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DISCLAIMER

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

California. The views and opinions of authors expressed herein do not necessarily state or o

reflect those of the United States Government or any agency thereof or the Regents of the
University of California. :
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. COMPUTER PROGRAMS FOR ELLIPSOMETRY
H Jorg Mathleu
Inorgadlc Materlais Research Division, LawrenceABeékeieyvLaboratory .
and Department of Chemical Engineering; University of Callfornla
: Berkeley, California 94720
ABSTRACT

This reporf-gives a eollectioﬁ of computer progﬁame ih FORIRAN IVV
.1anguage_whieh are used in eilipsometry. Two prograﬁei(prograﬁs.CMER
and‘CMOC) can be used to»determine opticel parameters of bare'edrfaees;
" The ceffection of the deviaﬁioh of the compensator fremeideal fetardetiqﬁ
_ and transmission haslbeen‘incorpefated in the eomputetionvof optieai
conseants ofvbafe surfacee.derived from'measdrements.id'one 20ne;.

(program 0ZOM). Two other programs permit the use of'ellipsometér“:

azimuth readings as input ahd output variables to determine the refractive =

1ndex and fllm thickness of a film—covered surface (programs FILM and
'A3PLOT) This dis of_advantage in case‘of comparlsop gf‘calculated end
measured polarizer—.end anaiyzer-reedings whicﬁ are recorded freﬁlaﬁ;u'
:aueomatic ellipsometer. Another program cbnverte eliipsoﬁetef‘ezimuth '

readihgs into relative phase andbamplitude parameterb(A, Y) (program

PSIDEL).



I. Introduction

In ellipsometry, the change of the state of polarization due to
reflection is measured and interpreted in terms of'properties‘of the
refleé;ing;surface. This technique is capable of,examining surfaces in
any optically transparent enviromment, The reflection of light from
-surfaceé and thin films has been discussed by various'authors.zq-4

Two parameters are measured in ellipsométry: the change in relative
amplitude (¥) and relative'phase (4) of two orthogonal quantities of
light due to reflection. From these two measured quantities two
parameters of the reflectiné\surface‘can be derived. For a bare surface,
this can be the real and imaginary part of the complex refractive
index. For a surface covered with a transparent film, the real refrac-
tive index of the dielectric film and the thickness can be determined,
if the optiéal constants of the substrate are known. Sometimes it is |
possible to determine more than two unknowns, i.é}, thickness and
complex refractive index of'én absorbipg film, if sufficientiy narrow
limits can be given for fhe'unkﬁowns. |

The exact classical equations10 cannot be solved explici.tly11 and
are too tedious for normal calculations in all but a»few cases. The .
availability of high-speed computers therefore‘is an importgnt factor
in ellipsometry. Sﬁch programs given below can be used ﬁitﬁ ellipsometers
either manﬁally or automatically operated.

The first two programs (CMER and CMOC) can be used to determine
optical parameters of bare surfaces from ellipsometer readings and
vice versa. The deviation of the compensator from ideal retardation

and transmission has been considered in program"OZOM. The next two

programs (FILM'and_A3FLOT) allow to compare calculated ﬁith'measure&



azimuth readings of the ellipsometer of film covered surfaces. For the
application of an automatié eilispometer, which records the azimuth

| readings of énalyzer and polarizer, it is very convenient to compare
calculated and measured azimuth readings. In the case of manualv
operation, prograﬁ SPIDEL can be used to convert ellispometer azimuth '
readings into relative phase and amplitude parameters (4, ?)

All formulas derived below are based on the Nebraska convention.12




|

11, FORfRAN‘IV Campuier Program “CMER"
This program cémputes the ellipsometeric paraﬁeters A and ] * from

given values of thebcamplex refractive index nc‘of bare surfaces using

the complex fprmalism.** Application of the elec’tfomag‘netic'vtheorys’4

shows that the Fresnel equations can be adoptéd to describe reflection

-from absorbing media by introduction of a complex refractive index n:

n, =n-~ ik . » | (1)

n, is defined here to be a material constant, independent of angle of

inc:\idence;sz'6 Application of Snell's law
- '
n_ sind n, sincbC (2)

results in a complex angle of refraction ¢é, which pfovides a valid
formalism, but no recognisable physical meaning,(no redl refractive
index of incident medium, ¢ angle of incidence). The Fresnel equations7

relate the amplitude of reflection coefficients to the angles of

incidence and refraction.
tan(¢ - ¢))
= Ty o (3)
p tan(9 + ¢c)
‘S‘in»(q) - ¢)(':) ’ | |
" T ERGT D oo “

'r

*Derivation of A and Yy from ellipsometer azimuth of analyzer, polarizer |
and quarter-wave plate can be found in Table I.

*k . B ; .
A previous program "MER"l,which avoided the complex formalizm2 and was
based on earlier work,13 leads to the same results.
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Using trigonometric formulas, one gets

cos(d + ¢') = cosd cosp' - sind sind' (5)
c Cc - c

cos($ - ¢!) = cos¢ cos¢é + sing sin¢é (6)
c' N

sin(¢ f ¢é) = gin¢ cos¢é + cos¢ sin¢é N

sin(¢ - ¢é) = sin¢ cos¢é - cos¢ sin¢é (8)

where sin¢é and cos¢é are given by applying Eq. (2)

P R, ) .
sin¢C = (no sind))/nc - (9)
2 2 .2,
v . 42 o, 7 0, sin ¢u :
cosd)c =‘V 1 - s1n¢c a 2 (10)
C.

The - Fresnel coefficients represent the ratio of reflected to incident

electric field amplitude and are different for s and P components

. ‘EI')' ;t(sl')' - sp) EI"'. _
rp =15 T © = F ) (11)
P P
Ell i('E" - € ) E" .
r =42 e % 5 2= , | (12)
s E ’ E : »
s s

with the modulus representing the amplitude attenuation

E" . .
|r | = =2 , (13)
E
P > , , ‘
lr | = s ' ' | X 14
rs| = ES | N (14)

and the argument répresenting the (aBsolute) éhange in phase due to.

reflection ‘ ' :




8, = < - €, - . | o as)

) 63 = €'S' v ss . (16)

) Thus, the complex Fresnel reflection coefficients can also be expressed

as

T, = Irpl 1% | (17)
18 |
r = Irs| e’ (18)

S
i

The élliﬁsometer determineé the ratio P of the (complex) reflection

coefficients for p and s components
| v

Lo |F i(5p -8
pP=s-=TrTe (19)
s s

which is often given in a simplified form as.

o = tany e!& | | (20)
Comparison with Eq., (19) leads to the definitions

_ T
tany = T _ (21)
s . o .
A= 5p - & | - (22)

The absolute'change in phase due to reflectioh then:is expressed by

» 6 "'1 Im<r )
p " tan EE?;RT (23)
P
. | Im(r )
= tan L —8_
. Gs = tan Re(rs) (24)
The ellipsometric parametérs A and ¢ can be computed from Eq. (19)
to give

- -1 Im(p) :
A = tan Re (p) S (25?

b= tan T (o) . | “ (26)



Name
TNO
TNC
PHID
PHI
DELD
PSID

RHO

RHO REAL

RHO IMAG .

RSC
RP
RS
DELPD

DELSD

ABSRHO

Variables Employed in CMER Program

. Symbol

n
o}
n =n-ik
C
$(deg)
¢(rad)
A(deg)

V(deg)

"Rel. phase change Gp -6

Description

Refractive index of transpafent in¢ident medium
Complex refractive index of metal

Angle of incidence

Angle of incidence

s

tam'_1 of rel. amplitude attenuation

Ratio of reflexion coefficients of p- and
s—~component : rp/rs

Real part of p

Imagiﬁary part of p : ' ;
Reflection coeff. of ﬁ*component (complex)
Reflection coeff. of s-component (complex)
Modulus of rp

Modulus or ry

Absolute phase change with respect to incident
wave (p~component)

Absolute phase change with respect to incident
wave (s~—component)

Modulus of .p




o
G
~
e
LN

g

e

=

v

3 ’:
b

{
| Input Data for the Program "CMERY

\ ‘ .
The input data are punched on cards as illustrated below:

Card Col. 1-10 Col. 11-20
1 TITLE - (Col. 1-80) -
2 ¢ (deg) o

3 n - =k
Cards 1~3 constitute one set. Three blank cards must follow the last set

of data. The program together with a sample output is given below.
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1

CMER .
. PROGRAM CMFR (INPUT,NUTPUT)
o THIS PRNOGRAM IS TINDEPENNDENT OF ANGLE READINGS
C THIS PROGRAM CNMPUTES THE PAPAMETERS FNR METALLIC :
C REFLECTICN FPOM VALUES OF TMC,TNDO AND PHID USING COMPLEX NUMBER
- .
CPMPLFX PHNy TNC 9524539 544C2,C3,C44RPC,HPSC
. .
DIMENSINN TITLE (8)
S RFAD 76,TITLE
10 1 RFAD 10,PHID,TNN
10 FNRMAT (2F19.0)
76 FCORMAT (8A19)
20 o PRINT T77,TITLE
77T FCRMAT (1HO,B8A10)
26 2 READ 20, TNC
20 FORMAT (2F10.0)°
34 IF (TNC) 1241244
a7 : 4 CONTINUFE
C . i
37 3 PRINT 30,PHIDTNC,TNO
3C FORMAT (1HCyTHPHID = 4Fl0aT9/9 6HTNC = 2 F1Je7yF10.7y/+6HTNO =
1F10.7,/) )
298Xe2HRP 410X SHOFLPD,, TXy2HRS 410X,y SHOELSD)
c
51 ALPHA=0,01745329252
52 PHI=PHID®ALPHA
S4 S1 = SIN (PHI)
56 Cl = CNS (PHT)
63} S2 = (TND*%SY1)/TNC
12 C2 = CSORT (1 - S2%S2)
111 C3 = (C1*C2)+4(S1%S2)
123 C4 = (C1%C2)-(S1*S52)
135 $3=S81%C2-C1%S2
147 S4=S1*C2+C1*S2
C
162 &PC=(SA*C4)/(C3%*S4)
205 RSC=~S3/S4.
215 RHO=PPC/RSC
o
224 ARSPHD=CARS(RHN)
226 PSID=ATAN({ABSRHO) /ALPHA
231. OELD=ATANZ (AIMAGIRHOQ) ,REAL(RHD) )/ ALPHA
240 RP=CABS(RPC)
242 RS=CABS{RSC)
244 ) DELPD=ATAN2(ATMAG(RPC) +REAL(RPC))/ALPHA
253 DEL SD=ATAN2{AIMAG(RSC) PEAL{RSC))/ALPHA
262 TF (DELPD.LT.0.0) NELPD = DNELPD + 360
266 : IF (JELSD.LT.0.0) DELSD=DELSD ¢ 360,
271 IF (DELD.LT.0.0) DELD=DELD + 360. '
(o} .
274 ) PRINT 8O ,FPHDABSRHNGFP RSy DELPDWDELSD,PSIDLNELD
87 FNARMAT (1HOL,6HRHO = ,2F10.5,/+9HABSPRHN = ,F10.5,
C/+5HPP = oFl0.5910X¢5HRS = 2F10e547/+8HDELPD = ,F10.5,
C10Xs8HDELSD = 4F10.5,/9THPSID = 4F10.5+10X,7HDELD '= ,
CF10.5,/7) ) .
320 GO T §
321 12 CONTIMIE

322 END
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Sample Output, Program CMER
cu kkx CMEP  wE% WAVELENGTH = 56641 NM
PHID = 75.0C20000
TNC = 9331 200-2439000GC
TNG = 1.020098) :
RHO = L .21477 .69411
ARSRHO = .72658 ‘
RP = LE6R362 P = 294061
DELPD = 242.42742 DELSD = 169.62221
PSID =  36.00128 UELD = 72.80712
|
AG |
PHID = 75.0C00000
TNC = .GB200C0-2,6120000
TNO = 1.0700000
QHN = -.03563 .97840
ABSFHO = .97904
P = .97618 eS = .99708
JELPD = 264.15372 DELSD = 172.07960
PSID =  44.39322 © DELD = 92.)7412
Al
PHIN = TR.,DCOQCCD
TNC = .3700100-2.350300C
TNG = 1.03C0300
RHO = .29254 .82065
ABSRHN = .83066 v
RP = .85717 RS = 97255
DELPD = '239.15379 DELSD = 168.55504
PSID = 41.269C7 DELD = T70.59876
AL
PHID = 75.0€C0000 . : {
TNC = .8109700-5.4720000 : I
TNO = 1.03003G0 .
RHO = -.36791 .79721
ABSRHO = . .87801
op = .86658 PS = <98699

DELPD = 289.54345 DELSD = 174.77036



-10-

PSID =  41.28231 DELD = 114.77209

Ccr !

PHID = 75.083CC00

TINC = 2.9600009-3.45C09(0

TNO = 1.00000C0
RHO =  =-.14220 .46518

ABSRHO = “48672

RP = .45298 PS = .93069

DELPD = ~ 282.08276 DELSD = 174.97189

PSID =  25.95202 DELD = 107.11018
NT

PHID = 75.CCON000C

TNC = 1.461207C0-2.5200000

TNG = 1.09C0200

RHO = 13240 .61114

ARSRAN = .62532 :

RP = .5788¢ €S = .92566

DELPD = 248.85213 DELSD = 171.07568
"SID = 32.71860 DELD =  T77.77645
PT

PHID = 75.0C20037
TNC = 2.8600000~4.42000C0
TNO = 1.09200300
RHO = -. 24625 «52789
ABSRHD = +58250 :
RP = «55314 PS = «94960
DELPD = 290.26584 v DELSD = 175.,25765
PSID = 25.22084 DELD = 115.9(819
TA

PHID = 75.0CD0C00 _
TNC = 3.500C0C2-2.4090000
TNO = 1.09C00¢)

RHA =  =-.08503 32134

ABSRHO = «23240
RP = .30C86 RS = .90511
DELPD = 28).68495 DFLSD = 175.86241

PSID = 18.38686 DELND = 104.82163
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IIT. FORTRAN IV Computer Program !'cMOC"

, Tﬁié comﬁuter programid_pmplex Metal Optical Constants) calculates
the optical constants from relative phase change, A and arctangent of
relative amplltude attenuation, Y, using the complex formalism. _This
program just is the‘inversion' of program "CMER". The ratio p of the
(complex) reflection codfficients for p and s components can be determined

from given values of A and Y

| : r ’ ‘ » : :
p = ;B-= tany - eiA ' : (27)
} : s
Application df Fresnel's equations, Eqs. (3) and (4)
sin($ ~ ¢7)
tan(¢ - ¢é) cos (¢ - ¢

D

p " Tan(® ¥ 9)) " sin(@ + ) (28)
cos(¢ + ¢c)
sin(¢ - ¢0)
Ts T TSmO F 8D (29)
leads fo . _
| cos (9 + ¢é)”
P =" s - 9 30)
Use of Eqs. (5) throﬁgh‘(B) give
| cos(d +. ¢ ) + cos(¢ - ¢ ) - .
‘c03¢é - 2 cosd T v (31)
and
cos(¢ - ¢é) - cos($ + ¢') ' '
sind! = ' < (32)

2 sin¢ ‘

A previous program "MOC"l which avoided the compléx formalism 2 and was
based on earlier work, 13 jeads to the same results.



! =
tand)c

1+p .

1

l-0p

tan¢

-]12-

tan¢é can be converted to Sin¢é with

Then the (complex) refractive index is determined by

n.

Cc

tand'
n¢c

' Sin¢é = e
: Vl + tan?-d)c':

n - ik =

n sin¢

P
sin
¢C

(33)

(34)

(35)




.

-13-

Name Symbol
PHID P(deg)
PHI d(rad)
DELD A(deg)
ﬁEL A(rad)
: ?SID Y(deg)
PSI Y(rad)
TNO 'no
TNC n,
N n
TK “k

Variables Used in Prograﬁ “CMOC"
| Description
Angle of incidence
Angle of incidence
Rel. phase change
Rel. phase'change
Arctangent'of’rel.amplitude attenuation

Arctangent of rel. amplitude attenuation

Refractive index of incident medium
(dielectricum)

Refractive index of metal (complex)
Re(nc)

Dm(nc)
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Input Data for Program '"CMOC"

The input data for the program (MOC are

illustrated below.

Card '+ Co0l..1-10
1 TITLE
2 o
o
3 : V(deg)

arranged on cards as

Col. 11-20
(Col. 1-80)

¢ (deg)
A(deg)

Cards 1-3 constitute one set. Three blank cards must follow the

last set of data. The program together with a sample output is given -

below.

*3




cMoc

155
160
177

200
201

o000

100

-15-

PRUGRAM CMOC (INPUT,OUTPUT)

“THIS PROGRAM IS INODEPENDENT OF ANGLE READINGS

THIS PROGRAM COMPUTES N AND K FOR METALLIC REFLECTION
FROM VALUES OF q%LD,PSlDoPHID AND TNO USING COMPLEX NUBBERS

COMPLEX RHO,T2,$2,TNC I
DIMENSION TITLE (8)
READ 76,TITLE

READ 3,TNO,PHID

FORMAT (2F10.0)

FORMAT (8A10)

PRINT 77,TITLE

FORMAT (1HO,8A10)

"READ 34PSID,OELD

IF (PSID) 100,100,2

PRINT 4 .
FORMAT (4HPHID,9Xy 3HTNDy 8Xs 4HPSID ¢ 7TX y4HDELD » 10Xy 2HTN 10X 9 2HTK )
ALPHA=0.01745329252

PHI=PHID® ALPHA

PSI=PSID®ALPHA

DEL=DELD*ALPHA

I=CMPLX (0.0,1.0)

RHO=TAN(PSI )*CEXP (T*DEL)

S1=SIN(PHI)

T1=TAN{PHI)

T2=(1.0 + RHOJ)/((1.0 - RHO)*T])
$2=T2/CSQRT(1.0 + T2%T2)

TNC={TNO%S1)/$2

TN=REAL{TNC)

TK=ATMAG{TNC)

PRINT 64PHIDsTNOSPSIDsDELDy TN, TK
FORMAT (Fl0.795F12.7)

G0 T0 1

CONTINUE

END
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AL kkx CMOC  Sowk :
PHID TNO PSID DELD ™ T®
75.0000060  1.000000C 41.2830000 114.7730000 .8100655 =5,4699769



' IV. FORTRAN IV Computer Program "0ZOM"

This program (One gpnetggasurement) calculates thé optical constants
from ellipsometer readings of one zone taking into consideration the.
error introduced by the quarter wave plate,

The wavg plate.is characterized by the ratio, Tc; of‘the transmittance
along its fast axis to the transmittance along ité slow axis and the
phase retardation, Ac, along the axes giving P

Thié claculation is based on the formulas gifen by McCrackiri.8

All angles are measured positive coutiterclockwise from the plane
of incidence. The components of the ellipsometer must be arranged in
the order of light source,‘polarizer, quarter wave plate, reflecting
sﬁrface, analyzer and light detector.

The value of Pe is calculated from readings of fhe polarizer and
analyzer of two zones for one Q-value (quarter-wave circle reading),
i.e,, a two-zone measurement, (zone 1+3 or 2+4) which gives the angle~
readings of tﬁe polariéer (Pl’PZ) and of the anélyzer (Al, Az), is
necesséry to compute the error of the quarter—ﬁave plate.* Note that
the one—zohe—ﬁeasurement has to be carried out with fhe same Q-value as
the two-zone measurement.

Let P

i’
quarter-wave plate~settings, respectively, for extinction of the light.

Ai(i = 1,2) and Q be anglés of two pblarizer, analyzer and

The quérter—wave plate is characterized by

* .
Table I defines different zones.
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pc = Tc exp(+iAc)

(36)

where T is the ratio of the transmittance along its fast axis to the -

transmittance along its slow axis:

1 .
/-tan(Pl - Q) tan(Pz - Q)

- C

and the phase retardation Ac along the axes

-8% - tan(Pl - Q tan(?, - Q)

tanAc =
B

P

where B is determined by

tanAl[tan(P2 - Q) tanQ - tan(P1 - Q)/tanq]
2(tanQ1 - tanAz)_

B =

tanAZItan(Pl ~ Q) tanQ - tan(P2 - Q)/tanQ]

2(tanA1 - tanAZ)

The surface is characterized by the complex value p (Eq. (19))°

T r
p = —R =% -I—EL ei(6p - 68)
. I'-s Irsl . | ; .
The value of p is to be calculated from azimuth of P, A, Q.

taﬁA[tanQyt;pc tan(P - Q)]
p = P, tanQ tan(P - Q) - 1

(37)

38)

(39)

(40)

H(40)

Having computed p, formulas of program "CMOC': are used: Application of

Fresnel's Eqs; (28) and .(29)
| sin(d - $1)
tan(¢ - ¢]) cos($ - ¢))
p tan(p + ¢)) sin(d + 1)
' cos(¢p + ¢é)
- sin(¢ - ¢0)

r

(28)

(29




o=
e
Sesm

C 4 £ i
S 'q‘} v %.‘!:E & ' . ¥ ‘}5

=19~

leads to C
cos(d + 1) |

S R ] ©0)

Use of Eqs. (5).through (8) givé
cos($ + ¢1) + cos(d - ¢1)
' -
cos¢c 2 cos¢ - (3;)
' cos($ - ¢7) - cos(d + ¢))
cos¢c - 2 sin¢ ' (32)
f )

whiéh leads to

. Y 1+ E 1 ) . - ) v

tand>c 1-p tand : (33)
tan¢é can be converted to sin¢é with

tan¢é
2
I+t !
an ¢¢
Then the (complex) refractive index is determined by
, n sin¢g
n =n- ik = (35)

L
sind)c



Name Symbol
TC T

c
DELC A

C
RHOC pc
RHO 0
DELD A
PSID
TNO n

o .
TNC n

Cc
TN n
TK k
PD1 Pl(deg)
PD2 Pz(deg)
AD1 Al(deg)
AD2 Az(deg)
QD Q(deg)
AD A
PD P
PHID ¢
WL A

-20~

Variables Used in This Program

Description ' ~

Ratio of transmittance along the fast axis to the -
transmittance along its slow axis of compensator

Bhase retardance along the fast dxis minus the phase
retardance along the slow axis of compensator

Complex number, characterizing the quérter—wave plate

Ratio of Reflection coefficients of p- and s-component
(complex)

Phase of (p)

Modulus of (p)
Refractive index of transparent incidence medium
Refractivebindex of reflecting surface (complex)
Re(nc)
Im(n ) |
Azimuth of P(Zone 1(2)) of the two-zone measurement
Azimuth of P(Zone 3(4)) of the two-zone measurement
Azimuth of K(Zone 1(2)) qf'the two—éone_measurement
Azimuth of A(Zone 3(4)) of the two-zone measurement
Azimuth of Q (compensator) . , - | | -

A-azimuth of a one-zone measurement (Zone 1 or 3
(2 or 4)) (deg) A : . _ -

P-azimuth of a one-zone measurement (Zone 1 or 3

(2 or 4)) (deg) , : : ke
Angle of incidence

Vacuum wavelength (Angstroms)
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v Input Format for Program "OZQM"'

Columns ,
Card 1-10 J11-20 .. 21-30 31-40  41-50
1 | v
2 } TITLE and Comments
3 o, CE A"o |
5 P A

Cards 1-5 constitute one set. Three blank cards must follow the
last‘set of data. All input data of angles should bé in degrees. The

program together with a sample output is given below.



0zoM

365

403

OO0

8 FNRMAT (1HO,/6HTC =

_22_

PEAGRAM NZCM (INPUT,QUTPUT)
THIS PRNAGRAM UJSES AZIMUTH READINGS

THIS PRNGRAM COMPUTES N AND K FOR METALLIC REFLECTINON

USIMG EXPERIMENTAL VALUES FROM ONE Z7INE

Cr™MPLEX PHD,T2,S52,TNC,y 1,RHOC
DIMENSINN TITLE (8), RANGE (8)
ALPHA=0.01745329252 ‘
[=CMPLX (0e0e¢~1.0)

1 READ 76, TITLERANGE
76 FORMAY {8A11/8A10)

PRINT 77 » TITLF.RANGF

T7 FARMAT (1Hl, 8A10//8A10)

REAN 3,TNOWPHID WL

3 FORMAT (3F10.0)

TF (TNO) 103,100.4

4 CONTINUE

READ 81,PD1+,PD2,AD14AD2,QD

81 FNRMAT (5F10.0)

PEAD 85,PDyAD

85 FMNRVMAT (2F12.0)

P1=PD1*ALPHA
P2=PD2*AL PHA
Al=AD) *ALPHA
A2=AD2*ALPHA
Q=QN* ALPHA
A=AD*ALPHA
P=PNxALPHA

B=(TAN(A1)*(TAN(PZ-O)*TAN(Q)-TAN(PI—O)/TAN(Q))—TAN(AZ)*(TXNf%"

CTAN(Q)-TAN(P2-Q)/TAN{Q)))/2.0/{TAN(AL)~-TAN(A2))
DELC=ATAN2{SORT (~B*B-TAN(P1-Q)*TAN(P2-0Q)),B)

TC=1,0/SQRT(-TAN(P1-Q)}*TAN(P2-Q))
RHOC=TC*CEXP{+T*DELC)

1 ()

RHO "= (TAN(A)*{TAN(Q) #RHNC *TAN(P-Q)))/(RHOC *TAN(Q)*TAN(P-Q)=

PSIN=ATAN(CABS(RHN ) )/ALPHA
DELN=ATANZ {ATMAG{RHO ) REALIPHO ))/ALPHA
PHI=PHID*ALPHA

SYI=SIM{PHI)

T1=TAN(PHI)

T2=(1.0 ¢ RHO)/((1.0 — RHN)*T1)
$2=T2/CSORT(1.0 + T2*T2)
TNC=(TNN*S1)/S2

TN=REAL (TNC)

TK=AIMAG(TNC)

NELC=DELC/ALPHA

PRINT 10, PHID,TNO,WL

10 FORMAT (1HOs /THPHID = 4F5.2410X, THTNO =

C +FS5.0¢10H ANGSTFOM //)
PRINT 11,.,PD1,8D1,PD2,AD2,QD

11 FNRMAT (1HCy/ 6HPDY = ,F6.2,10X,7HADL =

C10X07HA02 = .Fb.Z.//.éHOD = 1F6.2)
PRINT 8,TC,DFLC

WFT7.3,10X,13HWAVETEND

2F6e2:¢//796HPN2 = 4Fb.

&,

1FBe4,8Xy THDELC = 4FB.4//) .
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413 " PRINT 12,PN,AD
12 FORMAT(LHO/EHPD = oF6.2,10XsTHAD = . +F6.2/7)
423 PPINT 13,PSIDeNELN, TN, TK

13 FOPMAT (1HO, /6HPSID =9FB.49BXeTHDELD = s F8e49s//+6HTN = LFB.G,
C 88Xy THTK = 1F8.0) '

437 60 10 1
440 120 CONTINUE
441 END
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Sample output, program 0ZOM

MGF2 ON CR (3.48) *x% OI0OM  kkx

ZONE A3 (Al/A3)

1.000 WAVELENGTH = 5461 ANGSTROM

SHID = 75.72 TNG =

PDL = 18.87 ADY = 142,47

PD2 = 108.71 AD2 =  38.42

0D = 45,00

TC = 1.3937 DFLC = 91.1642

|

PD = 108.71 : AD = 38.42

PSID = 37.9756 DELD = 52.4131
= -1.4867

TN = <6438 TK

1
[
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V.  FORTRAN IV Computer Program "FIIM"

This program finds the thickness and (complex) refractive index
of a single film (absorbing or non-absorbing) on any substrate (absorbing
*
or non-absorbing). It does so by systematically cambining all prescribed

values of film thickness L and refractive 1ndex,nf - ikf'and-calculating

the polarizer- and analyzér-azimuths'(Pc,Ac), for each combination.

Wherever a particular combination of L; n. and k_ ylelds agreement with the

f f

experimentally determined readings of polarizer Pﬁ and'analyzer‘Am within

a specified error €, and €

A this combination appears in the output as a

P

solution.

The formalism assumes a planar substrate covered with a planar-

parallel, homogeneous, isotropic film (Fig. 1). Drude's basic equationlo

(rlp +r e"iD) A+

i) o
2p 1s” 25 B 1A

= tany e (36)
.'iD L)
e ) A+ rlpere4I5

(r1g * Toq

can be solved to give calculated values of A and Y by,use of the

following equations:**.

E s T cosd -~ n . coscbcf

1 .
r = = . - (37
1s ES n cos¢ + n . cos¢cf .
. Elp _ ncf cosd -'n_ cos¢cf o - 38)
1p Ep n . cosd + n cos¢cf

"e . - .
o E ~ n ¢ cos¢cf n__ coso
—= = s cn cm
28 E8 n ¢ cosd)cf n_ cos¢

(39)

"e . - -
Ep D cos¢cf R cos¢cm_

r - ' =
2p Ep n o cos¢cf + n ¢ cosd)cm

(40)

*. ' ' ‘
Program "LAYER" (Chapter VIII) is similar to this program.
See Fig. 1. :
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Interface
i

- . Interface

XBL7I9~-4365

Fig. 1. Reflection coefficient rl'and rz'at both interfaces of a film-
covered surface. Designation of refractive indices and electric:
fields. All the angles of propagation except ¢ are complex
(indicated by dotted circles and lines) and cannot be interpreted

geometrically.
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with
2 .
n_ sin" ¢ .
cos(bcf = 1-—5— (41)
n
cf
2 2 '
n sin“¢ :
ch cf
_cos¢cm = 1- 3 (42)
n
cm
and
_ 41L
D = —Xg-ncf cos¢cf (43)

A and y (defined in Egs. (21) and (22)) are given by:

_ -1 Im
A= tan ——(PlRe &3 | (44)
Y= tan " (o)) | ‘ o (45)

The calculg;ed'polariger and analyzer ézimuths Pc and Ac'are obtained
acc0r&i;g té Table I. | -/
o = (270 - 8y/2
Ac =Y

This program is valid for zone A-3:

range of polarizer transmission azimuth 90-135°
range of analyzer transmission azimuth 0-90°
compensator circle realing - . 45°

Using different zones, one has to change the conversion from Pc, Ac’ Q

to A and ¥ according to Table I.



a. Real Quantities

Name
AC
AM

DELC

DTN

DTNK

DT

EPM
PHI1
PHI

PC

PSIC

TN1

TNS

TNKS

A

" Symbol

Cc

A
m

A(calculated)

an

Sk £
SL.

€A

€
P

&(degrees)
¢ (radians)

P
c

P
m

Y(calculated)
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f'Variables'Uséd‘in'ProgramyFILM

" 'Desc¢ription

Calculated azimuth angle of analyzer (deg)
Measured azimuth angle of analyzer (deg)

Relative phase change (deg).

Iteration increment of film réfractive index n,
Iteration incremenf of index of extiénction of film
Iteration increment of film thickness L

Specified experimental error of A (deg)

Specified experimental error of P (deg)

Angle of incidence

\Angle of incidence

Calculated azimuth angle of polarizer (deg)

‘Measured azimuth angle of polarizer (deg)

Arctangent of relative amplitude attenuation (deg)
Measured azimuth angle of compensation (deg)
Refractive index of incident medium

Refractive index of substrate

Index of extincfion of substrate

Lower 1limit of interaction span of film index n,
Ref;active index of film .

Upper limit of iteration span of film index ne
Lower limit of iheration‘spén of kf of film

Index of extinction of film

Upper limit of iteration span of kf of £ilm




Name

TI

T

™

WL

~&
g
.
R .
~
L
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§2§§g& Description
.Li B Lower iimit of iteration span for film thickness L
L Film thickness (units as for Ao)
Lﬁ Upper limit of iteration span of‘film thickness
»Ao Vacuum wavelength (Angstroms)

b. Complex Qualities

Name

CPHI2

CPHI3

R1S

R1P

R2S

R2P

RS

‘Symbol

cos ¢'

'
c
o8 ¢m

1s

1p

28

2p

Description-

Complex cosine of complex angle of refraction
in film

Complex cosine of complex angle of refraction
in substrate

Complex optical path length

Fresnel reflection coefficient at film—-air (or
incident medium)interface. (For polarization
normal to plame of incidence)

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

Fresnel reflection coefficient at metal-film
interfaee (normal polarization)

Fresnel reflection coefficient at metal-film
interface (parallel polarization)

 Overall reflection coefficient for polarization

normal to plane of incidence

Ovenall reflection coefficient for polarization
parallel to plane of incidernce o

Complex refractive index of substrate

Complex refractive index of film
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Input Format for Program FILM

‘ Columns

Card 1-10 11-20 . 21-30 31-40 .+ 41-50 . '51-70
; Title and comments (up to 80 columns each)
3 n Ao n_ k |
4 gy bng Dfm keg Ske kg

(initial) (increment) {final) (initial) (increment) (final)
5 L, 8L L |

(initial) (increment) (final) _ ’
6 ¢ P Ay €p. €a Q

These six cards constitute a set; Any number of sets may follow.
Three btank cards must follow the last set of data. Cards 1 and 2 of each
set may contain any comments (or none at all) as desired. Their contents
appear printed verbatim at the head of the output.

This program can be used to calculate theoreticai values of Pcand
AC with changes in film thickness or with different film coné;ants, by
punching numbers greater than (or equal to) 90 for €A and a number
greater than (or equal to) 180 for €pe Then the entries for Pﬁ and Am
should be.blank.

The prﬁgram, together with a sample of output, is reproduced

below.




FILM

12

22
36
40
60
72

112
114
115
116
116
121
123
125
126
127
132
133
135
141
163
165
167
171
174
217
251
3n2
341
377
415
454

g
N

OO0

AW N e

O~

1¢
11
12
13

14

141
15

151

16

17

18

20
3¢
100
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PROGRAM FILM { INPUT,OUTPUT) _

THIS PRNGRAM USES AZ IMUTH READINGS

THIS PRNGFAM CALCULATES THE THICKNESS AND COMPLEX REFRACTIVE
" IMDEX OF & !SIMGLE ARSORPBING FILM ON AN ARSORAING SURSTRATE

USING ELLIPSOMETER RFADINGS OF ZONE A3 ‘

CTMPLEX TM2, TM3, rPHI2, CPHI3, RS, P1P, R2S, R2P, D, RS, RP

DIMENSION TITLE (8), RANGE (8) v —

READ 2, TITLE,RANGF : ?

FORMAT (8A17/8A10)

PRINT 4, TITLE ,RAMGE

FNRMAT (1HY, 8A410//8A10)

DFAD 9, TM1,WL,TNS,TNKS

TE (TN1) 3000, 30CC, 6

RFAD 10, TNTISDTN,TNM,TNKI sDTNK, TNKM

READ 11y VI,DT,TM

READ 12,PHI1,PM,AM,EPMEAM,Q

FORMAT (4F10.0)

FORMAT (6F10.9)

FORMAT {3F10.0)

FORMAT (6F19.9)

FOPMAT (1HCy /6HPHI = ,FS5.2,10XK,4HN = oFT.4y 10Xy L3HWAVELENGT!
C FS.0, 11H ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE = o |
C 2Xy 4H- 1, FT.4) Ty

FCPMAT (1HC, 2THPEFRACTIVE TNDEX OF FILM = , FTo4s 2X, :

C 4H- I, F7.46//718H FILM THICKNESS = , F7.2, 10H ANGSTROMS,

’
. C //8H PSIC = +» F10.5, 10Xy THDELC = 4 F10.5,
L

C //8H PSIM = , F10.5, 10X, THDELM = , F10.5)

FORMAT (1HOy SHPC = 4F1045,10X¢5HAC = ,F10.5¢10X44HQ = +F5.2)
FORMAT (1HG, SHPM = ,F10.5,10Xss SHAM = ,F10.5//33H NO SDLUT
CWITHIN GIVEN LIMITS)

FORMAT (LHAs SHPM = 4F1)0.5,10X,5HAM = ,F10.5¢10X,4H0 = 4F6.2)
IF (PM) 16416417 .

DELM=C.

PSIM=0,

GN T 18

DELM=270,-2,%PM

PSIM=AM

FDELM=2,0%EPM

EPSIM=EAM

M=)

PHI = 0.01745329252%PHI1

£P = COS(PHT)

SP = SIN(PHI)

TN3 = CMPLX(TNS,~TNKS) _

CPHI3 = CSORT(1.0 = TN1A&2%SPh#2/(TN3*%2))

™ = TN]I

TMK = TNKTY

T =71

TN2 = CMPLX{TN,=TNK)

CPHI2 = CSORT(1e0 = TN1#x24Spkk2/(TN2*%2))

R1S (TN1*CP —~ TN2*CPHI2)/({TN1%CP + TN2*CPHI2)

R1P ==(TNLI*CPHI2 - TN2*CP)/{TNL1*CPHI2 ¢ TN2*CP)

P2S = (TN2*CPHI2 - TN3*CPHI3)/(TN2%CPHI2 ¢ TN2#CPHI3)
- P2P =—(TN2*CPHI3 - TN3*CPHI2)/(TN2*CPHI3 + TN3%CPHI2)
D = (0e0s1.01%(4,0%3.1415927*T/ WL ) *TN2*CPHI2

RS= (R1S + R2S*CEXP(~D)} )/ (1.0 & R1S*R2S*CEXP(~-D))

RP = (R1P + P2P*CEXP(-D))/{1.0 + RIP*R2P*CEXP(-D))

AT ]



513
523
827
536
549
542
547
554
572
614
626
631
632
644
645
650
652
653
656
660
€6l
664
666
667
675
713
T23
724
725

140
15¢
220
300

470

52¢C

60C
79C

830
90C

100C
2000

300C.
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RHN = RP/PS

PSIC = ATAM{CABS(RHN))/0.01745329252

DELC = ATAM2(AIMAGIPHN), REAL(RHC))/0.017453292%2
IF (DELC) 140,140,750 :
NDELC = NELC + 365.C0

IF (FPSIM —~ ARS(PSIC - PSIM)) 400, 203, 200
1F (EDELM — ABS(DELC - DELM)) 40C, 332, 30C
PRPINT 13, PHI1eTM1,WL,y TNS,TNKS

PRINT 14y TNoTNK,ToPSICyDELCyPSIM,DELM
PRIMT 151,PM,AM,0

DC={270.0~-DELC}/2.0

AC= PSIC

PEIMNT 141,PC,2C,H0

M o= 2 ,

IF(TM =T) £97C+60C,500

T =T+ 07

GN TN 100

IF(TNKM = TNK) 800,870 ,7:0

THK = TNK + DTNK

G~ T 30

[F{TNM = TN) 1000,1C090,900

TN = TN + DTN

6N T 20

GO TN (200G, 1) M

PRINT 12, PHllyTMI'NLyTNSvTNKS

PRINT 15,PM,AM

G2 TN 1

CONTINUE
END




Y ; Py " ] S , - .
W TS N W - 2" AR R W S
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Sample output, program FIILM
MGF2 NN CR wam FILM %K%

INNE A3 (AZIMUTH)

PHT = 75.70 M= 1.0000 WAVELENGTH = 5461
REFRACTIVE INDEX CF SUBSTRATE = 4937 - 1 2.2900
REFRACTIVE INDEX MF FILM = 1,380 - 1-0.0000
FILM THICKNESS = 400.00 ANGSTRAMS
PSIC =  41.11791 " DELC =  55.78266
PSIM =  41,1100€ DELM = . 55,80000
PM = 1017.190C0 M o= 41,1107 Q = 45.00
PC = 177.1C867 AC = 41.11701 0 = 45.00

ANGSTROMS
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VI. FORTRAN IV Computer Program "A3PLOT"

This progrém calculates theoretical quantities of polarizer and
analyzer values of the ellipsometer with changes in film thickness.*
Depending on the code number M (see below), reéults are given as curves
or tables.

The gquation and variables used in this program are simil#r to
those used in program "FILM".

As program "FILM" this program is only valid for zone A-3 (see
P

Table I):
range of polarizer transmission azimuth 90-135°
range of analyzer transmission azimuth 0~-90°
compensator circle realing 45°

*
This program makes use of program "FPLOT" (see Chapter IX).
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Input Format for Program A3PLOT

Columns | v

Card 1-9 . _10-19. 20-29 . 30-39 40-49  50-59 .
; } Title and comments (up to 80 columns)
3 n Ab n km
4 ey Sng em key Ok Kem

(initial) (increment) (£final) (initial) - {increment) (final)
5 Li" , L | Lm (1imited to 200 points)
6 ¢ M

These six cards constitute a set. Any number of sets may follow.
In each set, the values of the optical constants of the film may be
varied. Three blank cards must follow the last set of cards,

M is the code number. The integer uséd for M détermines how the

results will be presented.
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" Format of Results

Results will be tabitlated and given as
three curves »

a) Y vs A curve with thickness as
parameter

b) Ac vs film thickness

c) Bc vs film thickness

Results will be tabulated and only the
Y vs A curve is plotted

Results ﬁill be tabulated and two curves
will be plotted

é) Ac vs film thickness
b) Bc ve film thickness.

Results will be given only as three curves

a) Yvs A

b) Ac'vs film thickness
c) Pc vs film thickness

Output has only the Y vs A curve

Two curves will be given

a) Ac vs film thickness
b) P_ vs film thickness

The maximum number of data points for L (thickness) is 200. If the
Y vs thickness and A vs thickness cﬁrves are to be plotted, thé maximum
number is reduced to 101. The program "FIIM" should be used instead,
if only tabulated results are wanted. | 7 |

This program "A3PLOT" has to utilize the subroutines "PRNPLT" and
"PLSCAL" written byiM. S. Itzkowitz to do the plotting of the curves.
These two subroutines are library subroutines and they’afe stored in

the computer (céntrol data 7600 system) at Lawrence Berkeley Laboratory.
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If the data are plottéd, the scale of the thiékness.(x—axes) is
divided into iOO parts from 0-10,000 A (increment (100 A), whereas
the y-axes (P or A scale) is divided in 50 parts fromv0-360°ff6r3p
(increment 7.2°) and 0-180° (increment 3.6°) for A." The scales can
be changed by using different "CALL PRNPLT"-cards. Cards numbers
670, 672, 774, 1052, 1464 of the pwogram have the follbwing form:

CALL PRNPLT (XPLOT, YPLOT, XMAX, XINCR, YMAX, YINCR, ISX, ISY, NPOINT)

with

XMAX determines the upper limit of the x~axes (thickness)

XINCR determines the increment of the x~values (increments of
thickness)

YMAX determines the tdpper limit of the y-axes (A, P-values)

YINCR determines the increment of the y-values (increments
of P, A-values). ' ‘ '

ISX=0 means séalingvof x-axes is done by programmer

ISX=1 means scaling of x-axes is done by computer

1SY=0 means scaling of y-axes is done by programmer

ISY=1 ~ means scaling of y-axes is done by computer

In any case, the x—-axes is divided into 100 parts; the y-axes into 50
parts. I ,

A reproduction of the main program and the two subroutines is

given below.



A3PLOT

105
107
111
112
117
141
143
145
146
150
153
176
230
261
320
356
374
433
472
502
506

DADODAO
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PFOGRAM A2FLOT (TMPUT,NUTPUT)

THIS FRNGRAM HSES AZ IMUTH PEADINGS -
THIS PRNGRAM CALCULATES AC AND PC FROM FILM THICKMESS

IT ALSO PLOTS AC VERSUS PC CURVE WITH FILM THICKNESS AS PA!
AND AC VERSUS FILM THICKNESS, PC VERSUS FILM THICKNESS.

INNE A3
CCMPLEX TM2, TN3, CPHI2, CPHI3, R1S, R1P, R2S, R2P, D, RS, PP,
DIMENSTNN TITLE (8), RANGE (8) ' RUS/

DIMENSION XPLOT{200), YPLNT(200), 2PLOT(200)
PFAC 2, TITLE,RANGE .
FORMAT (BAl1D/8A10)
PPINT 4, TYTLE,RANGE
FARVMAT (1H1. 8A10//8A10)
READ 9, TM1,WL,TNS,TMNKS
IF (TN1) 2090, 3000, &
REAC 10, TNIDTN,TNM, TNKT yDTNK, TNKM
READ 11, TI,DT,TM™ )
TF (TINEr.0) TO=TM-T1
8 READ 12, PHI1 M
9 FORMAT (F9.2, 2F10.0)
10 FPMAT (F9.97y 5F10.0)
11 FNRMAT (F9.D, 2F1N.0)
12 FCRMAT (F9.2, 11 ) S
13 FORMAT (1HOQW/6HPHT = 4FS.2+10Xe4HN = FT.4y 10X, 13HHAVELEMGTR
" C F5.0y 11H ANGSTRNMS//33H REFRACTIVE INDFX OF SURSTRATF = , F
€ 2Xy 4H- 1, FT.4) e
14 FrRMAT (1HO, 27HREFPACTIVE INDEX NF FILM = , FT.4y 2X,
C 4H- 1, FT.67/718H FILM THICKNESS = 4, F8.2y, 10H ANGSTROMS,
C //78H AC = , F10.5, 10X, 7TH PC = , F10.5)
18 FORMAT (1H1)
16 FMRMAT (22HPSIC VERSUS DELC CURVE)
17 FORMAT [6HPHI = 4FS,2,10Xy4HN = ,FT.4910Xe 13HWAVELENGTH = ,.
"€ FSeNsb4H B 5Xe12HNM  — TKM = FTe492Xy4H- 1,F7.4)
18 FORMAT (12HNF - TKF = (FT.492X94H- [,FT.4)
19 FORMAT (2¢H PC  VERSUS FILM THICKNESS)
21 FNOMAT (26F AC VFRSUS FILM THICKNESS)
PHI = 0.01745329252*PHI1
cP COS(PHT)
Se SIN{PHT)
TN2 = CHMPLX(TNS,~TNKS)
CPHI3 = CSQRT{1.0 - TN1*%2%SP*%k2/(TN3%%2})
TN = TNI '
20 TNK = T™KT
30 T =TI
MPOIMT = )

DW=

~o

1100 TN2 = CMPLX{TN,-=TNK)

CPHI2 = CSQPT(1.0 ~ TN1#%2%5P%%2/ (TN2%%2))

21S = (TN1%CP -~ TN2%CPHI2)/(TM1%CP + TN2*CPHI2)

RIP =~ {({TNL1*CPHI2 - TN2*CP)/(TNL*CPHIZ -+ TN2*CP)

R2S = (TN2®CPHI2 ~ TN3*CPHI3)/(TN2*CPHI2 ¢ TN3*CPHI)
R2P == (TN2*CPHI3 ~ TN3*CPHI2)/(TN2*CPHI3 + TMAKCOHI2)
D = (DeNe1d)%(4.0%3,141592T%T/WL)*TN2*CPHI2

RS= (R1S + R2S*CEXP({-D))/{1.0 + RLS*R2S*CEXO{-D))

RP = (RIP + R2P#CEXP(-D))/{1.0 + R1P*°2P%CEXP(-D))
QHN = RP/RS

PSIC ATEN(CABSIPHO))/0.01745329252

NELC ATAN2 {ATMAG(RHC ), REAL(RHN))/0.01745329252
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515 : IF (DELC) 142,140,159
S17 140 DELC = DELCi+ 36N.00
521 © 150 PC={270.-DELCY/2.
524 AC=PSIC .
525 TF{M,GT.2) GC TN 2399 ‘
531 PRINT 13, PHI1,TN1,WL, TNS, TNKS
546 PRINT 14, TN,TNK,T,AC,PC
565 370 XPLOT{NPOINT) = PC :
566 YPLATI(NPNINT) = AC
570 - [IF(M,EQ.1.NR M, EQ.4) GO TO 400
600 . CIFITI.EQ.C.D) GN TN 3500
601 ZPLCT(NPOINT) = T - TD
604 GO TN 400
604 3500 ZPLNT(NPOINT) =T
606 400 NOAGIMT = NPOINT + 1
6190 TF(TM =T) 620+670,50)
613 ENC T =T + DT
615 : GC TN 1920 !
616 630 NPCINT = NPOINT - 1
620 TF{M,FQ.2.NR.M,EN.5) GO TN 1500
627 PRINT 15
632 PRINT 16
636 | PPINT 17, PHIT,TN1,WL,TNS, TNKS
654 PRINT 18, TN, TNK
665 XPLCT{NPOINT) = DELC
666 YPLOT(NPQINT) = PSIC
670 CALL PRNPLT(XPLOT YPLOT 1260415600 90492e090490.9NPDINT)
702 T OXPLNT(NPOINT) = PC
702 YFLOT(NPOINT) = AC
7Ccs TFIM.EQ.lNR M EN.4) GO TN 1100
715 1520 PEINT 15
721 PFINT 21
725 ' PRINT 17+ PHI1,TM1,WL, TNS,TNKS
T43 . PRINT 18, TN,TNK
753 IF(TTI.EQ.Q.D) GO TO 310D
754 PRINT 33C0, TD . _
3300 FNRMAT (SHADD ,FB8.2,1THT(O SCALE READINGS)
762 CALL PRNPLT(ZPLOT,YPLOT,TM,10.9100e9240 +0+0,NPOINT)
773 60 TN 3400

774 2190 CALL PRMPLT(ZPLNT,YPLNT,TM, 10.:100.02 0 oOoOoNPO!NT)
1095 2470 OPINMT 15

1011 PPINT 19

1015 PRINT 17, PHI!.TN!»NL.TNS.TNKS

1033 PO INT 18, TN,TNK

1043 IF(TIL.ENLNN) 6O TN 3200

1044 PRINT 3300, YD ‘

1952 v CALL PRNPLT(ZPLAT,XPLCT, TM,10.+135.41. OoO.OoNDOINT)
1063 Gr T 11006

1064 A20C CALL PRNPITY(ZPLOT, XPLnToTMo‘O.'135ool OvaOoNPnINT)
1075 1135 IF(TNKM - TNK) 8CN.800,TC

1170 700 TAK = TMK + DTNK

1102 GO T2 32

1123 83f IF(TNM - TN) 1000,1020,930
1106 970 TN = TN + DTN

1112 Gr TH 20

1111 129¢ Gr TN 1
1112 3000 CONTIMUE
1113 END
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PRNPLT o
SURRNDUTINE PPNPLT Xy Yy XMAX ¢ XIMCRy YMAX o YINCR, ISX, ISY,NPTS)
C PRINTER PLOT ROUTINF 4.S.ITZKOWITZ MAY 1967
¢ :
r PLOTS THE #NPTS# PNINTS GIVEN BY #X{1),Y(I)# ON A 51 X 101 GRID
C USING A TOTAL DF S6 LINES NN THE PRINTER
c TE #1SX#2 OP £YSysz APE NON-ZERN, THE CORRESPONDING MAXTMUM AND
C INCREMENTAL STEP SIZE ARE COMPUTED
C IF EITHER INCREMENTAL STEP® STZE IS ZERO, THE PRDGRAM EXITS
c MEITHER NF THE IMPIJT ARRAYS ARE DESTRNYED. IF SCALING 1S DONF
s THE CORRESPANCING MEW VALUES OF MAXIMUM AND STEP STZE ARE RETUY
c
DIMENSINN X{NPTS),YINPTS), IGRID(105), XAXTS(11)
c
"INTEGER BLANK,DOT,STAR,IGRID,PLUS
DATA RLANKDOT,STAR,PLUS / 1H 41HeoLH®,1H¢ -/
c )
901  FNRMAT(14X,105A1) ‘
902  FORMAT()IXF1042,2Xe1H+4 10541 ,1H+)
903 |, FORMAT(15X4103(1H.))
994  FCRWMAT(TX+11(F10.0)+2H (914454 PTS) )
N5 FORMAT{16Xe11{1H+,9X))
9800 FNRVAT(46H1SCALIMG ERRNR IN PRNPLT, EXECUTINN TERMINATED )
[ . .
IF(ISX.NE.O) CALL PLSCAL{XyXMAX,XINCR,NPTS,100)
17 TF(ISY.NE.O) CALL PLSCAL{Y,YMAX,YINCR,NPTS,59)
30 IF(XINCP.FQ.0,..MR.YINAR.EQLD.) GO TN AND
42 YAXMIN=D,01%YINCR '
43 XAXMIN=0.01%XTINCR
44 T2ERN=YMAX/YINCR#) 5
47 JZERN=103,5-XMAX/ XINCR
51 TE({JZ0RN.GTL103.0R, JZFPN.L T4} JZERQ=2
63 PRINT 996
67 PRINT 903
76 DM 10 1=1,51
103 IF { 1.ME.IZERN) GO TN 16
104 DN 14 J=1,105
112 14 IGRIN(J)=PLYS
113 G TO 15
117 16 DN 11 J=1,19%
125 11 I6RIN(J) =BLANK
132 15 IGRIND(JZERD) =PLYS
133 : [GRID(104) =DOT
136 IGRID(2)=DNT
137 DO 12 K=1,NPTS
140 ITFST ={YMAX=Y(K))/YINCR+1.5
144 TF(ITEST .NE.1) GO TO 12
146 J=103.5-( XMAX~X{K))/XINCR
152 IF(J.6T.102)0=105
156 IF(J.LT.2) J=1
162 IGRID{J)=STAP
164 12 CONTINUE
167 TE(MOD(I+10).FQ.1) GO TN 13
174 PRINT 901,.IGRID
20 GC TN 10
205 13 YAXIS=YMAX=(T-1)%YINCR
211 TF(ABS{YAXTS) LT, YAXMIN) YAXIS=0.

216 PPINT 902, YAXIS,(IGRID(J) 4=1,105)




232
234
240
247
254
257
266

277

300
3m
3295
306

10

820

-
i
e b
=
e

1; n; Wt / »" ~ W i
41
‘ J
!
1
COCNTIMNUE
PRINT 903
PRINT 905

DN 20 M=1,11

XAXIS{M)=XMAX-XTMCR* (FLOAT{11-M))*10.0
IF (ABS(XAXTIS{M)) LT XAXMIN)XAXIS({M)=0,
CONTIMUF ' .
PRINT 9)Y4,XAXIS,NPTS

RETURM

PRINT 9809,

CALL EXIT

END
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1
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23
25
27

32
17
41
42
43
46

50

73
75
77

101
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105
110
113
120
121
124
126
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1390
131
133

134

143

1?1‘;

[aBaNeReale!

O

19

DOV S
. PR

54

100

800
930

~42—

SUBPOUTTINE PLSCAL(V,VMAX, VINCRGNPTSNDTVIS)

SCALING PROGRAM FNR USE WITH PRNPLT M,S.ITZKOWITZ MAY,1967
THIS VEOSION ADJUSTS THE FuLl SCALE TO 2.5,5.0, OR 10, TIMES 10**
AND ADJUSTS THE MAXIMUM PRINT TN AN INTEGER MULTIPLE OF S%VINCR

DIMENSION VINPTS)

VMIN=V (1)

VMAX=VI())

Nt 10 I=1,NPTS
IF(V(I) LT UYMIN)} VMIN=VII)
TFIVII)GT.VMAX) VMAX=V(T)
QP ANGE=VMAX-VMIN

CONTIMYF

IFLQPANGE.FD.D) GO TN 8000
QRAMGE=0441242944%A1 0G{ QRANGF)
TF(QRAMGE ) 20,200,320

T2 ANGE=QR ANSGE

Gft TN 4N '

1© ANGE=—0P ANGE,
TeANGE=-TRANGF -1
ORANGF=QRANGE-FLNAT { TIRANGE)
RANGE=10,%*QRANGE

"RANGE IS BETWFEN 1.0 AND 10.0

TF(RAMNGE .GT.2.5) GO TC 41
2ANGE=2.5

Ge TN 50

IF(RANGF .GT.5.0) GN TO 42
RENCE=5,0

6r TN 80

RANGE=10.,0

TRANGE =F AMGE* { 10 . ¥*TRANGE )

TRANGE 1S NOW 2.5,5.0, OR 10.0 TIMES A POWER OF TEN

VINCE =TFANGE/FLOATINDIVIS)
IF{VMAX)51,51,52
IMAX=VMAX/(5.0%VINCR)
XVAX=5.0%VINCR*FLOAT (IMAX+1)
GG T 53
[MAX=-VMAX/(S.0%VINCR)
XMAX=F O *VINCO*FLOAT (—~IMAX+1)
[F(VMIN.GT.XMAX-TRANGE) GO TO' 100
QANGE=RANGE*2.0
TF(2ANGF-1C.) 43,43,54
R ANGE=RANGE/10.
[RANGE=TRANGE+]
60 TN 43
VVAX=XMAX
VMTN=XMA X—-TRANGE
RETURM «

0 PRINT 98CH

0 FNRMAT (45H1PLSCAL CALLED TD SCALE ARRAY WITH ZERN RANGE)
CALL EXIT : ‘

ofgTom
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GOLD ON CHROMTIUM k% AZPLOT *k¥x&

PC AND AC (NPT,.5) VEPSUS FILM TﬂICKNESS (0 - 19000 &)
i

MI = 75.00 . = 1.0300 WAVELENGTH = 5461
REFRACTIVE INDEX OF SUBSTRATE = 2.9900 =~ T 2,3000
REFRACTIVE INDEX OF FILM =  ,350C . - 1 2.3500
FILM rnchNessfs -N.0C ANGSTRNMS
AC =  19.73136 PC =  88.28943
PHI = 75,20 N o= 1.0000 WAVELENGTH = 5461
PEFRACTIVE INDEX OF SUBSTRATE = 2,9900 - 1 2.3000
REFPACTIVE INDEX NF FILM =  ,3500 - 1 2,3500
FILM THICKNESS = 50,00 ANGS#PQMS
AC = 26429669 5C = 90.91716
PHI = 75.20 N o= 1.0 WAVELENGTH = 5461
REFRACTIVE INDEX OF SURSTRATE = 2.9900 - 1 2.303)
REFRACTIVE ‘INDEX NF FILM =  ,3500 - [ 2.3500
FILM THICKNESS =  100.CC ANGSTROMS
AC =  30.9€69%5 PC =  92.84166
PHL = 75.00 M= 1.0000 WAVELEMGTH = 5461
REFRACTIVE INDEX NF SURSTRPATE = 2.9900 ~- [ 2.300)
REFRACTIVE INDEX OF FILM =  .35¢HD - [ 2,3500
FILM THICKNESS =  150.00 ANGSTONMS
AC = 34,2C930 PC =  94.34942
PHI = 75,00 M= 1.0000 WAVELENGTH = 5461
REFRACTIVE INDEX OF SUBSTPATE = 2.9900 - I 2.3090
PEFPACTIVE‘INDEXvOF FILM = .3500 =~ I 2.3500
FILM THICKNESS =  200.00 ANGSTRMMS
AC = 36.445C6 °C =  95.54335
PHI = 75.00 M= 1.0000 WAVELENGTH = 5461

ANGS TROMS.

ANGS TROMS

ANGS T20MS

CANGSTROMS

ANGSTROMS

ANGSTROMS



OFFRACTIVE INDFX OF SURSTPATF =

REFRACTIVE INDEX 0OF FILM =

FILM THICKNESS =

AC = 37.9886F

PHT = 75,02

REFRACTIVE TNDEX MF SUBSTRATE =

RFFRACTIVE INOEX CF FILM =

FILM THICKMESS =

39.,0590°%
!

AC =

PHI = 75.00

REFRACTIVE INDEX CF SUBSTRATE =

REFRACTIVE INDEX. OF FILM =

FIIM THICKNESS =

AC = 39.8C512

AHI = 78.CC

REFRACTIVE

PFFRACTIVE INDEX GF FIILM =

FILM THICKMESS =

AC = 4%.32759

PHI = 75.7C

FEFRACTIVE INDEX

REFPACTIVE_INPEX CF FILM =

FILM THICKMESS .=

AC = 41.6948

PHT = 75,00

i
FEFRACTIVE INDEX
PEFRACTIVE INDEX
FILM THICKNESS =

AC = 40.95360

INDEX 0OF SUBSTRATE =

"y
2.9900 - 1 2.3020
.3500 = 1 2.3500
252.0C ANGSTROMS

PC = 96.,43510

Pz 1,0009 WAVELENGTH =

2.99G0 - 1 2.30))
300,00 AMGSTRNMS

PC = 97.22308

N = 1.0000 WAVELENGTH =

«35N0 - 1 2.35930
350.CC ANGSTRNMS

PC! = 97.79789

N o= 1.0000 WAVELENGTH =

2.9900 - I 2.3000
23500 - T 2.3500
4304 CC ANGSTRAOMS

PC = 98.24346

1.0000 WAVELENGTH =

b=

OF SURSTRATE = 2.,9900 - T 2.20))
3500 - 1 2.3500

450.N0 ANGSTRNAMS

oC = 98.58760
) ’ |
N = 1.0000 WAVELENGTH =
CF SUBSTRATE = 12,9909 - T 2.3000
OF FILM = .3%00 - 1 2.3500
500.00 ANGSTPOMS '
oC'=  98.85264

£461 ANGSTROMS
5461 ANGSTROMS
5461 ANGSTRAMS

£461 ANGSTROIMS

5461 ANGSTRNMS




REFRACTIVE INDEX OF FILM =  ,3800 - [ 2.3500

ANGS TROMS

ANGSTROMS

ANGSTROMS

ANGSTROMS

ANGS TROMS

-45-
PHT = 75.00 N o= 1.0000 WAVELENGTH = 5461
FEFRACTIVE INDEX OF SUBSTRATE = 2.9900 =~ 1 2.2000
REFRACTIVE INDEX OF FILM =  .3500 - 1 2.3500
FILM THICKNESS =  550.0C ANGSTROMS
AC =  41.13624 PC = 99,05631
PHI = 75.00 " m o= 1.0000 WAVELENGTH = 5461
REFPACTIVE INDEX CF SUBSTRATE = 2.9900 - I 2.3000
REFPACTIVE INDEX OF FILM = .350C - 1. 2,353)
FILM THITKNESS =  67C.CC ANGSTRNMS
AC = 41.26518 - PC = 99,21254
PHI = T75.i39 po= 1.0060 WAVELENGTH = E461
REFRACTIVE INDEX NF SUBSTRATE = 2.9930 - 1 2.303)
REFRACTIVE INDEX CF FILM =  .3500 = 1 2.3500
. FTLM THICKNESS = 650.00 ANGSTROMS
AC =  41.35616 PC = 99.33217
PHI = 75.00 M= 1.0000 ] WAVELENGTH = 5461
REFRACTIVE INDEX NF SURSTRATE = 2.9900 - 1 2.300
REFRACTIVE INDEX NF FILM =  .3500 - [ 2.3500
FILM THICKNESS =  700.00 ANGSTROMS
AC = 41.42025 PC =  99.42365
PHI = 75.00 M = 1.0000 WAVELENGTH = 5461
REFRACTIVE INDEX OF SUBSTPATE = 2.9909 - 1 2,303
REFRACTIVE INDEX NF FILM =  .3500 - 1 2.3500
FILM THICKNESS =  750.0€ ;anrnons
AC = 4l.4e528 BC = 99.49350
. : i o .
PHI = 75.00 N = 1.0000 . WAVELENGTH = 5461 ANGSTROMS
REFRACTIVE INDEX OF SUBSTRATE = 2.9900 -~ [ 2.3070 |
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C VERSUS FILM THICKMFSS

1 = 75.39
IKF =

1.200E+92

8.0N0E+C1

6.000E+01

4.702E+01

2.009E+01

*

+

+

+

+

M = 1.0000 WAVELENGTH = 5461 A B

«35C0 - 1 2,3500
+ + + + + + +
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PC VERSUS FILM THICKNFSS ‘ . L R .
PHI = 75,00 N = 11,0009 WAVELEMNGTH = 5461 . A NM - IK
NF - IKF = «3500 - 1 2,3500 :

+ . + + « + +

+ -

1.350F+02

1.250E+#32 + .
1.1506+402 + . .
1.05CE+#N2 + .
: * * * *
. * *
- *
. * b 4
9.50CE+01 +
- *
. *
. «
. ;
o
8.500E+01 + . _

+ + + B . : +
16 200 300 . 400 500 620

O e
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VII. FORTRANIV Computer Program "PSIDEL"

This program has been written to comvert ellipsoﬁétér”azimuth—
readings into relative phase A and amplitude parameter Y. Aecording to Table
| I, it determines the zone of measurement and provides two or fourQthe averages.

Variables Used in the Program

Name . Symbol ,’ Description

AM Am Azimuth reading of analyzer

™ ‘ﬁm. vAzimuth reading of polarizer

Q Q Azimuth reading of compensator

DELM ' A. ‘Relative phase change (deg)

PSIM U] Arctangent of relative amplitude attehuation
(deg)

N _ Quantity of zones, over which one averages

(4-zone measurement N = 4)
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" Input Format

‘ © Columns ,
Card . 1-10 11-20 21-30_

1 Title €Cup to 80 columns)
2 N
3 P A Q
4 P, A, Q
> Fa A, Q,

P
¢ 4 4 %,

These 5 cards constitute 1 set for a 4-zone measurement. In case
of a 2(l)-zone measurement, one set consists of only 4(3) cards. Two
blank cards must follow the last set of data. The pfogrém, toggther

with a sample output is repvoduced below.
. [

This program can be used as a subroutine in connection with
program "CMOC", ''0ZOM" or "LAYER" in order to avoid the tedious use of
the conversion table (Table I). Program "LAYER" was described by

Gu,} but can also be found in the Appendix;
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PSIDEL
PROGPAM PSINEL {INPUT,0UTPYT)
c THIS PROGRAM USES AZIMUTH READINGS
c THIS PROGRAM COMPUTES PSY AND DEL FRNOM ELLIPSOMETER READINGS A
c P FROM INE,TWO OR FOUR 20NES ' M)
- DIMEMSION TITLE (8) -
EQUIVALENCE (PM,P),(AM,A)
7000 CONTINUE
SEAD B8,TTTLE
8 FrRMAT (8£10)
19 : PRINT 9, TITLE
9 FNRMAT (1H1,B8A10)
16 . P1=0.0
17 £2:0.0
17 - P3=0.0
20 P4=9,0 :
20 A4=0,0
21 A2=0,0 :
21 42=0.0
22 A1=0.9
23 READ 64N
6 FORMAT (11)
30 IF (N) 11€,110,10
32 10 DN 99 J=1,N
34 1 READ 11,PM,AM,0Q
11 FORMAT (3F10.0)
46 * 7 PRINT 207.,PMsAM,0Q
60 DPM=pPM + 90,
62 AM=AM + 90,
64 Q=Q + 90.
65 " IF (P=180.0) 5,542
70 2 P=P-180.0
72 5 CONTINUE
72 IF (A~180.0) 4,4,3
75 2 A=A-180.0
77 4 CONTINUE
77 " 1IF (0-180.) 13,13,12
192 12 Q=0-180.
104 12 CANTINUE
104 IF (0-45.0) 105,20,39
107 20 IF (P-45.0) 21,21,22
112 21 1F (A-90.0) 63,63,83
115 22 IF (9-90.0) 22,23,24
120 23 [F (£-90.0) T4,74,54
123 24 1F (P-135.0) 25,25,26
126 25 IF (A-90.C) 81,81,61 :
131 26 1F (A=90.0) 52,52,72 B
134 39 IF (Q-135.C) 40,40,105
137 40 IF (P-45.0) 41,41,42
142 41 IF (A-90.0) 73,73,53
145 42 IF (P-90.0) 43,43,44
150 . 43 IF (A=9N.0) 64,6484
153 44 IF (P-135.0) 45,45,46
156 45 1F (A-90.0) 51,51,71
161 46 IF (A-90.0) 82,82,62
164 51 P12270.0-2.0%p
167 © A1=90.0-A

171 GO TN 99
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172 52 P2=2,0%P-270.0
175 A2=90.0-A
177 62 TO 99
209 52 P3=290,0-2.0%P
203 A3=4-90.0
205 G0 TN 99
205 54 P4=2,0%P-90.0
213 . "‘A4=A-90.0
212 GC ™1 99
215 A1=A-90,0
217 G TD 99
217 62 P2=450.,0~2.0%P
- 222 A2=A-90,0
224 GO 10 99
225 62 P23=2,0%P+90,0
239 A3=9).0-A
232 6N TN 99
232 64 P4=2TD.0-2.0%P !
235 A4=90.0-A
237 -GO TN 99
- 240 71 P1=450.,0-2.0%P
243 A1=8-90.0
245 G0 TN 99
246 T2 P2=2.0%P-90.0
25} - A2=A=90,0
253 6N T 99 _
253 73 03=27000‘200*p
256 A3=90.0-A
260 G TN 99
261 T4 P4=2,0%P+90.C
264 A4=90.0-A
266 G0 TN 99
266 81 P1=2,0%P+9C.0
271 A1=9),0-4A
273 GO 1O 99
273 82 P2=630.0-2.0%P
276 A2=9(G.0-A
300 GN Tn 99
301 82 P3=2,0%P+271.0
304 A3A=A-90,0
336 67 10 99
307 84 P4=450,0-2,0%P
312 84=4-90.0 -
314 GO TO 99
315 105 PRINT 208,0
208 FORMAT (1HQ,4HQ = ,F5.2 //11HNO SOLUTION)
323 99 CCNTINUE . i
326 100 DELM=(PL+P2 +P3+P4) /4.0
233 PSIM=(AY+A2+22+A4) /4.0
337 IF (NJEDLY) GO TN 102
342 IF (N.EQ.2) GN TN 102
343 IF (N.EQs4) 6D TP 104
345 102 DELM=DFELM*%4,.0
347 PSIM=PSIM%4,D
359 Gh TN 104
350 122 NDELM=DELM%2,0

352 PSIM=PSIM%2,0



353
367
403

413
414
415
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104 PRINT 2044P1,°2,P3,P4
PRINT 205,A1,42,A3,84
PRINT 206 ,DELM,PSTM :
204 FORMAT (1HO,5HP1 = yF10.5410X,5HP2
25HP4 = ,F10.5)
205 FORMAT (1HO,SHAL = ,F10.5,10X,5HA2
25HA4 = ,F10.5//) .
206 FORMAT (1HO,7THDELM = 4F1C.5410Xs7THPSIM = 4F10.5)
207 FCRMAT (1HO,SHPM = ,F10.5,10Xs5HAM = 4F10.5,10X,4H0 = 4F6.2)
. 60 TO 7000
110 CONTINUE
END

+F10.5¢10XeS5HP3 = ,F10.5,.

+F1l0+5¢10X95HA3 = 4F10.5,




MGF2

L

PM

PM

PM

L}

PM

Pl =

Al =

DELM

LS

mree
¥

ON CR  (3.48)
69.92700
159.71890
18.375C0
108.706C0
52.25000
37.52900

= €1.22200

AM
AM
AM
A

P2

A RS T Y
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sax PSTDEL #eks

140.7190C

36.81200

142.47100
= 38.42409
= 49,8540

= 39,28199

PSIM = 38.01150

135.00

1 135.00

Q
0
Q
0 = 45.00
P3 = . 52.58800
A3 = 38.42400

P4

A4
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|
' VITI. FORTRAN IV Computer Program "LAYER"

The program "LAYER" finds the thickness and complex fefractive index
of a single, absorbing film on an absorbing substrate . It does so by
systematically combining all prescribed values of film thickness L and
refractive index n; - ikf and calculating the A and ¥ for each com-
bination. Whenever a particular-combination of L, nf”and kf yields
agreement with the experimentally determined quantities A and Y within
a specified e?ror EA and ew, this combination appears in the output as
a solution.

Input Format for Program "LAYER"

Card Col, 1 Col. 10 Col. 20 Col. 30 Col. 40 Col. 50
; Title and comments (up to 80 columns each)
3 n : A n ko
o o “m m
4 Mey Sng Pem key Skg Kem
(initial) (increment) . (final) (initial) (increment) (final)
s L, 8L L_
(initial) (increment) (final)
6 ¢ ¥ A € - e,

) These six cards constitute a set. ,Any number of sefs may follow.
Three blank cards.must follow the last set of data. Cards 1 and 2 of each
set may contain any comments (or none at éll) as desired.r Their contents
appear printed verbatim in the head of the output.

This program can be used té calcuiate ﬁheoretical values of A and
¥, with changes in»film thiékness or. with different film constants, by

punching numbers greater than (or equal to) 90 for €p and a number

*Based on an earlier FORTRAN IT program "FILM".14
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greater than (or equal to) 360 for €. Entries for ¥ and A can be
blank or any values such as 0.0.
The program, together with a sample of output, is reproduced on

the following pages.




LAYE®

110
111
113
115
117
122
145
147
151
153
156
201
233
264

323.

361
317
436

505
511
520
522
524
521
536
554
576
577

[aBeXel
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PROGPAM LAYFE (INPUT,QUTPUT)

THIS PRNAGPAM IS IMDEPENNDENT NF ANMGLE READINGS ) .

THIS PRNAEBM CALCULATES THE THICKNESS AND COMPLEX PEFRACTIVE

INDEX OF A SINMGLE ABSORBING FILM ON AN ARSORBIMG S1IBSTPATE

COMPLEX TN2, TN3, CPHI2, CPHI3, R1S, R1P, R2S, R2P, D, RS, RP, RHI

DIMEMSION TITLE (8), PANGE (8)

RFEAD.2, TITLE,RAMGFE 4

FORMAT (8A10/8A10) , .

PRINT 4, TITLE,RANGE - :

FORMAT (1K1, 8A10//8A10)

OEAC 9, TN1,WL TNS,TNKS

IF (TN1) 3°2C, 370C, 6

READ 104 TNTGDTN,TNM,TNKT ,DTNK,TNKM

REAC 11, TT.DT,TH

PEAD 12y, PHI14PSIM,DELM,EPSIM,FEDELM

FrRMAT (F9.0, 3F10.0)

10 FAPRMAT (F9.2, 5F10.C)

11 FORMAT (F9.0, 2F10.0)

12 _FPPMAT (F9.3, 4F10.0)

13 FOPMAT (1HO, /6HPHT = (F5.2410Xe4HN = 4F7.4, 10X, 13HWAVELENGTH = ,
€ F5.7, 11H ANGSTRNPMS//32H REFRACTIVE TNDEX NF SUBSTRATE = 4 FT.4,
C 2Xy 4H- T, F7.4)

14 FPARMAT (1HO, ?THREFRACTIVE TNDEX OF FILM = , FT.4, 2X,
C 4H- 1, FT7.47//18H FILM THICKNESS v F7e2, 10H ANGSTRNMS,
C //8H PSIC = 4, F10.5, 10X, THDELC ¢ F10.5,
C //84 PSIM = , F10.5, 19X, THDELM s F10.5) .

15 FNRMAT (1HO, 7HPSIM = , F10.5,10Xy, THDELM = , F10.5//32H NN SOLUT "
CIOCN WITHIN GIVEN LIMITS)

D W N

O ® N

Moo= 1

PHI = $.C1T745329252%PHI L
cCP = CNS{PHIL)

SP = SIM(PHT)

TN3 = CMPLXITNS,—-TNKS)
CPHI2 = CSQRT (] .0 - TM1*«2xSPk*2/(TNA**2})

TN = TNJ]
20 TNK = TNKT
30T =71

100 TM2 = CMPLX(TN,-TNK)
CPHI2 = CSQRT{1.0 - TN1**2%xS5p#k2/(TN2%%2))
R1S = (TNI*CP — TN2%CPHI2)/{TN1*CP + TN2%CPHI2)
RIP =—(TNL1*CPHI2 - TN2*CP)}/{TN1IXCPHIZ2 + TN2*CP)
R2S = (TM2¥CPHI2 - TN3*CPHI3)/(TN2*CPHI2 + TN3*CPHI3)
R2P =—(TN2*CPHI3 ~ TNA*CPHI2)/(TN2*CPHI3 + TN3*(CPHI2)
D = (Ul 0)eN)*({4.0%3,1415927*T/WL)*TN2*CPHI2
RS= (R1S + R2S*CEXP(-D))/ (1.0 + RE1S*R2S*CEXP{-D})
RP = (RIP + P2P*CEXP{-D)I/ (1.0 ¢ RLP4R2PXCEXP(=D))
RHO = RP/RS
PSIC ATAN{CABS(PHO))}/0.01745329252
DELC = ATAN2(ATMAG(RHN), PEAL(RHO))/Q.01745329252

IF (DELC) 140,14Cy150
14C DELC = DELC + 360.0C
150 IF (FPSIM — ABS{PSIC - PSIM)) 400, 222, 200
230 TF (EDELM - ARS(DELC - DELM)) 400, 200, 200
37C PFINT 13, PHI1,TN1,WL,TNS, TNKS :

PRIMT 144 TN TNK,ToPSIC,DELC,PSIM,DFL Y

M = 2
400 IF(TM -T) €00+,600,500




602

604

605 .

610
612
613
616
620

621

627
645
655
656
657

5acC

60C
79C

80¢C
930

1¢68¢

2900

3000

J 5 (ﬁj 7 4:.;“ H ;’:"‘
-5 7_
T =T + DT
G2 TO 100 : :
ITF{TINKM = TNK) 800,870,720

TNK = THK + DTNK

G 11 30

IF{TNM - TN) 1000,1000,900
TN = TN + DTN

GC TN 20

GO TO {205Cy 1) M

PRINT 13, PHI1,TN1,WL,yTNS,TNKS
PRINT 154 PSTM,DFLM :
GO T 1

CONTINMUE

END
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Sample output, program LAYER

cu29 NN cu *x%x LAYER R

TABLE Q9 - 92 A

'HI = 75.00 N Moo= 1.0000 WAVELENGTH = 5461 ANGSTRAWS | ~
REFPACTIVE INDEX OF SURSTRATE =  ,9300 -~ 1 2.39)0 | :
REFRACTTVE INDEX NF FILM = 2.759% - [ ,1950 -
FILM THICKMESS = 0.00 ANGSTRAMS

PSIC =  25.70128 NELEC = 2.80712

PSIM =  =0.0C000 DELM =  -0.030C0
PHI = 75.00 M= 1,0000 WAVELENGTH = 5461 ANGSTROMS

REFRACTIVE IMDEX 0OF SUBSTRATE =  ,9300 - 1 2.3930

REFRACTIVFE INDEX OF FILM = 2,7500 - I .1950

FILM THICKNESS = - 37,00 ANGSTROMS

PSIC =  36.3957 DELC = 65.76699

PSIM =  -0.0C000 DELM = -0.73999
PHI = 75.00 | M = 1.0000 WAVELENGTH = 5461 ANGSTOMS

_REFRACTIVE xNoexer SURSTRATE =  .9300 - T 2,3900

PEFRACTIVE INDEX OF FILM = 2.7500 - [ ,1959

FILM THICKNESS =  60.20 ANGSTeNws |

PSIC =  35.8839¢ DELC = 59.31852

PSTM = =3.0€N20 ' NDELM = -0,00000
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~ IX. FORTRAN IV Computer Program ppLoT"t

The program "FPLOT" (Film Plot) calculates theoretical quantities
of Y and A with changes in film thickness. Depending on the code number
M, results are tabulated (as program LAYER) or given as curves or both.

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

below:
Card  Col. 1 Col. 10 Col. 20  Col. 30 = Col. 40 Col. 50
v : ‘ |
;} Title and comments (up to 80 colﬁmns)
3 n x - n k
o o m m .
4 ey Sng %fm keg Sleg kem
(initial) (increment) (final) . (initial) (increment)
5 Li ' 8L Lm (1imited to 200 points)

6 ¢ M
These six cards constitute a set. Any number of sets may follow.
In each set, the values of the optical constants of the, film may be
varied in increments if one desired. Three blénk cards must follow

the last set of cards.

M is the code number. The integer used for M determines how the

results will be presented.
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Format of Results

flg

0  Results will be tabulated and given
as three curves

a) Y vs A curve with thickness as
parameter

b) ¥ vs film thickness
¢) A vs film thickness

1 Results will be tabulated only
: the Y vs A curve is plotted

2 Results will be tabulated and two -
curves will be plotted

a) ¥ vs film thickness
b) A vs film thickness

3 Results will be given only as three
curves

a) Yvs A
b) ¥ vs film thickness
¢) A vs film thickness

v4 Output has only the ¥ vs A curvé '
5 Two curves will be given
a) ¥ vs film thickness
b) A vs film thickness
The maximum number of data‘points for L (thicknéss) is 200. If
the ¥ vs thickness and A vs thickness curves are to be plotted, the
maximum numberlis reduced to 101. The program "LAYER" éhouid be ;sed
instead, if only tabulated results are wanted.
This program "FPLOT" has to utilize the subroutineé "PRNPLT" and
"PLSCAL" written by M. S..ItszWitz to do the plotting of the curves.

These two subroutines are library subroutines and they are stoted in

" the computer (control data 7600 system). B |
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A reproduction of the main program and the two éubroutines is given

on the following pages. A sample of the eutput curves is also- given.




CEPLOT

105
127
111

-

113
17

374
423
472
502
€06

515

YO

~-B2-

POAGRAM FPLAT (INPUT,OUTPUT)
THIS PROAGREVM IS TNNFPENDENT NF AMGLE READINGS ,
THIS PRNGRAM CALCULATES DELC AND PSIC FRNOM FILM THICKNESS
IT ALSN PLNTS PSIC VERSUS DELC CURVE WITH FILM THICKNFSS AS PARAMETEFR
AND PSIC VFRSUS FILM THICKNESS, DFELC VERSUS FILM THICKNESS,
FOMDLEX TN2. TN3, CPHI2, CPHI3, R1S, R1P, R2S, R2P, D, RS, RP, RHD
NDIMENSION TITLE (8), PANGE (B) - -
DIMENS IIN XPLOT(200), YPLOT(200), ZPLNT(200) : ~
READ 2, TITLF,RANGE ‘ n
FORMAT (8A1D/8A10) o .
PPINT 4, TITLE,RANGE
FORMAT (1M1, B8A10//8A10) :
READ 9, TN1,WL,TNS,TNKS , .
IF (TN1)- 2000, 3NCN, 6 ‘ ' :
"READ 10, TNI (DTN, TNM, TNKI ;DTNK,TNKM
"PEAD 11. TI,DT,TM
IF (TINELC.C) TO=TM-T]
READ 12, PKI1,M
FORMAT (F9.M, 3F10.0)
FORMAT (F9.0, 5F10.0)
FORMAT (F9.3, 2F10.0)
FrRYAT (F9.7, 11 ) ‘
FOBMAT (1HN, /6HPHT = 4 F5.2,10Xy4HN = +FT7.4, 10Xy 1ZHWAVELENGTH = |
€ F5.2, 11H BANGSTPOMS//33H REFRACTIVE INDEX 0OF SUBSTRATE = , F7.4,
C 2Xe 4H- Ty FT.4)
14 FCOMAT (1HO, ?THRFFRACTIVE INDEX OF FILM = 4, FT.4y 2Xs
C 4H~ T, F7.4//18H FILM THICKNESS = 4 F8.2, 10H ANGSTROMS,
C //8H PSIC = , F1C.5, 10X, THDELC = , F10.5)
15 FORMAT "{1H1)
16 FPPMAT (22HPSIC VERSIS DELC CURVE)
17 FrRMAT ([&HPHI = +F5.2,10Xs4HN = (FT.4, 10Xv13HWAVELENbTH =
C FELLL4H A oSXe13HNM = IKM = ,FT7.492Xe4H- [4F7.4)
18 FOPMAT (123HNF = [IKF = oFT.4492X24H~ 1+F7.4)
19 FPRUAT {26HDELC VERSUS FILM THICKNESS)
21 FORMAT (26HPSIC VERSUS FILM THICKNESS)
PHI = 0.01745329252%PHI1
P = CNS(PHT)
SP = SIN(PHI)
TM2 = CMPLX(TNS,~-TNKS)
CPHIZ2 = CSQOT(1.7 - TNI**Z*SP**Z/(YN’**ZDD

~ > [S BRIV N

et ikt bk
DINY =D 0D

2C TAK = TNKY
3¢ T = T
NPOINT = )
130 TM2 = CMPLX{TN,-TNK)
CPHIZ = CSORTY(1,9 ~ TN1#=%2%SPk%k2/(TN2*%2))

R1S = {TN1%CP - TN2*CPHI2)/[TN1*CP + TN2*CPHI2) .
R1P =~ (TMIXCPHI2 — TN2%CP)/(TN1*CPHI2 + TN2*CP)
R2S = (TN2=CPHI2 — TM3I*(CPHI3)/({TN2%CPHIZ + TN3*(CPHI3)

R2P =—(TN2ACPHI3 — TN3*CPHI2)/(TN2*%CPHI3 ¢ TN2I*(CPHI2}

D = (Ce0s1eN)*(4,0%3,1415927%T/WLIXTN2XCPHI2

R8= (P1S + RP2SACEXP(-D))/(1.0 + RIS*R2S*CEXP{-D))

RF = (R1P + P2P*CEXP(-D))/(1.0 + RIP*QZP*CEXP(—D))

QHO = RD/FS

PSIC = ATAN(CABSIRHD))/N, 017453’9252

NDFLC = ATAN2(AIMAG(RHND), pEAL(RH"‘))/O 01745329252

TF (DELC) 140,140,150 ) ! -




517
521
525
542
561
562
564
574
575
607
600
602

727
741

746

157

760

771

175
1001
1017
1027
1036
1036
1047
1050
1961
1964
1066
1267
1072
1074
1075
1076

1077

140
156G
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NELC = DELC + 360.00
IF{M.,GT.2) G T1 30C
PRINT 13, PHI1,TNY,WLyTNS,TNKS"

"PRINT 144 TNoTNK,T4PSIC,DELC

XPLCT (NPOINT) = DELC
YPLOT(NPODINT) = PSIC
IF(M.EN.1.MRM.EQ.4) GO TN 400

TE(TILEQ.C.N) 6N TN 3500

3502¢C
400

500

690

IPLLCT{(NONINT) = T - TD

GC TN 420

IPLAT(NPAINT) = T

NPOINT = NPNINMNT + 1

IF(TM =T) £3C.63C,500C

T =T + DY

GN TN 110

NPOINT = NPOTMT - 1
TFIM.EQ.2.T2, M EN.5) GO TN 1500
POINT 15

 PEINMT 16

POINT 17, PHI1,TMYL, WL,y TNS, TNKS

L PRINT 18, TN,TNK

3390

2100
346G

1220C

1106
770

830
93¢

1enc
300C

PROGRAM LFMGTH

03667

CALL PRNPLT{XPLOT, YPLOT 3604950+ 90092.09CerCooNPOINT)
IF(M.FQ.1.0R .M, EQ.4) GO 7O 1100 v

Y PRINT 1S

PRINT 21 ’ '

PP INT 17, PHI1.TMY,WL, TNS,TNKS

PRINT 18, TN,TNK

1F(T1.EQ.C.D) GN YN 3100

PFINT 3300, TO

FrRMAT (SHADD JFB8.2,17HTO SCALE READINGS)

CALL pRNplT(ZPLOTOYDLDT’YD’IOOovgoO'Zo’OOOOOONPO[NT,
GO TN 34CC

cCaLL PRNPLT(ZanY'YPLPT TM'100.0900920000v°o0“PqINT)
PR INT 15

PRINT 19

PRINT 17, lel'TNIQHLOTNS’TNKQ

PRINT 18, TN,TNK

TF(TI.EQ.C.7) GN TN 3209

PRINT 330N, TD
CALL PRNMPLT{ZPLOTXPLOT,TDy100.+¢3604910.90490. NPOINT)

-~ 60 TD 1100

CALL PRNPI T(ZPLOT,,XPLOT, T“'100¢'360-0100900000ONPOINT)
IF{TMKM - TMK) 802,800,700

TNK = TNK + DTNK

G TN 30

JF(TNM = TN) 1007, ‘PGOyQOO

TN = TN + DTN
G0 10 20

Gr ™ 1
CONTIMUF

END ‘

INCLUDING 1/ BUFFERS
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PRNPLT ,
SUBPNUTINE PRNPLT (Xy Yy XMAX s XIMGR y YMAX, YINCR.I SXy ISY,NPTS)
C PRINTER PLAT RAUTINE .,  M.S.ITZKAWITZ MAY, 1967
c _
€ PLOTS THE #NPTS# PNINTS GIVEN BY #X(1),Y(I)# ON A 51 X 101 GRID
C  USING A TNTAL NF 56 LINES N THE PRINTER .
c TF #1SX# NR 27SY# ARE NAM-ZERQ, THE CNPRESPONDING MAXIMUM AND
. INCREMENTAL STEP SIZE ARE COMPUTED
a TF EITHFR TNCPEMENTAL STEP SIZE 1S 2ERO, THE PRNOGRAM EXITS
C NETTHER 0OF THE [IMPIIT ARRAYS ARE DFSTROYED. I[F SCALING IS DONE
c THE COPPESPOMDING MEW VALUES NF MAXIMUM AND STEP SIZE ARE RETURNED
c
DIMENSION X{MPTS),Y{NPTS), [GRED(105), XAXIS(11)
c
INTEGER BLANK,DNT,STAR,IGRID,PLUS _
DATA HLANK (DOT,STAS ,PLUS / TH 41He g 1H®,1H¢ 7
c : _
901  FORMAT(14X.10581)
992  FOPMAT(1XF10.3,2Xe1H#, 105A1 4 1H¢)
903 FORMAT(15X,103(1H.))
904  FNRMAT(TX.11(F10.0)0,2H (414,54 PTS) )
905  FNRMAT(16X,11(1H+,9X))
98300 FCRMAT(46HISCALING ERRNP IN PRNPLT, EXECUTION TERMINATED )
C .
IF(ISX.MELO) CALL PLSCAL{XyXMAX,XINCRyNPTS,100)
17 TF(TSY.NELO) CALL PLSCAL{Y,YMAX,YINCR,NPTS,5))
39 IF({XINC® .FQ.0..NR.YINCR.FQ.0.) GO TN 800
42 YAXMIN=0,01%YINCR
43 XAXMIN=0.01%XTNCR
44 T1ZERN=YMAX/YINCR+1,.5
47 JZERN=103,5-XMAX/XINCR
51 TF(JZERN.GTLIN3.NR.JZERN.LT .4) JZERN=2
63 PRINT 90S
67 PRINT 903
76 nn 10 1=1,51
103 ©IF { 1.MF.IZERO) GN TO 16
1% N 14 4=1,195 :
112 14 IGRID(J)=PLUS
113 GO T 15
117 16 Dr 11 J=1,105
125 11 1GRTD( J) =BLANK
132 15 1GP ID(JZFRC) =PLUS
133 TGRIN(126)=NNT
136 “IGRID{2)=DOT
137 DN 12 K=1,NPTS
140 ITEST =(YMAX=Y(K))/YINCR+1,S
144 TF{ITEST .NE.T) G0 TO 12
146 J=103.5-( XMAX=X(K) )} /XINCP.
152 IF(J.GT.202)J=105
156 CIF(J.LT.3) J=1
162 1GRID(J)=STAR o .
164 12 CONTINUE ' ' :
167 IF(MND(1,10).EQ.1) 6N TN 13
174 PEINT 971,1GR1D
201 G0 TO 10 .
205 13 YAXIS=YMAX-(T-1)%YINCR
211 IF(ABS{YAXIS).LT.YAXMIN) YAXIS=0.

- 216 PRINT 992,YAXIS,(IGRID{4)+J=1,105)




232
234
240
247
254
257
266
270
300

201

305
306

12

20

819
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CONTIMUE

PRIMT 9013

PRINT 905§

DO 20 M=1,11

XAXIS(M)= X"AX—XINCP*(FLWAT(II-M))*10 2
TF(ABS(XAXIS(M)). LT.XAXM[N)XAXIS(M)‘O.
CONTIMNUF

PRINT 904, XAXYS MPTS

RETYURN
PRINT 98°C
CALL EXIT
END
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PLSCAL
SUBPAUTINE PLSCAL(V,VMAX,VINCRyNPTS,NDIVTS)
c
C SCALING PPDGRAM ENR USE WITH PPNPLT JITZKAWITZ  MAY,1967
€ THYS VERSINN ADJUSTS THE FULL SCALE TO 2. 5.-.3. NR 10. TIMES 10%#N
C AND ADJUSTS THE MAXTMUM PAINT TN AN INTEGER MULTIPLE NF S*VINCP
C
DIMENSION VINPTS)
'
VMIN=V{1)
10 VMAX=V(1)
11 DO 12 I=1,NPTS
12 TF(VII) LY. VMIN) VMIN=V(])
16 TF(VIT).GT.VMAX) VMAX=V(])
23 ORANGF=VMAX-VMIN
25 19 CONTTMUE !
27 IF(QRANGE.ED.Q.) GO TO 8900
2) . QRANGF=0.4242944*A1 0G( QRANGE)
a2 T IF(QPANGE)29,20,30
37 30 T2 ANGE=QR ANGF
41 60 TN 40 |
42 20 IPAMGF——onaurs -
43 1RANGE=—1F ANGE~-1
46 40 QRANGE=0RANGE-FLOAT { IRANGE)
59 RANGE=10.%*QR ANGE
C
C  RANGF 1S BETWEEM 1.C AND 1.0
c : _
53 43 1F(RANGE.GT.2.5) GN TO 4!
57 PANGE=2.5
57 GO TD 50
60 4l IF(RANGE.GT.5.0) G0 TO 42
64 RANGE=5.0
b4 60 TO 50
65 42 RANGE=1D.0
67 50 TRANGE=RANGE®{10.**[RANGE) _
C N .
o TPANGE IS NOW 2.5,5.0, NR 10.0 TIMES A POWER OF TEN
c
73 VINCR=TRANGE/FLOATINDIVIS)
75 IF(VMAX)51+51,52
71 52 IMAX=VMAX/ {5.0%VINCR)
101 XMAX=5.0%VINCRAFLDAT( IMAX+1)
104 6N TO 53
105 51 IMAX=-VMAX/(5,0%VINCR)
110 XMAX=5 0% VINCR®FLNAT (- IMAX+1)
113 53 IF{VMIN.GT.XMAX~TRANGFE) GO TN 100
120 © ANGE =RANGE*2,.9
121 IF(RAMGFE~10.) 43,42,54
124 54 ® ANGE=RANGE/10.
126 IRANGF=TRANGE+1
127 GC T 43 _ . ' .
130 100 VMAX=XMAX , : _ :
131 VMIN=XMAX-TRAMGE B
133 RETURN

134 800 P%INT 9860
. Q800 FORMAT (4SHIPLSCAL CALLED TN SCALE . ARRAY WITH ZERO RANGE)
143 CALL EXTT

byy Eor
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PSIC VERSIS FILM THICKNESS ' _
PHI = 75.00 N = 1.0700 WAVELENGTH = 5461 A NM - IKM =
NE - IKF = 2.,750¢ - 1 .1950 o ,
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DELC VEPSUS FILM THICKNESS
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NF - IKF = 2,750 - I .1950 .
+ + + + + . f +
2,600F+52 + . * o ® A
' . P ek
. * ’ . *® .
. * & &
: * *
. *
. *
. * *
2.60CE+02 + *
. *
. *
. *
. ¥
1.600E+02 ¢+ .
. *
. -
. * *
. N
. * *
.
£.)00E+C]1 + . * * *
. * . ok
. * * *
. x * * x . kR ¥
. #* * * * T
* * % * K& | % *

#.f000+f+000000++¢+++§ff090#f++*§+f¢f+0’#0f#&f+f+f0#00#0##0&#*0§#+f+00*

=4, 00NENY +

-1.400FE402 +

® & 4 0 & 5 8 0 ¢ 0 0 o 0 o

~
D e

LR ] .’. L] ’ R ‘..I-;.. - ..’ l.' L d .
1¢cco 2090 3000 4000 5000 . 6020 7C




I

¥

£ -

P
.,
&
“w
e
LV
.
-
D
wnE

—69-

' ACKNOWLEDGEMENT
The author is grateful to R. H. Mullér for his advice and stimulating

discussions. I wish to thank the Deutsche Forschﬁngsgemeinschaft for -

its financial support.

This work was done under the auspices of the U. S. Atomic Energy

Commission.



~70-

‘REFERENCES

1. H, Gu, Ellipsaﬁe;ry of Shrface Layers (M. S. Thesis) LBL-165 (1971). o

2. W. Koenig, in Handbuth der Physik, H. Geiger and K. Scheel, eds.

10.
11.

12.

13.

14.

(Springer, Berlin, 1928) Vol. XX, p. 141, p. 240.

E. E. Bell, in Encyclopedia of Physics, S. Fluegge and L. Genzel, eds.,

(Springer-Verlag, 1967) Vol. XXV/2a, p. 1.

R. H. Muller, in Advances in Electrochemistry'and'Electrochemical

Engineefing (Wiley Interscience, to be published) Vol. 9L‘p. 167-226.
R, W. Ditchburn,‘Light (Interscience Publ., 1964) Vol. II, p. 590.

R. H. W. Graves, J. Opt; Soc. Am. 59, 1225 (1969) .

M. Born and E. Wolf, Principles of Optics (MacMillian Co., New York,
1964) 2nd Ed., Ch. I, XIII.

F. L. McCrackin, A. Fortran Program for Analysis of Ellipsometer

Measurements, U. S, Dept. of Commerce, NBS, Technical Note

No. 479, 1969. | _ |

D. A. Holmes and D, L. Feucﬁt, J. Opt. Soc. Am.‘él, 466 (1967).
P; Dfude, Ann. Physik u. Chemie, N. F., 36, 865 (1889).

A. Vasifek, J. Opt. Soc. Am. 37, 145 (1947). |

R. H. Muller, Surf. Sci. 16, 14 (1969).

| . : ‘
J. R. Mowat and R. H. Muller, Reflection of Polarizer_Light from -
Absorbing Media, UCRL-11813 (Aug. 1966). | |

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

Film-Covered Surfaces, UCRL-17128 (Feb. 1967).




~
»

Table I. Derivation of Y and A from ellipsometer azimuths,

Range of Polarizer Compensator Range of Analjzer

Transmission Fast Axis Transmission
Zone Azimuth p Azimuth q - Azimuth a /. A
A-1 0-45 45 -96=180 180-a 90~-2p
A-2 45~90 135 90~180 180-a 2p~90
A-3 90-135 45 0-90" a 270-2p
A-4 135~180 135 0-90 a 2p-270
B-1 0~-45 135 0-90 a 90+2p
B-2 45-90 45 0-90 a 270-2p
B-3 90-135 135 90-180 180-a 2p-90
B-4 135-180 45 90-180 l80—a 450-2p
c-1 0-45 45 0-90 .a 270-2p
c-2 45-90 135 0-90 a 90+2p
c-3 90-135 45 90-180 180-a 450-2p
C-4 135-180 135 90-180 180-a  2p-90
D~-1 0-45 135 90-180 180-a 270-2p -
D-2. 45-90 45 90-180 180-a 450-2p
D-3 90-135 135 0~90 a 90+2p
D-4 - 135-180 45 0-90 a 630-2p

=TL-
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Table II. Fortran functions.used in the programs.,

Name Evaluates = = | Converts . .
CSQRT (C) /E; complex to complex
CEXP (C) ;c , , complex to complex
CABS (C) |C| _ ’ complex to real
ATMAG (C) finds the imaginary part compléx to real

of C ' C
REAL (C) | f£inds the real part of C complex to real
coX (X) cosX | - real to real
SIN (X) sinX : real to real
ATAN (X) tan—lx : | real to real
ATAN2 CX,&) tannleyy) _ real to real
ABS (X) |X|' | real‘to real

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

I1f C is complex, A, B, X, Y are real,




LEGAL NOTICE

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