

GAC ........ equation (37)
6CC ........ equation (36)
8B v v v e e . equation (52)
SA . ... .. ... equation (55)
8C . . . . .. .. . equation (53)
t]C ........ equation (39)
top v o equation (38)
topeCOS2FCI . . . . equation (40)
topepSin2FCI . . . . equation (41)
t]FCRCOSZFCR . equation (42)
t]FCRsinZFCR . . . . equation (43)
toySTNZHI . . . . . equation (44)

Parameters that appear in the equations for A and P:

GCC ........ equation (36)
] . . equation (45)

tip - e equation (45)
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tZFCRCOSZFCR

tZFCRsinZFCR

tZWICOSZWR
tszCOSZWR

to,nSTNZWR

2WR

equation
equation
equation
equation
equation
equation
equation
equation
equation
equation

equation

~ e~ e~~~
ol O
=W
— e
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ITT. RESULTS AND DISCUSSION

A. Parameter Values

The magnitudes of the twenty parameters (Table VII, Appendix A)
indicate that the quarter wave plate has the largest imperfections.
Intensity effects give a maximum error of 1.72 degrees (tJ{C = —3;45°) in
the determination of the relative amplitude y, while shifts in the
relative phase give a maximum error of 0.43 degrees in the determination
of A (th = -0.43°). Errors in the divided circle readings are next in
importance, with 6Ac and GCC combining to give a maximum error of 1.1
degrees in y. The holders for the retarder and polarizing prisms would
allow correction for these effects by the rotation of the components.

Both relative phase and relative attenuation effects are present in
the Faraday cells. The largest parameters are for the analyzer Faraday
cell (t1FCR sin 2FCR = 0.242, t2FCR cos 2FCR = -0.253). The windows of
the stagnant cell exhibit minor birefringence, with only tZWI sin2WI =
-0.228 being significant. However, the windows of the ultra-high vacuum
chamber have a much larger effect (tZWICOSZNI + tZWRCOSZWR = -1.54,

t sin2WI = 0.632).

2WI

B. The Variation of Imperfection Effects with y and A

The complete equations (Table I, Appendix A) show that the corrections
for component imperfections have a trigonometric dependence on ¢ and A.
This results from the use of the rotator matrix (p. 15) to orient
the principal reference frame of each component. Figures 4 and 5 indicate
this dependence. The computer program discussed in Appendix C was used

to correct experimental measurements on the anodic dissolution of zinc



Relative amplitude parameter y (deg)

-49-

38.0

e e

36.4 / " Uncorrected
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XBL 7611-9910A

Fig. 4. Correction for ellipsometer imperfections
Zn, 0.5M KOH, -1.0V vs. Hg/HgO.
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in alkaline solution. Figure 4 shows that over a small range of A and ¥,
the corrections result in a parallel shift of the curve calculated by
assuming ideal components. Figure 5 shows that over large ranges of A

and ¥, the magnitude of the corrections vary and may even change sign.

An approximate correction procedure diséussed in Appendix B shows explicitly
the variation of the corrections for component imperfections with the

orientation of the polarizer, analyzer, and quarter wave plate.

C. Verification of the Theory

Attempts were made to verify the theory used to derive the parametric
equations by correcting 4-zone measurements on materials covering a range
of A and y values. The measurements on Cd, Ag, Cu, and Zn were randomly
chosen from a large number of experiments conducted over a period of five
months following the calibration of the e]Tipsometer. The measurements
on AgZO and CdO samples prepared from compressed powders were made fourteen
months after the calibration. For comparison, Ao.and by calculated
assuming ideal components, and the range of the corrected A and ¢ values

are also presented.

The corrected 4-zone measurements indicate that the calibration
procedure gives an excellent account of the effects of component imper-
fections in the deiermination of the relative amplitude parameter y.

Over ranges of A values of 0.34 to 101.82, and y values of 22.84 to 43.05,
the maximum spread in corrected y values is *0.06 degrees for the AgZO
sample. For the metal specimens, even better results were obtained,

with the maximum spread being +0.025 degrees. The corrections to the

relative phase A at first appear less accurate, with the Targest spread
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Corrected 4-zone measurements.

Material

Cd 0001
Single crystal

Ag 100
Single crystal

Cu, off axis
Single crystal

Zn 1010
Single crystal

Ag polycrystal

86.
176.
93.
.06

93.
.68

86.
175.

101
11

83.
173.
95.
.54

93.
.24

86.
175.

20
44
33

22

20
96

.59
71

78.
167.

05
65

64
99
72

52

49
72

40.
144,
142.

38.

45.
139.
137.

43.

39.
144.
142.

37.

39.
145,
143.

37.

44.

141

138.
42.

q
72 45
47 45
05 135
36 135
Average:
75 45
69 45
34 135
49 135
Average:
16 45
37 - 45
27 135
11 135
Average:
52 45
92 45
59 135
19 135
Average:
46 45
.05 45
72 135
20 135
Average:

A, v, v
97.60 96.48 40.72 38.13
97.12 . 96.86 35.53 38.10
96.66 96.74 37.96 38.14
96.12 96.45 38.36 38.13
96.88 96.63 38.14 38.13
+0.74 +0.20 +2.60 +0.02
83.56 82.45 45.75 43.05
82.64 82.37 40.31 43.06
82.40 82.46 42.66 43.05
81.92 82.27 43.49 43.07
82.63 82.39 43.05 43.06
+0.82 +0.10 #2.72 +0.01
66.82 65.75 39.16 37.39
66.58 66.26 35.63 37.39
66.1 66.22 37.73 37.40
65.3 65.58 37.11 37.40
66.20  65.95 37.40 37.395
+0.76 +0.34 +1.77 +0.005

102.72 101.61 39.52 36.82
102.02 101.75 34.08 36.77
101.44  101.53 36.41 36.79
101.08  101.40 37.19 36.77
101.82  101.57 36.80 36.80
+0.82 +0.18 ¥2.27 +0.025
82.96 81.85 44.46 41.75
83.52 83.25 38.95 41.69
82.98 83.05 41.28 41.73
81.44 81.78 42.20 41.75
82.73 82.48 41.72 41.72
+1,04 ¥0.735 2.76 +0.03
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Corrected 4-zone measurements (continued)

Material P A Q AO A
Ag,0 powder 140.65  67.80 135 11.30  11.95  22.20  22.87
50.69 113.45 135 11.38  12.13  23.45  22.83
40.18  113.65 45 9.64  9.50  23.65 22.94
129.91  67.95 45 10.18  9.83  22.05  22.94
_10.62  10.87  22.84  22.89
Average: .59  +1.26  +0.79  10.06
CdO powder 134.56  59.87 135 0.88  0.12  30.13  30.35
44.62 120.48 135 0.76  0.12  30.48  30.33
45.16  120.33 45 0.32  0.37  30.33  30.3]
135.20  59.67 45 0.40  0.75  30.33  30.32
- 0 0.59  0.34  30.32  30.33
Average:  ,5'59  40.41  +0.19  +0.0?
PbO, powder 129.09  62.49 135 .82 11.15  27.51  28.24
38.70 118.87 135 12.60  11.87  28.87  28.22
50.96 118.31 45 11.92  11.99  28.31  28.22
140.70  61.86 45 11.40  11.72  28.14  28.22
C11.94  11.70 28.21  28.22
Average:  ,o"s6 40,55  10.70 0.

02
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for the metal samples being +0.74 for the polycrystalline Ag surface,
while the spread in corrected 4-zone measurements increases over the
range of uncorrected values for the two compressed-powder oxide samples.

An explanation for the range of the corrected 4-zone values of A is
anisotropy of the specimen surface. For the idealized planar, isotropic
surface, A and y would not depend upon the zone of measurement. However,
structural irregularities such as surface roughness, strain-induced
birefringence, or crystallographic orientation would lead to directionally-
dependent optical properties of the surface. Evidence supporting aniso-
tropy is that the range of corrected values of A is greafest among the
single crystal specimens for the off-axis Cu surface. Also, it is
certain that the oxide samples were strained by the elastic contraction
of a protective brass ring following compressfon at 50,000 psia.

Another result which should be emphasized is that averaging of 4-zone
measurements does not eliminate the effects of imperfections in the
determination of the relative phase A (Table V, Appendix A). The residual
error tZFCR cos 2FCR + t2WI cos 2WI + t2WR cos 2WR remains. This suggests
that the glass rod with fewer imperfections is used for the analyzer

Faraday cell.
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IV. CONCLUSIONS

The application of parametric equations to the calibration of our
automatic ellipsometer indicates that the quarter wave plate contains
the largest optical imperfections. The Faraday cells used for self-
compensation contain both dicroism and birefringence. The windows of
the ultra-high vacuum system exhibit significant birefringence.

The effectiveness of the calibration procedure remains uncertain due
to the possibility of surface anisotropies in the specimen being measured.
The results of corrections to the determination of the relative amplitude
parameter y suggest an exceptional accuracy of £0.02 degrees. The
consideration of surface anisotropies will be necessary to obtain a more
definitive verification of the calibration procedure.

The calibration was performed for the monochromatic Hg 5461 & line.
It is expected that the 20 parameter values determined by the analysis

will be functions of the wavelength of Tlight.

This work was supported by the Division of Materials Sciences, Office
of Basic Energy Sciences, U. S. Department of Energy.
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APPENDIX A
Zone assignments and ideal values of y and A.-

Complete corrected equations for ¢ for Group B
(standard azimuths).

Complete corrected equations for A for Group B
(standard azimuths).

Signs of the parameters in the corrected'equations for ¢
for all groups (standard azimuths).

Signs of the parameters in the corrected equations
for A for all groups (standard azimuths).

Signs of the parameters in the corrected equations
for ¥ for all groups (rotated azimuths).

Signs of the parameters in the corrected equations
for A for all groups (rotated azimuths).

Complete corrected equations for the analyzer azimuth
(standard azimuths).

Complete corrected equations for the polarizer azimuth
(standard azimuths). '

Signs of the parameters in the corrected equations
for the analyzer azimuth for all groups.

Signs of the parameters in the corrected equations
for the polarizer azimuth for all groups.

Four-zone averages for ¢ and A.
Expressions for "R".
Values of the parameters.

Complete equation for standard analyzer azimuth for
Zone BI1.
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TaBLe VII

dPc +

tifei
t1fei
tlfcr
tifer
tofei
tofei
t2fcr
t2fcr

SAc = 1.
§Cc = 1.
t = 1.

1lp

t = 0.

2p

+ -
lc

lc
2c
2¢

UG
+
I
1

cos2FCI
Sin2FCI
cos2FCR
sin2FCR
sin2FCI
Ccos2FCI
cos2FCR
sin]FCR

Stagnant
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VALUES OF THE PARAMETERS

(IN DEGREES)

088
128
353
021

3.4527
1.653 + Corresponds to Q
0.4286 ~ Corresponds to Q
0.1633

= - 0.1102
= - 0.0014
- 0.0078
= + 0.2415
= 0.0443
= - 0.1424
= - 0.2525
= 0.0742

Cell Windows Vacuum

TaBLE VII

45°
135°

I

Chamber Windows

t2wi

t2wr

t2w1

cos2WI +

sin2WR

$in2WI =

t2wr cos2WR = 0.0050

0.0172

- 0.2281

- 1.54
- .03

+ .6322
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APPENDIX B. AN APPROXIMATE DETERMINATION OF y AND A

Once the parameter values describing component imperfections have
been determined, experimental azimuths may be transformed fo the relative
phase A and relative intensity parameter y. The specimen mispositioning
error 88 (equation 52, p.45) is the only correction term which varies

between experiments. This term affects only ¢, and has the magnitude

IGBIV = |88 [cos2¢ + sin 2a sin2p]]

where ¢ is the angle of incidence. For the corrected 4-zone measurements
on Cd (p.52), |&y| = 0.213, 0.236, 0.108, and 0.109 degrees.

A graphical correction procedure may be used if reduced computation
time justifies the uncertainty in y introduced by neglecting 88. Computer-
generated plots are constructed for each set of the 20 parameter values,
with §8=0. The corrections to A and ¢ due to component imperfections SA
and &Y are presented as functions of the polarizer and analyzer azimuths
p and a. Figures B1 and B3 show the corrections for q=45°; Figures B2
and B4 show the corrections for g =135°. The parameter values in Table VII
(Appendix A, p. 71) with the stagnant cell windows have been used. The
correction terms S8A and 6& are added to the values of A and ¥ calculated
by assuming ideal components.

It should be noted that graphical procedures introduce human error
in the reading of the plots. For data acquisitiqn systems with computa-
tional capabilities, a form of the computer program in Appendix C

should be used.



0.5

-74-

Correction to A, 8A (deg)

. .

a=i75

Lines of constant analyzer azimuth, a

| | | | | | L |

Fig. BI.

60 120 180
Polarizer azimuth p (deg)

XBL774+3298

Correction to A due to component imperfections. Quarter
wave compensator at 45°, specimen mispositioning error 68 =0.
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Correction to A, 8A (deg)

q=135°

Lines of constant analyzer azimuth, a

| | | | | |

Fig. B2.

60 120 180
Polarizer azimuth p (deq)

XBL774-3297

Correction to A due to component imperfections. Quarter
wave compensator at 135°, specimen mispositioning error

g =0.



Correction to ¥, 8¢ (deg)
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I I I 1 | | l T
q=45° :

p = polarizer azimuth

p=0,90,180
p=15, 75,105,165

p=30,60,120,150

p=15,75,105,165
p=0, 90,180

60 120 180
Analyzer azimuth a (deg)

XBL774-3296

Fig. B3. Correction to ¥ due to component imperfections. Quarter

wave compensator at 45°, specimen mispositioning error
8B =0.



-77-

Correction to ¢, 8y (deg)

q=135°

p = polarizer azimuth

p=15,45,75,105,
135, 165

p=30,60,120,I50 -

Polarizer azimuth, p -

Fig. B4.

60 120 180
Analyzer azimuth a (deg)

XBL774-3295

Correction to ¥ due to component imperfections. Quarter
wave compensator at 135°, specimen mispositioning error
88=0. ‘
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APPENDIX C. PROGRAM COMPER

The computer program COMPER calculates values of the relative phase
A and the relative amplitude parameter ¥ using the error analysis outlined
in this report. 1In addition, the corrected values of A and Y may be
displayed graphically by the CALCOMP plotter.

The program is structured to interpret sets of one-zone measurements
from experiments on changing surfaces. Before initiating the surface
changes, a 4-zone measurement should be taken on a reference state of the
surface, to allow calculation of the specimen mispositioning error &8
(equation 52 p.45). From this 4-zone measurement, the Res A (p. 45)
and the 4-zone averages of A and ¥ (Table V, Appendix A) must be calculated

and entered as input data to the program.

Input Variables

INUMBER 1s the number of data sets in the input file.

WPLOT controls plotting on the CALCOMP plot. If WPLOT=1.,
a graphical display of ¥ vs. A is given. If WPLOT =0.,
plotting statements are ignored.

TITLE,RANGE are 80 character alphanumeric labels for the output.

INDCAT indicates the specimen orientation. For INDCAT=1,
the specimen is vertical and the measured azimuths
are 1in rotated form. For INDCAT =0, the specimen
is horizontal and the measured azimuths are in
standard form.

NO is the number of data points in the set.

o is the quarter-wave plate setting (either 45° or 135°).
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DELTAV is the 4-zone average of A.
PSIAV is the 4-zone average of .
RESA = A2-+A4 -fof g =45° or Q=135°
= A]+A3 for q=135° or Q= 45°.
PHI is the angle of incidence (degree).
A(1),P(I) are the analyzer and polarizer azimuths for data

point I (degree).

A Sample Data Set

Column: 0-9 10-19 20-29  30-39 40-49 50-59 60-69 70-79

INUMBER  WPLOT

TITLE — >
RANGE S ’ .
one
set INDCAT NO C DELTAV  PSIAV  RESA PHI
A(I) P(I) A(I+1)  P(I+1) A(I+2) P(I+2) A(I+3) P(I+3)

A(J+1) P(J+1) etc., through NO number of poihts

Note: Fixed-point variables (first letter is I-N) must be right-justified

in its column.

The computer program with sample output follows.
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PROGRAM COMPEF (INPUT,0UTPUT «TARE98,FLOT,,TAPEG9=PLCT)
COMMON/CCPOOL /X MIN ¢ XMAX s YMIN g YMAX yCOXMINyCCXMAX yCCYMIN,CCYMAX
COMMON/CCFACT/FACTOR

DIMENSION TITLE(8), RANGE (8), PSIC(1000), DLLTAC(100G)
DIMENSTION PSI(1G06)y DELTAC10GU) s ACLGGC)» P(1000)

INTEGER HG

READ 100, INUMBF,WP.3T
FCRMAT (I94F16s0)
ITRACK = 3

INUMBR IS Tht NUMBER OF OATA SETS TO EE READ IN,  ITRACK IS USED
TO KrnEFf TEACK CF THi. NUMBER GF DATA SE TS THAT HAVE BEEN RUN
THROJGH THE PROGRAM,

IF WRPLOT=1.4A PLOT OF THE CORRECTED VALUES IS GIVEN BY
THE CALCAOMP PLCTTER. IF WFLOT=0.y NO PLCT.

THE VALUES OF THE CONSTANT PARAMETIRS THAT APPEAR IN THE EJUATIONS
FOR PSI AND DELTA ARE SET.

DELAC = =1.,088
DELCC = 1.128
DELPC = 14353
TiP = 0.

T2P = 4921
TICP = =3,L3527
TiCcr = ‘10553
T2CP = =,428E
T2CM = =41633

IN THE FOLLOWINS VARIABLE NAMES, I AND R ARE ABBREVIATIONS FOR
INCIDEME AND REFLECTIONy FESPECTIVELYe SN AND CS ARE ABBREVIA-
TIONS FOR SINE AND COSINE. F REFERS TG THE FARADAY CELLS, AND
W REFERS TO Thi GLASS WINDCWS GF THE FLOW CELL.

THE VARIABLE NAMES CAN BE INTERPRETED AS FULLOWS ===~
T2SNWI STANDE FOR T2WISINZWI ~=== T2 ENWR FOR TZ2WRSINZWR
TIONFI FOF TiFISINZF[ ==+~ TI1SNFR FOR TAFRSINZFR
T1CSFI FOR T1FICOS2FT -==-- T1I0SFR FOR TLFRCOS2FR
T2SNFI FOR T2FISINZFI ===~ T23MNFR FQk TZFRSIN2FR
T2CSF]I FOR TRFIJOS2FI ~-=== T20SFR FOR T2FRCOS2FR
SCSWIR FOR THE SUM OF T2WICOS2WI AND T2WRCCS2ZHR.

T1CSFI = =, 1102
TAISNFI = =,001«
TLCSFR = =,0078
TISNFR = L2415
T2CSFI = o 0u4l3
T2SNFI = =.14624
T2CSFR = =, 2825
T2SNFR = 23742
T2SNHI = -.2281
T2SNHR = ,0172
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SCSWIR = 005

THE NEXT FIVE VARIABLES, WHICH LRE PART OF THE CALCOMP SUSROUTINE,
PROVIDE FOR A 12 BY 10 INCh GRID FOR PLOTTING DELTA AGAINST PSI.

FACTOR = 100,
CCXMIN = 2.
CCXMAX = 1L,
CCYMIN = .0.0
CCYHMAK = 1(.0

THE DATA FCR THE EX2ERIMENT IS READ IN.

READ 200y TITLEs RANGE

FCRMAT (8A10/8A10)

READ 300, INGCCAT, NO, Cy OELTAV, PSIAV, RESA, PHI
FCRMAT (I94I1045F1Cs0)

INOCAT IS S¢T TO 1 IF THt TNPUT A BND P VALUES REFER TO THE
ROTATED AZIMUTH ANGLES. IT IS SET TO 0 IF THE A AND P VALUES
REFER TO STANDARD LZIMUTH ARGL=S,

NC IS THE NUMBEK OF DATA FGINTS,

C IS THE QUARTEF WAVE PLATE ANGL. (EITHER 4% OR 135 DEGREES).

DC 20 I = 1,NO»4

READ 400, A(I) 4P (1)yA(I+1),P (1410 ,A{T42) 4P (I42),A(1¢3)4P(I+3)
CONT INUE ,

FCRMAT (F940,7F 104 0)

¥ X% ‘w 'Y} ax e % L% . 'Y

THE FOLLOWING VARIABLES, T1C, TeCy I, HAVE TWC FOSSIBLZ VALUES
WHICH OEPEND ON THE VALUE OF Co (I CONTROLS THE ¢ AND =~ SIGNS
IN THE EXPRESSION FOK Re)

IF ((INDCAT sEQeG) e AMDo(TotQontad) GO TO 25
IF ( (INOCAT+EQe 1) «2NDs(Cet Qel1334)) GO TO 25

"T1C = TiCHM
T2C = T2CH
I =1

GC TQ 27
T1C = TiICP
T2C = T2CP
I =2

THE VARIABLES Js Ky AND L CONTROL THE + AND = SIGAS IN THE EXFRE S=
SIONS .FOR R ANC 0OFLBs, THEIR VALJES CEPEND ON THE GROUP THAT
DELTAV BELONGS TO.

IF ((DELTAV.GE.U.).AND.(DELTAV.LE.QU.))‘GO TO0 32

IF ((DFLTAV.GE e904)¢ANDs (DELTAV.LE,1800)) GO TO 34
IF ((DELTAV.GEa1Bus) o ANDe (DELTAV,LEL2704)) GO TO 36
IF ((DELTAV.GEoe 270+) ¢ ANDs (DFLTAV,LE. 3€04)) GO TO 38

J =2
K =1
L =2
GO TO 39
J =1
K = 1
L =1
GO T0 39
J =1
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THE SUBROUTIN[ UL CRAC CHANGLS DZGREE ML ASUREMENTS TO RADIANS.

CALL DEGRAD(PHI)
CALL DFEGRAD(PSIAV)
CALL OECRAD(DLLTAV)

SINE ANO COSIHE FUNCTIONS WHICH AFPEAR MGRE THAN ONCE IN THE
EXPRESSIONS FUK R AND DELE ARE CALGULATED.

CS2PSI = COS{2,*PSIAV)

SNgPST = SIN{2,*F3I4V)

COSDEL = COS(DL LTAV)

SINDEL = SIN(DELTAV)

s s xy % xx (X3 *x xx *x ¥
R = SHN2PSTI*((( e J)¥COSDEL*T2CSFI + SIND[L*(((-1)**K)*(T25NFI*T<
CSNWI) + (('1) +I1V)*TICY) + ((=3)**T1)*CSZ2PSI*TISNFR

DELB IS THU AZIAUTH CORRFCTION ANG.T.

DELB = ((R = RESA)/¢e & ((=1)¥*(J41))¥SN2PSI*COSOEL*DELCC - DELAC)
C/ZULC=1)**J)*¥BN2PSI*COSDiL ¢ COSH2.¥PHI))

DELC = OELCC + OB LB

DLLP = DELPC « DELB

DELA = DELAC + DELBYCOS(2.*%FHI)

N R ¥ » ¥ » ¥ E X x5 LX) ¥ ¥ s

THE FOLLOWING LOQP CALCULATES DELTAQ, PSIC, DELTA, AND PSI,
PO 36 I = 14NC

THE EQUATIONS FOR DELTA, FSIy DELTAQ, AND PSIQ AKRE WRITTEN IN
TERMS OF THEL STANDARD AZIMUTH ANCLESe IF THE INPLT A AND P

VALUES ARE ROTATED AZIMUTH ANGLES === IF INDCAT = 1 ==~ THEY
MUST BE EXPRESSED IN 4N EQUIVALENT STANDARD AZIMUTH ANGLE FORMe
THE SUBROUTINE COMVRT MAKES THE TRANSFORMATION FROM ROTATED
ANGLES TO0 STANDARD ANGLES

IF (IHOCAT.ZWUel) CALL COMVRT(ALF, 1)

THE FOLLOWING IF STATEMENTS DETERMINE THE ZONE ANC GROUP OF THE
INPUT SET OF £ AND P ANCGLES, M AND N ARE ASSIGMED CERTAIN
INTEGER VALUES OEPENDING ON THE RANGE CF P AND As Ly A LINEAR
COMBINATION OF M AND N GI WS THE LINE NUMBER OF THE CORRECT S:iT
OF EQUATIONS FOR OcLTAO AND PSICe THE FIRST EIGHT SETS OF
EQUATIONS ARL FCR C = 45, INDCAT = 0 OR C = 135, INDCAT = 1.
THZ STCONC EIGHY 53TS ARE FOP C = 135, INDCAT = G OR C = 45,
INDCAT = 1,

IF ((P(I)eGEa0a) eANIo (PLI)eLECAB.)) M = 1
IF ((P(I).GS-¢5.).RND.(D(I).Ld.SO.)) M = 2
IF ((P(I)eGECYU) e AND W (P (1) 4LFul135)) M = 3
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IF ((PUI)WGE13%e) eANDG(P(I)LEC1804}) M = 4

IF (CA(T) oGl aDa) eaNDe (ALTI)eLELIGL)) N
IF ((A(IV2GEaS04)eAND(A(TI)elEL1804))
L = 2*M ¢ N = 2

IF ((INDCATWEQs1) ¢ AND(CoBUB54)) L =
IF ((INCCATWEQeG)eAND. (Ce€Qel18%4)) L

1
= Z

+ 8

L + 8

GO TO (192139959697 989y39100211912923914918916) L

EX) Xy s 2 'Y %

IGROUP IS ASSIGNED THT VALUES 1+ 24 3,

GROUP Ay By Co O Oy RiSFECTIVELY.

¥exxr GROUP C1

PSIO(IY = A(I)

DELTAO(I) = 270+ = 2,*P(I)
IGROUP = 3

GO TO 5¢

XN GLOUP AL

PSIC(I) = 180, - A(I)
DELTAG(I) = 90, = 2.%P(I)
IGROUP = 1

GO TO 50

¥xx¥x¥ GROUP B2

FSIC(I) = A(D)

DELTAO(I) = 2704 =~ 24*P(1)
IGROUP = 2

GC 70O 50

¥xxex GROUP D2

PSIO(I) = 180, =~ A(I)
DELTAO(I) = 4EQ. = 2.%P(I)
IGROUP = 4

GO TO 50

kr¥xx GROUP A3

PSIO(I) = A(L)

DELTAGC(I) = 270, = 2.*F(I)
IGROUP = 1

GC TO 50

#xxxx GROUP C3

PSIO(I) = 180, = A(I)
DELTAQ(I) = LS00+ = 2.%P(I)
IGROUP = 3

GC TO 50

*x¥¥x GROUP D

 PSIO(I)Y = A(I)

DELTAG(I) = 630+ = 2.¥0(I)
IGROUP = &
GO TO 56

*¥%X% GROUP Bl

PSIO(I) = 1804 = A(I)
DELTAO(I) = 4504 = 24*P(I)
IGROUP = 2

60 TO 50

¥¥¥¥¥ GROUP B1

.y LY s xy

OR & IF A AND P FALL INTO
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12

13

14

16

50

PSIO(IN = A(I)

DELTAG(I) = 90, + 2,%P(I)
IGROUP = 2

6C TO 50

¥ex¥x GROUP D1

PSIO(I) = 18Cs = A(I)
DELTAC(I) = 2,%2(I) + 270,
IGROUP = 4

60 TO 50

*¥¥x¥ GROUP C2Z

PSIC(IY = A(I)

DELTAOQ(I) = 2,*¥P(I) + 90,
IGROUP = 3

GO TO 56

¥¥EEE GROUP A2

PSIO(I) = 180. ~ A(D)
DELTAO(I) = 2.,*%2(]) = 90,
IGROUP = 1

GC TO %0

¥exex GROUP D3

PSIO(I) = A(I}

DELTAOQO(I) = 2.%P(I) ¢ 90,
IGROUP = 4

GC 70 5G

*xexx GROUP B3

PSIC(I) = 180s = A(I)
DELTAG(I) = 2,*P(I) = 90,
IGROUP = 2

GO TO S0

sx¥ex® GROUP A4

PSIO(I) = A{I)

DELTAOC(I) = 2.%P(I) - 270,
IGROUP = 1

GG TO %59

L X XY GROUP C&

PSIO(I) = 180, =~ AC(I)
DELTAC(I) = 2.%P(I) = 9§,
IGKOUP = 3

¥ rx x (33
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'Y 'Y xx LY [y '3

A{I) AND P(I) ARE CONVERTED TO RAGIAN MEASUREMENT. NOTE, HOWEVE R,
THAT XA AND XP ARE ACTUALLY TWICE THE RADIAN EQUIVALENTS OF A(I)

AND P(I).
XA = (ACQS(=14)%A(I))/90.
XP = (ACOS{=L.)*P(1)) /90,

SINZ, COSINE, AND COTANGENT TERMS WHICH APPEAR SEVERAL TIMES IN

THE EQUATIONS FCR PSI AND DULTA ARE CUGMPUTED.

CO0S2A = CO3(XxA)
SIN2A = SIN(XA)
CCS2P = CCS(XP)
SIN2P = SIN(XP)
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COT2A = CGS(XA)/SIMN(XA)

¥ x ¥ % (%) 'Y (33 x £ X3 (e

DELTA(I) AND P31(]) ARE THt GCORRECTED (FOR COMPONENT IMPE RFEC-
TIONS) VALUES OJF OFELYAO(L) AND F3IO(I).

THE VARIABLLS JZ,y KZ4s JGy KGy LGy MGy NGy AND M CONTROL THE ¢ AND
= SIGHS IN THE EQUATIOKS FOR PSI{I) ANC DELTA(I}s JZ, KZy AND M
OEPEND ONLY ON THE ZONEs NG DEPENDS CANLY ON THE GROUP, AND ThHE
OTHER VARIABLL S QCcPEND ON BGTH THE GFOUP AND THE ZONE.

IF ((IG&OUP.EQ-i).OR-(iGROUF.EQ.3)) GO TG 52

I6 = ¢
K6 =1
GO TO 54
I6 = 1
KG = 2
IF ((IGROUPEQe1)e0Re (IGROUPLEGL2)) GC TC €6
JG = 2
LG =1
NG = 2
GC TO 58
J6 = 1
LG = 2
NG- = 1 )
IF ((IGROUP.EQe1)eDRe (IGRCUP«EQas)) GO TO 60
HG = 1
MG = ¢
GO TO &1
HG = 2
MG = 1
IF ((M.EQOI)QOF\C(MQEQO‘?)) GC To 0l
JZ =2
J6 = JG + 1
GO TO &4
JzZ =1
IF ({MsEQe1) e GRs (M.EQW2)) GO TO €0
KZ = 2
MG = MG +
KG = KG + 1
GO TO €8
KZ =1
IF ((MEQe1)eGRs (MEQL3I)) GC TO 70
HG = HG + 1
IG = IG + 1
LG = LG + 1

DELTA(I) = DELTAO(I) + ((=1)**IG)*2 #(T1P+DELP) + ((-1)*¥*NG)*T2C*C
COS2P + ((=1)*¥(IG41)) %2, *DELC + SCSWIR + T2CSFR = COT2A*(TZ2ENWR+T2
CSNFR) + ((«1)**LG)*T1CSFI*SINZP + ((«1)¥*HG)*T1SNFI*CO52P

PESIC(I) = PSIG(I) 4 SINCZA®*(((=1)%*JG)I*T2P + SINZP*({(=1)**KZ)*T2CSF
CI/2¢ ¢ ((=1)¥%¥(KZ41}I)I*DILC) + COS22¥(((=1)%*(JZ+1))*(T2SNFI +T2SNWI
C) + ((=1)**¥KG)¥TL0)/24) + ((=1)¥¥MG)*¥CELA + ((=~1)¥*¥JG)*(TI1CSFR*SINM
C2AV/2¢ + ((=1)*¥*(JUG+1))*(TASNFR¥COS2A) /2,

CONTINU
ITRACK = ITRACK + 1
IF(WPLOT.EQ.0s) GO TD €30

LX) L ¥ x * % ¥ ¥ * ¥ * ¥ LR ¥ ¥ * o
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THE FULLOWING SECTION CONTAIMS TrE CAL-CCMP PLOTTER COMMANDS.

XMIN = 360,
XMAX = Q.
YMIN = 180,
YMAX = 0.

DO 90 J = 1,NO
IF (RELTACJ) L TXMIN) XMIN = OclLTAWJ)
IF (DELTACU) LGToXMAX) XMAX = OLLTA (J)
IF (PST(J) LT YMIN}Y YMIN = PSI{N)
IF (PSI(U)eGTaYMAX) YMAX = PSI(J)
IF (DELTAO(J) WLTWXMIN) XMIN = DI.TAQWJ)
IF (DELTAQ(J) 6T, XMAX) XMAX DELTAOLY)
IF (PSIO(J)aLToYMIN) YMIM, sIDW
IF (PSI0(J)4GTaYHMAX) YMAX ST
CONT INUE
SXMIN
SXMAX
SYMIN
SYMAX

H

XMIN
XMAX
YMIN
YMAX

B

iton

THE X (DELTA) SCALE IS 12 INCHES LONGy WITH 20 SMALL SQUARES TO
THE INCH. THE Y (PSI) SCALE IS 10 INCHES LONG, ALSO WITH 20
SMALL SQUAKES TG THE TINCH.

XFACTR = 1.2
YFACTR = 1.0
XSCALE = (XMAX = XMIN)/240,
YSCALE = {(YMAX = YMINI/20 0.
SCALEF = 0

IF (XSCALE."QsFLOAT(IFIX(XSCALE))) XSCALE
IF (YSCALE.EQ.FLOAT(IFIX(YSCALE))) YSCALE

XSCALE + 04005
YSCALE + 0.005%

nu

THE SUBROUTINF GSCALL CALCULATEES A CONVENIENT UNIT OF MEASURE FOR
THu SMALL SQUAF.S ON THEL GRAPH.

XMID (XMIN + XMAX} /2,

YMID (YMIN + YMAX) /2.
IXMID = IFIX(XMID40.3)

IF (MCO(IXMID,2)oNEWG) IXMID
IYMID = IFIX(YMID 40.5)

IF (MOD(IYMID 2)sb0Es@) IYMID = IYMID + 1

CALL GSCALE(XSCALL,SCALZF,XFACTR)

XMIN = FLOAT(IXMID) = SZALEF

XMAX = FLOAT(IXMIO) + SCALEF

IF ((SXMINeGFoXMIN)ANDs (SXMAXJLE «XMAX)) GO TO 74
CALL FXSCAL (XSCALL)

GO TO 72

CALL GSCALE (YSCALE,SCALEF,YFACTR)

YMIN = FLOAT(IYMID) « SCALLF

YMAX = FLOAT(IYMID) ¢ SCALELF

IF ((SYMINGGE.YMIN)oANDe (SYMAXeLEWYMAX)) GO TO 76
CALL FXSCAL(YSCALE)

GO TO T4

IXMID + 1

XMINy XMAX, YMIN, Y4&X ARE THE UPPIR ANU LOWER LIMITS ON THE
VALUSS OF DELTA &ND PSI WHICh WILL BE PLOTTELD BY CAL~COMP.

WRITE (99,43)
FCRMAT (1H=)
CALL CCORIDI(1,46 4, 0 FHOLBLEy 19G4L)
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CALL FIXLBL(6+542y=19~1)

CALL CCLTR(60630'0-3;002'5HDELTQ)

CALL CCLTF(1412+540+09293HPST) .

CALL CCLTF(2425+045+0+1,49HTHE IOCAL VALUES OF DELTA AND PSI ARE R
CEPRESENTED)

CALL CCLTR(2425+0.25 U9l o870 BY A 2LUS, THC CORRECTEO VALUES 3Y A
C DIAMOND.) :

CALL CCLTR{2425,3.75,0,2+TI TLE,80) e

CALL CCLTR(242549¢54064+2yFANGE,80)
CCALL CCOLCT(DELTAWPSTyNOy6HMNJOIN,6,1)

CALL CCPLCT(DELTAC,PSIOYNOy6HNOJUING2341)

CALL CCLTR(CCXMAXy0esGylytH )

CALL CCHEXT

5x X3 xS *x %x e x¥ *x L ¥ %Y

THE LAST SZCTIOM COHTAINS THE OULTFUT COMMANOS AND FORMATS,

650 CONTINUE
PRINT 181y TITLI, RANGE
101 FCRMAT(*1%,8A10/8410)
PRINT 204,C
201 FORMAT (*(*,*THt QUARTER WAVE PLATE AZIMUTH IS *yFa.le* OEGRELS o)
PHI = (PHI¥180.,)/AC0S(~1,.)
PRINT 3(1, PHI
301 FORMAT (¥G*,*¥THE ANGLZ OF INCIDZNCE IS *)FB803+4* DEGREES*)
PRINT 401, DELB
401 FCRMAT (*0¥,*THt AZIMUTH CORRECTION EPFKOR IS *,FB8.34% DLGREES.¥)
IF (INDCAT.EQeD) FRINT 301
IF (INDCAT.EQs1) PRINT 2503
501 FCRMAT(*0*,*A AND P REFZR TO THI STANCARD AZIMUTH ANGLES CF THE AN
CALYZER ANC POLARIZIRy RESPLCTIVELYe®)
503 FCRMAT(¥0¥,%A AND £ FEFZIR TO THf ROTATEC AZIMUTE ANGLES OF THE ANA
CLYZER AND POLARIZERy RESP.CTIVELY®)
PRINT 601y NO
601 FCRMAT (*0*,*NUMBER OF DATA PCINTS == *,I4)
PRINT 701
701 FORMAT (*C¥41aX o ¥A* o L1Xy ¥P* 49X 4 ¥DELTA* 6 X+ ¥DELTAQ® 98 Xy *PSI* 48X,y *FS
CIC*)

IF INDCAT = 1, A AND P ARY COMVERTED BACK TO ROTATED AZIMQTH
ANGLES,

DO 80 I=14NO
IF (INDCAT.EQe1) CALL CONVRT(
PRINT 801, A(I),y P(I), DELTAL
80 CONTINUE
801 FCRMAT (¥U*,6Xy5(F84394X) yF843)
IF (ITRACK.NE.INUMBR) GO TO 111
IF(WPLOT.EQGs1s) CALL CCENC
STOP
END
SUBROUTINE GSCALEL(SCALET,SCALEF,FACTR)
IF (SCALET.GE«0+9) 5C TO €5
IF (SCALET«LT40.09) SCALE = SCALII*¥1G0.
IF ((SCALEI+GE+Q483) ¢ANDW (SCALEI«LT4049)) SCALL = SCALEI*10.
ISCALE = IFIX(SCALE) + 1§
IF (SCALEEQeFLOAT(IFIX(SCALE))) ISZALE = IFIX(SCALZ)
If ((ISCALLEQe1)40, (ISCALEWEG.E)) GO TO 75
IF (MOD(ISCALEs2)eNZe0) ISCALE = ISTALE + 1
IF (ISCALt.EQ.E) ISCALE = 8
75 IF ((SCALE«GTo24)aANDs(SCALECLEL2Z245)) GO TO 85

AsFy 1)
1)y CELTAO(I)y PSI(IV, FSIO(D)
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IF (SCALEJeLT0.09) SCALLF = (FLCAT(ISCALE))*FACTR
IF ((SCALEI«GEe Go (9) o ANDW (SCALEZISLT.0 «3)) SCALEF = (FLOAT (ISCALE))
C*10. *FACTR
65 IF ((SCALZIGEo06e9)¢ANDY (SCALLIWLESLs0)) SCALEF = (FLOAT(ISZALE)NI*
CL1L0«*FACTR
IF (SCALET.GTW140) SCALEF = 1%0. ¥FACTR
GO 10 9~
85 IF (SCALEI«LTe3.89) SCALLF = 24%*FACTK
IF ((SCALETIWGEoGeU3) o ANDs (SCALELILLT.049)) SCALEF = 25.*FACTK
95 RETURN
END
SUBRCUTINE CONVKRT (A,P,IN)
DIMENSION A(LG00), 2(1u00)
IF (PCIN)GTe18i4) 2(IN) = P(IN) = 180,
IF CCACINYWGE«QUe) s ANDW CA(IN)oLE 1804}) GO TO 24
ACIN) = A{IN) + 90,
GO TO0 2%
24 A(CIN) = A{(IN) = 9y,
26 IF ((P{IN)+GZe90s)eaNDa(PLIN)eLZW4180,)) GO TO 28
PCIN) = P(IN) + 90,
GC TO 22
28 P(IN) = P(IN) ~ 90.
22 RETURN
END
SUBROUTINL CGRAD (X}
X = (ACOS(=14)%X)/130,
RETURN
END
SUBROUTINE FXSCAL(SCaLLI)

IF (SCALET.LE.0.1) SCALEI = SCALLI + ,01
IF (SCALET.GT.0.1) SCALEI = SCALuI + 041
RE TURN

END

SUBROUTINE FIXLBLIHXLWNYL KST2iiyNXXyNYY)

COMMON/CCPOOL/ XMINy XMAXy YMING YMAX3COXMI dy CCXMAX 9 CCYMINS CC YMAX
CGMMON/CCFACT/FAC TOR

NXP=NXX & NYP=NYY

NXP=MINT(NXPs7) ¢ WYP=MIN. (MNYP,7) & FACT=KSIZE/FACTOR
CCXINT=(CCXMAX=CCXMIN)/NXL 8 CCYINT=(CCYMAX-CCYMIN)/NYL
XINT=ABS (XMAX=XMIN)/MNX1 § YINT=LSS(YMAX=-YMIN)/NYL

TF=3,0%FACT § SF=T.C*FACT § NOPKX=1 $§ NODFRY=1

X-AXIS NOFHALIZATIJN. 080000

VMV= AMAX1T (ABS (X MIN) yABS(XMAX) I +140E=10 3 XM=10 0¥ *NXP
IFC(NXP4EQe0) eORo ((MXPoSTo0)eANDW (VAVeGE o+ XMeOR
2 (XINTolTal0o1=1405-10)) )) eORa ({NXPoelLTs0)sAND
3 {XINTeiTe (XM=~1.,0£~-10)) ))IGO TO &b
IF(NXPoLT «0}NDPRX=~MXP
NXP=0 3 GO TO 5¢&
46 Z=ALOGLG(VMY) 3 Z=SIGN((ABS(Z)+1.02~8142) $ NXP=Z
IF(ZoLT o0 e0INXP=NXP~1 ¢ XFCTR=1G. G¥*NXP

Y"AXIS NOF’MALIZATIO'\]. X R IEN NN X

ED VMVz AMAXL (ABS(YFIN) JABS{YMAX)) +1,02=10 3 YM=10 0%*NYP
IFCINYPoEGa0) oORe ({NYP4GTe0) e AN (V4V s GE s YMa OR,
2 (YINToLTe(Uel=10GE=18)) 1)40ORs ((NY24LToe0)sAND,
3 (YINTolLTW(YM=1,00L-10)) ))GO TC 53
IF(NYP4LTHSCINCPRY==NYP & NYP=zl 3 GO TO b0
3 Z=ALOGLU(VMVY) § Z=SIGN((ABS{Z)+1.0E-8)47) 3§ NYP=Z
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IF(ZelTe0oGINYP=NYP=1 § YFCTR=1(. 0**NYP
XINT=XINT/XFCTIR ¢ YINT=YIWT/YFCTR $ YMF=YMIN/YFCTR

TEST THE X~LABLLS FUR KLON=INTEGERK VALUESesoesscovas

X=XVMIN/XFCTR=XINT 3% XM=XMAX/XFCTR+1.0(t=8

X=X+ XINT § IF(XoGT4XM) GO TO €3 5 AX=ABS(X) .
THMP=ABS (FLOAT (INT(AX40e2))=AX) § IF(TMP.LE-1s0E=8) GO TO o6&
GO TO b2

NCPRX=0

TEST THD Y=LABELS FOR NION=INTIGER VALULSceosooevse

YM=YMAX/YFCTR+1.0t -3 § YsYMIN/YFCTIR=-YINT

Y=Y+YINT & IF(Y.GT.YM) GO TC €9 § AY=ABS(Y)

TMP=ABS (FLOAT(INT(AY+3s5) )=AY) § IF(TMPysLE.1e0E=8) GU TO b8
GC TO 70

NDPRY=0

LABEL THE X=AXISe os0o0esess

CCX=CCXPMIN $ CCY=CCYMIN=1Us0%FACT 3 X=XVMIN/XFCTR
IF(XeGTXM)GO TO 97

CALL FIXXLINTEMPyNCINPyNDPRXyX)

NMD=MOD (NC, 2)

IF(NMUIQaT)IXT=CCX="ACT¥ (3.2%NC+3.5)

IF(NMOJNE D) XT=COX=FACT* (3.5%(NC=1)+9.0)

CALL CCLTK(XT4CCY 0+KSIZE yNTEMPy P}
CCX=CCX+CCXINT & X=X+#XINT $ GO TO 7%

LABEL LR Y°AXIS--.ocoooo.

CCY=CCYMIN~TF

Y=YMF

IF(YoGTos YM)RETUFN

CALL FIXX1(NTEMP4NC,NPyNDPRY,Y)

IF(YerQaYMF)CCY=CCY+TF

CCX=CCXMIN=SF *NP

CALL CCLTR{CCX,CCY U sKSTZY¥ o hTEMPyN2)
IF(Yet Q. YMF)CCY=CCY-TF

CCY=CCY+CCYINT § Y=Y¢YINT § GG TO 95

END

SUBROUTINEZ FIXXL1 (KTL.MPyNCyNFyNOFRXyXX)

CIMENSTON NFMT (1)

DATA NHOLO/55¢ 5550 1uE 363327005237 ,T4P/0.5993999/

DATA NHOLDZ2/7777?777777¢777T78B /7 ,NHCGLD3/7553300000000G6000000 (B/
DATA NHOLO®/L633003G000000000UU0B/ «NHCLDS/TTB/oNZERO/4H G/
X=XX B AX=ABS(X) § IF(AXeLToelef=7) 30 TO 79 3 NOPL=1
IF(AXeGha1ed) GO TO 76 3 HNN=7 35 GO TO 761

IF(AX4GF o 106 OINDFL=HOPLE (ALCGLIO(AX)+1.0E=10)

NN=8=iDPL

ENCOOL (LU 3774 NTPI NN

FCRMAT(I1G)

JEM= €4 (NTPLAND.NHOLDE)

NFMT=NHOLDaORs JL M

ENCODt (10 ¢y NFMTyNTE M2) X

IF (AX G2 o TMP oOR«Xel2.0.0)G0 TO 73

NTEMP=NTEMFJANDs NHOLDZ

TFA(XeGla0s0)INTEMPRTE MPy ORe NHCLD 3
TF(XolTe0e0)HTEMP=NTLMPo OFoe NHCLD 4

NC=NDPL 3 NP=NDPL+1

IF(NDPREXeEQeleOne XebQeloC) FETUFIN $ N1=NDPRX#1 3 NC=NC+N1
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NP =NP ¢N1

RE TURN

NTELMP=NZEZRO § NP=zy 5 bC=1
RETURN

END
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E= =L,2 VOLTS VS HG/HGO

THE ANCLE OF INCIDENCE IS

THE AZIMUTH COSRECTION

ERROR IS

AZIMUTH IS 45,

DEGREES.,

75,000 DECREES.

- 029 DEGREES.

A AND F REFER TO THE STANDARD AZIMUTH ANGLES CF THE ANALYZER AND POLARIZER

NUMBER OF DATA POINTS =-

A
39,980
39,630
38.580
37.410
364330
35,680
344900
34,360
33,920

334538

p
83.630
854830
88.130
894930
91450
92637L
93. 030
93.913¢
44690

cb.28C

10

CE LTA
101.€34
97.218
92+603
€8.991
85,953
840115
82676
81,089
79,482

784304

DELTAO
102,740
"98, 340
93,740
906140
87.100
85,269
83,820
82.200
80+620

79.4L0

pPSI
37.311
360857
35.716
344490
33.527
320874
32.137
31,641
31.243

304887

PSIO

3<.98¢0
39,630
384580
37.410
36.380
3E.680
34,900
34,360
33,920

334530
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APPENDIX D. THE GROUP DEPENDENCE OF THE SIGNS
OF THE PARAMETER VALUES.

The parametric equations describing component imperfections were
derived for Group B (Tables IIa and IIb, Appendix A). Many of the terms
in the equations are multiplied by trigonometric functions of the polarizer
and analyzer azimuths. Allowance for the sign changes of sin2P and
cos2P (véctors b and a in Figure D1) must be made in applying the
derivation to Groups A, C, and D.

The signs of the parameters for all groups (Tables IIc and IId,
Appendix A) were obtained by using Group B as a standard. As an example
(Figure D1), the terms multiplied by sin2P change sign in zones C1 and
D4 from the equation describing B2. Similarly, the terms multiplied by
cos2P for zones Al and A3 have signs opposite those in the expression for
B2. The same allowance was made in obtaining expressions for calculating

A and y from rotated polarizer and analyzer azimuths (vertical specimen).
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Group dependence of the signs of the parameter values.

Vector components a -and b represent sin2P and

cos2P.
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APPENDIX E. MEASUREMENTS USED TO
DETERMINE PARAMETER VALUES.

For the following experimental measurements, the notation NW and
NFC refers to the absence of windows an& Faraday cells. Five sets of
4-zone measurements, with re-alignment of the specimen between each set,
were made on the dielectric and metal surfaces to allow averaging out
the specimen mispositioning error 6. The horizontal surfaces faced up

and the angle of incidence was 75°.

I. Straight-through Position; NW, NFC

q a p Zone
45.00 134.97 45.01 Ad
45.00 44.94 134.92 A2

135.00 44.97 135.98 Al
135.00 134.96 44.93 A3

ITa. Reflection from a dielectric surface; NW, NFC, ¢ =75°.

q a ' p Zone
45.0 116.26 45.78 A4
45.0 64.02 135.78 A2

135.0 63.98 133.92 Al
135.0 116.26 43.94 A3
135 116.21 44.03 A3
135 64.07 134.05 Al
45 64.03 135.65 A2

45 116.47 45.47 A4



45
45

135

135

135
135
45
45

45
45
135
135

ITb.

135
135
45
45

IIlla.

135
135
45
45

-

" Ila.

a

116.

63.
64.
116.

116.
64.
64.

116.

116.
64.
64.

116.

21
94
09
37

42
12
08
40

40
03
12
42

Reflection from a

a

116.
64.
64.

116.

60
35
26
58
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(continued)

p

45.
135.
134.

43.

43.
133.
135.

46.

45.
136.
133.

44.

76

79

06
99

96
98
97
02

85
00
85
00

Zone

A
A2
AT
A3

A3
Al
A2
A4

A4
A2
Al
A3

dielectric surface; NW, ¢ =75°.

p

44,13
133.98
135.99

45.84

Reflection from a metal surface;

a

62.
122.
120.

60.

70
53
28
46

p

86.84
176.46
92.93
3.52

Zone

A3
Al
A2
A4

NW, NFC, ¢ =75°.

Zone

B4
B2
Bi
B3



45
45
135
135

135
135
45
45

135
135
45
45

45
45
135
135

135
135
45
45

135
135
45
45
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IITa. (continued

a

60.
120.
122.

62.

62.
122.
120.

60.

62.
122.
120.

60.

60.
120.
122.

62.

53
15
29
67

56
40
27
43

56
44
31
38

20
50
64
46

p

93.
176.
86.

86.
176.
93.

86.
176.
93.

92.
177.
86.

)

.57

26
85
38

77
73
00

.29

98
67
21

.83

.44

25
24
92

Zone

B3
B1
B2
B4

B4
B2
B1
B3

B4
B2
B1
B3

B3
B1
B2
B4

ITIb. Reflection from a metal surface; NW, ¢ =75°

a

62.36
122.47
120. 34

60.14

Illc. »Ref1ect10n

62.11
122.06
119.94

59.92

p

87.
177.
92.

from a metal

87.
177.
91.
2.

45

10

.38

Zone

B4
B2
B1
B3

surface; ¢ =75°

B4
B2
Bl
B3
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