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COMPUTER PROGRAMS FOR ELLIPSOMETRY . 

H. Jorg Mathieu 

Inorganic Materials Research Division, Lawrence.Berkeley Laboratory 
and Department of Chemical Engineering; University of California 

Berkeley, California 94720 

ABSTRACT 

This report -gives a collection of computer programs in FORTRAN IV 

language which are used in ellipsometry. Two programs (programs CMER 

and CMOC) can be used to determine optical parameters of bare surfaces. 

The correction of the deviation of the compensator from ideal retardation 

and transmission has been incorporated in the computation of optical 

constants of bare surfaces derived from measurements in one .zone 

(program OZOM). Two other pitlograms permit the uEC:e of ellipsometer 
~ -. . 

azimuth readings as input and output variables to determine the refractive 

index and film thickness of a film-covered surface (programs FILM and 

A3PLOT). This is of advantage in case of comparison ?f calculated ~d 

measured polarizer- and analyzer-readings which are recorded from an 

automatic ellipsometer. Another program converts ellipsometer azimuth 

readings into relative phase and amplitude parameter (!J., 1jJ) (program 

PSIDEL). 
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I. Introduction 

In ellipsometry, the change of the state of polarization due to 

reflection is measured and interpreted in terms of properties of the 

reflecting surface. This technique is capable of examining surfaces in 

any optically transparent environment. The reflection of light from 

2-4 surfaces and thin films has been discussed by various authors. 

Two parameters are measured in ellipsometry: the change in relative 

amplitude (W) and relative phase (~) of two orthogonal quantities of 

light due to reflection. From these two measured quantities two 

parameters of the reflecting 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 optical constants of the substrate are known. Sometimes it is 

possible to determine more than two unknowns, i.e., thickness and 

complex refractive index of an absorbing film, if sufficiently narrow 

limits can be given for the unknowns. 

10 11 The exact-classical equations cannot be solved explicitly and 

are too tedious for normal calculations in all but a few cases. The 

availability of high-speed computers therefore -is an important factor 

' in ellipsometry. Such programs given below can be used With ellipsometers 

either manually 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 andA3PLOT) allow to compare calculated with measured 
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azimuth readings of the ellipsometer of film covered surfaces. For the 

application of an automatic ellispometer, which records the azimuth 

readings of analyzer and polarizer, it is very convenient to compare 

calculated and measured azimuth readings. In the case of manual 

operation, program SPIDEL can be used to convert ellispometer azimuth 

readings into relative phase and amplitude parameters (~, ~) 
' 

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

I: 

.. 

) I 
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II. F6RT~ IV Camputer Program 11CMER" 

* This program computes the ellipsometeric parameters !J. and 1/J from 

given values of the complex refractive index nc of bare surfaces using 

** 3 4 the complex formalism. Application of the electromagnetic theory ' 

shows that the Fresnel equations can be adopted to· describe reflection 

from absorbing media by introduction of a complex refractive index 

n = n .... ik c 

n : c 

(1) 

n is defined here to be a material const~nt, independent of angle of c 
5<6 

incidence,·' Application o£ Snell's law 

n sin~= n sin~' 
0 c c (2) 

results in a complex angle of refraction ~·, which provides a valid 
c 

formalism, but no recognisable physical meaning.(n re~l refractive 
0 . 

index of incident medium, ~.angle of incidence). 7 The Fresnel equations 

relate the amplitude of reflection coefficients to the angles of 

incidence and refraction. 

r 
p 

r 
s 

tan(~ - ~') 
. . c.· = ---:~--=-=-'-

tan(~+ ~') c 

= -
sin(~ - ~p 

sin(~+ ~') 
c 

(3) 

(4) 

* ·Derivation of !J. and 1/J from ellipsometer azimuth of analyzer, polarizer 
and quarter-wave plate can be found in Table I. 
*~ . . . 1 I ·2 

A previous program ''MER" ,which avoided the complex formalizm and was 
based on earlier work,l3 leads to the same results. 
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Using trigonometric formulas, one gets 

where sin<P' c 

cos(<l> + <I>') = cos <I> cos<P' - sin <I> sin<P' 
c c c 

cos(<l> - <I>.') = cos<P cos<P' + sin <I> sin<P' 
c. c c 

sin(<l> + <I>') = sin <I> cos<P··' + cos <I> sin<l>' 
c c c 

sin(<l> - <I>') c = sin<P cos<P' c - cos<P sin<P' c 

and cos<P' are given by applying Eq. (2) 
c 

sin<P·' = c (n 
0 

cos<l>~ = ~ 1 

sin<l>)/n c 

. 2 
sin<P' . c 

2 
n 

c 
2 • 2tf.. 

n s1n "' 
0 

.~2 
n c 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

The Fresnel coefficients represent the ratio of reflected to incident 

electric field amplitude and are different for s and P components 4 

-~ 
i (e:." - e: ) E" 

r e p p =-E... 
p E p 

(11) 

- 1::1 
i(e:" - e: ) E" . s s s r e =-

s E 
s 

(12) 

with the modulus representing the amplitude attenuation 

(13) 

(14) 

and the argument representing the (absolute) change in phase due to. 

reflection 

.. 
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0 = e:" ... e: (15) p p p 

0 = e:" .. e: (16) 
s s s 

Thus, the complex Fresnel reflection coefficients can also be expressed 

as 

The ellipsometer determines the ratio P of the (complex) reflection 

coefficients for p and s components 

r r.t i(o - 0 ) 
p=.....E.= e p s 

r r 
s s 

which is often given in a silllplified form as 

itt p = tanlji e · 

Comparison with Eq. (19) leads to the definitions 

Ll tanlji = -rsT 
A= o ... a 

p s 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

The absolute change in phase due to reflection :then\d.JS expressed by 

0 = 
-1 Im(rE) 

p tan Re(r ) 
p 

1 Im(r ) 
0 tan - s = s Re(r ) 

s 

The ellipsometric parameters ~ and ljJ can be computed from Eq. (19) 

to give 

A = t -1 Im(p) 
u an Re(p) 

(23) 

(24) 

(25) 

(26) 



Name Symbol 

TNO n 
0 

TNC n =n-ik c 

PHID <j>{deg) 

PHI <j>(rad) 

DELD Ll{deg) 

PSID l/l(deg) 

RHO p 

RHO REAL Re(P) 

RHO D1AG Im(p) 

RPG r 
p 

RSC r 
s 

RP lr I p 

RS Irs I 
DELPD o 

p 

DELSD 0 
s 

ABSRHO IPI 
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Variables Employed in CMER Program 

Description 

Refractive index of transparent intident medium 

Complex refractive index of metal 

Angle of incidence 

Angle of incidence 

Rel. phase change o - o 
p s 

-1 tan of rel. amplitude attenuation 

Ratio of reflexion coefficients of p- and 
s-component: r /r 

p s 

Real part of P 

Imaginary part of P 

Reflection coeff. of p-component (complex) 

Reflection coeff. of s-component (complex) 

Modulus of r 
p 

Modulus or r 
s 

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

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

Modulus of ,p 

•· 

... 
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I 

I 
Input Data for the Program "CMER'f 

1
The input data are punched on cards as illustrated below: 

Card Col. 1-10 Col. 11-20 

1 TITLE (Col. 1-80) 

2 <f>(deg) n 
0 

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. 



C~ER 

10 

20 

26 

34 
37 

37 

51 
5?. 
54 
56 
6;) 
72 

111 
123 
135 
147 

162 
2(15 
21.5 

c 
r 
c 
r: 

r.. 

c 

c 

c 

c 
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PROGRAM C~FR Ct~Pl.JT,f1UTPIJT) 

THIS PR"GRA~ IS [~DEPENDENT OF ANGLE ~EADINGS 
TI-llS PROGRA~ Cf1A.1P.t.ITFS THE PAPAMETERS FOP METALLIC 
PEFLFCTtrN FPf"M VALUES ~F TMC,TNQ AND PHIO USING cnMPlEX NUMRER 

Cf"MPLFX PHI1,TNC,S2,S3,S4,C2,C3,C4,RPC,osc 

UI~E~SinN TITLE (8) 
5 PFAO 76,TITLf 
1 READ lO,PHIO,TNn 

10 F~PMAT 12Fl~.O) 

76 FORMAT (8A1QI 
PPINT 77,TITLE 

17 FCRMAT 11HQ,8A101 
2 READ ?O,TNC 

20 Ff"R~AT 12~10.01 
IF ( ftltC) H, J 2, 4 

4 C\1NTJNUF 

3 n~JNT 30,PHIQ,T~C,TNO 

3C FORMAT (lHCo7HPHlD = ,Fl0.7,/, 6HTNC = .~1J.7,F10.7,/,6HTNO 
1F10.7,/) 
2,8X,2HRP,lOX,5HOFLP0,7X,2HRS,lOX,SHDELSDI 

ALPHh=O.Ol7453297.52 
PHt=PHIO*nPHh 
S l = SIN I PH I ) 
Cl = rns CPHt) 
52 = (TNO*Sl)/TNC 
C2 CSORT 11- S2*S21 
C3 = 1Cl*f21+1S1*S21 
C4 = 1Cl*C21-I~l*S21 
S3=Sl*C2-Cl*S2 
S4=Sl*C2+C1*S2 

RPC=IS3*C41/IC3*S4) 
P SC=-S3/S4 
RHO=PPC/PSC 

224 ARSPHP=CAPS(RHO) 
226 P~IO=ATAN(A6SPH0)/ALPHA 

231. OELD=tTAN?l•tuAGCPHOI,REALCRHOII/ALPHA 
240 RP=CABS(PPCI 
242 RS=CABSCRSCI 
244 DELPD=ATAN2lA!~AG(PPC),PFALlRPCII/ALPHA 
25~ DElSU=A•AN21AIMAtC~SC),PEALCRSCII/AlPHA 
262 TF IDELPD.LT.O.OI nELPO = OELPO + 360 
266 IF CJELSD.LT.O.OI DELSU=OELSO + 360. 
271 IF COELD.t T.O.OI OELD=DElfl + 360. 

c 
274 PRINT 8Q,PHO,ABS~Hn,pp,RS,~ELPO,OELSD,P~IO,OELD 

81:' Fr)QMAT 11Ht",6HqHCI = ,2Fl:J.5,/,9fiARSPWJ = ,FJ~.5, 
C/,5HP.P = ,Fl0.5,10X,5HRS = ,Fl0.5,/,8HDELPO = ,F10.5, 
flOX,8HDELSO • ,Fl0.5,/,7HPStO = ,FlQ.5,lJX,7HDEL0 1 = 
CFlO."i, II I 

320 GO rn 5 
321 12 cr~N T H!I.IF 
)22 END 
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Sample Output, Program CMER 

cu 

PHID = 75.0C~0000 
TNC = .9?)r]00-2.3900COC 
TNO = l.C~001C~ 

RHC = • 21.477 

9 :J ~; ,, 
·~:,·· .,,}, 
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WAVELENGTH = 546.1 ~~ 

A RS~HO = 
RP = 

• 72658 
• c~ 342 
242.4274:? 
36.00128 

p <; = • 940 61 
DEL PO = 
PS 10 = 

I 

PHID = 75.0000000 
TNC = .oazn0C0-3.6100~oo 
TNO = l.C~OOJCO 

-.03543 • 9784C 

DEL~O = 169.62131 
LJELO = 72. >30712 

RH!1 = 
ABSPH!J = 

p = 
"ELPD = 
PS!D = 

.97904 
.'H618 
264.15372 
44.39322 

P$ .!}9708 

AU 

PHID = 1~.0coorro 
H!C ., .3700100-2.35·::'JOOC 
T~O = l.CJCOJ00 

.83065 

DELSO = 172.0]960 
DfLD = 92.17412 

PH£" = 
ABSIHtl"l = 
RP :1! 

DELPD = 
PSI? = 

.29254 
.8'3066 

.85737 
239.15379 
41.?69C7 

: RS = • <)73 55 

Al 

PHJD = 1~.ococooo 
TNC = .8100100-5.47~0000 
TNO = t.O~OOJGO 

.79721 

DEL SO 
!)ELD = 

= 168.55504 
70.59876 

PHO = 
ABSPHO = 
op = 

-.36791 
.87801 

• 866~ 8 
2s:J9. 54345 

PS = .9869!} 
DELPD =. DELSO = 174.77~36 



PSIO ,. 

CP. 

PI·H 0 
TNC :: 
TNfl = 

41.28?..31 

= 75.oc.JC<'bo 
2.9600000-3.45000[0 
1.nooooco 

-.14320 .46518 
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OELO = 114.77~09 

RHO = 
A.BSRHn = 
RP = 
DFLPO = 
PSIO = 

.48672 
.452Q8 p c; = • 93069 

NT 

282 .082')6 
25.95302 

PHIO = 75.CC0~000 
TNC = 1.40001C0-2.5200000 
TNO = 1.00COJOO 

.13240 .61114 

DELSO = 174.97189 
DFLD = 107.11018 

PHO = 
M~SPH(l = 
RP = 
OF.LPO = 
'SID = 

.62532 
• '>78U 
248.13 5213 
32.01860 

~·s = .9256~ 

PT 

PHIO = 75.0010000 
T~C = 2.13~G0000-4.42001CO 
TNO = 1.::V!00)C•') 

-.24625 .52789 

DFLSO = 171.07568 
DFLO = 77.77645 

RHO = 
Af\SRUO = 
PP = 
OflPO = 
PSIO = 

.58250 
• 55 314 
290.26584 
?G.220A4 

PS = .94960 

TA 

PHID = 1~.ocaocoo 

OEL~O = 17~.25765 
OELD = 115.0C819 

T~C - 3.S00COC0-2.40J0000 
TNO = 1 .0')COOC'·1 

RHn = 
ABSIHIO = 
RP = · 
OELPO = 
PSIO = 

-.~8503 
.~3240 

• 30C86 
28•).68405 
18.38686 

.32134 

PS = .90511 
OFLSO = 175.86241 

DELO = 104.82163 
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III. FORTRAN ·rv Computer Program ·.!.'omc" 
i i; 

This computer program (£omplex Metal Qptical Qonstants) calculates 

the optical constants from relative phase change, ~' and arctangent of 

relative amplitude attenuation, w, using the complex formalism~ This 

program just is the 'inversion of program "CMER". The ratio p of the 

(complex) reflection coefficients for p and s components can be determined 

from given values of ~ and W 

r ill 
p = ~ = tanw • e 

r 
s 

Application of Fresnel's equations, Eqs. (3) and (4) 

leads to 

sin(<P - <P ') c 
· tan(<P - <P') cos(<P - <P') 

~; = -~-:-· --:..::c~ = --,...,.---.,..;c~ 
p tan(<P + <P') sin(<P + <P') c . c 

sin(<P - <P') c 
r = - --~~~~ s sin(<P + <P ') c 

cos(<P+ <P') c p = - --~~~~ 
cos <<P - cp') c 

cos(<P + <P') c 

Use of Eqs. (5) through (8) give 

cos(<P + cJ>') + cos(<P - cf>') 
coset>' = -------~c~--~~----c~ 

c 2 coset>· 

and 

cos(cp - ~') - cos(cf> + cf>') , ·c c sincf>· = ----'-'='-::-~-:-------=:.-c 2 sincf> 

(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

*· 1 2 A previous program ''Moe" which avoided the complex formalism and was 
based on earlier work,l3 leads to the same results. 
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tan¢' • 1 + P · 1 
c 1 - P tan¢ 

tan¢' can be converted to sin¢' with c c 

tan¢' 
sincf>' = -;==-=c~=;;;. 

c "1 + tan 2cp ' c 

Then the (complex) refractive index is determined by 

n 
c 

n sin¢ 
= n - ik = ~0~~

sincf>' c 

; I: 
I 

(33) 

(34) 

(35) 



,. 

Name 

PHID 

PHI 

DELD 

DEL 

iSID 

PSI 

TNO 

TNC 

TN 

TK 

Symbol 

<j>(deg) 

<l>(rad} 

Ll(deg) 

Ll(rad) 

lJ!(deg) 

lJ!(rad} 

n 
0 

n c 

n 

k 
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Variables Used in Program uCMOC" 

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(n ) c 

Im{n ) 
c 
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Input Data for Program "CMOC'' 

The input data for the program CMOC are arranged on cards as 

illustrated below. 

Card CoL. :1-10 Col. 11-20 

1 TITLE (Col. 1-80) 

2 it- ~(deg) 
0 

3 1/J(deg) il(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. 

., 



CMOC 

c 
c 
c 
lc 

10 
·~ 

20 

26 
36 
40 I 

45 
46 
47 
50 
52 
55 
73 
75 
11 

123 
144 

c 
155 
156 
160 

177 
200 
201 

'' t; ' •.J 
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PROG~AM CMOC (JNPUT,OUTPUTI 

I 

THI~ PROGRAM IS INDEPENDENT Of ANGLE READINGS 
THIS PROGRAM COMPUTE5 N AND K fOR M~TALLIC REFLECTION 
FROM VALUES Of DELO,PSIO,PHID AND TNO USING COMPLEX NU8BFRS 

! I 
I 

COMPL~X RHO,T2,S2,TNCti 
OI·Mf.:NSI!lf\.1' TITLF. (81 

1 READ 76,TITLE 
~ E ~D 3, T~ 0, PH I 0 

3 FORMAT (lFlO.OI 
76 FORMAT (SAlOl 

PRINT H,TITLE 
77 fORMAT (1H0,8Al01 

READ 3,P$1D,OFLO 
IF (PSIDI 100,100,2 

2 PRHIT 4 
4 FORMAT (4HPHID,9X,3HTNU,dXt4HPSID,7X,4HDEL0,10X,2HTN,lOX,2HTKI 

ALPHA=O.Ol745329252 
PHI =PHI 0* ALPHA 
PSI=PSIO*ALPHA 
OH=D£-LD*ALPHA I 

I=CMPLX 10.0,1.01 
RHO=TAN(PSII*CEXP(l*DtLI 
S 1 =S I N ( Pfi I I 
Tl=TANIPHII 
T2=11.0 + RHOI/(11.0- RHOI*T11 
S2=T2/CSQRTil.O + T2*T21 
TNC= ( TNO* SU /52 

TN=REAUTNC I 
TK=A I MAGITNC I 
PRINT 6,PHIO,TNO,PSIO,DELD,TN,TK 

6 FORMAT (Fl0.7,5Fl2.71 
GO TO 1 , 

100 CONTINUE 
EN!1 



AL 
PHIO 
75.0000000 

*** CMOC 
TNO *** 
1.000000C 

-HI-

PSlD OELO 
41.2830000 114.7730000 

TN 
.8100655 

TK 
-5.4699769 
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IV. FORTRAN IV Computer 'Program "OZOM" 

This program ~ne Zone Measurement) calculates the optical constants 

from ellipsometer readings of one zone taking into consideration the 

error introduced by the quarter wave plate. 

The wave plate i.s characterized by the ratio, T , of the transmittance 
c 

along its fast axis to the transmittance along its slow axis and the 

phase retardation, 6 , along the axes giving p • c c 
. 8 

TPis claculation is based on the formulas given by McCrackin. 

All angles are measured positive counterclockwise from the plane 

of incidence. The compone~ts of the ellipsometer must be arranged in 

the order of light source, polarizer, quarter wave plate, reflecting 

surface, analyzer and light detector. 

The value of p is calculated from readings of the polarizer and c 

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 the polarizer (P 1 ,P 2) and of the analyzer (Al' A
2
), is 

necessary to compute the error of the quarter-wave plate.* Note that 

the one-zone-measurement has to be carried out with the same Q-value as 

the two-zone measurement. 
I , 

Let Pi' Ai(i =1,2) and Q be angles of two polarizer, analyzer and 

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

The qu~rter-wave plate is characterized by 
' 

* Table I defines different zones. 
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(36) 

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

transmittance along its slow axis: 

1 
T =~~====-==~==~ c /-tan(P

1 
- Q) tan(P

2 
... Q) 

and the phase retardation a along the axes c 

tantl = c 

2 
- B - tan (P 1 - Q tan (P 2 - Q) 

B 

where B is determined by 

tanA1Itan(P2 - Q) tanQ- tan(P1 - Q)/tanQ] 
B = ----~----~--~~~~----~~~-------2(tanQ1 - tanA2) 

tanA21tan(P1 - Q) tanQ - tan(P2 - Q)/tanQ] 

2(tanA1 - tanA2) 

The surface is charact'erized by the complex value p (Eq. (19)) · 

P"" ~ "~' J.:ll. ei(<Sp - <Ss) 
rs lrsl 

The value of p is to be calculated from azimuth of.P,:A, Q. 9 

tanA[tanQ·f P tan(P - Q)] ' c p = ________ ...;::_ ____ _ 
P tanQ tan(P - Q) - 1 c 

(37) 

(38) 

(39) 

(40) 

(40) 

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

Fresnel's Eqs. (28) and,(29) 

r 
p 

sin(<l> - <J>') c 
tan(<l> - ,P') cos(,P- <I>') 

= c = -~:--~c~ 
tan(,P + 4>') sin(,P + <I>') c c 

cos(<l> + <I>') 
c 

sin(<l> - <I>') 
r = ... --~~~~c~ 

s sin(<J> + 4>') 
.CJ 

(28) 

(29) 



.• 
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leads to 

p = 

l 
'•' 

' 'i 
1' .. ~ < 'I 

l,,JI ~) 7 

I 

:cos(cf> +·~'} ' 
c 

- cos (cp - cp') 
c 

\,1 ,. ).!i ; .!:.,.,;:, 
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Use of Eqs. (5). through (8) give 

cos(cf> + 4>') + cos(cf> - 4>') c c coset>' = -----:::-=---:-----___::;-
c 2 coset> 

cos(~ - 4>') - cos(cf> + 4>') c c coset>' = -------::~~-:--------___::;-
c 2 sincf> 

• ! 

whicth leads to 

tancl>' "" 1 + P 1 
c 1 - p tancj> 

tancf>' can be converted to sincj>' with 
~ c 

tancf>' 
sincf>' = --;==c== 

c ~1· + tan2cp' 
~ 

') 

Then the (complex) refractive index is determined by 

nc = n - ik = sincl>' 
c 

n sincf> 
0 

(30) 

(31) 

(32) 

(33) 

(34) 

(35) 



Name 

TC 

DELC 

RIIOC 

RHO 

DELD 

PSID 

TNO 

TNC 

TN 

TK 

PDl 

PD2 

ADl 

AD2 

QD 

AD 

PD 

PHID 

Symbol 

T c 

li 
c 

p 

n 
0 

n 
c 

n 

k 

P 1 (deg) 

P 2 (deg) 

A1 (deg) 

A2 (deg) 

Q(deg) 

A 

p 

0 
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Variables Used in This Program 

Description 

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

Phase retardance along the fast axis minus the phase 
retardance along the slow axis of compensator 

I 

Complex number, characterizing the quarter-wave plate 

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

Phase of (p) 

Modulus of (p) 

Refractive index of transparent incidence medium 

Refractive index of reflecting surface (complex) 

Re(n ) 
c 

Im(n ) 
- c 

Azimuth of P(Zone 1(2)) of the two-zone measurement 

Azimuth of P(Zone 3(4)) of the two....;zone measurement 

Azmmuth of A(Zone 1(2)) of the two-zone 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) 

P-azimuth of a one-zone measurement (Zone 1 or 3 
(2 or 4)) (deg) 

Angle of incidence 

Vacuum wavelength (Angstroms) 
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Input Format for Program "OZOM" 

Columns 

Card 1..-10 ~1-20 "· 21-30 31-40 41-50 

1 

2 
} TITLE and Comments 

3 no ·4>: ~-
0 

4 pl ~ .:·P2 Al A2 Q 

5 p:: A 

Cards 1~5 constitut~ ~ne set. Three blank cards must follow the 
I I 
! 

last set of data. All input data of angles should be in degrees. The 

program together with a sample output is given below. 

I I 

.. 



0Zf'"1 

3 
6 

16 

26 

40 
42 
42 

6;J 

7:) 
12 
73 
75 
76 

100 
101 

103 
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PI'OGPAM nzrM IINPIJT,QUTPIJT) 
C 1 THIS PRnGilA\.1 IJSES AZIMUTH READINGS 
r THIS Pll.nGil4"1 COMPUTES NAND K FOR METALLIC REFLECT!!JN 
C USING EXPEPIMENTAL VALUES FPOM ONE Z1NE 

c 

cr~PLEX PH~,T2tS2,TNC,I,RHOC 
oiME~SinN TJTLE (8), R~NGE (81 
ALPHA=O.Ol745329252 
I=CMPLX 10.0,-1.01 

1 REAO 76, TITLEt~ANGf 
76 FOR~AT (8A)Q/84l01 

PRI~T 77 , TITLF,PANGF 
11 F~R~AT llHl, 8Al0//8Al01 

PFAO 3,TNO,PHIO,Wl 
3 FnRMAT (3FlO.OI 

JF IHIOI 1C,,!00,4 
4 C(')NTI"l_UF 

READ 8l,POl,P02,A01oAOZ,QD 
81~FnR~AT (5FlO.OI 

PEAO 85,PDoAD 
85 Fr,R~AT (2F10.01 

P!.=PDl*ALPHA 
P 2=PD2*Al PHd 
A1=ADl*AlPH~ 
A2=AD2*ALPHA 
Q=QO*.blPHA 
A=AD*ALPHA 
P=PO"'ALPHA 

B= CTAN I Al I* CT dill I P2-0 I*TANI Ql -TAN I Pl-OJ /TAN I 0 I I-TAN IA2 J *ITA-Nf~i-
CTANIQJ-TANIP2-0I/TAN(QJJI/2.0/CTANIA1J-TANIA2JI 

135 DELC=AT.N21SQRTI-8*B-TANIP1-0I*TANIP2-0IIo8J 
155 TC=l.O/SQRT(-TAN(P1-Q)*TAN(P2-Q)) 
172 RHOC=TC•rFXPI+T*DELCI 

207 
250 
254 
263 

265 
267 
211 
315 
336 
347 
350 
352 

353 

365 

403 

c 

c 

PHO -=(TANIA)*ITA"l(QJ•RHOC *TANIP-Q)IJ/IRHOC 
PSIO=ATANCCARS(RH" II/ALPHA 
OELO=ATAN?IAIMAG(IlHO ),PEALIPHO II/ALPHA 
PHI=PHIO*ALPHA 

S 1 = S l t! I PH I I 
Tl=TAN(PHII 
T2=(1.0 • PHOJ/((1.0- RHni*TlJ 
S2=T2/CSOPTI1.~ • T2*T2) 
TNC=( TWI*S1 I /S2 
TN:I:!EAUTNCI 
TK=~IMAGITNCJ 
OELC=UFLC/ALPHA 

:.-1 ,. 1 

*TANlOI*TANIP~Q)i 

PRINT 10, PHIO,TNO,Wl 
10 FnRMAT 11H0,/7HPHJO = ,F5.2,10X,7HTNO = 

C ,F5.0,10H ANGSTPOM //) 
,F7.3,10X,l3HWAV~t~~t 

PRINT ll,P01,A01,PD2,AD?,QD 
11 FGRMAT llHC,/ 6HP01 = ,F6.2olOX,7HA01 = 

C10Xo7HA02 = ,F6.2,//,6HQO = ,F6.2) 
PPINT. a,rc,nnc 

8 FORMAT (1H0,/6HTC = ,F8.4 0 8X,7HOELC = 

-I 

,F6.2o//~6HP02 tF6. 

~ 
0 F8.4//I 



413 

423 

c 
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PPJNT 12,PO,AO 
12 FrRM~TilHOo/6HPO 0 F6.2olOX,7HAD = ,F6.2//I 

PPINT l3,PSIO,n~tO,TN,TK 
13 FCPMAT 11H0,/6HPSID ~,Fa.4,RX,7HOELO = ,F8.4o//,6HT~ = ,F8.4t 

C RX,7HTK : oF8.41 

437 GQ rn 1 
440 1 )(' CCI NT H'UF 
441 F.NO 
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Sample output, program OZOM 

MGF2 ON C~ (3.48) 

ZONE A3 (Al/A3) 

'HTO = 75.'" ::' 

POl = 18.87 

PD2 = 108.71 

00 " 45.00 

TC • 1.):)37 

PO = 108.71 

PSIO 37.9756 

TN = .643A 

*** ('ZIJM *** 

1.000 

A!ll "' 142.47 

AD2 = 38.42 

OFLC = <H.1642 

AD = 38.42 

OF.LO = 52.4131 

TK = -1.4867 

WAVELEMGTH = 5461 ANGSTROM 



. 
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V. FORTRAN IV Computer Program ''FILM" 

This program finds tne thickness and (compla~) refractive index 

of a single film (absorbing or non-absorbing) on any substrate (absorbing 

* or non-absorbing). It does so by systematically combining all prescribed 

values of film thickness L and refractive index nf - ikf and calculating 

the ·polarizer- and analyzer-azimuths ·cp ,A), for each combination. 
c c 

Wherever a particular combination of L, nf and kf yields agreement with the 

experimentally determined readings· of polarizer p· and analyzer ·A within 
. m ·. m 

a specified error Ep and EA' this combination appears in the output as a 

solution. 

The formalism assumes a planar substrate covered with a planar-
10. 

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

can be solved to give calculated values of !J. and 11J by use of the 

following equations:** 

Els n coscf> - ncf cos<f>cf 0 
rls =-= 

coscf> + ncf coscf>cf E n s 0 

El 11cf coset> -·n cos<Pcf 
... ~= 0 

rlp E ncf coscf> + n cos<t>cf p 0 

E"' n coscf>cf - n coset> _p_ em . cf em 
r2p • E~ = ncm coscf>cf + ncf coscf>cm 

*Program· "LAYER" _(Chapter VIII) is similar to this program. 
** See Fig. 1. 

(36) 

(37) 

(38) 

{39) 

(40) 



Interface 

1 

.. ' .. 

-26-

...... 

. . 
. . . 

' . ·. · .... ' . 

. . ·... . .. 

Interface 
2 

XBL719-436~ 

Fig. 1. Reflection coefficient r
1 

and r
2 

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. 



with 

and 

,J 

cos<Pcf = 

coset> = 
em 

'' <,.) 
, I 
,,I 
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2 2 
ndi sin <Pcf 

1 - 2 
n 

em 

47TL 
D = --- n coscf>cf A cf 

0 

& and W (defined in E~s. (21} and (22)} are given by: 

A. = -1 Im(p) 
u tan .Re(p} 

The calculated polarizer and analyzer azimuths P and A are obtained c c 

according to Table I. 

p = (270 - b.)/2 
c 

A = ljJ c 

This program is valid for zone A-3: 

range of polarizer transmission azimuth 

range of analyzer transmission azimuth 

compensator circle realing 

(41) 

(42) 

(43) 

(44) 

(45) 

Using different zones, one has to change the conversion from P , A , Q c c 

to 6, and ~according to Table I. 



a. Real Quantities 

Name ··symbol 

AC A c 

AM A 
m 

DELC A(calculated) 

DTN on£ 

DTNK cSkf 

DT aL 

EAM EA 

EPM Ep 

PHil <P (degrees) 

PHI <P ():-ad ians ) 

PC p 
c 

PM p 
m 

PSIC lJ!(calculated) 

Q Q 

TNl n 
0 

TNS n m 

TNKS k m 

TNI nfi 

TN nf 

TNM nfm 

TNKI kfi 

TNK kf 

TNKM kfm 
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· Variables Used in Program FILM 

· Description 

Calculated azimuth angle of analyzer (deg) 

Measured azimuth angle of analyzer {deg) 

Relative phase change {deg) 

Iteration increment of film refractive index nf 

Iteration increment of index of extinction 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 extinction of substrate 

Lower limit of interaction span of film index nf 

Refractive index of film 

Upper limit of iteration span of film index nf 

Lower limit of itleration,span of kf of film 

Index of extinction of film 

Upper limit of iteration span of kf of film 
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Name S)1.!bol :pescription -
TI Li Lower· iimit of iteration span for film thickness L 

T L Film thickness (units as for >. ) 
. 0 

TM L Upper limit of iteration span of film thickness 
111 

WL I. Vacuum wavelength (Angstroms) 
0 

b. Complex Qualities 

Name --·- S~bol 

CPHI2 cos¢' 

CPHI3 cos<!>' 
m 

D 4 

RlS rls 

RlP 

R2S r2s 

R2P r2p 

RS r s 

R.P r p 

RHO p=r /r =tanljJ p s 

TN3 n ik m m 

TN2 nf - ik f 

. i.1 
e 

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 plane 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 coeffieient for polarization 
normal to plane of incidence 

Ovenall reflection coefficient for polarization 
parallel to plane of incidence 

C~mplex 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 ~1-50 51-7P 

il Title and comments (up to 80' columns each) 

3 n A n k 
0 0 m· m 

4 nfi onf nfm ~fi okf kfm 
(initial) (increment) (final) (initial) (increment) (final) 

5 Li oL L m 
(initial) (increment) (final) 

6 <P pm 1\n e:p e:A Q 

These six cards constitute a set. Any number of sets 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 all) as desired. Their contents 

appear printed verbatim at the head of the output. 

This program can be used to calculate theoretical values of P and 
c 

A with changes in film thickness or with different film constants, by 
c 

punching numbers greater than (or equal to) 90 for e:A and a number 

greater than (or equal to) 180 for e:p. 

should be_blank. 

Then the entries for P · and A 
m m 

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

below. 



FILM 
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PROGRAM FIL~ I I~PIIT,OUTPUT) 
C THIS PR.',GRI>~ IJSES AZ I~UTH READINl.S 
C THIS PRnGf:A'-4 CALCtJLATES THE THICKNESS ANfl CI1~PlEX REFPAC'IVE 
C I~!OF.X OF a ~SI~tl.LF ABSOPBtNG Fll"1 ON AN AASOPfHNG StJRSTPATf. 
C USING ElliPS~METEP PfADI~GS OF lONE A3 

C':fiiPtFX H•?., TM3, CDHJ2, CPHI3t PlS, PlP, R2S, PZP, O, RS, RP. 
lli~fNSIM~ TITLF. 181, RA"lr.E: 181 ~ , 'H~O 

1 RE:AO ?, TTTLEoR~~GF. 
2 FORMAT (8Al~/8Al01 

12 3 o•nNT 4, TITL r ,•u.~~GE 
4 F'lR"1AT {1H1., 6Al0//6Al01 

22 ~ DFAD 9, T~l.WL,TNS,TNKS 
36 IF ITNll 3000, 30CO, 6 
40 t ~fAD 10, TNJ,DT~,T~M,TNKI,DT~K,TNKM 

60 7 PEAO llt TJ,OT,TM 
72 8 READ l~,PHil,P~,A~,EPM,FAMtO 

9 FCR~~T (4FlO.OI 
10 FOR~AT I6FJO.~I 
11 F~RfiiAT (3Fl0.0) 
12 FORMAT I6F!~.01 
13 FnPMAT 11HC,/6HPHI = ,F5.2,10X,4HN = ,F7.4t lOX, l3HWAVF.LENGTI 

C FS.O, llH ~NGSTPO~S//13H REFRACTIVE 1NDEX OF SURSTR-TE = , I 
C 2X, 4H- I, F7.4J ~ 

14 FCPM.T llHC, ?7HPEFPACTtVE TNDEX OF FILM = , F7.4t 2X, 
C 4H- I, F7.4//18H FILM THICKNESS • , F7.z, lOH ANGSTROMS, 
C //AH PSIC = , Fl0.5, lOX, 7HDELC = ~ FlO.St 
C //8H PSIM = , Fl0.5, lOX, 7HDELM = , Fl0.5J 

141 FnPMAT llHO, 5HPC = ,Fl0.5,lOX,5HAC = ,Fl0.5tlOX,4HQ = ,F5.2J 
15 FOPMAT llHC, 5HPM = ,Fl~.StlOX,, 5HA"1 = ,Fl0.5//33H NO SOLUT 

C~ITHIN GIVEN LIMJTSJ 
151 F~R~AT llHn, 5HPM = ,FlJ.5,l0Xt5HAM • tF10.5tlOX,4HO = ,F6.2J 

112 IF (PM) 16,16.17 
114 16 DEL~=O. 
115 PSIM~O. 

116 Gn T0 18 
116 17 OELM=270.-2.*P~ 
121 ~SIM=~M 
123 18 fOELM=Z.O*EPM 
125 EPSIM=EAM 
126 !lo1 :: 1 
127 PHI = 0.0174532q252*PHI1 
132 CP = COSIPHJI 
133 SP = SINIPHII 
135 TN3 = CMPLXITNS,-TNKS) 
141 CPHI3 = CSORTil.~- TNl**Z*SP**2/ITN3**ZIJ 
163 TN = TNJ 
165 20 THK = TNKT 
167 3C T = TJ 
171 100 TNZ = C~PlX(TN,-TNKJ 
174 CPHJ2 = CSO~T(l.O- TNl**Z*SP**Z/ITNZ**2JJ 
217 P1S = ITNl*CP- TN2*CPHIZJ/ITNl*CP + TNZ*CPHJ2J 
251 RlP =-ITN1*CPHI2 - TN2*CP)/ITNl*CPHIZ + TNZ*CP) 
3n2 P2S = ITN2*CPH12 - TN3*CPHI31/(TNZ*CPHI2 + TN~*CPHI3J 
341 . P?P =-ITN2*CPHJ3 - TN3*CPHIZJ/(TN2*CPHI3 + TN3*CPHIZI 
377 o = IO.O,l.OI*14.0*3.l4159Z7•T/WLJ*TNZ*CPHI2 
415 RS• IPlS + ~2S*CEXPI-OJ 1/IJ..t) + PlS*RZS*CEXPI-011 
454 PP = IRlP + P2P*CEXPI-OJI/11.0 + RlP•R2P*CEXPI-OJI 
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513 RH0 = RP/PS 
523 PSI<: = -~T~~·(CABSlRHn ))/O.Ol74532925? 
527 Ofl.C ~ ATAN2AAJMAG(PHn), PEAL(RHr))/0.01745329232 
536 IF (UELC) l40,140,Pi0 
54J 140 DELC = OELC + 360.00 
542 15C If (FPSIM- ABSCPSJC- PSIM)) 400, 20J, 200 
547 20( JF lEDElM- ARSlDElC- DEL~)) 40C, 3GJ, 300 
554 300 PPJNT l3t PHil,TNl,WL,TNS,TNKS 
572 PPTNT 14, TN,TNK,T,PSIC,DELC,PSJM,DEL~ 
614 PPINT 15l,P~,A~,Q 

626 °C=(270.0-DF.LCt/2.0 
631 AC= PSIC 
632 P~INT 14l,PC,~C,O 

644 M = 2 
645 4J0~tF(TM -T) t10,6QC,500 
65~ 50C T = T + DT 
652 Gn TO 100 
653 600 JF(TNK~ - TNK) 800,8,C,7~0 
656 710 T~K = TNK + OT~K 
660 Gr T, 30 
661 800 IF(TNM - TN) 1000,1000,900 
664 900 TN = TN + DT~ 
666 GQ T~ 20 
667 lOOC GG TO (20GO, 1) M 

675 2000 PPINT 13, PHll,TNl,WL,TNS,TNKS 
713 PRINT 15,PM,AM 
723 GO rn 1 
724 300C CCNTHtlJf 
72'5 E "'D 
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Sample output, program FILM 

MGF2 f1N CQ *'*>!< FIL"" *** 
ZONE A3 (AZI~UTHI 

PHI = 75.10 tl = 1. 0000 WAVFLFNGTH = 5461 ANGSTRQMS 

REFR~CTIVE lNDEX rF SUBSTRATE = .93C1 I 2.390:1 

REFPACTJVE INDEX rr Fil~ = 1.3800 T-'J.OOJO 

FILM THICKNESS : 400.00 A~GSTR'1~5 

PSIC = 41.11701 OELC = 55.78266 

PSIM = 4l.ll(•OC DEL~ = 55.80000 

PM :: 111. ~-a a co ~·~ = 4l.HOI)J Q = 45.00 

PC .. l)7.1C867 Llr: " 41.11701 0 • 45.00 

I 
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VI. FORTRAN IV Computer Program "A3PLOT" 

This program calculates theoretical quantities of polarizer and 

* analyzer values of the ellipsometer with changes in film thickness. 

Depending on the code number M {see below), results are given as curves 

or tables. 

The equation and variables used in this program are similar to 

those used in program ''FILM". 

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

Table I): 

* 

range of polarizer transmission azimuth 

range of analyzer transmission azimuth 

compensator circle realing 

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

Columns 

Card 1-9. - 10 ... 19 .. · 20-29 - 30-39 40-49 50-59 .. 

1 } Title and comments {up to 80 columns) 
2 

3 n ). n k 
0 0 m m 

4 nfi on£ nfm kfi okf kfm 
(initial) (increment) (final) (initial) ··{increment) (final) 

5 Li oL L (limited to 200 points) m. 

6 <I> 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 used forM determines how the 
I 

results will be presented. 

It 
I 
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M Format of Results 

0 Results will be tabulated and given as 
three curves 

a) 1/J. vs ll curve with· thickness as 
parameter 

b) A vs film thickness c 
c) p vs film thickness c 

1 Results will be tabulated and only the 
1/J vs 6 curve is plotted 

2 Results will be tabulated and two curves 
will be plotted 

a) A vs film thickness 
c 

b) P vs film thickness 
c 

3 Results will be given only as three curves 

4 

5 

The maximum 

a) 1/J VS 6 

b) A vs film thickness 
c 

c) p· vs film thickness 
c 

Output has only the 1/J vs 

Two curves will be given 

a) A VS film thickness c 
b) p vs film thickness c 

number of data points for L 

6 curve 

(thickness) is 200. If the 

1/J vs thickness and ~vs thickness curves are to be plotted, the maximum 

mnnber is reduced to 101. The program ''FILM" should be used instead, 

if only tabulated results are wanted. 

This program "AJPLOT" has to utilize the subroutines "PRNPLT" and 

"PLSCAL" written by M. S. Itzkowitz to do the plotting of the curves. 

These two subroutines are library subroutines and they are stored in 

the computer (control data 7600 system) at Lawrence Berkeley Laboratory. 
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If the data are plotted, the scale of the thickness (x-axes) is 

divided into 100 parts from 0-10,000 A (increment (100 A), whereas 

the y-axes (P or A scale) is divided in 50 parts from 0-360° · for:'p 

(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 program have the following form: 

CALL PRNPLT(XPLOT, YPLOT, XMAX, XINCR, YM.AX, 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 upper limit of the y-axes (A; P-values) 

YIN CR. determines the increment of the ~-values (increments 
of P, A-values). 

I.SX ... O means scaling of x-axes is done by programmer 

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

ISY=O means scaling of y-axes is done by programmer 

ISY=i 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. 

A reproduction of the main program and the two subroutines is 

given below. 



12 

22 
36 
4J 
60 
72 
7"' 

105 
107 
111 
u.~ 
117 
141 
143 
145 
146 
150 
153 
176 
?.30 
261 
320 
356 
374 
433 
472 
502 
506 

c 
r. 
c 
r 
c 
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PFOGPft~ ~~~LOT ltNPUT,OUTPUTI 
THIS I'Pr"GPAM tJSES AZ[f•1lJTH PEADINGS 
THIS PPilGPbM CAL(IJLATES AC AND PC 
IT ~LSO PLOTS ~C VERSUS PC CURVE 
AND foC VfRSIJS FILM THif:KNESS, PC 
zn~.IE A3 

FROM FILM THICKMESS 
WITH FILM THICKNESS AS PAl 
VERSUS FILM THICKNESS. 

C C ~ PL f X Tf\.12, TN 3 , C PH I 2, C PH I 3, R 1 S , R 1 P , P 2 S , P 2 P , 0 , R S , P P, 
OtMF.!IlSlflN TTTLE (8), P.~NGE (8) I '!(~ 
UTMENSI~N XPtOTI2001, YPLOTC2001, ZPLOT(2001 

1 PFAD 2, TtTlfoRANGE 
2 FORMAT (8Al~/8Al01 

3 PPINT 4, TTTLE,RANGF. 
4 FrP~AT 11H1, 8A10118A101 
5 READ q, TN1,Wt,TNS,TNKS 

IF (TI'.Il) 30-,t::l, 3000, 6 
6 REAC 10, TNt,OTN,TN~,T~KT,DTNK,TNKM 
7 ~EAD 11, Tt,OT,T~ 

TF (Tt.I'.IE.r.o) TD:TM-TT 
8 PEAD 12, PHilo~ 
9 Ff1RMAT CF9.~, 3F10.0l 

10 Fr~~AT IF9.,, 5FlO.Ol 
11 FnRMAT CF9.,, ~FlO.Ol 

12 FCRMAT IF9.~t Tl I 
13 FrP~AT (1~0,/6HPH! ~ ,F5.2o10Xo4HN • ,F7.4r 

( F5.0, 11H ANGSTPnMS//33H REFRACTIVE tNOFX 
lOX, 13HWAVELE~ 
nF SURSTRATF = , f 

C 2X, 4H- 1, F7.41 
14 FrRMAT 11HO, 27HPF.FPACTIVE INDEX flF 

C 4H- I, F7.41/18H FIL~. THICKNESS = 
C //8H A( :: , FlO.S, lOX, 7H PC :: 

15 F('R~AT llHll 
16 FrR~AT 122HPSIC VERSUS DELC CURVE) 

FTL11o11 :: , F7.4, 2X, 
, F8.2, lOH ANGSTPQ11o11S, 
, FlO. 51 

17 FnqMAT (6HPH) :: ,F5.2,1QX,4HN = ,F7.4,lOX,13HWAVELENGTH = t 
C F5.,,4H A ,5Xol3HN~ IKM = ,F7.4o2X,4H- loF7.4l 

18 FrR~AT 113HNF YKF = ,F7.4,2X,4H- t,F7.41 
19 FrPMAT 126H PC VERSUS FILM THI(KNESSl 
21 Ff1Q~AT 126~ AC VFPSUS FILM THICKNESS) 

PHI = O.C17453292~2*PH11 
CP = C:ClSIPHtl 
SP:: <;J~I(PHf) 

TN!= C~PlXITNS,-TNKSJ 
CPH13 = CSQ~T(l.O- TN1**2*SP**2/ITN3**21) 
TN "' TNI 

20 TNK = J'IK I 
30 T :: T I 

NPOHIT = 1 
100 T~2 :: CMPLX(TN~-TNK) 

CPHI2:: CSCPTil.O- TN1**2*SP**2/CTN2**2ll 
OlS = (TNl*CP - TN2*CPHI21/ITM1*CP + TN2*CPHI2) 
P'P =-CT~l*CPH12- TN2*CPI/ITNl*CPHl2 + TN2*CP) 
R2S = ITN2*CPHI2 - TN3*CPH13)/(TN2*CPHI2 + TN3*CPHI3l 
~2P =-(TN2*CPHI3 - TN3*CPHI21/ITN2*CPHI3 ~ TN3*COHI2) 
n = 1~.0.t.OI*C4.~*3.1415q27*T/Wll*TN2*CPHI2 
R~= IR1S + R2~*CEXPI-Dillllo0 + RlS*R2S*CEX0(-0)1 
RP :: IR1P + R2P*CFXPI-Oll/l1o0 + RlP* 0 2P*CEXPC-nll 
Q.H() = RP/PS 
PSIC AT~NCCARS(Q_HOII/0.01745329252 

!1ELC = ATAN2(AIMAGIPHC It PEAL( RHO) 1/0.01745329252 

·.- .L .• 
-~ 



515 
511 
521 
524 
525 
531 
546 
565 
566 
570 
60(' 
601 
604 
6n4 
606 
6!.1) 
613 
61 c; 
616 
620 
627 
632 
636 
654 
665 
666 
670 
702 
7fJ'J 
7C5 
715 
721 
725 
743 
753 
754 

762 
773 
774 

10,5 
1011 
1015 
1033 
1043 
1044 
1052 
1063 
1064 
1075 
lll'lO 
1102 
1103 
1106 
111~ 
1111 
1112 
1113 

IF (OELC) 140,140,15~ 
140 DELC = OElCi+ 360.00 
150 Pr=(270.-0Elf)/2. 

AC=P<; IC . 
JF(~.GT.2) GO TO 300 
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PRINT 13, PHiloTNl,WL,TNS,TNKS 
PRINT 14, TN,TNK,T,AC,PC 

300 XPL~T(NPOINT) = PC 
VPLnT(NPOTNTt = AC 
IF(M.EQ.J.nR.M.E0.4) GO TO 400 
IF(TJ.EQ.C.~) G~ T~ 3500 
ZDLCTINPOJNT) = T- TO 
GO TO 400 

3500 ZPLOT(NPOTNT) = T 
4ry0 NPCINT = NPOINT + 1 

lF(T~ -T) 600o600,500 
500 T = T + DT 

GC TO 11)0 I 
610 ~PCINT = NPdl~T - 1 

IF(M.FQ.2.nR.~.EQ.5) GO TO 1500 
PPINT 15 
PRINT 16 
PPINT 17, PHil,TN1tWL,TNS,TNKS 
PPJNT lAo TN,TNK 
XPLCT(NPOlNT) = DELC 
YPLGT(NPOINT) = PSIC 
CALL P~NPLT(XPLOT,VPLOT,360.,5.0,90.,2.0,0.,0.,NPOINT) 
xotnT(NPOtNT) = PC 
YFLOT(NPOJNT) = AC 
tF(~.f:Q.l.OQ.M.E0.4) GO TO 1100 

15:)0 PPINT 15 
PFJNT 21 
PPJNT 17. PHil,TNl.WL,TNS,TNKS 
PP!NT 18, TN,TNK 
JF(Tl.EQ.O.Ol GO Tn 310J 
PPINT 3300, Tn 

3300 fOP~AT (5HAnO ,FA.2,17HTO 5CALE PEAOINGSt 
Cftll PRNPLT(ZPLOT,YPLOT,TM,lO.,l00.,2.0 ,O~O,NPOINTt 
GO rn 3400 

3100 c•LL PRNPLTlZPL~T,YPLOT,T~,lO.,l00.,2.0 ,o,O,NPOINTt 
: 4•"\0 op H.1T 15 

PPJNT 19 
PPINT 17, PHil,TN!oWL,TNS,TNKS 
OD{NT 19. T~.TNK 
IF(TJ.EO.~.~~ r,n Tn 3200 
PRINT 33Cf'o, ;TD . 
CAll PPNPLT(ZPLOT,XPLCT,TM,10.,l35.,l.O,O,Q,NPOJNT) 
r.r Til 1100 

320C CALL PPNP!T(ZPLnT,XPL~T,T~tl0.,135.,1.0,0,0,NPOINT) 
1130 IF(TNK~ - T~KI 800,800,700 

700 TrK = TMK +' OTNK 
r. , r 1 :n 

B<VJ IF(TNM- TNI l000,1000,qJQ 
q)Q TN = TN + OTN 

Gf' Tr1 20 
lJ•)C r,r Tn 1 
3 OCO C'11\J T HHJE 

F."'O 
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PPNPL T 
5lii\ROliTJNf PPNPLTIX,Y,X'-1AX,XINCR.,VMAX,VINCR.,ISX,ISV,NPTSI 

C PRJ~TF~ PLnT PnUTI~F ~.S.ITZKOWITl MAY,\967 
c 
r PLnTS THE tNPTS~ PntNTS GIVEN BY #X(II,YIII# ON A 51 X 101 GRIO 
C USI~G A TOTAL nF 56 lfNFS nN THE PRINTEQ 
C Tf #TSX~ nD #!SV# APE NnN-ZERO, THE CORRESPONDING ~AXIMU~ AND 
C INC~[MFNTAL STEP SIZE ~RE COMPUTED . 
C IF EITHER INCRFMPHAL STEP STZE IS ZERO, THE PR.:JGRAM EXITS 
C NE ITHFR f"IF THE J~IPtJT ARRAYS ARE DESTP.nVEO. IF SCAL !NG IS 001-H' 
r THE C1"11'1RESP"lNCIIIIG ~'EW VALUES OF MAXIMUM AND STFP SllE AFIE RETU 

17 
30 
42 
43 
44 
47 
51 
63 
67 
76 

103 
104 

c 

c 

c 
901 
9(12 
903 
914 
905 
9AOO 
c 

112 14 
ll3 
117 16 
12') 11 
132 15 
133 
136 
137 
140 
144 
146 
152 
156 
162 
164 lZ 
167 
174 
201 
205 13 
211 
216 

DIMENSinN X(NPTS),YINPTSl,JGRI0(105I,XAXtSI111 

I~TEGER BlA~K,DOT,STAR,tGR.ID,PLUS 
DATA 8lANK~OrT,STAP,PLUS I 1H ,1H.,lH*,1H+ I. 

FORMATI14X,l05A11 
FrQMAT(lXFlO.~t2X,lH+,l05Al,lH+J 

.FrRMAT(l5Xol0311H.II 
·~rR~IT(7Xol!IF!O.Oit2H (,J4,5H PTSI 
FORMAT(l6Xo11(1H+,9X)1 
FrR~AT(46HlSCALING FPR~R IN PRNPLT, EXECUTinN TERMINATED 

IF(ISX.NF.OI CALl PLSCAL(X,XMAX,XINCR,NPTS,lOOI 
!FIISY.NE.OI CALl. PlSCAUY,VMAX,VINCR,NPTS,501 
IFIXINCP.FQ.O •• "lR.YtN~R.EQ.O.I GO Tn ROO 
VAXMJN=O.~l*YlNC~ 
X~X~lN=O.Ol*XlNC~ 
JZEPn=Y~~X/VJNCQ+,.5 

JZER.O=l03.5-XM~X/XINC~ 
IFIJZ[R.1"1.GT.l03.0R.JZFP1.LT.4) JZER0=2 
PR JI'H 9·')5 
PP JNT 903 
on 1n I=l,Sl 
IF I I.I'-1E.IZEPn) GO T(1 16 
00 14 J=lol05 
IGRIO(J)=Pl!JS 
Gf: Tn 15 
DO 11 J=lo105 
lt;QJ[)(JI=ALANK 
IGQIO(JZEPO)=PLUS 
IC.q[D(l04I=DC'T 
IGPID121=Df"'T 
Of' 1 2 K = l , NP T S 
ITf~T =IVMAX-YIKII/YINCR+l.S 
!f(tTFST .NE.t) GO TO 12 
J=1C3.5-(X~AX-X(KII/XINC~ 
JF(J.GT.lC~JJ=l05 
IF(,I.LT.3) J=l 
IGPlDIJI=STAP 
crNTI~'-'UF. 

IF(MClOIIolOJ.FQ.ll GO TO 13 
PR.II\tT 90lolGPIO 
Gr: rn 11') 
Y~XIS=VMAX-(J-li*YINCR 
tFI~BSIYAXTSI.LT.VAXMINJ VAXIS=O. 
PPINT 902oYAXISoiiGPIDIJI,J=lol051 



. I 
l.J .l 

232 10 
7.34 
240 
247 
254 
2?7 
266 20 
270 
300 
301 8')0 
305 
3()6 

J f,; 
t,,,.,, ;j ,,) 

CrNH r-JUE 
PP INT 90 3 
PR!NT 905 

.-, 
'i' ~ ~ 

··' 

-41 .... 

or: 20 M:: 1, 11 
X~XIS(M)::XMAX-XTNCP*(FLO~T(ll-M))*lO.O 
IF(ABS(XAXI~{M)).LT.XAXMIN)XAXIS(M)=O. 
Cf"1NTP.!UF 
PPINT 9?4,XAXIS,NPTS 
R ETUPrt 
PPtNT 980')i 
CALL EXTT 
F.t\ D 



PLSCAL 

10 
11 
12 
16 
23 
25 
27 
30 
32 
~7 

41 
42 
43 
46 
50 

53 
57 
57 
60 
64 
64 
65 
h1 

73 
75 
17 

101 
104 
105 
llO 
113 
120 
121 
124 
126 
127 
130 
131 
133 
134 

143 
11.! 1

; 
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SlBPnUT!~E PLSCALCV,VM~X,VINC~,NPTS,NOTVJSI 

c 
r SC,LING PRn~~-~ fnF USE WITH P~NPLI ~.S.tTlKOW!TZ ~AY,l967 
C THIS Vf:OSJNI AflJlJST$ T~E Flll.l SCALE TO 2.5,5.0, OR 10. TI""'ES 10** 
i ar-'D ADJ~I~TS THE "~UIMlJM pnJNT Tn AN INTEGEP MULTIPLE OF 5*VINCR 
c ~ 

c 

1') 

31) 

21 

40 

c 
c 
c 
43 

41 

42 
50 

UIMFNSin~ V(NPTSI 

VMTN=VIll 
VMAX=VO I 
DO lC' I=l,NPTS 
IFIVIII.LT.VMINI VMIN=VIII 
IF(~(I).GT.V~AXl VMAX=VITl 
QPANGE=VMAX-V""'TN 
CfNTU"UF 
IFIQ~INGE.FQ.~.I Gn Tn 8000 
QPANGF=0.4342q44*Al0GIQRANGFI 
IF(Q11ANGF1l0,20,30 
yo ANr.E=QP ANfiE 
r,rt T'1 4~ 

1 "'~~GF=-OP ~"'GF 1 
JOA\IGE=-J11A"'GF-l 
QPANGF=QRAIIIGF-FLnH I IPANGE I 
PANGE=10•**QPANGE 

JFIRA~GF.GT.2.51 GO TO 41 
~l'~'GE=2.5 
Gr T" 50 
lf(PANGF.GT.5.01 Gn Tn 42 
R.t"'f:E=5.0 
r.r Tl"l 50 
~.HJGE=lO.O 
TPANGE=PA~GF*IlO.**lPANGEl 

r-. 
c TRANGE TS NOW 2.5,~.0, OP 10.0 TIMES A POWER OF TEN 
c 

52 

51 

53 

54 

100 

8000 
CJ800 

VINCF=TFANGE/FLOATCNOIVTSI 
IF(VM~XI5],51,52 
IMAX=VMAX/(5.0*VTNCRJ 
X~l'X=5.0*VlNfP*FLn~TIIM~X+11 
GG Tn 53 
IMAX=-VM~X/IS.O*VIN(R) 
X~AX=~.0*VINCP*FLnATI-I~AX+l) 
IF(VMIN.Gl.X~AX-TPANGEl GO TO 100 
q .t\NGE=QA"'GE*Z .0 
IF(QANGF-lC.I 43,43,54 
R AI\IGE=RANGE/l'l • 
IPAI'.'t;F=TP~I\GE+l 
G~" rn 43 
VVAX=X~AX 

V~!N=XM•X-TRA~GE 
qETUPN 
Pll PH CJ8C·t: 
F~R~AT(45H1PlSCAL CALLED TO SCALE ARRAY WITH ZERn RANGEl 
C~ll EXIT 

E::,i; 



., 
t} 
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GOLD f'lN CHR1"1JII~ *"'* ~3PLOT *** 
PC ~NO AC (~PT.~) VEPSUS FJL~ THirK~ESS (0 - 1000 ~) 

I I 

,HI = 75.00 ~' = 1.0000 

PE:FPACTIVE INDEX C'F SU~STRHE = 2.9900 

REFRACTIVE INDEX OF FilM = .3'50(' 

ftl\1 THICKNESS = -O.OC At.JGSTR.r'IMS 

WAVELENGTH = 5461 ANGSTRO~S. 

J 2.3000 

2.3500 

AC 19.73136 PC ~ ~8.28943 

PHI = 75.00 N = 1.0~1)0 WAVELENGTH = 5461 ANGSTROMS 

REFRACTIVE TNDEX OF SUBSTRATE = 2.9900 I 2.3000 

REFPACTIVE INDEX OF FILM = .3500 ~.3500 

I 
FILM THICKNESS = 50.0~ ANGSTPnMS 

AC oc 90.91716 

PH I = 75. :)0 WAVELENGTH = 5461 ANGSTRO~S 

REFRACTIVE INDEX OF SU~STRHE = 2.9900 I 2.3Q)J 

RfF~ACTIVE INOEX nF FILM = 2.350f'l 

FILM THJCI(NF.SS = 100.CC ANGSTIH)MS 

AC PC 92.84166 

PHI = 75 .no N = 1.0000 WAVELENGTH = 5461 A~GSTRn~S 

RFFRACTJVE INDEX nF SURSTPATE = 2.9900 I 2.3()0J 

REFRACTIVE INDF.X CF FILM = • 35(;!) 2.3500 

FlU"! THICKNE'SS = 

PC = 94.34942 

PH I = 75.00 N = l.COOO WAVELENGTH = 5461 A~GSTPOMS 

REFRACTIVE INDEX llF SUI\STPATE I 2.9900 I 2.30')0 

2.350') PEFPACTJVE INDEX OF FILM = .3500 

FILM THICKNESS = 200.00 ANGST!:'n~~ts 

AC = 36.44506 PC = 95.54335 

PH I = 75.00 ~: = 1.0000 WAVELENGTH = 5461 ANGSTR~MS 
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DFFRACTIVE INDEX OF SU~STPHF :: 2.9900 J z. 30)0 

REFRACTIVE IN DEl( nF FJU.t = .350(1 "- I 2.3500 

F ll'1 THICKNESS = 25J.OC Al':r. s TR mo~ s 

A f. = 37 .9Af16." PC = 96.48510 

PHI :: 1'5.f'l.) ~· = 1.000!) WAVELENGTH = 5461 ANGSTROMS 

REFP.ACT TVE T"lDEX rF Stii'\STP.~TF :: 2.9900 J 2. 3:> n 
"FFR. ACTIVE I"! OFX rF FILM = .350(\ 2.3500 

FILM 'THICKNESS = 300.00 UiGSTRIJ~S 

~c = 39.059()5 PC = 97.22308 

PH( = 75 .oo N = 1.0000 I~WELENGTH ~ 5461 ANGSTROMS 

R EFR .~CT I VE IN OFX rF SUBS TPHF = 2.9900 I 2.?00J 

P EFR ACTIVE tii-!DEX ("IF FILM = .35rl0 2.35)0 

Fll ... THICKNFSS = 3<::0.C•C ANG S TP.rW S 

hC = 39.8C513 PC 1 ·= 97.79789 

r>HI = 75. (' c N = 1.0000 WWELENGTH = 5461 MIGSTQ:JMS 

REFRACTIVE PWEX ,F 'llJB STRATE = 2.Q<)Q0 I 2.3000 

P FF~ Af~T TVE tNDFX OF F TL~ = • 3 50r T 2.3500 

FTLM TH I C K~l E S S = 4}0.1]0 A"lGSTP'1MS 

~r = 4~.32759 PC = 98.24346 

PHI : 75 •'-'C t' = 1.('000 WAVELENGT"i :: 5461 ANGSTRr'1MS 

l=fFR6_CTJVE TNDEX OF SUR STRATE = 2.9900 J 2.30)') 

REFRACTIVE IN
1
0EX rF F (LM :: .351)0 I '--~500 

FILM THICK~IESS = 450.1"0 ~NG5TIH'~5 

H :: 41.6948~- oc ,= <J8.58760 

PHT = 75.00 ~' :: 1.0000 WfiVELENGTH = 5461 A~~GS TRf1~5 

P EFR ACTIVE INOF.X r,F S!l~ S T~ aTE = 2.990·J T 2.3000 
I 
I 

PEFR.ACTIVE INDEX OF FIlM = .3100 2.3500 

FHM TH(Ctc"'E'iS = 5CO.OO ANGS TP '1MS 

I 
AC = 41).95360 PC = 98.85264 
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PHI = 75.1)0 ~,I - J. 0000 \oi&VELENGTH = 5461 ANGSTRO~S 

fi EFRACT IVE INDEX OF StiRSTPUE = 2.9900 l 2. 30()0 

R.EFRACT IVF II\IUEX f1F Fll.M = .350~ 2.3500 

Fll"1 TriiCK"'ESc; = "i5o.rc A~lr, S TP f'!~ c; 

AC = 41.13624 PC = 99.C'"i631 

PHI = 75 .oo ~~ :: l.CI)Ot) WAVELENGTH =· 5461 ANGSTP.r:J~S 

RFFP ACTIVE INDFX rF SU13STPATE = 2.99CC I 2.30)0 

P EFP ACT !VE Ji\IOEX OF FJl.M = .35'K T 2.35J!) 

FILM THJI:'KNFSS = b'':'C.CC ~Nr.sn~n""s .. ' 

AC = 41.?6518 PC = 99.21254 

PHI = 75 .G) 
'"' 

= 1. ("'0 0 WAVELENGTH = ~461 AII.IGSTR1MS 

ll EFR.ACT TVE INDEX CF SLII3STPATF = 2.9900 I 2.3(\J, 

REFRACTIVE J"'OEX CF FTLM = .351)0 T 2.3500 

FH~ THICKNESS = 650.00 ANGSTRO~S 

AC = 41.35616 PC ::: 99.33217 

PHI = 75.00 ~' = 1.0000 WAVELENGTH = 5461 ANGSTRO~S 
~, 

PEFRA.CTTVE IN OF. X '1F SUI\STPATE = 2.9900 J 2. 3l )0 

P EFP ACTIVE INDEX rF FILM = • 350t:' 2.3500 

FILM THICK"'ESS = 7Nl.OC A"!GST~nM5 

AC ::: 41.42025 PC = 99.42365 

PHI = 75.0 r) N = l.~roo WAVELENGTH = 5461 ANGSTROMS 

PEFRACTJVE INDEX (lf SUB STPA TE 
I = 2.99Qry I 2. 30)0 

R EFP ACT TVE INDEX f1F FILM = • 35no I 2.3500 
I 

! 
FilM THICI<~ESS = 750.0C ANGSTROMS 

~.c = 41.4~528 oc = 99.49350 

PHI = 75 .oo N = 1.0000 WAVELENGTH = 5461 ANGSTPrl~S 

P EFR ACTIVE INDEX ('If SUBs TPIA TF = 2.9900 ..; I z. 30·)0 

~EFRACT IVE [NOEX OF fiLM = • 3CiM 2.3500 



AC 
PHI 
NF 

VEPSIJ5 
= 75.0 ') 

IKF = 
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FILM THICKNF~S 
N = l.I)OQO WAVELENGTH 5461 A IK 

.35CO I ~.3500 
+ + + + + + ....•......•........•.••.••....•••...•.•••..••.••...••..•.••••. 

B.OOOE+(Il + 

6.000E+Ol + 

o. 

• • .. • * * * * 

* 

+ ·* 

. ............................ , ............................................................ . 
·············································~················· 

+ 
(\ 

+ 
100 

+ 
200 

I 

.. 
300 

+ 
400 

+. 
500 

.. 
600 



-47-

PC 
PHI 
1\!F 

VEPSUS FTLM THICK~FSS 

= 7~.00 N = l.CdO~ WAVELENGTH 5461 A NM tK 
IKF = .~500 I Z.3500 

1.350!'+1)2 + 

lo250E+()2 + 

l.tr:;!JE+02 + 

l.05CE+I)2 + 

9.500E+Ol + 

8.500E+Ol + 

I 
+ + + + + + + 

.. • .......... l ......... ~. · ....................................... . 

• • * 
* * 

* • * 

• • 

...........•....•..•••••...•..•.......••..••..•••••••.•...•.••. 
+ 
J 

+ 
200 

+ 
300 

+ 
400 

+ 
500 

+ 
6')0 
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!VII. FORTRAN IV Computer Program "PSIDEL" 

This program has been written to convert ellipsometer azimuth-

readings into relative phase ~ and amplitude parameter ~. Aecording to Table 

I , it determines the zone of measurement and provid~s two or four-zone averages. 

Variables Used in the Program 

Name Symbol Description 

AM A Azimuth reading of analyzer m_ 

PM p Azimuth reading of polarizer 
m 

Q Q Azimuth reading of compensator 

DELM /::, Relative phase change {deg) 

PSIM 1lJ Arctangent of relative amplitude attenuation 
(deg) 

N Quantity of zones, over which one averages 
(4-zone measurement N = 4) 



d 0 
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·Input fprmat 
'I 

Columils 

Card 1-10 11-20. '21~30_ -
1 Title (up to 80 columns) 

2 N 

3 pl Al Ql 
4 p2 A2 Ql 
5 p 

3 A3 Q2 
6 p4 A4 Q2 

These 5 cards constitute 1 set for a 4-zone measurement. In case 

of a 2(1)-zone measurement, one set consists of only 4(3) cards. Two 

lliJ.ank cards must follow the last set of data. The program, together 

with a sample output is repcoduced below. 
I 

This program can be used as a subroutine in connection with 

program 11CMOC'', '!OZOM" or "LAYER" in order to avoid the tedious use of 

the conversion table (Table I) • Program ''LAYER" was described by 

'1 
Gu,, but can also be found in the Appendix. 



PSI DEL 

D 

16 
17 
11 
20 
20 
21 
21 
22 
23 

30 
32 
34 

46 
60 
62 
64 
65 
10 
72 
12 
75 
17 
11 

1n 
104 
104 
107 
112 
115 
120 
123 
126 
131 
134 
137 
142 
145 
150 
153 
156 
161 
164 
167 
111 
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DPOGPAM PSIOfL CIMPUT,OUTPUT) 
C THIS PPOGPAM USES AZIMIJTH RE~OJNGS 
C THIS PROGRAM CQMPUTES PSJ AND DEL FP1M 
C P FROM 1NE,TW(l OR FOUR ZONES 

DIMENSI0N TITLE (8) 
EQUIVAL~~CE CPM,P),(AM,At 

70')0 C l"lNTI NUF 
P E AD 8 , T T Tl F 

8 FrJ~~AT (8~10) 
P 1H IIJT 9 , T ITL E 

Q FnP~AT (lH1oAAl0) 
Pl=O.O 
P2=0.0 
P3=0.0 
P4=0.0 
fi4=C.O 
A 3=0.0 
a'2=o.o 
Al=IJ.O 
READ 6 0 N 

6 FOPMA.T ( 11) 
IF CNt llCollOtlO 

10 DO 99 J=l,N 
1 ~EAD 11oPM,AM,Q 

11 F~P~AT C!FlO.Ot 
- 7 PRINT 207,PMeAM,O 

P~=PM .. 90. 
~.~=AM • 90. 
Q=Q + 90. 
IF CP-180.0) 5,5,2 

2 P=P-180.0 
5 C'C'NTINUE 

IF CA-180.0) 4,4,3 
3 A=A-180.0 
4 CONTINUE 

IF C0-180.) 13,13,12 
12 O=Q-180. 
13 C'JNTINUE 

IF (Q-45.0t 105,20,39 
20 IF IP-45.0) 21,2i,22 
21 IF (A-90.0) 63,63,83 
22 IF (P-90.0) 23,23924 
23 IF (~-90.0) 74,74,54 
24 IF CP-135.0) 25,25,26 
25 IF (A-90.0) 81,81,61 
26 IF CA-90.0) 52,52,72 
39 IF (Q-135.0) 40,40,105 
40 IF CP-45.0) 41,41,42 
41 IF CA-90.0) 73,73,~3 
42 IF CP-90.0) 43,43,44 
43 tF (A-9~.0) 64,64,84 
44 IF (P-l35.0t 45,45,46 
45 IF Cli-90.0t 51,51,71 
4~ IF CA-90.0) 82,82,62 
51 P1=270.0-2.0*P 

A1=90.0-A 
GO rn 99 

ELLIPSOMETER READINGS A 
~.D ..,. 
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172 52 P?=2.0*P-270.0 
175 A2=90.0-A 
177 GO Tn 99 
201 53 P3:9J.0-2.0*P 
21)3 A.3=A-90.0 
205 Gl" Tn 99 .. 205 54 P4=2.0*P-90.0 
2ll A4=4-90.0 
212 GC Til qq 

?.12 61 P1 =2 .~'*P-90. 0 
215 &.l=A-90.0 
217 Gf' TD 9~ 

217 62 P2=450.0-2.0*P 
222 A2=~-90.0 

224 G(" rn 99 
225 6? P3=2.0*P+90.0 
23•) A3=9J.O-A 
232 G"l rn 99 
232 64 P4=27').1-2.')*P 
235 A4z90.0-A 
237 GO Tfl 99 
240 71 Pl=450.0-2.0*P 
243 Al=6-90.0 
245 GO Tn 99 
246 72 P2,.2.t'*P-90.0 
25) A?.=A-90.(; 
253 Gf"1 T'1 qq 

253 73 P3=270.0-2.0*P 
256 A3=90.0-A 
260· G,-, Til 99 
261 74 P4=2.~*P+90.(' 
264 A4=90.0-~ 

266 G'i TO 99 
266 81 Pl=2.0*P+9C.O 
271 A1=9J.O-A 
273 (j("l TO 99 
273 82 P2=630.0-2 .• 0*P 
276 A2=90.0-A 
301) Gn Tn ')C) 
301 83 P 3=2. '='*P +27~ .I) 
304 ~.1=4-90.0 

306 1.'1 TO 99 
307 84 P4=450.0-2.~*P 
312 a4=.11-90.0 
314 GO Tn qq 

.315 105 PRINT 2:')8,0 
208 Ff'1~MI\T C1t-:0,4HO :: ,F5.2 1/llHNO SOL!JTJ ON) 

323 99 r.nNTINUF 
326 lOCi 0Flf.1= (Pl+P2 +P3+P4J/4.0 
333 PSIM=(A1+A2+A3+~4)/4.0 

337 IF CN.EO.l) GO T'l 102 
342 IF CN.E0.2) GO rn 103 

... 343 IF ("J.(Q.4) 1,!" Tl" 1('4 
345 102 UFL~=DFLI'o'*4.0 
347 .PSI 'J.=PS t M*4.':1 
35() Gl" T'1 104 
35(' 103 f1ELM=OELM*2.0 
352 p s I M: psI"'. 2. 0 

., 



353 
367 
403 

413 
414 
415 

104 PRINT Z04,P1,P2,P3,P4 
PRINT 205,Al,A2,A3oA4 
PPINT 206oDELM,PSJ~ 
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204 FCR"lAT ClH0,5HPl = ·,Fl0.5,10X,5HP2 = oF10.5tl0Xo5HP3 = tF10.5, 
25HP4 = ,Ft0.5J 

205 FOR~AT 11H0,5HA1 • oFl0.5olOX,5HA2 oF10.5t10X,5HA3 = oFl0.5, 
25HA4 = oF1~.511J 

206 FOR~AT 11H0,7HOELM = oFlC.5o10X,7HPSIM = ,Fl0.5) 
207 FORMAT 11H0,5HPM of10.5ol0Xo5HAM = ofl0.5,10X,4HO = oF6.2J 

Gn TO 7000 
110 CnNTTNliE 

E"lO 
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MGF2 ON CR 0.481 *** PSTOEL **** 
PM = 69.92700 ANI = 140.71900 Q "' 135.00 

PM = 159.71800 ANI 36.81200 Q = 135.00 

PM = 18.875CO ~NI s 142.47100 Q = 45.1)0 

PM = 108.70600 ~~ = 3R.42400 Q = 45.00 

P1 = 52.25000 P2 = 49.85400 P3 = 52.58ROO P4 

Al "' 37.52'}01) A2 ,. 39. 281t)~ A3 .. .. 38.42400 A4 

OEL"1 = 51.')~200 PSIM • 38.01150 

• 
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VI:[I. FORTRAN IV Computer Program "LAYER" 

The program ''LAYER" finds the thickness and complex refractive 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 nf - ikf and calculating the ~ and $ for each com

bination. Whenever a particular combination of L, nf and kf yields 

agreement with the experimentally determined quantities ~ and $ within 

a specified error £~ and £$' this combination appears in the output as 

a solution. 

Input Format for Program "LAYER" 

Card Col. 1 Col. 10 Col. 20 Col. 30 

12} Title and comments (up to 80 columns each) 

n A n 3 k 
0 

4 nfi 
(initial) 

L. 
1 5 

(initial) 

6 4> 

0 

onf 

(increment) 

oL 

(increment) 

$ 

m 

nfm 
(final) 

L 
m 

(final) 

1::. 

m 

kfi 
(initial) 

Col. 40 

okf 

(increment) 

Col. 50 

kfm 
(final) 

These six cards constitute a set •. Any number of sets 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 all) as desired. Their contents 

appear printed verbatim in the head of the output. 

This program can be used to calculate theoretical values of 1::. and 

$, with changes in film thickness or. with different film constants, by 

punching numbers greater than (or equal to) 90 for £h and a number 

*Based on an earlier FORTRANII program "FILM". 14 • 
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greater than (or equal to) 360 for E~. Entries for ~and ~can be 

blank or any values such as 0.0. 

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

the following pages. 
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PP l'lf;P. ~.~1 l AVH (l~PIJT t (1UTPUT) 
C THIS PP0GPA~ IS I~DEPENDE~T ~F A~GLE PEAOINGS 
( THIS PPnr.P4'1 rA.lflll:ATES THE THICKNESS ~"'D cn-.,PtFX ~'EFI<I\CTIVr 

C II''DI:'X OF A S f~.•r.LE ABSOFRING FILM ON AN 1\BS:-lt! BING $11~'\TPATE 
cr"1Plf'X T""2• TN3, rPHI2t CPHY.3, R.lS, ~1P, R2St RZP, Dt RS, RP, RHI 
0 IME~~S IC'N TI HE (81, PANI';E ( 81 

1 Q[An.2, TITLE,RANGF 
2 FGR~AT (8Al~/8Al0l 

12 3 PPINT 4, TITLE,P6NGE 
4 FrRMAT (1~1, 81\10//AI\101 

22 5 PEAO 9, T~l,WL,TNS,TNKS 
36 IF IT !\Ill 3~')(:, 3'.:'0(', 6 
40 6 PEAD 10~ TNI,OTN,T~~,TIIIKJ,DTNK,TNKM 
6J 1 PFAC :1, TT,DT,T"1 
72 8 PFAO 12, PHiloPSJM,OELM,EPSI~,EDELM 

9 FrRMAT (F9.0t 3F10.0) 
10 F~R~AT (F9.~, 5Fl0.0) 
11 FrR~AT (F9.Q, 2FlO.Ol 
12 f0PMAT (F9.·'), 4Fl".01 
13 .• Ff1PMI\T 11H0,/6HPHT = ,F5.2tlOX 0 4HN = ,F7.4, lOX, 13HWAVELENGTH = , 

r F5.~, llH ANGSTPrMS//33H REFRACTIVE INDEX nF SUBSTRATE = , F7.4, 
C 2X, 4H- J, F7.4) 

14 F"RMAT (1Hn, ?7HRFFP~CTIVF tNDEX OF FIL~ = , F7.4o 2Xt 
C 4H- I, F7.41/18H FILM iHICKNESS = t F7.2t lOH ANGSTPn"1S, 
C //8H PSJC = , F~0.5, lOX, 7HDELC = t Fl0.5, 
C //~11 PSJM =, Fl0.5t 1')X, 7HDELM =, F1C.51 

15 FnRfi'AT (lHOt 7HPSIM = , Fl0.5t10Xt 7HDELM = , Fl0.51/32H Nn SOLIH 
f.If'N WrTHII\' GIVEN I_IMITSl 

110 ~ = J 
111 PHI = O.C1745329252*PHI1 
113 CP = cnstPHll 
115 SP = SJN(PHtl 
117 TN3 = CMFlX(TNS,-T~KSl 
12? CPHT? = CSORTCJ.O- TM1**2*SP**2/(TN3**2ll 
145 HI = T!III 
147 zn TNK : T~KT 

151 30 T = TJ 
153 100 TNZ = CMPLX(TN,-TNKI 
156 CPHI2 = rsoqT(1.0- TN1**2*SP**2/CTN2**21) 
201 ~lS = (TNl*CP- TN2*CPHI21/ITN1*CP + TN2*CP~l2) 
233 ~!P =-(TN1*CPHI2 - TN2*CPl/CTN1*CPHI2 + TN2*CPI 
264 P2S = (TNZ*CPHI2 - TN3*CPHI3)/(TN2*CPHI2 + TN3*CPHI31 
323. P2P =-(TN2*CPHI3- TN3*CPHI21/CTN2*CPHI3 + TN3*CPHI21 
361 D = (O.r,J.~l*C4.n*3.14l5927*T/Wll*TN2~CPHI2 
377 RS= (C1S + CZ~*CEXPt-DII/(1.0 + Rl~*c2S*CEXPI-Dil 
436 RP = CR~P + P?P*CEXP(-011/(1.0 + R1P*R2P*CEXP(-O)J 
4 75 Fl H(l = RP /P S 
505 PSlC = ATAN((ABS(CH0))/0.01745329252 
511 oELC = ATAN2CAT~AGIPH"I' PEAL(RHOll/0.01745329252 
520 IF WELfl 140ol4C,150 
522 14C OELC = DELC + 360.~0 
524 150 IF (FPSIM - ABSCPSIC - PSIM)l 400, 2,1, 200 
531 2:)1" TF CEOELM- t.AS(oELr.- OELMll 400t ?0::1, 300 
536 31C PFINT 13. PHJl,TNloWLtTNS,TNKS 
554 PPINT 14t TN,TNK,T,PS!C,OELC,PSIM,OFL~ 
576 M = 2 
577 4Cn IF(T~ -T) t00,600,500 
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• 602 50~ T = T + OT 
604 G~ rn 100 
605 60C JF(TNKM- T~K) A00t800,7)0 
610 70C TNK = Tt!!< + OTNI<. 
612 Gn T~ 30 
613 80C IF(TNM - T~l lOOQ,l000,900 
6!6 9)0 TN = TN + DTf\1 

620 Gr Tn 20 
621 1 CC'C r.r T(l ( 2{ GC,. 1) M 
627 .2~CO PRINT 13t PHJl,TNl,WL,T~S,TNKS 
645 ~RtNT 15, PSJ~,OELM 
655 GO rn 1 
656 3000 C~NTTNUE 
657 Ef\:D 

J • 



Sample output, program LAYER 

CU2'1 nN CU 

TABLE 0 - 9') A 

•HI = 75.00 

*"'"' LAVE~ *** 

~' :: l.OOOC 

FEFPACTIVF JNOFX f1F SIIRST~I\Tt: = 

REFPACTTVE INDEX nF FIL~ = 2.75~~ 

FIL~ THICK~ESS = 

PS IC = 

PSIM = 

36.1012~ 

-0.0000(' 

PHI = 75 .n':l 

REF~ ACTJVE INDEX QF 

REFRACT IV F.' INDEX 'JF 

FfLM THICKNESS = 

PS!C = 36.395':'! 

PSIM = -0.3COOO 

.>HI = 75 .I) 0 

. PEFRArTIVE INDEX r:'F 

PEFRACTIVE I:'ID EX OF 

0.00 MIGSnn"1S 

OEU: = 

OELM = 

~· = 1. 0000 

!'IIBSTQ~TF = 
Flt.M = 2.1c::oo 

3 ,.oo A'\lf;~ TRIJMS 

nELr = 
OELM = 

~.,, = 1.0300 

StJASTR~TE = 

F ll M = 2.71500 

FilM THICKNESS = 60.'}0 l\N GS TOntiiiS 

PSIC = 36.883'H:- DELC = 

PST~ - -.J.·'.'C:"'~C OELM = 
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.9300 

WAVELENGTH = 5461 ANGSTPn~s 

T ~. 39)0 

.l95n 

72.80712 

-O.OJOCO 

HIIVF.LFNGTH 

.9301) I 2. 39JO 

.1950 

65.76699 

-O."':H)•J1 

WAVELEN\,TH 

.9300 ! 2.3900 

.1950 

59.31852 

-0.00000 

= 5461 A"JGSTROMS 

= 5461 ft. "'GS f!<.OMS 



..J. -; 

-59-

. 1 
IX. FORTRAN IV Computer Program "FPLOT" 

The progr~ "FPLOT" (Film Plot) calculates theoretical quantities 

of $and ~with changes in film thickness. Depending an 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 

1} 
2 

Title and comments (up to 80 columns) 

3 n A: n k 
0 0 m m 

4 nfi on£ nfm kfi ok£ kfm 
(initial) (increment) (final} (initial) (increment) 

5 Li oL L (limited to 200 points) m 

6 cJ> M 

These six cards constitute a set. Any number of sets may follow. 

In each set, the values of the optical constants of the 1 film may be 

varied in increments if one desired. Three blank cards must follow 

the last set of cards. 

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

results will be presented. 
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M 
I I 

Format of Results 

0 · Results will be tabulated and given 
as three curves 

a) 1/J vs !J. curve with thickness as 
parameter 

b) 1/J VS film thickness 

c) !J. VS film thickness 

1 Results will be tabulated only 
the 1/J vs !J. curve is plotted 

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

a) 1/J vs film thickness 

b) !J. vs film thickness 

3 Results will be given only as three 
curves 

a) 1/J VS !J. 

b) 1/J VS film thickness 

c) !J. VS film thickness 

4 Output has only the 1/J vs !J. curve 

5 Two c~rves will be given 

a) 1/J vs film thickness 

b) !J. vs film thickness 

I, 
I 

The maximum number of data points for L (thickness) is 200. If 

the 1/J vs thickness and !J. vs thickness curves are to be plotted, the 

maximum number is reduced to 101. The program "LAYER" should be used 

instead, if only tabulated results are wanted~ 

This program ''FPLOT" has to utilize the subroutines ''PRNPLT" and 

"PLSCAL" written by M. S. Itzkowitz to do the plotting of the curves. 

These two subroutines are library subroutines and they are stored in 

the computer (control data 7600 system). 



-61-

A reproduction of the main program and the two subroutines is given 

on the following pages. A s~mple of the p~tput curves is also-given. 



FPl nr 

r: 
c ,. 
c 

12 

22 
36 
40 
6C• 
72 
"75 

1 
2 
3 
4 
5 

6 
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P!)":GfUM FPtn: ( INPIIT ,nU~PtfT I 
THIS PPnG~~~ IS t~nFPENOENT OF ANGLE READINGS 
THIS PR!"l\.PA'-1 CALf.ULAT[S f)ELC AND PSIC Ff'("'M FILflol THJCKNFSS 
IT ALSn PinTS PSTC VERSUS DELC CUPVE WITH FILM THirKNFSS AS P~P~METE~ 
M!D PSIC VF!)SIJS FJLM THICK"lF.SS, Of:LC VFRSIJS FILM THICKI'.JESS. 
rr"pl FX Tl\!2, TN3, fPHI2t r:PH13, 11.15, RlP, R2S, P2P, O, R.S, RP, PH() 
n I flol E 'J S In~~ TJ Tl F. I 81 , .P A NG F. I 8 I 
DIMEN~I1N XPtnT(20~1, YPLDT(20Q), ZPLnTI2001 
REaQ ?, TTTLF,RA~Gf 
Ff1RII'AT I 8AlJ/AlllO, 
PP!NT 4, TITLE,RaNr.E 
FOPI\o'AT ( UH, BA10//8Al01 
~E-~D q, TI\11,\-Jl,T"IS,TNKS 
IF I HJl I 3000, 3()('0, 6 

7" 
READ lOt TNJ,OTN,TNM,TNKioDTN~tTNKM 
PEAO 11• Tt,OT,TM 

8 
9 

](l 

11 , -.. L 

13 

IF (TJ.NE.C.CI TO=T"-Tl 
READ 12, Pl-'ll,M 
F~R,.AT (Fq.n, 3FlO.OI 
FPRMAT (F<}.O, 5FlO.OI 
F!"s:!~~'AT IF9.'), 2FlO.OI 
FrR...,AT ( F<}.'), n ) I 

FrPMAT (1H",/6HPHJ = ,F5.2,l~Xo4HN = ,F7.4t lOXt 13HWAVELENGTH = , 
r F5.:, lJH ANGSTPnMS//33H REFRACTIVE INDEX OF SUBSTRATE = , F7.4, 
C 2Xo 4H- lo F7.41 

14 f(PMAT (lHO, ?7HRFFs:!ACTIVE INDEX nF FILM = , F7.4, 2X, 
C 4H- J, F7.4//l8H FILM THICKNESS = , F8.2, lOH ANGSTPOMS, 
C //8H PSIC = , FlC.5, lOX, 7HDELC = , Fl0.51 

15 Fr'PMAT.(]Hll 
16 FrPI'-'AT (22HPSIC VERSIJS DELC CURVE) 
17 f(RMAT lf:HPIH = ,F5.2,10X,4HN = ,F7.4,lOX,l3HWAVElE"lGTH = 

C F~.r.,4H A ,5X,l3HNM IKM = ,F7.4,2X,4H- I,F7.41 
J8 F~P~~T ll3H~F IKF = ,F7.4,2X,4H- loF7.4) 
19 FrPMAT (26HDflC VERSUS Ftl~ THICKNESS) 
~1 FrPYAT (2f:HPSIC VEPSUS ~TLM THICKNESS) 

105 PHI = O.Ol745329252*PH11 
1 07 r:: P = C ns ( PH I I 
111 SP = SI~(P~II 
113 T~3 = C~PLX(TNS,-TNKS) 
117 (PHI~ = CSQOT(l.~- TN1**2*S~**2/(TN3**2J) 
141 T~ = TNI 
143 2C T~K = TNKJ 
145 3C T = Tl 
146 NPOINT = J 
151 UO n•2 = C~Pt.X(TI'<J,-TNKI 
153 CPH12 = CSQ~T(l.O- TN1**2*SP**2/ITN2**211 
176 PlS = ITNl*CP- TN2*CPHI2)/(TNl*CP + TN2*CPHJ2) 
230 RIP =-ITN)*(PHIZ- TN2*CP)/(TNl*CPHI2 + TN2*CP) 
261 ~2S = (TN2*CPHI2 - TN3*CPHI31/ITN2*CPHJ2 + TN3*CPH13) 
320 ~2P =-(TN2*CPHJ3 - TN3*CPHI2)/(TN2*CPHI3 + TN3*CPHl21 
356 o = !O.O,l.~J*I4.0*3.141~927*1/Wli*TN2*CPHI2 
374 Q~= (Pl$ + P25*CEXP(-O)J/(l.O + RlS*R2S*CEXP(-D)) 
4?3 RP = IRlP + P?P*CEXP(-0)1/11.0 + RlP*q2P*CEXP(-O)I 
472 OHO = RP/PS 
5~2 PSIC = AT~NIC~BSIPH~))/n.Ol745329252 
506 OFLC = ATAN2(AI~AG(OHQI, PEALIRH~))/0.01745329252 
515 lF IDELrJ 140,!40,150 

I I 

I 
I 
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.. 

.. 

5l7 
521 
525 
542 
561 
562 
564 
574 
575 
60l) 
600 
602 
6r'14 
6(17 
6!1 
612 
614 
623 
626 
632 
650 
660 
671 
7rll 
705 
711 
727 
737 
74., 

746 
757 
760 
771 
775 

1001 
llH 
1027 
1030 
11)36 
, 047 
1050 
l 061 
1064 
1066 
1 ')6 7 
1072 
1074 
1075 
1076 
1077 
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140 nFLC = Oflr + 360.00 
150 {F(M.GT.2) Gr T~ 30C 

oPJNT 13. PHI1,TNt,wL,TNS,TNKS · 
PQTNT l4t TN,TNK,T,PSIC,DELC 

300 XPL~T(NPO]NT) = DELC 
YPLrTCNPOI~Tt a PSIC 
IFC~.E0.1."R.M•E0.4) G~ Tn 400 
YF(TJ.EQ.C.~J G~ Tn 3500 
ZPLrTc~ontNT) a T - TO 
r.c r, 40o 

350C ZPL~T(NPntNT) = T 
4)~ ~POINT = NPniNT + 1 

(f(TM ~T) ~)C,60C.~00 

5!'1f' T = T + OT 
G'1 Tn 1)0 

60~ ~POl~T = NPOT~T - 1 
IF(~.EQ.2.~Q.M.EQ.5) GO Tn. 1500 
PO JI\!T 15 
DC' f~.!T 16 
PPJNT 17, PHtl,Tt-lloWL,TNS,TNKS 
PPINT 1~t TN,T~K 

CALL PRNPLTCXPlOT,YPLQT,360.,~.0,qo.,z.o,c.,c.,~POINT) 
lf(M.FQ.l.OR.M.E0.4) GO TO 1100 

15 )C P P T ~.tT 1.5 
PP INT 21 
DP!~T 17. PHil,TNl,WL,T~S,TNKS 
PQINT 18, T~,T~K 
tFCTt.Eo.c.~t co Tn 3100 
PP INT 33Qf'l, TO 

3300 FrPM.IIT (~HADO ,F8.2,17HTO SCALE READINGS) 
rALl PRNPlT(ZPLQT,YPLDT,TDelD0.,90.,2.,0.,,.,NPOINT) 
GO TO 34CO 

?'DC C~ll PRNPLT(Z~LnT,YPLDT,TM,l00.,90.,z.,o.,o.,NPJINT) 
34GC PRINT 15 

PPTNT lq 
PRINT 17, PHiloTNl,WL,TNS,TNKS 
PPINT 18, T~eTNK 
IFCTI.EO.C.0) GO Tn 3200 
P" J~!T 33Cfl, TO 
c~LL o~NPLTfZDLOT.XPL~r.To,1oo.,360.,lo.,o.,o •• NPOINTt 
r.r TO noo 

320C CALl. PP.NPI TllPLOT,XPLOT,T'4,100.,360.,lO.,O.,O.,NPOINT) 
llOC IF(TNKM - T~K) 80~,800,700 
7~0 TNK = TNK + OT~K 

Gr rr 30 
8JO JF(TNM - TN) 100~t1000~90D 
qoc TN = TN ... DT~ 

GO T£1 20 
10f)C G1'1 Tf1 1 
~OOC CQNTH'UF 

END 

PPOG~AM LFNGTH I~CLUDING t/r 8UFFEPS 

0366'7 
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SU!Wf1UT I NE PP N PL T( X, Y, XMAX, X INC Q., Y'1AX, Y I t..IC R ,( SX, IS Y, N P TS I 
C PPINTFR PL,T ~~UTINF ~.S.ITZKOWITZ MAY,l967 
c 
': 
c 
c 
r. 
r. 
c 
r. 
c 

c 

c 

PLnTS THE ~NPTS# PfJINTS GIVEN RY ~XII),YIII• nN A 51 X 101 GPIO 
U~ING A TnTAL rF 56 LINES 1N THE PRINTER 

TF ~lSXt n~ t'SY# ~PE Nq~f-lEI!O, THE cnPRF.SPnNOING :-!AXIMLJM AIIID 
JNCRfMfNTAL STEP SIZE ADE COMPUTED 

TF EITHFR TNCPEMENT~L STEP SIZE IS ZERO, THE PRr.GRAM EXITS 
'-!EITHER QF THF If'!PIJT ARR.o\YS APE OF.STPDYED. IF SCALING IS DONF. 
THE C'1PPESPfJ~'OI~!G ~!EW VALUES nF "'AXI"'IJM .AND STEP SIZE APE RETIJRNEO 

DI~ENSION X(NPTS),YINPTSI,IGRIDl1051tX~XISil11 

I~TFGFR BLANK,OfJT,~TAR,IG~IO,PLUS 
ll~TA :'iL,.NK,O~"lT,ST~ 0 ,PltiS I ~H ·olH.olH*t1H+ I 

901 FORMATil4Xol05el) 
902 Ff1PMAT(lXF10.3,2XolH+,l05Al,lH+) 
903. FQRMATil5X,l03(1H.)I 
904 FnRMAT(7X,l1CF10.0I,2H (,(4,5H PTSI 
905 FnPMATil6X,J.li1H+,9X)) 
9~00 FrPMAT(46HlSCALING ERRnP IN PRNPLT, EXECUTION TERMINATED 
c 

17 
31) 

42 
43 
44 
47 
51 
63 
67 
76 

103 
114 
112 14 
113 
117 16 
125 11 
132 1'5 
133 
136 
137 
140 
144 
146 
152 
156 
162 
164 12 
167 
174 
201 
205 13 
211 
216 

IF( ISX.f'1E.OI CALL PLSCALIX,XMAX,XINCP,,NPTS,lllOJ 
IF(JSY.NE.OI CALL PLSCALCY,YMAX,YINCR,NPTS,501 
IFCXINCP.fO.C •• OR.YI~CR.FO.O.I GO rn 80~ 
YAXMlN=O.Ol~YYNfR 

XAXMH 1=0. C'1* X T ~CQ 
IZERn=Y~AXIYJNCR+1.5 
JZEqn=t03.5-XMAXIXI~CR 

IFIJZERn.r.T.103.nP.JZERn.LT.41 JZFR0=2 
PRINT 9('5 
PRPH 903 
f)fl 1('1 1=1,51 
IF I I.NF.IZEROI Gn TO 16 
nn l4 J=1,J.'15 
IGRIDIJI=PUIS 
Gt: TO 15 
or 11 .1=1.105 
l GD T[) I J I: Bl<\NK 
IGPIDIJZFRCJ•PLUS 
r GP !f) ( 1':14 I :f)nT 
I GR J0 ( 2 l =D!'1T 
or 12 K=1,NPTS 
!TEST =IYMAX-YIKlliYINCR+1.~ 
J,F ( tTEST .NE • T) r,~ TO 12 
J=i03.5-IXM~X-XIKJIIXINCP 
IFIJ.GT.l031J=l05 
IFC.I.LT.3l ,J=l 
IGRIDIJI=SU.P 
cnNTI"ll.IF 
IFIMf"'DIItlCI.EQ.l) Gn Tn 13 
PPJI'H 91l,Jr>RID 
GC TO 10 
YbXlS=YMAX-II-l)*YTNCR 
IFIAB~IYAXISI.LT.YAXMINI YAXIS=O. 
PRINT 902,YAXtS,(JGRIDIJJ,J=lol051 

I 



232 1:) 
234 
240 
247 
254 
257 
266 20 
270 
300 
301 8)0 
305 
306 

Cf'N TI ~'UE 
PD H~T 90'3 
DPINT 9f'\'i 
DfJ 20 M=l,ll 
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., } .. 

XAXIS( M)=X~AX-XHICP•(FLOAT( 11-M) )*10.1 
fFCABSCXAXIS(M)).LT.XAX~lN)XAXISCMl=O. 
CONTPWF 
PRINT 904,XAXTS,MPTS 
Q ETURN 
Pp JNT 98~(", 

(t'll £=XIT 
n:o 
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PLSCAI 
SURPnUfiNE PLSCAl(V,VMAX,VINCR,NPTS,NOIVJSI 

c 
C SCI\LING PPrGI)~\4 FnR USE' WITH PPNPL T ~.<;. lflK"1WITl ~AY,l967 
C THTS VEPStnN ADJUSTS THE f!Jll SCALE TO 2.5,!'.~, IJP 10. TIMES lO**N 
C ANn .ADJIISTS TI-E MAXIMUM J>nt~T TO AN INTEGEP MliLTIPLF. nF ~*VINCP 
c 

DIMENSI~N ~(NPTS) 

VMIN=Vlll 
10 V~AX:V(ll 
11 DO 1~ f:l,NPTS 
12 lf(V(II.LT.VM1Nl VMIN=V(Jl 
16 IF(VP ).GT .VMAXl V~AX=V(l) 
7.3 OP;ANGF=VMAX-VMIN 
25 10 t::C•NTH'llF 
27 IF(QRANGE.FQ.O.l GO TO 8000 3' QRANGF=0.4!42944*AtOG(QRA~GEt 
32 ~' IF(Q~ANGEI2~o20,30 
37 10 fPANGE=QPANGF 
41 r,r Tn 40 
42 20 IPANGE=-ORANGE 
43 JPANGE=-I~ANGE-1 
46 40 QRANG[=OR~~GE-FLnATIIRANGEl 
50 PANGf:10.•*0PANGE 

r:. 
c 
c 

53 43 
'57 
~7 
60 41 
64 
64 
65 42 
67 50 

73 
75 

c 
r 
c 

77 52 
101 
104 
105 51 
110 
113 53 
120 
121 
124 o;4 
126 
121 
130 100 
!.31 
B3 

RANGF IS BET~EE~ 1.C AND 1".0 

IF(PANGE.GT.2.5J Gn TO 41 
P ANGE=2. 5 
GO TO 50 
lf(RANGE.GT.5.0) GO TO 42 
PANGE=5.0 
Gn TO 50 
P,6NGE=l').O 
TPANGF=RANGE*I10.**IRANGEl 

TPA~GE IS NO~ 2.5,5.0, np 10.0 TIMES A POWER OF TFN 

VINCR=TPANG~/FLO~TINDIVISl 
IF(VMAXl5lo51,~2 
I~AX=V~AX/t5.0*Vl~CQ) 
XMAX=5.0*VtNCR*Fl~AT(I~AX+11 
G" TO 53 
JMAX:-VMbX/(5.0*Vl~CR) 
X~AX=5.0*Vf~CP*FLnAT(-JMAX+1l 
JF{V~JN.GT.X~AX-TRANG~l GO Tn 100 
P ANGF. =R A~GE* 2 • ') 
IF(R~NG~-10.) 43,43,54 
P ANGE=A ANGE /lO • 
IRANGf=tP~NGf+1 
GC TO 43 
V~AX=XMAX 
V~IN=X~AX-T~A~GE 
RETUP.f-l 

n4 8C'OO 

143 
b4'1 

Q800 
PliH!T 9800 
FfR~ATI4~H1PlSCAL CALLED TO SCALE ARRAY WITH ·zERO RANGEl 
CALl FXr T 
E't~D 

\ 
I 
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PSTC VEl< S'IS F Tl M '!'1-4TCKNf.C;S 
PHI 75.0:') 
II!F TICF = 

9. •) 0 QE + 0 1 + 

7 .OOOE+Ol + 

5.0JI.'E+OJ + 

3.000f+!)l + 

l.jQOF+Ol + 

N = J.00;}0 W.t\VELFNGTH = 51t6J. A NM !K\1 "' 
2.7~0C T .1950 

+ + + + + + + 

~-································································· 

.. 

* 

* 

• • 
"'* 

• • 

• 
• 

• 

• 

* * 
* 

* 

• 

** • • 

* 

* 
* 

* 

• • • • 
• **** • * • 

• • 
• • •• 
* 

• 
• ••• 

* •• • ••• 
•• .. . .. 

* 
+.++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++• 

-1. 'lOOE+Ol + 

····················································•················· +. 
(I 

+ 
lOOC 

+ 
2000 

+ 
3000 

+ 
4000 

+ 
5000 

+ 
bOCIC 7C 
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DELC VEP SUS FILM THif KNESS 
PHI 7~ .oa 
NF [ KF = 

3.6!)0f+C2 

2.600E+02 + 

1. 600E +02 + 

6.JOOE+C'l + 

-4.')1)1E +01 + 

-1.41)0F.+02 + 

t-l = 1. COOl') WAVELENGTH = 5461 A JK"l : 
2.1sco r .tqso 

+ + + + + + + .....................•.......... _ ....•......•....................... 
• 

* ••• 
* • 

* ** 
* 

* • * 

* 
* 

* 

* 

* 

* 

* * 
·* 

* * * • ** 
* • * 

* * * • *** *• * ... * ... • ** 
• * * * **! * * 

+.+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++*++++++++* 

.........•....••.•....•.••.....••.•.•••...•.•..•..•.••.••. ~ ••......•.. 
+ 
1 

+ 
ltrO 

+ 
2!'1')0 

+ 
3000 

+ 
40('10 

+ 
5000 

+ 
6000 1C 



u . l 
1 .• 

-69-

1 ACKNOWLEDGEMENT 

The author is grateful to R. H. Muller for his advice and stimulating 

discussions. I wish to thank the Deutsche Forschungsgemeinschaft for 

its financial support. 

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

Commission. 



-70-

'REFERENCES 

1. 
I 

H. Gu, Ellipsometry of Surface Layers (M. S. Thesis) LBL-165 (1971). 

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

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

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

{Springer-Verlag, 1967) Yoli XXV/2a, p. 1. 

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

Engineering (Wiley Interscience, to be published) Vol. 9 1
• 

1

p. 167-226. 

5. R. W. Ditchburn, Light (Interscience Publ.,.l964) Vol. II, p. 590. 

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

7. M. Born and E. Wolf, Principles of Optics {MacMillian Co., New York, 

1964) 2nd Ed., Ch. I, XIII. 

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

l'Jeasurements, U. S, Dept. of Commerce, NBS, Technical Note 

No. 479, 1969. 

9. D. A. Holmes and D. L. Feucht, J. Opt. Soc. Am. 57, 466 (1967). 

10. P. Drude, Ann. Physik u. Chemie, N. F., 36, 865 (1889). 

11. A. Vasicek, J. Opt. Soc. Am. 12, 145 (1947). 

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

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

Absorbing Media, UCRL-11813 (Aug. 1966). 

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

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



~ (" I!' c 
~, ~ 

• • ·~ ... f'; 

Table I. Derivation of Wand ~from ellipsometer azimuths. 

Range of Polarizer Compensator Range of Analyzer 
Transmission Fast Axis Transmission ,--

Zone Azimuth p Azimuth q Azimuth a w ~ '-·' 

~ ......... 
A-1 0-45 45 • ~99-=180 180-a 90-2p 

F 

A-2 45-90 135 90-180 180-a 2p-90 ~rt: .... 

A-3 90-135 45 0-90" 270-2p 
.-

a \c..,_,>' 

A-4 135-180 135 0-90 a 2p-270 (,. 

·s: 
B-1 0-45 135 0-90 a 90+2p 

B-2 45-90 45 0-90 270-2p ~ 
·--.v· 

a 

B-3 90-135 135 90-180 180-a 2p-90 ' 
I 

B-4 "'--I ( 135-180 45 90-180 180-a 450-2p ...... -· 
I, 

,.., . 
i.''·'i._, 

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 



Table II. Fortran :functions.used in the programs. 
·I 

., 
Name Evaluates Converts .. 

• 
CSQRT (C) IC" complex to complex ·, 

• 
CEXP (C) c e complex to complex 

CABS (C) lei complex to real 

AIMAG (C) finds the imaginary part complex to real 
of C 

I 

REAL (C) finds the real part of C complex to real 

cox (X) coaX real to real 

SIN (X) sinX real to real 

ATAN (X) tan-~ real to real 
I -1 I 

ATAN2 (X,Y) tan (x/y} real to real 

ABS (X) lxl real to real 

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

If Cis complex, A, B,-x, Yare .real. 

.J 
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r-----------------LEGALNOTICE------------------~ 

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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