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TECHNICAL MEMORANDUM X-64742

THE GAERTNER L119 ELLIPSOMETER AND TS USE
IN THE MEASUREMENT OF THIN FILMS

DESCRIPTION

The optical parameters for a thin film present on a reflecting surface
may be ascertained by ellipsometry [ 1] . Using these values, a computer
program based on-iterative solutions to the Fresnel equations can calculate
the index of refraction, the coefficient of absorption, and the thickness of the
film if the index of the reflecting surface and of the ambient medium is known
[2]. The intention of this paper is to discuss ellipsometry and the model
L119 Gaertner ellipsometer facility ( Fig. 1) which is available in the Thermal
Environment Physics Branch of the Space Sciences Laboratory at Marshall
Space Flight Center. Interest in'this facility has made apparent the desira-
bility of such an explanation.

Ellipsometry deals with the change in the state of the polarization of
reflected light [ 3]. The ellipsometer measures this change by the orientation
of two opposing Glan-Thompson prisms [ 4], as shown in Figure 2.

Incident light is plane polarized by an initial Glan-Thompson prism, the
polarizer. Its phase is then changed 90 degrees by a 1/4 A plate and reflected
by the surface under investigation to a second Glan-Thompson prism which
analyzes the ellipticity of the reflected light. A photomultiplier increases the

. sensitivity of the vernier readings for the P and A values [3].

The light source is a mercury lamp that emits unpolarized light
unsuitable for use with the ellipsometer. An interference filter between the
light source and the polarizer passes a narrow band [ 546.1 nm (5461 A )]
of light which is compatible with the compensator. The light is collimated by
a series of baffles before encountering the polarizer. The polarizer is able
to select a single plane of vibration because its index and coefficient of

absorption is different for light polarized in different directions [5].
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Figure 1. Gaertner ellipsometer L119.
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 Figure 2. Schematic of the L119 ellipsometer.

A mica 1/4-wave plate standardizes the degree of the polarization of
the reflected light by changing the phase of the incident light by 90 degrees, or
quarter wavelength [4]. Because the crystallographic and optical axes of mica
are complementary, light entering the compensator, except parallel to the axes,
will be broken into two new components vibrating parallel to the axes, as shown
in Figure 3 [6]. These components will travel at different speeds. One (the
ordinary ray) will continue to travel the same distance in the same time as
ordinary light. The other component (the extraordinary ray) will travel in
the same time a different distance [6]. In this case the distance is the thick-
ness of the mica plate, which for a wavelength of 546.1 nm (5461 A) changes
the phase of the light by 90 degrees [1].

A change in phase of 90 degrees constitutes circularly polarized light.
This is the state of polarization of the light incident to the surface in question.

Upon reflection, the phase of the light will be further changed because
of the reflecting material? s index of refraction and its coefficient of absorption
[5]. The incident light is again broken into two components, one of which is
- reflected directly from the surface, while the other is absorbed by the material
and then reflected, as shown in Figure 4. As with the compensator, one com-
ponent of light has traveled farther than the other [ 3]. '

' CIRCULARLY
EXTRAORDINARY LIGHT | poi aARIZED LIGHT

INCIDENT LIGHT _OEENEY—L_IGW O C C

MICA 1/4 APLATE
Figure 3. Path of light through mica 1/4 A plate.
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Flgure 4. Absorptlon and reflection of polarlzed light from
a fllm—covered substrate [3].

When the llght 1s refocused, its phase will again have been changed;
however, the incident llght is circularly polarized to compensate for this
change in phase by reﬂectlon. The electric vectors of the resulting reflected
light at any given point along the propagatlon of the wave will appear to trace
an ellipse [ 7]. The light can now be analyzed by a second Glan—Thompson
prism. This represents the A value. The acuteness of the ellipticity of the
light has been compensated for, and the resulting wave is well within the
limit of measurement by the analyzer,

After bemg analyzed the 11ght is focused mto a photomultiplier, ena-
bling the operator to mechanically determine the extinction coefficients of the
reflecting surface [4]. Once the 1119 is altgned the technique for obtaining
P and A values is simple. The sample must be mounted securely, insuring
proper alignment. Any correction for alignment should be done by the three
leveling screws beneath the sample table, The: angle of 1n01dence may be set
by rotating the telescope until twice the desired angle is read on the vermer
beneath the sample table, A Gauss eyepiece inserted in place of the photo-
multiplier may be used to align and focus the light [ 3]. Although a darkened
room is not required, it is best that a minimum of room lighting be used.
Care should be taken not to expose the photomultiplier to,intense light since
this will adversely affect it and result in erratic readings.

To obtain a P value, the polarizer vernier should be slowly rotated
until the picoammeter shows a minimum or maximum of intensity. ‘Thi’s
setting may be more accurately read by taking an average of settings that
give equal intensities on either side of the minimum [ 3]. A reading of the
analyzer may be taken in the same way. Only those values in zones 1 (0 to 90
degrees) and 2 (90 to 180 degrees) need to be calculated for use by the computer



program, These values must.fall between 0 and 180 degrees,‘ and are design-
ated P; and P, for the polarizer and A, and A, for the analyzer. K can be deter-
mined that P,  P; + 90 degrees and that A;+ A, = 180 degrees [3]. Whether
a value appears as a maximum or minimum is of little consequence since any
value recorded by one vernier as a maximum may be read again as a minimum,
depending on the orientation of the opposing vernier. The accuracy of the

L119 may be checked by setting the angle between the telescope and collimator
at 180 degrees. If the polarizer is set at 0 or 180 degrees, extinction of the
light should occur at 90 or 270 degrees on the analyzer., Some discrepancy has
been noted between these ideal extinction settings and those actually occurring
with the facility at MSFC. In some instances there are discrepancies of as
much as 30 degrees. A; + A, usually equals from 200 to 215 degrees. This
may be caused by improper alignment or any number of varying factors.

Table 1 consists of data taken from a stainless steel mirror and shows

‘the repeatability of the instrument. As shown, the L119 is repeatable within
1 degree. However, repeatability to the nearest 0, 01 degree is in the range
of this instrument. Again, discrepancies may be caused by misalignment or,
more probably, the accuracy with which the operator makes the readings.
‘Nevertheless, the accuracy of the instrument is severely hindered by the
unsteadiness of both the collimator and telescope arms. Even after they are
locked into position, the arms of the telescope may slip as much as 0. 635
centimeters during a reading., As shown in Figure 5, a 10-degree change in
the polarizer reading increased the thickness of that particular mirror by
almost 8.0 nanometers and a similar change in the analyzer resulted in a
difference of 2,0 nanometers.

These values were computed by an 1108 computer using a Fortran pro-
gram [2]. A change in the polarizer results in a greater change in the com~
puted values than does a similar change in the analyzer. The reason for this
is shown in Figure 6. First, note the difference in the shape of the curves
for the analyzer and polarizer for the two zones shown. The slope of the A
curve is much smoother than the P curve. Changes in A occur over a wider
range than do similar changes in P. Also note that a value at P, + 90 degrees
is approximately equal to the P, value at the same angle. However, the
A + A, value for a given angle in every case greatly exceeds 180 degrees.

Included as Appendix A is- a computer output for a program revised -
from the program mentioned above to run on the 1108 computer fac111ty at
MSFC.



TABLE 1. P AND A VALUES FOR ONE ZONE éHOWING REPEATABILITY
' FOR CLEAN STAINLESS STEEL MIRROR

P | A

244.45 16. 60
244. 30 16.74
244,45 16. 60
244,45 16. 69
244,42 16. 63
244,40 16. 69
244.40 16.77
244,30 16.81
244.40 . 16,82
244.46 ' 16.35
244, 55 16. 59
244,42 16. 57
244.54 16. 59
244. 56 16. 63
244. 60 | 16. 59
- 244,54 16. 65
244, 55 » 16. 57
244, 50 16. 60
- 244, 57 16. 57
244.60 - , 16. 62
244,71 | 16.70
244. 60 16.170
244. 65 16.72
244. 80 16. 68
244. 63 | 16. 55
244.43 16. 64
244. 30 | .. 16.59

Appendix B is a graph showing the same type data as shown in Figure 6.
It compares a mono-layered aluminum mirror with a multilayered lithium-
fluoride on aluminum mirror as a function of their optical parameters and the
angle of the incident light. '

Shown in Appendix C are the results of the parameters of several
mirrors measured as functions of the 1/4) plate and as a function of each
other. The calculation of small delta (8 ) as used in the fresnel equations for
a film on silicon is shown as a function of thickness in Appendix D. Shown in
" Appendix E is a graph of the same data displaying an elliptical pattern.
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APPENDIX A .

FORTRAN 1V PROGRAM



@HDG, P . .
@ FOR, IS ELLIPS

C CALCULATION FOR ELLIPSOME1ER
c FOR IFILMs, THE NUMBER OF FILMS ADD. RESET IS NECESSARY TO ERASE FILMS
C " CHANGED TO USE KAPPA INSTEAD OF IMAGINARY PART OF REFRACTIVF INDEX
DIMENSION IDT(1“)vFNSI(Z)rDrNS(Z)vFNSE(2)rFNSX(Z)vTN(B)vTD(B) )
DIMENSION INST(31)
COMMON FvaSval:N'FNX(gﬂﬂl'D(900)vFNZvCRP'CRNfCRP‘Z;CRNS?vWLI
1 RP21,RN25L,DELY PSI'CZvC3rFN2I(2)vDFNZ(Z)'FN9E(2)oFVZX(?)rTerZoTSo
2 T4ryD2+DELDAIPSIDX e ELDEL,ELPSIFDENP, FNPYDEN1sMXsKr IS :
© COMPLEX C2¢C3+CIvCIP1, CNrCNMloCRN'CRN?l'CRN32'CRP9CR921ICRP32
COMPLEX FN2/FNXrFNS+s RHO,RNeRN21» RP¢RF21 RC'SRC
COMPLEX T1+,T2¢T3¢T4+RHOC/RHO1 RHOZ:CAT!ALPI:ALPZOB‘TI BETZ
COMPLEX GAM1sGAM2/,CAT
E" INSTRUCTIONS T0 BE COM?QRED WITH INSTRUCTIONS GIVEN NITH
«~ . DA
c ’ M= 1 2 '3 4 5 - 6
DATA INST/6HPAGE r 6HNM ¢ 6HNF » 6HNS r 6HAT » 6HVL ’
C 8, 9 10 11 12 " 13 v
1 6HNP r 6HNREF  » OHEDP +6HELDP  »6HRESET +6HFILM 2 6HMIXED
c 14 15 16 17 18 19 20
: 2 6HCTABLEs6HCD . r 6HCND »6HCNDE ¢ 6HCNDC QGHCNS * 6HCWP ]
(o 21 T 22 23 24 25 26 27
3 6HCON » 6HCONE  »6HCDONC 2 6HAT s 6HCAT  +6HCATA +6HIFILM o
c 28 29 30 31 T ’ ' o
4 OH6HALINE »6HSTOP 2 2HFT ¢ IHCNK/
C SRC IS SMALL REFLECTION COEFFICIENT (WITHOUT CONSIDERINr
C UNDERLYING LAYERS)
. SRC(A+B)=(A-B)/(A+B)
C SIN+COS+ATAN TAN FOR ANGLES IN DEGREES
SIND (X)=SIN(X/57.29578)
COSD (X)=C0S(X/57.29578)
ATAND (X)=ATAN(X)%57.,29578 .
TAND (X)=SIND(X)/COSD(X)
o S IS USED FOR CALCULATING SPECIFIC REFRACTION
© SIXN)Z{XNAXN=1¢)/ (XN*¥XN+2.)
C " GIVE STANDARD VALUES TO VARIABLES
10 FN1I=1.
DFNi=0.
g FN1E=0.
’ AT=0,
ALP=zQ,
ALA=Q,
ALQ=0.,
FN2I(1)=14"
FN21(2)=0.
DFN2(1)=0.
DFN2(2)=0,
FN2E(1)=0,
FN2E(2)=0.
FNSI(1)=1.
FNSI(2)=0.
© DFNS(1)=0.
DFNS(2)=0.
FNSE(1)=0s
FNSE(2)= 0-
© AIIZ70. ’
- AIE=0Q,
wLi=sy6l, -

10



(2]

12
15

17
20
25

27
30

35

Dw!l.=0.
wLE=D.
RHOC=(0er~1¢)
TC=1.,
GELC=20.
DEN1=1.
DENP=1,
FNP=1.5
N=2 -
ELDEL=,002
ELPSI=,002
pel=gQ,.
DD2=0.
D2F=0.
FN=1,.
EDEL=.015
"EPSI=.015
READ AND PRINT TITLE CARD
READ(S¢15) 10T
FORMAT(13A6+A2)
WRITE(6¢17) 1IDT
FORMAT(1H1,14A6) .
READ AND PRINT CARD OF DATA
READ(5¢25) L+21022¢231284+25+126
FORMAT (26, 3X26F16.0)
WRITE(6027) LoZ21122¢23024425026
FORMAT(1H +A6+3X16F1545) . L
COMPARE L WITH INSTRUCTIONS TO FIND M.
DO 30 M=1,31 :
IF(L.EQ.INST(M}) GO0 TO 35. L
GQ TO 29 o
M= 1 2 3 4 5 -6 7 8 9 10 11" 12" 13 .14 15 16

60 TO(12+50+70¢800900100,1100220,130+140+10¢150+160¢305+1700170,

17 18 19 20 21 22 23 24 25 26 27 .28 .29 30 31

1 1700170+1700730¢170¢170+170¢2509750+750+27072605810¢305¢170) ¢M

S0

70

80

90

'AIE:l.OUOOOl*Z}

INSTRUCTION NMsREFRACTIVE INDEX OF MEDIUM:

FN1I=21 .

DFN1z=22 : :

FNIES1.000001%23 ‘

60 TO 20 B S

INSTRUCTION NFe REFRACTIVE INDEX OF TOP FILM

FN2I(1)=21 ' -

DFN2(1)=22

FN2E(1)=1.000001%23

FN2E(2)=24

DFN2(2)=25 ,

FN2E(2)=1.000001%26 : ‘
IF DFN2(1) IS LEFT BLANK ON DATA CARDs SUBSTITUTE A VALUE OF

DFN2(1) SO THAT ONLY ONE CALCULATION WILL BE PREFORMED.

IF(ABS(DFN2(1)) «EQeD+) DFN2(1)=1.,000002%ABS(FN2E(1)=FN2I(1))
INSTRUCTION NS REFRACTIVE INDEX OF SUBSTRATE -

FNSI(1)=2Z1 . . ,

DFNS(1)=22 .

FNSE(1)=1.000001%23"

FNSI(2)=Z4

DFNS(2)=25 L

FNSE(2)=1,000001#%26 o Tl

60 TO 20 : -
INSTRUCTION AI. ANGLE OF INCIDENCE

Allzz1

DAI=Z2

11



GO YO 20
[ INSTRUCTION WLe = WAVE LENGTH OF LIGHT
100 wLiIz2i
pWL=22
WLEZ1.000001%23
GO TO 20 o
C INSTRUCTION wPs CONSTANTS OF WAVE PLATE
110 TC=21 ’ - )
DELC=Z2
RHOC=TC*CEXF((04r~1+)*DELC/57, 29578)
GO0 TO 2v
c - INSTRUCTION NREFr NUMBER OF REFLECTIONS OF THE LIGHT
120 FN=21
GO Tu 20 o
C INSTRUCTION EDPy CONFIDENCE FIMITS FOR DELTA AND PSI
130 EDEL=Z1 R : 7
EPSI=Z2
GO TO 2¢
C INSTRUCTION ELDPr ERROR LIMITS FOR DELTA AND PSI
140 ELDEL=21 s ’
ELPSI=Z2
G0 70 20 )
C INSTRUCTION FILM +NUMBER» THICKNESS AND REFRACTIVE INDEX OF FILM
150 I=1.000001*%21+1 :
p{I)=22
FNX{I)ZCMPLX(Z23¢=23%ABS(24))
N=MAX0O(Nr 1)
G0 TO 20
C INSTRUCTION MIXEDer DATA FOR MIXED FILMS
160 DEN1=21 ' ’
DENP=Z2
FNP=23
60 TO 20
" VALUES OF DELTA AND PSI OR OF PrA+sAND @ HAVE BEEN GIVEN
USE PREVIOUS VALUES OF DEL AND PS1 IF NO DATA IS GIVEN:Zl =2220
IF FIRST VALUE(Z1) =0.USE PREVIOUSLY GIVEN VALUES OF
DELTA AND PSI
170 IF(ABS(21).EQ.0.) GO TO 3i0
IF(ABS(25).EQ.0.,) GO TO 180

OO0

C 25 NOT =0» SO PlrA1+P21A2+Q ARE GIVEN
C COMPUTE TwO VALUES OF RHO
: Zl Z1+AT+ALP
g Z2=Z22+AT+ALA
23=Z3+AT+ALP
ZU4SZ4+AT+ALA
Z5=25+AT+ALQ
WRITE(6+27) Le21122+123¢24+25
174 RHOl-TAND(ZZ)*(TAND(ZS)+TAND(Zl'ZS)tRHOC)/(TAND(ZI-ZS)*TAND(ZS)*
1 RHOC=1,)
RHO2=TAND(Z4) *(TAND(25)+TAND(Z3-25) *RHOC)/ (TAND(Z23-25)*TAND (Z25) *
1 RHOC 1.)
EC AVERAGE VALUES OF RHO!.COMPUTE VALUES OF DELTA AND PSI

RHO= (RHO1+4RHO2) /2.
DEL1I=ATAN2 (AIMAG(RHOL1) +REAL (RHO1))%57,29578
PSI1=ATAND(CABS(RHO1))
DEL2=ATAN2(AIMAG(RHO2} rREAL (RHO2)) *57.29578
PSI2=ATAND(CABS(RHO2))
WRITE(6+,175) DEL1,PSI1DEL2+PSIZ2
175 FORMAT(6H DEL1=rF12.5626H PSILl=sF12. 6+ 6H DEL2=rF12.60
1 6H PSIZ2=,F12.6)
IF(FN.EQs1s) GO TO 210
G0 TO 200

12



180

185

‘190

200
210

- 215

[a X o]

O 000

220

250

tor

IF 220+ DELYA AND PS1 ARE GIVEN OTHERWISE PrA1Q ARE GIVEN

IFCABS{Z3) ,EG.Ds) 6O TO 190

Z1=21+4AT+ALP

22=Z22+ATHALA

23ZZI+ATHALQ

WRITE(6r27) oZleZva

RHO= TANU(ZZ)*(TAND(Z5)+TAND(21 ZK)*RHOC)/(lAND(Zl=Z3)7TAND(Z3)*
1 RHOC=~1.,)

IF(FN.EQsl.) GO TO 210

GO TO 200

DEL=Z1

PSI=Z2

RHO= TAND(PSI)*CEXP((0.01.)*DEL/J7 29578)

IF(FN.EGes1.) GO TO 310

CORRECT FOR NUMBER OF REFLECTIONS IF FN NOT =1

RHO=CEXP{1./FN¥CLOG(RHO))

DEL=ATAN2 (AIMAG(RHO) +REAL (RHO) ) *57.29578
PSI=ATAND (CABS (RHO))

WRITE(6r220) DEL/PSI

FORMAT (oH DELZF13.6¢5H PSI—:FIS 6)

GO0 T0 310

-INSTRUCTION ATs ANGLE OF TILT OF SAMPLE
AT=21

60 TO 20

260

270

280

305

"310

INSTRUCTION ALINE: ALINEMENT CORRECTIONS
ALP=Z1
ALA=Z2
ALGQ=Z3
60 TO 20
INSTRUCTIOM IFILM. CALCULATES THICKNESSES AND REFRACTIVE
INDICES OF A SERIES OF FILMS

XNF=21

" TH=Zz2

REMOVE ALL PREVIOULSY DESIGNATED FILMS, .

WITHOUT NEXT CARD, FILMS WILL BE PLACED BETWEEN PREVIOUSLY
DESIGNATED FILMS AND SUBSTRATE
N=2 .

DN AND DK ARE INCREMENTS OF REFRACTIVE INDEX AND K
DN=(Z5=23) /XNF . :
DK=(Z6=24) / XNF
’ COMPUTE INDEX AND K (KAPPA) OF TOP FILM
23=23+DN/2.,

Z4=Z24+DK/2, .

INDEX OF TOP FILM IS Nl INDEX OF BOTTOM FILM IS N
"NI=N+1 :
NF=1,000001%XNF

T N=N+NF .
DO 280 I=NirN
"DCI)=TH/NF
FNX(I)= CMPLX(ZS»-ZS*Z“)
23=23+DN
Z4=24+4DK
GO TO 20 oo )
THICKNESS OF ToOP FILM AND +OPTIONALLLY» SETTING OF WAVE PLATE
D2I=21 :
0ba=z2
D2E=1.000001%23
Qz=2y
IF(M.EQ+30) GO TO 20
SET INITIAL VALUES
FN1=FN1I o

13



2 Xz Xz

311 Al=All
312 S1=SIND(AL)
C1=COoSD(ATI)
IFtM.EQ.19) GO TO 710
315 WL=WLI
WRITE (6+316) FN1+AL+WLeTCsDELC
316 FORMAT(17HOINDEX OF MEDIUM=Z:F10.5,21H AKGLE OF INCIDENCE=+F10.3,
1 14H WAVE LENGTH=/F10.2+5H TC=»F10.5¢7H DELC=»F10.3)
IF(M.EQ.14) GO TO 320
IF{M.EQ+31) GO TO 318

PRINT TABLE HEADINGS EXCEPT FOR CTABLE OR CNK
WRITE(6+317)
317 FORMAT(123H0O THICK NF REAL KAPPA ADSORPTION D DEL 0P
i1sl ERROR - NF=KM " NS=NF WT FRACTION NS REAL KAPPA
2 K) -
GO TO 320
PRINT HEADINGS FOR INSTRUCTION CNK

318 PRINT 319 . )
319 FORMAT(1HOs»8X»2HNF» 15X SHKAPPA»SXo4HD NFr11Xe7HD KAPPA»9Xe
1 SHERROR»3X»7HD DELTA¢SXsSHD PSIr10XeSHTHICK)
320 NPL=N+1
SET VALUES FOR REFRACTIVE INDEX OF SUBSTRATE
3295 FNSX(1)=FNSI(1) '
326 FNSX(2)=FNSI(2)
327 FNX(NP1)=CMPLX(FNSX (1) r~FNSX(2)*FNS5X(1)) '
COMPUTE REFLECTION .COEF BETWEEN LAYERS 3 AND 4
IF(N.EQ.2) GO TO 335
X=SIND(AI)*FN1
CN=CSQRT (1= (X/FNX(N+1))*x2)
CNMI=CSART(1e=(X/FNX(N))*%2)
CRP=SRC(FNX{N+1) *CNM1 s FNX(N)*CN)
CRN=SRC(FNX(N)*CNM1sFNX(N+1)*CN)
IF(N.EQs3) GO TO 335 )
NX=N=3 -
I=N-1 ’
DO 330 J=1/sNX
CiPi= CSQRT(l.-(x/FNX(I+1))**2)
CI= CSERT(1.=(X/FNX(I)) =*x2)
RP=SRC(FNX(I+1)*%CI+FNX(I)*CIP1)
RN=SRC(FNX(I)*CIsFNX(I+1)*CIP1)
TISFNX(I41)#CIPL*D(I+1) /WL
CRP=RC(RP+CRPyT1)
CRN=RC(RN»CRNrT1) ~

330 1=1-1

335 IF(M.EQ.31) GO TO 850
340 FN2X(2)=FN2I(2)
342 FN2X(1)=FN2I(1)
343 FN2= CMPLX(FNZX(li'-FNZX(Z)*FNZX(l)) .
CALCULATE REFLECTION COEF BETWEEN LAYERS 2 AND 3
CALL CRC
IF(M.EQe14) GO TO 350
K=1 - ’
EXCEPT FOR CTABLE+CALCULATE VALUES:T1 AND T2 OF FILM
o THICKNESS
CALL CALDX (T1.72) .
IF(M.EQ.15) GO TO 455 =~
EXCEPT FOR CTABLE OR CDvCALCULATE COMPLEX VALUES T3 AND
T4 OF FILM THICKNESS FOR UPPER VALUE OF FILM ’
REFRACTIVE INDEX
FN2= CMPLX(FNZX(1)+DFN2(1)r-FN2X(2)*(FNZX(l)*DFNZ(l)))
CaLL CRC
"CALL CALDX(T3.T4)
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¢ IST1 FOR 0 SOLUTTON FOURD  IS=2 FOR SCLUTION FOUND
15=1
IFCC ATMAG(TL) «GTWlo v AND, AYNAu(TS) LTe06¢) eOR(AIMAG(TL1)4LTo0.AND
1 AIm~G(T5).u(.0 Y) 65 TG 485

c NO SOLUTION FOR N2 FOR FIRST SOLUTION OF GUADRATIC
345 IFL(AIMAG(TEZ) «6Te0: « ANDVAIMAGITH) oLT+00) . ORs (AIMAG(T2) .LT4 0 AND-
1 AIMAG(TH).6T:0.)) GO TO 487 *
o NO SOLUTION FOR N2z FOR SECOND SOLUTION OF QUADRATIC

347 IFUIS.EG.2) GO TO 670
C NO SOLUTION FOUND. TRY OTHER QUADRANTS FOR SQRT IN CALDX

K=3- .
FN22CMPLXAFN2X (1) p-FN2X(2) %FN2X (1)) -
CALL CRC

CALL CALDX (T1:T2)
FN2= CMPLX(FI2k(1)+DFN2(1)v-FhZX(Z)*(FNZX(1)+DFN2(1)))
CALL CRC
CALL CALDX(T3¢T4)
IFCL AIMAG(TL) ¢GTo0¢ s ANDSAIMAG(T3) oL T404) 4ORs (AIMAG(T1)¢LT+044AND
1 AIMAG(T3).GT.0.)) GO TO 490
548 IF{(AIMAGIT2) +6T.04 ANDAINAG(TU) oL T+04) ORs (AIMAG(T2) LT +04AND.
1 AIMAG(T4).GT.0.)) GO TO 489
60 TO 670
C TABLES OF DEL AND PSI FOR CTABLE
" 350 WRITE(6+360)
360 FORMAT (1HO ¢ 3X¢SHTHICK %X s 3HDEL » 5X» 3HPSI st X 14HRF +CF ,PARALLEL » 6X
1 12HRF + CF « NORMAL ¢ 4X » 2HNF » 4X # SHKAPPA s 2X # 2HNS » 5X s SHKAPPA ¢ 4bH o
2 2HP 15X+ 2HAL » SX ¢ 2HP21 5X 1 2HA2)
390 D2=D2I
400 CRP21LZRCIRP21+CRP32sFN2#C2*0D2/WL)
CRN21=RC(RN21 ¢+ CRN32+FN2%¥C24D2/WL)
RHO=CRP21/CRN21
IF(FNeNEs1os) RHOZCEXP{1+/FN*CLOG(RHO))
DELZATAN2 (A IMAG (RHO) +REAL (RHO) ) ¥57,29578
IF(REAL(RHO) 4LT+0s +AND. ABS(AIMAG(RHO)).LT. 1.0E~6) DEL=180.
PSIZATAND(CABS (RHO))
XM1=CABS(CRP21)
THETAL=ATAN2 (AIMAG(CRP21) +REAL (CRP21) ) %57,29578
IF(REAL (CRP21)+LT.0. «AND. ABS(AIMAG(CRP21)).LT.1.0E=6) THETA1=180.
XM2=CABS(CRN21) _
THETA2SATANZ (AIMAG (CRN21) yREAL (CRN21))*57,29578
IF (REAL(CRN21) oLT4.0s +ANDe ABS(AIMAG(CRN21)).LT.1.0E-6) THETA2=180.
FN2R=REAL (FN2) .
FNXR=REAL (FNX (N+1))
FK2==AIMAG(FN2) /REAL (FN2)
FKX=~AIMAG(FNX{N+1))/REAL(FNX(N+1))
IF(ABS(Q) eNEJQs) GO TO 420 _ ,
WRITE(6+410) D2/DELsPSI+XM1 s THETAL»XM2s TRETA2+FN2R e FK2s FNXR¢FKX
410 FORMAT(LH F8.,1+2F8¢3¢12(F9:5/F9,3) s4FT7.4+4F7,2)

GO0 TO 450
c @ NOT 0. COMPUTE P AND A READINGS FOR VALUE OF Q
C CORRECT @ FOR TILT AND ALINEMENT

420 TO=TAND(Q+AT+ALQ) .

: IF(ABS(DEL) .LT.1.0E=6) GO TO 430
R=(TQ*SIND(DEL-DELC)~SIND(DEL+DELC) /TQ)/2./SIND(DEL)
TP1=(~R+SQRT(R*R+1))/TC
TP2= (=R=SQRT (R*R+1))/TC
P1=ATAND(TP1)+Q@~ALP+ALQG
P2=ATAND(TP2) +Q=ALP+ALQ ‘
AL=ATAND(REAL (RHO*(TP1%TQ*RHOC=1,)/(TQ+TP1*RHOC)))=AT~ALA

TT7 A2=ATAND(REAL (RHO* (TP2*TQ@*RHOC=- 1 Y/ (TQ+TP2%RHOC) ) ) =AT=ALA
GO TO 440

©C77 7T USE LIMITING FORMS OF EQUATIONS FOR DEL NEARLY =0.
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430

440

Plz=g=ALP+ALG

P2=@-ALP+ALL-30,

ALZATAND (REAL (RHO/T@) ) =-AT=ALA

A2=ATAND (REAL (RHO®TG) ) ~AT~ALA

’ REDUCE -ANGLES YO LIE BETWEEN 0 AND 180 DEGREES
P1=AMCD(P1+360.1180.)

AL=AMOD(AL+3604¢180.)

P2ZAMOD(P2+360.¢180.) ’ o

A2=AMOD (A2+3G0.1180.)

WRITE(6¢410) D2+DELePSI XMLy THETAloXMZrTHETAZ!FNZR FK22FNXR

1 FKXePLsALIR20 A2

450

455

460

470

480

c
485
487
489
c
490

16

D2=p2+Dbb2
IF(D2.LT«D2E) GO TO 400
GO TO 670 ‘
COMPUTE FILM THICKNESS M=15 ols}
PICK THICKNESS WITH SMALLEST IMAGINARY PART
IF(ABS(AIMAG(T2)) LT+ABS(AIMAG(TL))) 60 TO 460
.D2=REAL(T1} .
ERROR=AIMAG(T1)
K=1 '
.60 TO 470
D2zREAL(T2)
ERROR=AIMAG(T2)
K=2
COMPUTE DEL AND PSI FOR CALCULATED FILM THICKNESS D2
CRP21=RC(RP21+CRP32+FN2*C2%D2/WL)
CRN21=RC(RN21+/CRN32+FN2*C2*D2/WL.)
RHO1=CRP21/CRN21
PSIX=ATAND(CABS(RHO1))=PSI
DELX=57.29578%ATAN2 {AIMAG(RHO1) yREAL (RHD1))=DEL
DIFN21=REAL(FN2)=FN1 ‘
DIFN32=REAL(FNX(N+1))=-REAL(FN2) .
WEIGHT FRACTION AND WEIGHT OF MATERIAL IN UNIT AREA OF FILM
FRACTN= DENP/(DENP+(S(REAL(FN2))-S(FNP))*DENl/(S(FNl) ~S(REAL(FN2)))
1 )
WIMT=1,0E~- 5*02*FRACTN/(FRACTN/DENP+(1.—FRACTN)/DEN1)
FN2R=REAL (FN2)
FNXR=REAL (FNX (N+1))
FK2z=AIMAG(FN2) /REAL (FN2)
FKX==AIMAG(FNX(N+1})/REAL{FNX(N+1))
WRITE(6+480) D2¢FN2RIFK2WTMT» DELX:PSIX:ERRORrDIFNZl DIFN32»
1 FRACTN!FNXRIFKXrK
FORMAT(1H rFB+s1¢2F9.5+1PE12.,4+0P2F9,:3,F12, 5'3F10 5¢2F3.5¢16)
60 TO 670
- CALCULATE SOLUTION FOR N2 FOR FIRST SOLUTION OF QUADRATIC

‘K=1
GO 70 490
K=2
GO TO 490
K=4
MXZ16 SO THAT SOLN2 WILL PRINT
MX=16 -
CALL SOLNZ
MX=M-

IF(M.EQe16 «ORs M,EQ.21 «ORs IS.EQe1) GO TO (345,347,34Br670) K
PRINT BLANK SPACE ) :

WRITE(6027)
CALCULATE ERROR LIMITS FOR N2 AND D2

DELO=DEL

PSIQ=PSI

DEL=DELO+1.249*EDEL

CALL SOLN2



TN(L)ZREAL(FND)
TD(1)=D2 ;
DEL=DELO-1.249%EDEL
CALL SOLN2
TM(2)ZREAL{FN2)
To(2)=p2
DEL=DELD
PSIZPSIO+1,249%EPS]
CALL SOLN2
TH{3)=REAL (FN2)
TD(3)=De
PSI=PSI0~1.249%EPSI
CALL SOLN2
TNLL) ZREAL (FN2)
10(4)=p2
DEL=DELO+0.883%EDEL
PSI=PSI0+0.8E3*EPSI
CALL SOLN2
TN(S)=REAL (FN2)
TD(S5)=D2
DEL=DELU=0,883*EDEL
CALL SOLN2
TN(6)=REAL (FN2)
Tot6)=D2
DEL=DELO+0,.883+EDEL
* PSIZPSI0=0,883%EPSI
CALL SOLN2
TN(7)=REAL (FN2)
TD(7)=D2
DEL=DELC=0.883*EDEL
CALL SOLN2
TN(8)=REAL (FN2)
TDiB)=D2
FN2MIN= AMINl(TN(l)vTN(Z)vTN(B)vTN(Q)'TN(S) TN(&).TN(?)'TN(B))
FN2MAXSAMAXL (TNCL) s TNC2) s TNC(3) s TNCU) s TNIUS) » TN(E) » TN(T) » TNLB))
D2MINZAMINI(TD(1) ¢+ TD(2) ¢ TD(3) + TD(4) » TD(S) , TD(6) ¢ TD(7) »TD(8))
D2MAXZAMAXL(TD(1) » TD(2) +TD(3) o TO(4) » TD(S) , TD(6) +TD(7) »TD(8))
WRITE(6+495) D2MIN/D2MAX» FN2MINIFN2MAX
495 FORMAT (39HOCONFIDENCE LIMITS OF FILM THICKNESS ISF8.1+3H TOFg,1/
1 69H COWFIDENCE LIMITS OF THE REAL PART OF INDEX OF REFRACTI
20N.OF FILM ISF12.5¢3H TO F12,5) '
+ 60 TO (345,3uT7,»3481670) 1K
670 FN2X(1)ZFH2X(1)+DFN2(1)
IF(FN2X(1) LT FN2E(1)) GO TO 343
“700 FN2X(2}=FN2X(2)+DFN2(2)
T OIF(FN2X{2) JLT.FN2E(2)) GO TO 342
FNSX(2)SFNSX(2)+DFNS (2)
IF (FNSX(2).LT.FNSE(2)) GO TO 327
FNSX(1)ZFNSX (1) +DFNS(1)
IF(FNSX (1) (LT FNSE(L)) GO TO 326
wL=wl+Dwl .
IF(WL.LT.WLE) . G0 TO 320
705 AL=AI+DAI _
IF(AL.LT.AIE) . 60 TO 312
FNL=FN1+OFN1 ‘
IF(FN1.LT.FNIE) | GO0 TO 311
G0 TO 20 :
CALCULATE REFRACTIVE INDEX OF SUBSTRATE CNS
710 FNS=FN1%#S1/C1#CSQRT(1e=4+*RHO®S1%%2/ (RHO+1,) **2)
" FNSI(1)=REAL(FNS) ) o ) '
FNSI(2)Z=-AIMAG(FNS)/FNSI(1)
TTUFNSE(LY=0,



C
C

FNSE(2)=0.
WRITE(6¢720) FNSI/DEZLPSI
720 FORMAT(20HOINDEX OF SUBSTPATE FO9.4¢rF9s QvZH 12X UHDEL =
1 F9.3+12X¢4HPSIZFS.3) :
IF(FNSI(2).LT.0.) GO TO 725
GO TO 705
725 WRITE(60727) _ A
727 FORMAT(62HOKAPPA IS SET EQUAL TO 0¢SINCE A NEGATIVE VALUEL WAS CALC
1ULATED)
FNSI(2)=0.
G0 70 705
COMPUTE CONSTANTS OF WAVE PLATE CwpP
ASSUMES ANGLE OF TILT AT IS ZERO
730 Z1=Z1+ALP
22=22+4ALA
23=23+ALP
Z4=24+ALA
25=25+AL4Q
WRITE(6r27) LeZ1122023024¢25
IFCABS(Z3-25) oLT4 0.1 +OR, ABS(Z1-25).LT+0.1) GO TO 745

735 B=(TAND(Z22)*#(TAND(Z3~25)*TAND(25)~ TAND(ZI—ZS)/TAND(ZS))-TAND(Z“)*

C
C

1 (TAND(Z1-25)*TAND(ZS)~TAND(Z3=25)/TAND(25)))/2./
2 (TAND(Z2)=TAND(ZY4))

DELC= ATAN2 (SQRT(=B*B=TAND(Z1-Z5)*TAND(Z3=25))+B)%57,29578
TC=1.,/SART(~TAND(Z1=~25) *TAND (23=25))
RHOC=TC*CEXP((Qsr=1.)*DELC/57.29578)

RHO -TAND(ZZ)*(TAND(ZS)*TAND(ZI-ZS)*RHOC)/(TAND(ZI-ZS)*TAND(ZS)*
1 RHOC=1.)
DEL=57.29578%ATAN2 (AIMAG(RHO) » REAL (RHO) )
PSIZATAND (CABS(RHO))
WRITE(6+740) TCrDELCDEL/PSI
740 FORMAT(4H TC=+F10,5:9H DELTA C=sF10.5i7H DELTA-oFlS Ss5H PSI=
b F15.5)
60 TO 20 _
745 WRITE (6+1747) .
747 FORMAT( 73HOCONSTANTS OF WAVE PLATE CAN NOT BE ACCURATELY CALCULAT
1ED FROM ABOVE DATA)
GO TO 20
CALCULATE ANGLE OF TILT OF STAGE ON ELLIPSOVETER CAT IS COMP
ANGLE WITH REAL PART ANGLE AND IMAGINARY PART ERROR
750 Z1=Z1+ALP
Z2222+ALA
23=23+ALP
Z4SZH+ALA
25=25+ALG
WRITE(6927 ) LeZ1¢Z22923024+25 M
TPIZTAND(Z1-25)
TA1=TAND(Z2)
- TP2=TAND(23-25)
TA22TAND(Z4)
T@ =TAND(ZS)
ALP1=TAl*(TQ+TP1*RHOC)
ALP2=TA2%(TQ+TP2%RHOC)
"GAM1I=TP12TQ*RHOC~1,
GAM2=TP2*TQ*RHOC~14
BET1= ALPl/SIND(ZZ)/COSD(ZZ)+(TA1 ~ALP1xTP1#RHOC/GAM1)/COSD(25) %*2
BET2=ALP2/SIND(Z4)/COSD(Z4) +{TA2=-ALP2*TP24xRHOC/GAM2)/COSD(Z5) **2
CAT=(ALP2+GAM1~ALP1%*GAM2) /(BET1%GAM2~BET2%6AM1) %57.29578
ATX=REAL{(CAT)
Z1=Z1+4ATX
22=22+ATX
Z3ZZ23+ATX
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Z4=2644ATX
Z5=25+ATX
COMPUTE RHOIDELIPSGI
GO 10 174
755 PRINT 760+CAT+DELWPSI -
760 FORMAT(15H ANSLE OF TILT=»F13.5+15H DTGREES+ERRORTIF13.5¢

1 7H DELTAS,Fi5.5+¢5H PSIZ¢F15,5)
IF(MEQ.26) ATXZ(ATX+AT)/2,
AT=ATX
GO T0 20
B10 'STOP

INSTRUCTION CNK Mz=31 COMPUTES N AND KAPPA OF FILM
450 D2=Del
852 PRINT 855¢D2

. 855 FORMAT(1HO+90XF15,1).

@
¢
c
c
¢
c

OO0

860 CALL MINZV(FNZI(l)lDFhZ(l)oFNZE(l)rFNdI(?)'DFNZ(Z)'FNZE(Z))
02=02+002
IF(D2.LT,D2E) GO TO 852
GO T0 20

CEND.
FOR, IS SOLN2

SUBROUTINE SOLN2
SOLVES FOR REAL PART OF REFRACTIVE INDEX AND THICKNESS OF
A FILM FOR MEASUREMENTS OF DELTA AND PSI
ER2 IS ERROR OF SOLUTION!sTHICK IS FILM THICKNESS, INDEX IN FN2
IF K=1 OR 3¢ FIRST(POSITIVE SIGN) SOLUTION IS USED
IF K=Z2 OR u4r SECOND(NEGATIVE SIGN) SOLUTION IS USED
COMMON FNL1+S1+CLsN/FNX(S00)+D(900)FN2sCRP¢CRNyCRP32/9CRNI2¢WL»
1 RPleRNerDELvPSIvCZDCB'FNZX(Z)vDFNZ(Z)vFN?E(Z)rFNZX(Z):TltTZiTS'
2 T4r02¢0ELX ¢PSIX + ELDELPELPSIVDENPIENPDENEI MoK IS
COMPLEX FNX»FN2»CRP+CRNICRP3I21CRN32/RP2LIRN21+C2+C3rTL1o T2/ T3¢ Tl
1 T5»T6+/RHOFRC
S IS USED FOR CALCULATING SPECIFIC REFRACTION
SIXNI = (XNEXN=1¢ )/ (XNEXN*24)
ATAND(X)=ATAN(X)*57.29578
X1=FiN2X{1)
X3ZFN2X (1) +DFHN2(1)
60 TO (10+20,10:20)¢K
10 ERL=AIMAG(T1)
ERIZAIMAG(T3)
GO TO 30
20 ERIZAIMAG(T2)

. ER3ZAIMAG(T4) ’ .

30 DO 80 I=1:.20
X2=(X1+X3)/2,
FNe= CMPLX(XZ"FNZX(Z)*XZ)
CaLL CRC
CALL CALDX(T5.T6)
GO TO (40+,50+40,50)¢K
40 D2=REALI(TS)
ERZ2=AIMAG(TS)
GO TO 60
50 D2=REAL(T6)
ER2=AIMAG(T6)
- COMPUTE DEL AND PSI FOR FILM THICKNESS D2
60 RHO=RC (RP21+CRP32,FN2*C2%D2/WL ) /RC(RN21+,CRN32+FN2xC2%D2/WL)
DELX =ATAN2(AIMAG(RHO) »REAL(RHO))}*57. 29578-DEL
PSIX=ATAND(CABS(RHO))=-PSI
IF(ABS(DELX ) «LT.ELDEL«AND. ABS(PSIX ) LT.ELPSI) GO TO 100
" HAS NOT CONVERGED TO ELDEL AND ELPSI. CHANGE LIMITS X1¢X3
IF ER1 AND ER2 HAVE SAME SIGNsX1=X2 AND ER1ZER2+O0THERWISE
‘ER2 AND ER3 HAVE SAME SIGNsX3=X2 AND ER3= ER2
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70

80
90

c
100

C

110

120

IF((ER1.GT.0.0 +AND. ER2.6GT¢0¢0)}+sOR«(ER1.LT«0+,0 ANC.
1 ER2.LT.0.0)) GO TO 70
X3=x2
" ER3=ER2
GO YO 80
X1iz=x2
ERL=ER2
CONTINUE
D2=1,0E30
FN2=}1.0E30
RETURN
IF FILM THICKNESS D2 IS NEGATIVE:TREAT AS NO SOLUTION
IF(D2.L.T+0.) GO TO 90
PRINT SOLUTION AND ERROR LIMITS
IF(M,EQ.17 .ORs M.EQ.22) GO TO 120
DIFN21=X2=-FN1
DIFN32=REAL(FNX(N+1))=X2
FRACTNZUENP/ (DENP+(S(X2) = S(FNP))*DENl/(S(FNl)-S(XZ)))
WTMT=1,0E=5+D2*FRACTN/ (FRACTN/DENP+(1.~FRACTN) /DENYL)
FN2RzZREAL (FN2)
FNXR=REAL (FNX(N+1})
FK2==AISAG(FN2) /REAL(FN2) .
FKXZ=AIMAG(FNX(N+1) ) /REAL{FNX(N+1)) :
PRINT 110+D2¢FN2RIFK2rWTMT+DELXsPSIX+ER2,)DIFN21¢DIFN32,
1 FRACTN'FNXRsFKXrK
FORMAT(1H rFB84172F9,5¢1PEL2.4r0P2F94¢3+F12,5+3F10.5¢2F9.5¢16)
Is=2 :
RETURN

END
@FOR, IS CRC1, CRC1

C

10

SUBROUTINE CRC
CALCULATES CRP32 AND CRN32 REFLECTION COEF OF MEDIUM 2 AND 3

COMMON FN1¢S1+CleNeFNX(S00),0(900) ¢FN2¢CRPyCRNeCRP32,CRN322WL e
1 RP2LsRN21/DELIPSIsC20eC3oFN2I(2) sDFN2(2)Y oFN2E(2) 9FN2X(2)¢T1eT2¢T30
2 T4rD2+DELDX/»PSIDXe ERDELERPSI¢DENP+FNPsDENL

COMPLEX FNX'FNZ'CRPvCRN'CRP320CRN$20RP210RN21'C2'C30T11T2'T3rT4
COMPLEX RCrRP32rRN32

SRC(A+B)=(A-B)/(A+B)

X=FN1#%S1 :

C2ZCSQRT{L1.=(X/FN2) **2)

C3ZCSQRT (14 ={X/FNX(3))%%2)

RP21=SRC(FN2*ClesFN1%C2)

RN21=SRC(FN1*ClrFN2%*C2)

IF(N.EQ.2) GO TO 10

RP32=SRC(FNX(3)*C2,rN2*C3)

RN32=SRC (FN2*C2/FNX(3)*C3)

CRP32=RC(RP32+CRP/FNX(3)%C3+D(3)/WL)
CRN32=RC(RN32+CRNsFNX(3)*C3xD(3)/WL)

RETURN

CRP32=SRC(FNX{(3)*C2+/FN2*C3)

CRH3Z=SRC(FN2*C2,FNX(3) *C3)

RETURN :

@FOR IS RCX, RCX

c

COMPLEX FUNCTION RC(RerCR329 ).
RC=REFLECTION COEFFICIENT INCLUDING EFFECT OF UNDERLYING LAYERS

C ' FOLLOWING CARD IS REQUIRED FOR FORTRAN V ONLY

2

COMPLEX CEXPsCLOG»CSGRT

COMPLEX R21¢CR32¢/Q T

T=CEXP((0.1-12.56637)*Q) ’ ]
Q=N2*COS(PHI2) *xD/WL (0er=12,56637)==4*P1%J

RC=(R21+CR32*T)/(1.+R21*CR32*T)

0



RtTURN

. @FOR IS CALD, CALD .
SUBROUTINE CALDX(DZCI'DZC?)
C FOLLOWING CARD 1S REGUIRED FOR FORTRAN ¥V ONLY
- COMPLEX CEXP¢CLOGeCSQRT
C CALCULATES FILM THICKMNESS AND ERROR TERMS
COMMON FiN1¢SL1CLaNsFNX(300)1D(300) 1FN21CRPHyCRNICRP32,CRNI2¢WL :
1 RP21LeRN21,DELIPSIC22C39/FN2I(2)4DFN2 (Z)OFNZE(Z)'FNZX(Z)ITl'TdrT3'
2 T4:D2:DEILDX/PSIDXe ERDEL(ERPSIVDENP¢FNPIDENLIMeK
COMPLEX FNXoFNZ!CRP!CRN'CRP321CRN32'RP21JRNZI'C21C30T10T21T3'T“
COMPLEX ErBsCeY19Y2:D2C1+D2C2rRHOI TS T6
RHO=SIN(PSI/57.29578)/COS(PSI/ST7.29578) *CEXP((0sr1.)*DEL/57.29578)
o YSEXP(=2 U DEL2) = LET E*Yx42+BY+C=0 'Y1rY2 ARE TWO SOLUYIONS
E=RHO*RP21*CRPI2*CRINI2-RN21*xCRP3I2xCRN32
BZRHO* (CKN32+RP21 «*RN21*CRP32) ~CRP32~RP21*RN21*CRN32
C=RHO*RN21~RP21
TS=CSQRT (B x2-4 o ¥E%C)
GO TO (20+20,10+10)¢K
C MAKE IMAGINARY PART OF SQUARE ROOT POSITIVE
10 IFC(AIMAG(TS) LT+0.) T5=-75
20 Yi=(=-B+T5)/2,./E
Y2={~-B-T5)/2./E
T5=CLOG(Y1)
T6=CLOG(YR2)
D2C1=WL*T5/(0.7=12.56637)/FN2/C2
D2C2=WL*T6/ (0 r =12, 56637)/FN2/C2
RETURN

@FOR ISMIN2 MIN2
' SUBROUTINE MINZVIXT+DXs XFrYI+DY?YF) .
C USES FUNCTION FUNC(XsY) WHICH MUST BE INCLUDED. DETERMINES AND PRINTS
C VALUES OF X BETWEEN X1 AND XF AND VALUES OF Y BETWEEN YI AND YF THAT
c MINIMIZE FUNC. WILL FIND MULTIPLE MINIMUMS IF THEY ARE SEPARATED
c BY MORE THAN OX AND DY
CIMENSION F(50+50)
COMMON FN1»S1+CleN/FNX(S00)+D(900) rFN2¢CRPsCRNeCRP32/,CRN32¢ WL »
1 RP21/RN21DELIPSIVC2eC3eFHN2I(2)+DFN2(2)Y3FN2E(2) 1FN2X(2)2T10T2,T3
2 T4,0L2+/DELDX,PSIDXe ERDELPERPSI/DENPFNPyDEN]1 eMXeKs1Sy)RHO
COMPLEX FNXsFN2+CRP»CRN?CRP32¢CRN32+RP212RN21¢C2¢C3¢rT1,T2¢T3, T4
. COMPLEX RC/RHO
C COMPUTE NUMBER OF VALUES OF X AND Y FOR RANGES XI-DX TO XF+DX
C © AND YI=DY TO YF+DY.
. NX=(1.000001%XF=XI)/DX+3
NY=(1.000001L%YF=YI)/DY+3
IFINX+GT.50) PRINT 10+DX
10 FORMAT('OINCREMENT OF Xr'E12.5¢' IS TOO SMALL')
IF(NY«GT.50) PRINT 20+DY
20 FORMAT('OINCREMENT OF Yr'E12.5+' IS TOO SMALL")

C COMPUTE INITIAL VALUE OF X
X=XI-0X
c COMPUTE TABLE F OF FUNCTION FUNC
00 40 I=1/NX
Y=YI=-DY

DO 30 J=1,NY
F(X'd)‘FUNC(X Y)
Casx*e*¥x*xDIAGNOSTIC PRINTINGH**kaskks #t#*tttt*tttt****ttt*#tt#tt*t ’

C - PRINT 35¢IsJrF(Led)
30 Y=Y+DY
35 FURMAT(zISvEZO 7
40 X=X+DX

T TNX1z=NX-1

21
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50

105

107

410

~ 120
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SEARCH FOR MINTHUMS OF FIVALUES LESS THAN ALL 8 SURROUNDING VALUES)
IF(FUIsJ) LT F(I~10J=1)AND,
FOIrd) sLToF(I=1rJ41)} JANDe FUIoJ) LT F(Ired-1)
FULod) LT FLlIs0%1) JARND. FLLoJ)oLTFiLs1sd=1)
eANDs FlIrd) LT F(I+1rJ) LAND, ’
FUIpJ) JLTLF(I+1+¢J+1})G0 TO 50

FOUN-

NY1l=hNY=)
00 910 I=2z,nXx1
DO 900 J=2snY1

GO

T0 900

XMINZXI+(I-2)*bX
YMIN=YI+ (J=2)%DY
FMINZF(I¢J)

A MINIMUM FMIN OCCURS NEAR POINT Isy AT XMI“‘DX TO XMIN+DX AND

YMIN=DY TO YMIN+DY,
SUBDIVIDE RANGE TO LOCATE MINIMUM,

Xu=
YD=

DXs2
DY/2

SUBDIVIDE RANGE 10 TIMES

Do

550 K=1.10

- FL3ZFUNC (XMIN=XDe YMIN=-YD)

FLZFUNC (XMIN? YMIN-YD)
IF(F13,LT.FMIN) GO TO 110
IF(F14.LT.FMIN) GO TO 120

Fi4 GT FMIN

F15ZFUNC (XMIN+XD» YMIN=YD}
IF(F15.LT.FMIN) GO TO 130

F15 GT FMIN

F1B=FUNC{(XMIN+XDr YMIN)

IF(F18.LT.FMIN) GO TO 140
F22ZFUNC{XMIN+XD ¢ YMIN+YD)
IF(F22.LT.FMIN) GO TO 150

F22 GT FMIN

F21ZFUNC (XMINs YMIN#YD)
IF(F21,LT.FMIN) GO TO 160

F21 67 FMIN

FMIN

F20=FUNC (XMIN=XD¢e YMIN+YD)
IF(F20.,LT.FMIN) GO TO 170
F17=FUNC(XMIN=XDr YMIN)
IF(F17.LT.FMIN) GO TO 180
LT SURROUNDINGS

GO - TO 500

IF(F14.LT.F13) 60 TO 120

F13 LT F14 AND FMIN

F17=FUNC(XMIN=XD»+YMIN)

IF F17 LT F13» CONTINUE SCAN WITH F15

IF(F17.LT.F13) GO TO 105

F13 LT Fl4 .FMINsF17

F12=FUNC(XMIN=2%XD+ TMIN=YD)
IF(F12.LT.F13) GO TO 190
FlO=FUNC(XMIN=XDr YMIN=2%YD)

- IF(F10.LT.F13) GO TO 200
F13 IS NEw MINIMUM

F14.

FMIN=ZF13
XMINZXMIN=XD

" YMINZYMIN=YD

GO TO 500

LT FMIN/FI13
FL5ZFUNC{XMIN+XD¢» YMIN=YD)
IF(F15.LT.F14) GO TO 130 -
FLIZFUNC (XMIN+XD+s YMIN=2%YD)
IF(F11.LT.F14) GO YO 210

FULeD) LT FLI~1sd) oAND.

+AND,



[\

130

140

150

160

170

FLOSFUNC (XMIN=XD¢ YMIN-2%YD)
IF(F10.LT.FLk) GO YO 200
FL?ZFUNC (XMIN=-XDs YMIN)
IF(F17.LT.F14) GO TO 107
F1l8ZFUNC(XtiIN+XD ¢ YMIN)
IF(F18.LT.F14) GO TO 140

Fi4 IS NEW MINIMUM

F15

FMINZF 14

YMINSYMIN=-YD

60 TO 500

LT FMIN +F14

FL1ZFUNC (XMIN+XD ¢ YMIN=2%YD)
IF(F11.LT.F15) GO TO 210
F18=FUNC (XMIN+XD s YMIN)
IF(F18,LT.F15).G0O TO 140
F16ZFUNC (XMIN+2%€XDs YMIN=YD)
IF(F16.LT.F15) GO TO 220
F15 IS NEW MINIMUM
FMINZF1S ,

XMINSXMIN+XD

YMINZYMIN=YD

60 YO 500

F18 LT FMINI'F15,F14

F1l6=FUNC (XMIN+2%XDr YMIN=YD)
IF(F16,LT.F18) GO TO 220
F22=FUNC (XMIN+XDr» YMIN+YD)
IF(F22.1L.T.F18) GO TO 150
F21=FUNC{XMIN? YMIN+YD)
IF(F21.LT.F18) GO TO 160

F23=FUNC (XMIN+2%XDs YMIN+YD)

IF(F23.,L.T.F18) GO TO 230

"F18 IS NEw MINIMUM °

FMINZF18 :
XMINZXMIN+XD ‘
60 TO $00

F22 LT FMINSF18

F21ZFUNC(XMINs YMIN+YD)
IF(F21.LT.F22) GO TO 160
F23ZFUNC(XMIN+2xXDr YMIN+YD)
IF(F23.LT.F22) GO TO 230
F252FUNC{XMIN+#XDs YMIN+2%XD)
IF(F25.LT.F22) GO TO 2u40

F22 IS NEw MINIMUM

FMIN=F22
XMINZXMIN+XD
YMINZYMIN+YD
GO To 500

F21 LT FMINsF22,F18 .

F252FUNC (XMIN+XDr» YMIN+2%XD)
IF(F25,LT.F21) GO TO 240
F20=FUNC(XMIN=XD» YMIN+YD)
IF(F20,.,LT.F21) GO TO 170
FL7=FUNC(XMIN=XDrYMIN)
IF(F17.LT.F21) GO TO 180
F24=FUNC (XMIN=XDrs YMIN+2%*YD)
IF(F24,LT.F21) GO TO 250

F21 IS NEw MINUMUM

- FMINZF21

YMINSYMIN+YD
GO TO 500

on'LT FMIN(F21

F17= FUNC(XMIN'XD:YMIN)
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IF(F17.LT.F20) GO TO 180
F2U4=FUNC (XMIN=XD» YMIN+2+YD)
IF(F24.LT.F20) GO TO 250
F19ZFUNC(XMIN=2%XD¢ YMIN+YD)
IF(F19.LT.F20) GO TO 260
F20 IS NEW MINUMUM
FMIN=F20°
XMINZXMIN=XD
YMINSYMIN+YD
GO TO 500
F17 LT FMIN F20,F21+F13,F14
180 FLl2ZFUNC(XMIN~2%XDs YMIN=YD)
IF(F12.LT.F17) GO TO 190
Fl9=FUNC (XMIN=2%XDs YMIN+YD)
IF(F19.,LT.F17) 60 TO 260
F17 IS NEw MINUMUM
FMINZF17
XMIN=XMIN=XD
GO TO 500
T F12 .LT F13,FMIN/F17
190 . FLOZFUNC (XMIN~XD+s YMIN=-2%YD)
T IF(F10.LT.F12) GO TO 200
FMIN=F12
XMIN=XMIN=-2%XD
YMINSYMIN=YD
192 FXZFUNC (XMIN=XDr YMIN=-YD)
IF(FMIN.GT.FX) GO TO 194
FXSFUNC (XMIN=XDrYMIN)
IF(FMIN.GT.FX) GO 10 196
FXZFUNC (XMIN=X0s YMIN+YD)
IF(FMIN.GT.FX) GO TO 198
' GO TO 500
194 YMINZYMIN=~YD
196 XMIN=XMIN=XD
FMIN=FX
GO TO 300
198 YMINZYMIN+YD
: GO TO 196
F10 LT F13+/F14,F12+/FMIN
200 FMIN=F10
CHECK TO SEE THAT F10 IS NEW MINIMUM
XMIN=XMIN~XD
YMINZYMIN=2%YD
“202 FX=FUNC (XMIN=XDe YMIN=YD)
IF(FMIN.GT.FX) GO TO 204
FXSFUNC{XMINe YMIN=YD)
IF(FMIN.GT.FX) GO TO 206
FXZFUNC (XMIN+XDes YMIN=YD)
IF(FMIN.GT.FX) GO TO 208
GO TO 500
204 XMIN=XMIN=XD
206  YMINZYMIN-YD
FMIN=FX
. T 60 TO 300
208 XMIN=XMIN+XD
GO TO 206
F11 LT F14,F15
210 FLBZFUNC (XMIN+XD» YMIN)
IF(F18.LT«F11) GO TO 140
" F16=FUNC (XMIN+2%XDs YMIN=YD)
IF(F16.LT.F11) 60 TO 220
FMIN=F11

24



220

222

224
226

228

230

240

242

244
246

248

250

260

300

XMINSKMINEXD
YHINSYMIN=~22YD
GO TO 202
Fi16 LT F1Ss,F1l1i,Fi8
FHINZF16
XAINZXMIN+2%X0D
YHINSYMIN=YD
FXSFUNC (XMIN+XDr YMIN=YD)
IF(FMIN.GT.FX) GO TO 224
FXSFUNC (XMIN+XD?» YMIN)
IF(FMIN.GT.FX) GO TO 226
FXSFUNC (XMIN+XDe YMIN+YD)
IF(FMIN.GT.FX) 60 TO 228
G0 TO 500
YMINSYMIN=YD
X INSXMIN+XD
FMINZFX
GO TO 300
YMINSYMIN+YD
GO TO 226
F23 LT F18+sF22:FMIN
F25=FUNC (XMIN+XDe YMIN+2%XD)
IF(F25,LT.F23) GO TO - 240
FMINZ=F23
XAINSXMIN+24XD
"YMINSYMIN+YD
60 TO 222 ,
F25 LT F21+F22¢F23+FMIN
FMINZF25
XMIN=XMIN+XD
YMINSYMIN+24YD GO o
FX=FUNC (XMIN=XD» YMIN+YD)
IF(FMIN.GT.FX) GO TO. 244
FA=FUNC (XMINs YMIN+YD)
IF(FMIN.GT.FX) GO TO 226
FXTFUNC (XMIN+XD» YMIN+YD)
IF(FMIN.GT.FX} GO TO 2u8
GO. TO 500
XMIN=XMIN=XD
YMINSYMIN+YD
FMINSFX
GO0 TO 300
XMIN=XMIN+XD
GO TO 246
F24 LT F21/F20¢F17+FMIN
FL19=FUNC (XMIN=2%XDsr YMIN+YD)
IF(F19.LT«F24) GO TO 260
FMIN=F24
XMIN=XMIN~-XD
YMINSYMIN+2%YD
60 TO 242
F19 LT F20,F17+FMIN
F17=FUNC(XMIN=XDs YMIN)
IF(F17.LT.F19) GO .TO 180
FMIN=F19
XMINZXMIN=2%XD
YMIN=YMIN+YD
60 TO 192
FOLLOW MINIMUM FOR 5 STEPS
DO 400 KK=1:5
FX=FUNC (XMIN=XD¢ YMIN=YD)
" IF(FX.LT.FMIN} GO TO 310
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FXZFUNC (XMIN~XD» YMIN)
IF(FX . T.FMIM) GO TO 320 .
FXZFUNC (XMIN=XDr YMIN+YD)
IF(FX.LT.FMIN) GO TO 330
FX=FUNC (XMINs YMIN=YD) '
IF(FXLT.FMIND GO TO 340 -
FX=FUNC (XMIN¢ YMIN+YD)
IF(FX.LTFMIN) GO TO 350
FX=FUNC (XMIN+XD» YMIN=YD)
IF(FX.LT.FMIN) GO TO 360
FXSFUNC (XMIN+XD ¢ YMIN)-
CIF(FXLLT.FMIN} GO TO 370
FXZFUNC(XMIN+XD+ YMIN+XD)
IF(FX.LT.FMIN) GO TO 380

GO TO 500
310 YMINZYMIN=YD
320 XMINSXMIN=XD
S GO TO 400
330 , YMINSYMINYD
60 TO 320
340 YMINZYMIN-YD
GO TO 400
350 ’ YMINSYMIN+YD
GO TO 400
360 YMINSYMIN=YD
370 ' XMINSXMIN+XO
GO TO 400 .
© 380 YMINZYMIN+YD
GO TO 370
400 FMINSFX
C A MINIMUM IS NOT FOUND IN 5 STEPS
" 60 TO 600 :
500 XD=XD/2
YD=YD/2
550 CONTINUE
c : NEW MINIMUM IS FOUND
60 TO 700

560 FORMAT(SE15.6¢31I5/(7F15.6))
600 PRINT 610 /KeFMINs XMIN» YMINe XD YD
610 FORMAT(*0 ITERATION NUMBER'I3s* FAILED FOR MINIMUM'E12.5+* AT X
1=1E12.5¢* Y='E12.5+' RANGES =' 2E12.5)
Cxrxkprxrkdprex*xxPRINT VALUES AT MINIMUM:
700 FN2=CMPLX(XMINy~XMIN®*YMIN)
i Tl—RC(RPZlfCRP32:FN2*C2*DZ/wL)/RC(RN21oCRNSZ;FNZ*CZtDZ/WL)
DDEL=ATANZ(AIMAG(TL) +REAL(T1))%57.,29578-DEL
pDPSI= ATAN(ABS(TI))*57.2957B -PS1
XD=2%*XD '
YD=2*YD . . N
PRINT 800G, XMINvYMIN!XD'YDvFMINrDOELoDPSI
800 FORMAT(' '5F15,5,2F10.3)
300 CONTINUE
910 CONTINUE
RETURN

@FOR IS FUNC
FUNCTION FUNC(FRN FK) : C ’ : )
C COMPUTES VALUES OF DELTA AND PSIr» DELC AND PSICe FOR A FILM
C OF N=FRi{+KAPPA=FK,» AND THICKNESS=D2 AND ERROR TERMsFUNC
COMMON FNIoSltClvNoFNX(900)00(900)'FNZ'CRPpCRNOCRPS2vCRN32'%L'
- 1'RP21¢RH21rDEL»PSIrCZoCBanal(Z)?DFNZ(Z)oFNZE(Z)vFNZX(z)oTlvTZ.TS'
2 T4vr02+DELDX/PSIDXr ERDEL/ERPSIVOENPsFNPDENL1eMX K2 IS»RHO
T 7 "COMPLEX FNX+FN2/CRP+CRNsCRP32¢CRN32,RP21+RN21¢C2¢C3¢T1,T2¢T39T4
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APPENDIX B

~ P AND A VALUES AS FUNCTIONS OF INCIDENCE
FOR LIF/AL AND AL MIRRORS FOR ZONES | AND 2
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APPENDIX C

MEASURABLE ELLIPSOMETRIC PARAMETERS
FOR SEVERAL OPAQUE REFLECTORS
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A. P and A Values for Several Types of Mirrors

MIRROR A P

Au 54. 23 4.25
150. 90 95,75

Al 150. 25 74.00
58. 25 163. 25

Lif/ Al 144, 25 8.93
41.63 99, 30

Al/Au 153.10 8.93
51. 15 98. 70

DC-704 Oil/Au 146. 25 3,50
55. 00 92,13

Unknown Co_ntaminant/Lif/Al 149. 45 85. 85
51.50 |. 177,77




_B. Pand A Values Versus Angle of Incidence and 1/4
Plate Settings of Al Mirror

o . 1/4 A Plate
Angle of Incidence, setting,
degrees degrees A P

70 =45 53.42 76.50
147. 25 163.75

70 +45 57.17 22.67
147.50 111.42

60 -45 56.30 63. 62
149, 20 153.87

60 +45 50. 90 30.40
150.75 121.60

55 -45 '87.30 60.40
148.70 150.12

55 _+45 49.12 34.30
154.45 124.75
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APPENDIX D

CALCULATION OF FILM THICKNESS AS A FUNCTION
OF SMALL DELTA FOR A TRANSPARENT FILM
ON SILICON
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Calculation of film thickness as a function of & (small delta) for a
transparent film on silicon [ 3] where-

1
3 4
iOd (N12 - K% - sin® e)2+ 4N12K12:| X

1 -9 -2N1K1 ) '
cos |3 tan ( .
P N% - K% - sin’6

Index of refraction is 1-10.

8 (real) =

Small delta ( 6) Thickness (d), nm
0.0 0. 000
0. 05 0. 01925
0. 25 0. 09627
0. 50 0.1925
2,50 0. 9627
5. 00 1, 9254
7,50 2, 888
10,0 3. 85
20,0 7.70
30,0 ° 11. 50

40,0 15.40
50, 0 © 19,25
60.0 23,10
70, 0 26. 95
80, 0 30. 80
90, 0 34. 658
100, 0 38. 508
110, 0 42,35
120, 0 , 46, 21
130, 0 50. 06
140, 0 53,9125
150, 0 57. 76
160, 0 61, 6143
170.0 65.46
180.0 ~ 69.316
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APPENDIX E

THICKNESS OF A TRANSPARENT FILM ON AN OPAQUE SUBSTRATE
AS A FUNCTION OF THE MEASURABLE
ELLIPSOMETRIC PARAMETERS

' a AND v
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