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[37] ABSTRACT

Measurements of physical attributes such as dielectric
film thickness that are susceptible to spectral analysis
are accomplished rapidly and accurately by a spectro-
photometric system in which a programmed digital
computer operating concurrently with the optical scan-
ning means automatically performs the calibrating,
normalizing and data reducing functions that otherwise
must be carried out as time-consuming human, me-
chanical or analog electronic operations. The control
over the optical data handling operations exercised by
the computer eliminates the need for mechanically or
electronically adjusting the optical apparatus to meet
changing system conditions, whether periodic or aperi-
odic. Source light is transmitted through a rotating
variable-wavelength interference filter which acts dur-
ing one-half of its cycle to transmit light of varying
wave-length through a fiber-optic reference path di-
rectly to the optical data acquisition apparatus, while
acting in the next half-cycle to transmit light of such
varying wavelength indirectly to said data acquisition
apparatus through a measurement path. In the present
example, where film thickness is the attribute being
measured, the measurement path comprises a bifur-
cated fiber-optic bundle, one branch of which is used to
carry the light of variable wavelength to the sample,
and the other branch of which carries light reflected
from the sample to the aforesaid data acquisition appa-
ratus. A computer program enables light passed
through the reference path in one half-cycle to cali-
brate the system for measuring optical transmission or
reflectance in the next half-cycle. Reduction of relative
reflectance data to absolute reflectance data (needed
for the accurate determination of film thickness) 1is
accomplished by additional computer programs whose
algorithms are based upon the discovery that all graphs
of absolute reflectance versus wavelength for film sam-
ples of a given material having different thicknesses are
bounded by a common pair of wave envelopes.

26 Claims, 25 Drawing Figures
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THIS SUBROUTINE RETURNS A MEASURED FILM THICKNESS VALUE

THIS VERSION HAS THE OPTJON FOR ITERATING ON AMXMN,

SUBROUTINE THIKI(AAVG»SDEV)

DIMENSION-REFL(S#!tMDER!B#!rMDRDR(S#ltIBAD(B#)iRFMAXIS#!
DIMENSION EDATA(2¢54) s IDATA(360)

DIMENSION GOOD(54)sTHICK{54) oFLMAX{20) o FRMAX {20}

CcOMMON CALIB(54)COEFHM{BO) COEFL(100) s ALAMIS54) +SIGMA(54)
COMMON R1R25(54iiTUR12{54)lR1325(541lFMAX(54lIFMIN(541IAMULTl54l
COMMON INCey INCF o INCLoNMBR yMGOs ISWO»ISW1 s ISW24+I5W3»ISWAs]1SWH
COMMON 1SW6EsISWT»ISWBsISWO s ISW10sISW1191SW124ISWlk
EQUIVALENCE(EDATA(1428) »RFMAX{1)eo THICK{1)}
EQUIVALENCE(EDATA(1+1)sREFL (1))
EQUIVALENCE(IDATA{IIrGOOD‘llfFLMAX(II}:IIDATA(4111FRHAK(1)l
EOUIVALENCE(IDATAﬂ109!rMDERil))t(IDATA(1631iMORDR(11l
EQUIVALENCE(IDATA(217)+IBADI(1)})
EQUIVALENCE(EDCMX s AMAX s AVGPD s SUMsDEV }
EQUIVALENCE(EDCMNsAMIN s AVGMD s AMXMN } o ( EDDMN o AVG)

INITIALIZE VARIOQUS QUANTITIES

AAVG=(Q.,
SDEV=]l.EA6
IBRCH=2

ACQUIRE DATA

CHECK ISW1 TO SEE IF EVERY 1 OR 3 DEGREE MODE TO BE USED
GO TO (25+15)91SWl

DATA POINT EVERY THREE DEGREES OF RO}ATION

CALL DATAI{492120»IDATA)
DO 20 I=]ls954
EDATA(1+I)sIDATA(I+863) /4e
EDATA(Z2»11=IDATALLI+3) /4,
GO TO 35

DATA POINT EVERY DEGREE OF ROTATION BUT USING ONLY THE 54
POINTS AT THE RED END OF THE SPECTRUM (FOR THICK FILMS)

CALL DATAI(493609IDATA)

DO 30 I=lyb4
EDATA(L11)=IDATA(I+298) /4,
EDATA(2])=IDATA(L+116) /740

CALCULATE CALIBRATION AND DATA MAXIMA AND MINIMA
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EDCMX=0.

EDCMN=1,E35

EDDMX=0.

EDDMN=1.E35

DO 50 I=1,54

IF (EDATA (2,I)~-EDCMX)
EDCMX-EDATA (2, I)

IF (EDATA (2,I)~-EDCMN)
EDCMN=EDATA (2,I)

IF (EDATA (1, I)-EDDMX)
EDDMX=EDATA (1,I)

IF (EDATA (1, I)~EDDMN)
EDDMN=EDATA (1,I)
CONTINUE

43,43,42

44,45,.45

47,47,46

48,50,50
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FIG. 88

WRITE MESSAGE IF SIGNAL TOO LARGE OR TOO SMALL

IF(EDCMN=30e) 541951451
IF{EDDMN=304s]) 54+52+52

IF(EDCMX=40706) 53953955
[F(EDDMX~4070e) 56956455

WRITE(1+504) EDCMNIEDDMN
GO TO 52
WRITE(1:506) EDCMXsEDDMX

RETURN

TYPE CALIBRATION AND DATA MAXIMA AND MINIMA IF ISW2 = 1

GO TO (5T7+58)+15W2

WRITE(1¢501) EDCMXSsEDCMNsEDDMX ¢ EDOMN

IF ISWO = 1y DATA IS TREATED AS A CALIBRATION ON BARE SILICON
AND THE CALIBRATION FACTORS COMPUTED AND STORED ON DISK AND THEN

RETURN IS MADE TO CALLING PROGRAM

GO TO (59+65)+15W0
DO 60 I=14¢54

CALIB(I)=(EDATA{2+s1)/EDATALL 1)) %FMAX{])

GO TO (64+62)21I5W]
WRITE(1*3) CALIB
WRITE(1»508)
RETURN

WRITE{(1t'4) CALILB
WRITE(19509)
RETURN

IF ISWO = 29 DATA IS5 TREATED AS A MEASUREMENT AND THE
REFLECTIVITY 1S CALCULATED

DO 70 I=1454

REFL{III=a(EDATA(Z291)/EDATA(LsI}}/CALIB(])

MAKE A ROUGH ESTIMATE OF THE NUMBER OF MAXIMA IN THE REFLECTIVITY
CURVE AND FROM THIS DECIDE HOW MANY DATA POINTS SHOULD BE USED
AND IF THE SMOOTHING ROUTINE SHOULD BE USED

AMAX=Q ,
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AMIN=] 4E30
[SMTM=s2
DO B0 I=]l,54
RFMAXIIIIREFL(I)*FMAX!I}
IF(RFMAX (] )=AMAX) ThoThT3
73 AMAX=RFMAX(])
74 TF(RFMAX({I)=AMIN) 71580480
75 AMIN=RFMAX{I)
80 CONTINUE
[F(AMAX=24#AMIN) 116985485
85 KOUNT=0
AVG={AMAX+AMIN) /2,
DELTA= 4 1% { AMAX=AMIN)
AVGPD=AVG+DELTA
AVGMD=AVG=DELTA
DO 90 I=]l454
[F{RFMAX (I )=AVGPD) B7:¢87492
87 IF(RFMAX(I)=AVGMD) 94+90490
90 CONTINUVE
92 lFLAG=]
GO TO 96
94 1FLAG==]
96 ISTRi=]+1
IF(I=1) 98+98:97
97 KOUNT=1
98 DO 110 I=ISTRT+54
IFCIFLAG) 104-1024102
102 IF{RFMAX(I)=AVGMD) 103,110+110
103 [FLAGs=]
KOUNT=KQOUNT+1
GO 70 110
104 IF{RFMAX(I1)=AVGPD) 11041105105
105 IFLAG=1
KOUNT=KOUNT+]
110 CONTINUE
IF{KOUNT=1) 11691129112
112 IF(KOUNT=4) 118+1184114
114 IF(KQUNT=4} 124912451272
116 INC=3
GO TO 126
118 INC=2
GO TO 126
122 ISMTH=1
124 INCs=]
126 INCF=INC+INC
INCL=54=]INC
NMBR=54 /INC

GO TO OR SKIP SMOOTHING ROUTINE ODEPENDING UPON VALUE OF [SMTH

GO TO (137+133)¢I5MTH
133 CALL SE35(REFLSREFL)

137 CALL ORDR{IBAD’REFLtMDERiNORDRrJGO’MORDR;AHKMNyRFMAXlFLMAK:FRMAKt
#KRMAX )

CHECK TO SEE IF TH!S IS AN S$102 MEASUREMENTs IF NOTs FIT DATA
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TO TOP CURVE ONLY.

IF (MGO-1) 143,177,143 Fl G 8 D
IF ({KRMAX) 177,177,145

CALL LSQ2 (FLMAX,FRMAX,KRMAX,CO,Cl,C2

DO 150 I=1,54

REFL (I)=REFL(I)/ (CO+C1*ALM(I)+ALM(I))

AMXMN=1.

MAKE SURE THERE AREN'T SO MANY BAD POINTS THAT THE DATA IS USELESS
FOR THE NORMAL ROUTINEs, IF THERE AREs TRY THE THIN ROUTINE

[IBADS=0

DO 275 1=INCe54sINC
IBADS=1BADS+IBAD{I)
IF(IBADS=1-NMBR/2)
WRITE(19531)

GO TO 286

2B092TTe 2717

IF THERE IS NO MAXIMUM OR MINIMUM IN THE DATA AND WE ARE NOT IN
THE 1300 ANGSTROM REGION THEN GO TO THIN ROUTINE

GO TO (2859300} ¢JGO
WRITE(1+503])

CALL THINI(REFL»AAVG+AMXMN)
[F{AAVG) 28792879290

IF THE THIN ROUTINE DOES NOT GIVE A POSITIVE ANSWERs WRITE MESSAGE
SET ANSWER TO 2ZERO AND RETURN

WRITE(1+530)
AAVGC=(Q
RETURN

CHECK TO SEE WHETHER MULTIPLIER ADJUSTMENT IS TO BE USED

GO TO {(291»289)s1SWld

DELTAn 05# AMXMN

AMXMN=1 ¢ 2% AMXMN

NOROR=a1l

SDEV=].E35

IBRCH=1

DO 297 I=INC»549INC

MDER(I )=}

[F THE DATA LOOKS OK CALCULATE THE ARCCOS TERM IN THE EQUATION
FOR THE THICKNESS AND THE FIRST CALCULATION OF THICKNESS

DO 310 I=INCFe+INCLsINC

IF(IBAD(I)) 30793074310

REF=REFLI{]})/AMXMN
COSIN=(REF+REF#RIR25(])=R1S82S(I))/((REF=1,)#TURL2(})
[IF{COSIN=14) 301e301,+302

IF(COSIN+la) 303+304+304

ANGLE=0Q,

GO TO 308

ANGLE=3,14159265
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304

306
305

308
310

401

405
410

420

425
429

431

434
435

436

GO TO 306
ANGLE=ACOS(COSIN)
IF(MDER(I}} 308¢308,305

F1G. 8E

THICK(I)»(ANGLE+(MORDR{1})+NORDR=1 146428318531 +SIGMA(I))&AMULT(I)
CONTINUVE

CALCULATE THE THICKNESS AT ALL GOOD POINTS FOR THE PRESENT
STARTING ORDER (NORDR)» AVERAGE THESE AND CALCULATE STANDARD
DEVIATION

KOUNT =0

SUMn(,

DO 410 I=INCFeINCLsINC
THICK{I)=oTHICK(I )} +6+28318531#AMULTI(I)
IF{IBAD(I)) 405,405,410
KOUNT=KOUNT+1
GOOD(KOUNT )})=THICK( ]}
SUM=SUM+THICK(])
CONTINUE |
AVGeSUM/KOUNT

DEV=(0,

DO 420 I=]KOUNT
XeGOOD (1 )=AVG
DEVsSDEV+X#X
DEV=SQRT(DEV/KOUNT)

BRANCH DEPENDENT UPON WHETHER ITERATION IS TC BE DONE ON NORDR
OR AMXMN

GO TO (482+425)31BRCH

COMPARE STD DEV TO THAT FROM PREVIOUS ATTEMPT (OR TO INITIAL .STD
DEV VALUE OF 1+E36 IF FIRST ATTEMPT)e IF NEW VALUE 15 SMALLER
THAN OLD, INCREMENT NORDR AND TRY AGAINs 1IF LARGERs SETTLE FOR
THIS RESULT

IF{DEV=SDEV) 429+434,434
AAVG=AVG

SOEV=DEV

NORDR=NQRDR+1

IF NO SOLUTION IS FOUND TO ORDER #40s TYPE MESSAGE AND RETURN

IF{NORDR=40) 40194019431
WRITE(1+505)
GO TO 288

IF STD DEV GETS TOO LARGEs TRY THE THIN ROUTINE

IF(300.=SDEV) 435,436,436

WRITE(1+507) AAVG»SDEV

GO TO 286

BRANCH DEPENDENT UPON WHETHER AMXMN ITERATION 15 NOW TO BE USED

GO TO (438,289)15Wls
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IF S50¢ SET UP FOR THE ITERATION
P ) FIG. 8F

438 DELTA= Q45 #AMXMN
AMXMN=a] o 2 #AMXMN
SDEV=1.£36
NORDR=NORDR=-1
IBRCH=]

GO TO 300

REGION IN WHICH TESTING IS DONE FOR AMXMN ITERATION

452 IF(DEV=SDEV) 453,461,461
453 AAAVG=AAVG

SSDEV=SDEY

AAVG=AVG

SOEV=DEYV

[F(AMXMN=24) 4559455,457
455 AMXMN=AMXMN=DELTA

GO TO 300
457 WRITE(1+530}

GO TO 288

461 CALL PRAB(AAAVGYAAVGIAVGsSSDEVISDEVIDEVIXeY)
AAVG= X
SDEV=Y
GO TO 289
501 FORMAT (4F1042/)
503 FORMAT{'NO MAX/MIN==TRY THIN')
504 FORMAT('PMT OQUT LO'$2F1040)
505 FORMAT({*NO SO0LN FOUND==RSLT SET=0!)
506 FORMAT('PMT QUT TOO HI't2F1040)
507 FORMAT(*SCATTER TOO LRG==TRY THIN';2F10,0)
508 FORMAT(YEND MOD 3 CAL')
209 FORMATI('END 1 DEGREE CAL?')
530 FORMAT('NO MEANINGFUL S5OLN==RSLT SET=0')
531 FORMAT('TOO MANY BAD PNTS==TRY THIN')
END
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FIG. 9A

SUBROUTINE ORDR

A R I N I T E Y AT EYTEYYTE Y s e D R NN NN N I N BN NN N R N
&

.
. TMIS SUBROUTINE Is USED AS PART OF THE FILM THICKNESS PROGRAM,
. TO NOTATE BAD POINTS» FIND ORDER CHANGES» FIND DERIVATIVE o
° CHANGES AND FIND THE MULTIPLYING FACTOR TO NORMALIZE THE .
0 DATA °
° o
..-.'..'.."...‘...'..‘-"-..-.‘...‘-."...l.'.l..I.‘..‘I......Ii.

SUBROUTINE ORDR(KBADIREFL sMDERYNORDR » JGO»MORDRYAMXMNIRFMAX s FLMAX »
#FRMAX s KRMAX)

DIMENSION IBAD(54) yREFL(S54)sIDER(54) +MORDR(54) » JDER(54) »RFMAX(5%)
DIMENSION REMIN{54) +JBAD{54 ) oKBAD(5&) »FLMAX(2C) sFRMAX(20)
DIMENSION KDERI(S54) yMDER (54}

COMMON CALIB{54)sCOEFH{B0}s» COEFLI{100)sALAMI54)+sSIGMALS4)

COMMON RI1R2S(54)sTUR12(84)9R1S25(54) sFMAX(54)oFMIN(S54) »AMULT(54)
COMMON INCyINCFsINCLINMBRsMGO ;s ISWO»ISWLsISW22ISW3y I5W4yISWS
COMMON ISWEoISWTsISWB)ISWO, ISWIO0eISWLI1eISW129ISW]14G
EQUIVALENCE(JDER(1) +KDER(11})

FIND RFMNXs leEe9 THE MAXIMUM VALUE OF RFMIN(I)=REFL(I)#FMIN(I}
FIND RFMXNs leEer» THE MINIMUM VALUE OF RFMAX{I)sREFL(I)®#FMAX({I)

RFMXN=14E30
RFMNX=0,
DO 30 I=lys4
30 RFMIN(I)=REFL(T)®FMIN(I)
DO 50 IsINCor549INC
IF(RFMIN(I)=RFMNX) 45945 ¢4%
L& RFMNX=RFMIN(I)
45 IFI(RFMAX{I)}=RFMXN) 46¢50,+50
Lt RFMXN=RFMAX{I}
50 CONTINUE

FIND THE INCREMENTAL (ADJACENT USED POINT) DERIVATIVE OF RFMAX AND
RFMIN AND STORE AS 1 AND O IN IDER AND JOERs» RESPECTIVELY
ALSO INITIALIZE KBADI(I) TO O

IDER{INC)=n]
JOER({INC)=]
DO 60 I=INCFsS549INC
KBAD{1)=0
IMINC=1=INC
IF(RFMAX{I)=RFMAX{IMINC)) 52:53+54
52 TDER({])=0
GO TO 55
53 TOER(I)1=]DER(IMINC)
GO TO 55
54 IDER(I)=1
55 IF{RFMIN(I)=RFMIN(IMINC)) 56+57+98
56 JDER(] =0
GO TO 60
57 JOER(]1)=sJDER({IMINC)
GO 70 60
58 JDER(I)Im]
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CONTINUE
IOER(INC)I=IDER{2#INC) Fl G gB
JOER(INCIBJUDER(2#INC) .

NOTATE BAD POINTS OF RFMAX AND RFMIN IN IBAD AND JBADs» RESP.
0 DENOTES GOOD AND 1 DENOTES BAD (MEANING THAT THE DERIVATIVE HAS
CHANGED SIGN 3 TIMES BETWEEN & USED DATA POINTS)

DO 70 IsINCFsINCLeINC

IMINC=I~=INC

IPINC=1+INC
IF{IDER(I)=IDERCIMINC)) 81962961
IF{IDERIII=IDER(IPINC])) 634629563
IBAD(]1)=0

GO TO 64

IBAD(1 )=}

[DER(I)=]IDER{IMINC)
IF{JOER{L)=JDER(IMINC])) ©6525664+65
IF{JDER{TII=JCER(IPINC)) 6T7»866»867
JBAD(I)=0

GO TO 70

JBAD({] )=}

JOER(I 1= JDER{ IMINC)

CONTINUE

IF ANY OF ISW3 THRU ISwlO = 1 (INDICATING PHOTORESIST MEASUREMENT
AND IswWwl = 2 {INDICATING MEASUREMENT UNDER ABOQUT 20+000
ANGSTROMS,y [.Ess EVERY 3 DEGREES USED ON FILTER) NOTATE THE

FIRST 12 DATA POINTS AS BAD DUE TO LARGE ABSORPTION IN THAT
REGION

GO TO (225¢210)»1I8W1
GO TO (225+42154215421592154225¢225)2MG0O
CO 220 l=1,12

IBAD(I)=1
JBAD(I =1

KBAD(])=1]

INITIALIZE VARIOUS PARAMETERS

MCONT=NUMBER OF POINTS OF TANGENCY TO ENVELOQPE CURVES

CIVSR===USED TO WEIGHT POINTS OF TANGENCY TO TOP ENVELOPE CURVE

MORE HEAVILY THAN TO BOTTOM FOR NUMEROUS REASONS

AMAX=ACCUMULATED WEIGHTED MULTIPLYING FACTORS

KRMAX=NUMBER OF PQOINTS OF TANGENCY TO TOP ENVELOPE (URVEe. THIS IS
USED FOR PHOTORESIST CALCULATIONS

FRMAX { [ ) =RFMAX AT TANGENCY POINTS TO TOP ENVELOPE

FLMAX{T)sWAVELENGTH AT TANGENCY POINTS TO TOP ENVELOPE

JFLAG= INDICATOR AS TO WHETHER LAST POINT OF TANGENCY WAS TO TOP
ENVELOPE CURVE (0)s BOTTOM (1) OR NOT KNOWN (=1}

MCONT =0
DIVSRIO-
AMAX=Q,
KRMAX =0
JELAGE=]

FIND POINTS OF TANGENCY TO ENVELOPE CURVES (IF ANY) BY FINDING
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RELATIVE MAXIMA OF RFMAX AND RELATIVE MINIMA OF RFMINs NEGLECTING

POINTS NOTATED AS BAD IN IBAD OR JBAD AND UNDER THE CONSTRAINTS
THAT THE POINTS OF TANGENCY MUST ALTERNATE BETWEEN ThHE ENVELOPE

CURVES AND THAT THEY MuUST B8E WITHIN A SPECIFIED FACTOR OF THE
ABSOLUTE OF RFMAX AND RFMIN (TO AVOID TREATING NOISE NEAR A MINIMA
AS A MAXIMA» ETCe)e A PARABOLIC FIT 1S DONE TO THE 3 POINTS
NEAREST THE TANGENCY POINTS. THE MIDDLE POINT OF THESE 3 IS
NOTATED AS BAD (IN KBAD) TC AvOID CALCULATING WHICH SIDE OF
TANGENCY POINT IT IS ONs FIRST AND LAST POINTS ALSO NOTATED AS
BAD SINCE ORDER CANNCT BE EASILY DETERMINED FOR THEM.

ORDER CHANGES (POINTS OF TOP TANGENCY) ARE NOTATED IN MORDR

TRUE LOCAL INCREMENTAL DERIVATIVE OF ACTUAL CURVE NOTATED IN
KDER FOR LATER USE IN DETERMINING THE PROPER SIGN OF ARCCOS

DO 100 I=INCFsINCLyINC
IMINC=2]=INC
IPINC=1+INC
IF(IBAD{(I)) T1ly»71a85

Tl IF(RFMAX(T1)=1+5#RFMXN) 85972972
72 IF{RFMAX{I1)}=RFMAX(IMINC)) B85:T4s74 F IG-: 9C
T4 IF(RFMAX(I)=RFMAX(IPINC)Y) BS5+76476
76 IF(JFLAG) T78+98+¢78
78 JFLAG=0
MCONTaMCONT+]
KRMAX=2=KRMAX+1]
DIVSR=DIVSR+7.5
CALL PRAB{ALAM{IMINC) sALAM{ I ) sALAM{IIPINC) +RFMAXIIMINC) »RFMAX(1)»RF
AMAX(IPINC) s XsY)
AMAX=ZAMAX+Te %Y
FRMAX{KRMAX} =Y
FLMAX{KRMAX) =X
GO TO 98
85 IF(JBAD(I)) 86186499
86 IF(RFMIN(I)I=eb5#RFMNX] 87487999
88 IF(RFMIN(II=RFMIN{IPINC)) 92992+99
87 IF(RFMIN(I)=RFMIN(IMINC)) B8B8Bs884+99
92 IF(JFLAG) 949498 |
94 JFLAG=]
MCONT=MCONT+1
DIVSR=DIVSR+1l,
CALL PRAB(ALAM{IMINC) sALAMII) +ALAMIIPINC) tRFMIN(IMING) oRFMIN(T) sRF
#MIN{IPINC) oXeY)
AMAX=AMAX+Y
98 KBAD(I)=1
99 MORDR(I)==KRMAX
KDER{I 1=JFLAG
100 CONTINUE
KBAD(INC)=]
KBAD(54)=]
KDER{INC)=KDER{INCF)
KDER(5&4 ) =KDER( INCL)
MORDR({ INC) =MORDR(INCF)
MORDR (54 )=MORDR{ INCL)

MAKE STARTING ESTIMATE OF ORDER AT SHORT WAVELENGTH END OF CURVE
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[FIMORDR({54)} 103+104,103
NORDR=MCONT#*{3=]SW1)

GO TO 106

NORDR=0

FIG. 9D

CHECK TO SEE IF ANY POINTS OF TANGENCY WERE FOUND
IF(MCONT) 108,108+126

IF NONEs DECIDE WHETHER WE ARE IN NARROW REGION WITH THOSE
PROPERTIES AROQUND 1300 ANGSTROMS OR IN REGION LESS THAN 700
ANGSTROMS BY LOOKING AT SIGN OF SLOPE OF DATA

IDERS=0

DO 110 I=INCFoINCL »INC
IDERS=IDERS+IDERI(I)#{(}1=~[BADI(])]
IF(IDERS=5) 1l13+113,120

[F WE ARE AROUND 1300 ANGSTROMSy ScE WHICH END OF SPECTRUM
GIVES DATA WHICH IS CLOSEST TO TANGENCY POINT AND CALCULATE
APPROPRIATE MULTIPLYING FACTORe

IDERV=0

[F{ABS(RFMAX({1}=RFMAX{3]})=ABS({RFMIN(S2)=RFMIN(54))) 11611169119
AMXMNs (RFMAX{1)+RFMAX{21}/2

GO TO 152

AMXMN= (RFMIN{S3)+RFMIN(S4})) /2

GO TO 152

[F NO POINTS OF TANGENCY IN DATA AND WE ARE NOT NEAR 1300

ANGSTROMS ) SEE IF WE ARE VERY NEAR POINT OF TANGENCY AT SHORT
WAVELENGTH END OF CURVES. IF 50s CALCULATE MULTIPLYING FACTOR
AND CONTINUEs IF NOTs SET FLAG FOR THIN RQUTINE AND RETURN

A=RFMIN{L1)+RFMIN{(2)1+RFMIN(3)
B=RFMIN(L)+RFMIN(S)+RFMIN(S)
IF(A=49T7T#R) 12291219121
IDERVe]l

AMXMN=A/%,

GO TO 152

JGO=1

RETURN

[F POINT{S) OF TANGENCY EXIST CALCULATE MULTIPLIER

AMXMN= AMAX /DIVSR

ADJUST DERIVATIVE INFORMATION AND STORE TO BE RETURNED IN MDER

FOR CHOOSING SIGN OF ARCCOS IN PROGRAM THIK.

DO 130 1=INCsS4sINC
IFI(KDER(TI)) 13091324132
CONTINUVE

[STOPa]l=]INC
ISET=1=~KDER(]I}

DO 140 [=INCs54,yINC

IE{I=TST
MOER(I)

GO TO 14
MDER(I)=KDER(1)
CONTINUE

JGO=2

RETURN

OP) 1349134137
{[SET
O

DO 160 I=INCe54INC
MDER(I)=]IDERV

GO TO 143

END
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FIG. {0OA

SUBROUTINE THINI

THIS ROUTINE 1S USED TO CALCULATE FILM THICKNESSES LESS

THAN ABOUT 750 ANGSTROMSes IT IS ONLY FOR SI02 ON SILICON

[T OPERATES ON THE PRINCIPLE OF QUADRATIC LEAST SQUARE FITS
WITH THE REFLECTIVITY BEING NORMALIZED IN TWwWO DIFFERENT WAYS
FOR TWO DIFFERENT RANGES TO OVERCOME DOUBLE VALUED PRORLEMS

IF ILLEGAL MATERIAL COMBINATIONs O IS RETURNED

AMXMN IS THEN ESTIMATED BY COMPARING THE REFLECTIVITY
AVERAGE TO THE THEORETICAL AVERAGE FOR THE THICKNESS

®

4

®

®

.

’ IF NO SOLUTION IS FOUNDy =1000s IS RETURNED

¢

®

°

9

o DETERMINEDs THIS 1S FOR USE WITH THE AMXMN ITERATION
@

'.-Iii-.li..l'.'liiilillllllllliil'...l.ii.lili...llil..'ll..li.

SUBROUTINE THINI{REFLsTHICK »AMXMN)

DIMENSION REFL(54)AL(46) sRA(4H)

COMMON CALIB(54) »COEFHIBO s COEFL (1001 2sALAM(54) +SIGMA(54)

COMMON RIR2S(54)»TURL2(54)sR1S25(54)»FMAX(54)sFMIN(54) »AMULT(54)
COMMON INCeINCFs INCLINMBRIMGO s ISWOsISWLrISW2sI1SW3s ISWLPISWS
COMMON ISWOEeISWTsISWBISWO s ISWIO»ISWLLloISW124ISW14
EQUIVALENCE(AL{1) sALAM(5) )}

THAVG(X ) 2371 14X*9 43 TBE=S=XHX%G ¢ BHIE=T+XHXRX#E4194E=10

IF{MGO=1) 111,1,111

SUM=0,

DO 10 I=]1,46

SUM3SUM+REFL{I+4)

AVEESUM/ 46

BMULT=a3 ¢ #AVG/ 45,

DO 20 I=1y46 |
RA(I)=REFL(I+4) /7 (AVG+BMULT*({46~1) )

CALL LSQ2IALIRA»G46+COsC19C2)

IF{CO=COEFH(1)) G4ls4l1s25

DO 30 22440

IF{CO=COEFH(I)) 33,33,30

CONTINUE

GO TO 99

IF{ABS{Cl=COEFH(1+40) )=ABS( 2#COEFH{1+40))) 37¢99:99
TSI$§=?40-+10-*II-ll+10*l{C0-COEFHII-11l/(COEFH(I)-COEFH(I-Illl
G 50
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-41 DO 50 I=leéb

50 RA(I)=REFLII+4)/AVG
CALL LSQ2(ALIRA246»CO»C1+C2)
IF(CO=COEFL(50)) 99,99,53

53 DO 60 1=1,49
J=50=1
IF(CO=COEFLI{J)) 63463960

60 CONTINUE
GO TO 99

63 IF(ABS{C1=COEFL(J+50))=ABS(e2#COEFL{J+50))) 6739999

67 THICK=10#J+10#( (CO~COEFL(J) ) /(COEFL(J+1}~COEFL(J)})
GO 7O 150

99 THICK==1000+
GO TO 150

111 THICK=0,
WRITE(1+501)

150 SUM=0,
DO 160 1=1¢54

160 SUM=SUM+REFL(])
AVGeSUM/54¢
AMXMN=AVG/THAYG{ THICK)
RETURN

201 FORMAT('THIN N/A THIS MATRL')
END

FIG. {OB
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SYSTEM FOR PERFORMING SPECTRAL
ANALYSES UNDER COMPUTER CONTROL

Matter enclosed in heavy brackets [ Jappears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The mvention relates generally to optical measuring
techniques which employ spectrophotometers and the
like. Specifically, it relates to the measurement of die-
lectric film thickness by observing the variation of in-
terference effects produced by varying the wavelength
of the incident light.

2. Description of the Prior Art

A technique commonly used for measuring the thick-
ness of a thin dielectric film (e.g., silicon dioxide, sili-
con nitride, or photoresists used on silicon in the fabri-
cation of integrated circuits) is to observe the manner
in which the intensity of light reflected from the film
and its substrate varies due to optical interference ef-
fects as the wavelength of the incident light is varied.
For given film and substrate materials, the distance
between adjacent maximum or minimum points on the
reflectance curve is theoretically a function of film
thickness. In practice, however, there are likely to be
deviations from the theoretical relationship due to the
variation of the indices of refraction of the film and
substrate with optical wavelength. In addition, unless
the spectrophotometer is fully corrected for spectral
variation of its light source, aging of its electronic com-
ponents, mechanical wear, and calibration of its optical
paths, further deviations from theory occur. In the
conventional measurement, the locations of the maxi-
mum and minimum points are read by a human from
curve plotted by the
These data points are then used to calculate the thick-
ness of the dielectric film. While this method only re-
quires relative reflectivity (rather than absolute reflec-
tivity) in order to make the measurement, it requires
intervention of a human to find the maximum and mini-
mum points (with the associated unreliability and inac-
curacy of human observers) and also utilizes only a
small amount of the measured data while demanding
equal accuracy at all points. In the conventional spec-
trophotometric system used for this purpose, the opti-
cal apparatus has numerous electrically and mechani-
cally adjustable parts which must be adjusted both
periodically and aperiodically to compensate for sys-
tem vanations of the kind mentioned above. All of
these adjusting, compensating and calculating func-
tions customarily are accomplished by time-consuming
human and mechanical operations, which greatly im-
pede the measurement of film thicknesses.

SUMMARY OF THE INVENTION

An object of the present invention is to relieve both
the optical apparatus and the human operator of the
need to perform mechanical adjustments and complex
off-line calculations, thereby simplifying the construc-
tion of the optical apparatus, reducing the job require-
ments of the operator and greatly speeding up the mea-

spectrophotometer.
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surement process. This objective 1s accomplished by a
novel system design which enables a programmed digi-
tal computer to make instantaneous interpretive or
compensating adjustments of the acquired optical data
as needed in heu of the cumbersome adjusting tech-
niques conventionally employed for this purpose as
described above. Among the features of the present
system which enable it to operate in this efficient com-
puter-controlled mode are the following:

Visible light from a light source is passed through a
rotating variable-wavelength interference filter which
s effective in one half of its rotation to pass a variable-
wavelength monochromatic beam through a reference
path to a photomultiplier in the data acquisition cir-
cuitry and is effective in the next half-cycle to direct
such a beam through a sample measurement path. This
sample measurement path comprises a bifurcated fiber-
optic bundle, one branch of which directs the variable-
wavelength light onto the film sample to be measured,
and the other branch of which passes light reflected
from the sample to the aforesaid photomultiplier. The
computer, which processes digitized versions of the
optical data acquired by the photo-multiplier through
the two paths just described, makes corrective modifi-
cations of the data received through the measurement
path in accordance with data received through the
reference path. No adjustments need be made to the
optical system per se, which therefore may have a rela-
tively simple construction.

For the film thickness measurement the data ac-
quired will generally be relative reflectance data, re-
lieving the stringent requirement on sample placement
needed to obtain absolute reflectance data. The com-
puter immediately converts this to the corresponding
absolute reflectance data by the execution of novel
programs whose algorithms are derived from the prin-
ciple (newly propounded herein) that all curves of
absolute reflectance versus wavelength are bounded by
the same upper and lower limiting curves or wave enve-
lopes for any given film material regardless of film
thickness, and that any relative reflectance curve can
be converted to its corresponding absolute reflectance
curve by a simple proportionating function which re-
lates the tangency points on the relative reflectance
curve to the aforesaid wave envelopes. Once this re-
duction has been accomplished, the determination of
film thickness 1s a straightforward computation.

[n other embodiments (not shown herein) the system
can operate with the sample measurement path ar-
ranged not for direct reflectance as just described but
for non-normal incidence reflectance, scattered reflec-
tance, or transmission mode. The data acquisition and
correction in such an instance is carried out as de-
scribed above with the exception that the algorithm for
converting from relative to absolute reflectance de-
scribed above is valid only for thin films of known
optical properties on known substrates. The system can
be used in a fully automatic manner in a variety of
applications. The key feature is the use of a spectro-
photometer in combination with a digital computer
which can store and compare information, make calcu-
lations based upon known theory, make comparisons to
standards, plot results, print output results, make a
decision based upon them, and cause processes to be
modified. Examples of such applications are the mea-
surement of color characteristics of foodstuffs, mea-
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surement of thickness of photoconductor layers mak-
ing use of their optical absorption and retlectance char-
acteristics, the control of color printing processes, mea-
surement of temper of heat treated steel sheets, etc.
The computer controlled instrument lends itself to
rapid measurement and data interpretation in applica-
tions where real time response is needed to control a
process or to verify that control 1s being maintained.

The foregoing and other objects, features and advan-
tages of the invention will be apparent from the follow-
ing more particular description of a preferred embodi-
ment of the invention, as illustrated 1in the accompany-
ing drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a peneral schematic representation ot a
computer-controlled spectrophotometric system for
measuring dielectric film thickness in accordance with
the invention.

FIG. 2 is a more detailed showing of the fiber-optic
sample measurement path included in the apparatus of
FIG. 1.

FIG. 3 is a view similar to FIG. 2 tllustrating the
ability of the measurement path to function effectively
despite changes in the angular orientation of the sam-
ple. |

FIG. 4 is a diagrammatic showing of the manner in
which data of various kinds is entered and processed n
the computer to obtain the desired end result, l.e., the
thickness of the film being measured.

FIGS. 5A to SE, when assembled in the manner indi-
cated by FIG. §, constitute a flowchart of the computer
program which is utilized for carrying out the invention
in the present embodiment.

FIG. 6 is a set of graphs showing the relationship
between the wavelength of the monochromatic inci-
dent light and the absolute reflectance of the sample
for films of different thickness made of the same mate-
nal.

FIGS. 7A and 7B, when assembled vertically in the
order named, constitute a printout of the DATALI sub-
routine included in the computer program.

FIGS. 8A through 8F, when assembled vertically in
the order named, constitute a printout of the THIKI
subroutine included in the computer program.

FIGS. 9A through 9D, when assembled vertically in
the order named, constitute a printout of the ORDR
subroutine included in the computer program.

FIGS. 10A and 10B, when assembled vertically 1n the
order named, constitute a printout of the THINI sub-
routine included in the computer program.

DESCRIPTION OF PREFERRED EMBODIMENT

In FIG. 1 there is illustrated in a general schematic
way a spectrophotometric system which is designed to
measure the thickness of a thin dielectric film sample F
in accordance with the principle of the invention. The
system consists of three main parts — an optical appa-
ratus 10, a data acquisition apparatus 12 and a pro-
grammed digital computer 14. The optical apparatus
10 is of simple construction, lacking the usual complex
adjusting mechanisms (strings, cams, levers, moving
slits. etc., or their analog electrical equivalents) that
are characteristic of conventional spectrophotometers.
The data acquisition apparatus 12 has the important
function of transferring to the computer 14 the optical
data generated by the apparatus 10 1n a chronologically
ordered digital form which enables such data to be
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readily assimilated by the data storing and processing
facilities of the computer 14. The power of the com-
puter 14 then is utilized to perform at high speed many
necessary functions which otherwise would have to be
accomplished in much greater time and with far less
facility and accuracy by mechanical movements, ana-
log electrical adjustments and/or human efforts in
order to obtain the thickness measurement or other
end result desired.

The optical apparatus 10 furnishes a beam of vary-
ing-wavelength monochromatic  light alternately
through two available fiber-optic cond ucting paths to a
photomultiplier 16 (or comparable light detecting de-
vice) in the data acquisition apparatus 12. One of these
alternate light paths is a reference path 18 which leads
directly to the detector 16. The other is a bifurcated
measurement path 20, one branch 26 of which con-
ducts the probing light beam to the film sample F
whose thickness or other characteristic is to be mea-
sured. the other branch 28 of this path then conducting
light which is reflected or transmitted by the sample to
the photomultiplier 16. The wavelength of the mono-
chromatic light beam varies periodically through a
specified range of wavelength values, the rate at which
it varies with respect to elapsed time being substantially
the same in each of these periods. The arrangement Is
such that during one period the specified wavelength
spectrum is scanned while the light beam IS passing
through the reference path 18, and during the next
period it is scanned while the light beam passes through
the measurement path 20, this cycle being repeated
without interruption. The output signal of the photo-
multiplier 16 therefore represents, In electrical ‘analog
form, the variation of detected light intensity with re-
spect to wavelength (which in turn is a function of
elapsed time) during those nonadjacent periods while
the light is passing through the reterence path 18, inter-
spersed with the variations of detected light intensity
versus wavelength during the intervening periods while
the light is passing through the measurement path 20.

The analog output signal of the photomultiplier de-
tector 16 is converted by an analog-to-digital converter
22 to a corresponding train of coded digital signals that
are passed to an interface 24, which enters them 1nto
the digital computer 14. The operation of the data
acquisition apparatus 12 is intermittently timed or syn-
chronized by the optical apparatus 10 (in a manner
which will be explained subsequently herein) so that
each digital value entered into the computer 14 has
both a numerical significance denoting light intensity
and a wavelength significance, the relative positioning
of these entries with respect to one another determin-
ing the wavelength value associated with each numeri-
cal entry. With the data being entered in this form, the
computer 14 can readily construct tables or “curves’”
of light intensity versus wavelength for both of the
optical paths 18 and 20, from which it is possible to
perform all of the calibrating, normalizing and data
reducing functions that are needed to determine the
thickness of the film sample without imposing any of
these burdens upon the optical apparatus 10 or a
human operator.

The data acquisition apparatus 12 is of essentially
conventional construction and will not be disclosed n
detail herein. The fact that it is able to perform the
novel and important function described above is due to
the manner in which it is operated by the optical appa-
ratus 10 for transmitting to the computer 14 the type of
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interspersed reference data ahd measurement data that
are needed by the computer for calibrating and normal-
1ZINg purposes. |

The computer 14 1s preferably, but not necessarily, a
small or medium-scale computer such as an IBM Type
1130 data processing system, for example, which is
programmed to perform a variety of operations upon
the raw data fed into this computer by the data acquisi-
tion system 12. The program under which the com-
puter 14 operates has a number of novel subprograms,
the most significant of which are considered herein
under two functional headings: (1) calibration and
normalization, and {2) data reduction. These subpro-
grams enable the computer 14 to perform at electronic
speeds and without human intervention many functions
that otherwise must be accomplished by the use of
much slower instrumentalities and techniques. The
computer is able to “‘capture in flight,” as it were, the
time and wavelength-based reference and measure-
ment data generated by the optical apparatus 10, stor-
ing this data in a manner such that the wavelengths
assoclated with the various optical entries are denoted
by the relative positions or addresses which these
entries assume when they are stored in the computer
memory. From these stored tables of light intensities
and wavelengths, the computer program (to be de-
scribed hereinafter) will derive all of the correctional
mformation and computed data needed to achieve the
desired end result, which in this case is to determine the
thickness of the dielectric film sample F. The system as
1t presently is being practiced can measure film thick-
nesses up to 50,000 angstroms with a precision of
within 10 A throughout most of this range.

Referring now to FIG. 2, which shows in magnified
form the part of the measurement path 20 which lies in
the vicinity of the film sample F, the path 20 in this
particular embodiment of the invention comprises a
bifurcated fiber-optic bundle having an initial entrance
branch 26 for conducting the incident light to the sam-
ple F and a subsequent exit branch 28 for conducting
the light reflected from the sample and its substrate
(not shown) to the light detecting means (e.g., photo-
multiplier 16, FIG. 1). The fibers in the junction 30 of
the two branches or legs 26 and 28 have a “random-
1zed” distribution, the fibers belonging to branch 26
being interspersed as evenly as possible with those
belonging to the branch 28. There is substantially no
coupling between the input fibers in bundle 26 and the
output fibers in bundle 28 in the absence of a sample or
other reflecting surface at the junction 30.

An advantage of using fiber optics in the light guiding
path 20 is that only the light impinging the sample F at
or near normal incidence is collected by the fibers 1n
branch 28. Light impinging the sample at non-normal
angles of incidence 1s reflected away from the fiber
optics in junction 30 and is therefore not collected by
the fibers in branch 28. This allows substantial varia-
tions in the orientation of the film sample F as depicted
in FIGS. 2 and 3, respectively, and eliminates the need
for critical placement of the sample.

Up to this point in the description attention has been
centered upon the basic operating principle of the in-
vention which involves sending a beam of variable-
wavelength monochromatic light in alternate periods
through a refercnce path 18 and a measurement path
20 to the photomultiplier 16, and relatively little atten-
tion has been given to the details of the optical appara-
tus which causes the light beam to alternate between
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paths in this fashion. The reason for presenting the
description in this manner 1s that it is important to
understand in the first instance how the alternating-
path light guiding technique enables the system to allo-
cate all of its calibrating, adjusting and correctional
functions to the digital computer 14, thereby reheving
the optical apparatus of these functions. This 1n turn
enables the system to utilize an optical apparatus 10 of
simple, low-cost design and construction which may
operate at much higher speed than conventional spec-
trophotometers inasmuch as the only essential tasks 1t
now has to perform are to generate variable-
wavelength monochromatic light and cause the same to
pass alternately through the two light-guiding paths 18
and 20 during successive periods of wavelength vana-
tion. By understanding the aim of the invention, which
is to subject the entire adjusting, calibrating, and cor-
rectional burden of the system to the power of the
digital computer 14, one 1s able to appreciate how this
simplification of the optical equipment can be accom-
plished while at the same time achieving superior per-
formance in comparison with prior systems.

Referring again to FIG. 1, the optical apparatus in-
cludes a polychromatic light source 32, which prefer-
ably is a type of lamp having a built-in reflector-lens
system, such as would be used ordinarily for illuminat-
ing fiber-optic bundles in optical card reading devices.
It is preferred that the lamp 32 be energized by filtered
direct current to eliminate short-term variations in 1ts
filament temperature and thus in its spectral output.
The lamp 32 furnishes light having a span of wave-
lengths throughout the visible spectrum. This light
passes through certain corrective filters 33 and 34 (the
purpose of which will be explained hereinafter) and
enters the common end or junction of a split fiber-optic
bundle 36. The functions of the respective legs or
branches of this split bundle 36 will be described pres-
ently.

The heart of the optical apparatus 10 1s a variable-
wavelength monochromator 1n the form of a rotating,
generally opaque disk 38 having a semicircular varia-
ble-wavelength interference filter 40 mounted concen-
trically therein. The wavelength of light transmitted by
the filter 40 at a given stationary point varies with the
angular position of the filter relative to that point. In an
exemplary system of this kind which presently 1s in use,
the transmission wavelength of the filter 40 varies
through a range of approximately 4000 to 7000 A over
an angular span of about 159°. If sampling of the trans-
mitted light beam i1s assumed to occur every three de-
grees over that span, this provides 54 sampling points,
with a change of about 60 A In the transmitted light
beam’s wavelength for each sampling point after the
first. In practice it is not feasible to sample over the full
| 80° span, due to transitional anomalies which can be
expected to occur at the extreme end zones of the
filter.

The filter 40 presently being used is a Visible Circu-
lar Variable Filter that 1s available as a stock item from
the Optical Coating Laboratory, Inc., Santa Rosa, Cali-
fornia. Since the range of wavelength variation over the
usable span is less than a full octave, the measurement
of film thickness may become difficult in a small part of
the thickness measurement range (e.g., 1200 to 1400 A
in the case of silicon dioxide films). This difficulty may
be overcome with suitable programming of the com-
puter, as described hereinafter, or else by using a more
expensive filter covering a complete octave.
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When the filtered light from the source 32, FIG. 1,
enters the fiber-optic bundle 36, it contains Hluminat-
ing components of all wavelengths in the usable spec-
trum. This light divides through a number of parallel
branches 42 to 46 of the bundle 36. The fibers of the
several branches are randomized in the common en-
trance portion of the bundle 36, so that no one branch
has a preponderance of its light coming from a particu-
lar part of the lamp filament whose temperature difters
from that of other parts of the filament.

The branches 43 and 44 are the paths for conducting
the multiwavelength polychromatic light to the hiter
40. During one-half of its rotation the filter 40 receives
light from path 43, and during the other half of its
rotation it receives light from path 44. While the filter
40 is transmitting light from one of these two paths 43
and 44, the opaque portion of the disk 38 blocks the
light coming from the other one. The light beam which
is transmitted by the filter 40 in each of these alternat-
ing periods has a wavelength which varies at the rate of
about 20 A per degree of filter rotation through the
range indicated above.

The fiber-optic branches 42 and 45 conduct hight to
an outer portion of the disk 38, which has a series of
timing holes 48 extending circumferentially in ahgn-
ment with the ends of the branches 42 and 45. These
holes 48 are spaced uniformly along an arc whose angle
coincides with the angle subtended by the usable region
of the filter 40, As the series of holes 48 moves past the
exit end of fiber optic 42 or 48§, as the case may be, the
intermittent passage of light through these holes will
determine the timing of the sampling points which, as
stated above, occur about once every three degrees of
rotation. The manner in which such timing or synchro-
nization occurs will be described presently.

Instead of employing the timing holes 48 and the
cooperating fiber optics 42 and 45, an optical incre-
menting encoder which is commercially available may
be utilized. Such an encoder will increase the number
of sampling points that are available.

The exit end of the fiber optic 46 is aligned circum-
ferentially with a starting hole 50 in the disk 38. As the
hole 50 moves into registry with the exit end of fiber
optic 46, a new cycle of wavelength variation com-
mences, each such cycle including in one half thereof a
period during which the filter 40 transmits light from
one of the illuminating branches 43 and 44, followed by
a period in the other half-cycle in which it transmits
light from the other of these branches.

Positioned behind the rotating disk 38 is a stationary
opaque member 52 in which there is formed a row of
small rectangular slits 54, §5, 56 and 57, which are
aligned respectively with the ends of the fiber-optic
branches 42, 43, 44 and 45. These fiber-optic end por-
tions are formed into a configuration conforming with
that of the slits. A hole 58 in stationary member 52 1s
positioned for periodic alignment with the starting hole
50 in disk 38. Behind the slits 55 and 56 are positioned,
respectively, the forward end or entrance of the fiber-
optic reference path 18 and the forward end or en-
trance of the branch 26 of the bifurcated fiber-optic
measurement path 26, these forward ends being shaped
to conform with the slits 5§ and 36.

[t is apparent that as the filter 40 rotates past the exit
end of branch 43, FIG. 1, a light beam of varying wave-
length is passed through the reference path 18 to the
photomultiplier detector 16. Similarly, as the filter 40
rotates past the exit end of branch 44, a light beam ot
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varying wavelength is passed through the branch 26 to
the sample F, from which it is reflected through branch
28 to the photomultiplier detector 16. The slits §5 and
56 and the cooperating portions of the fiber optics 43
and 44 are small enough so that at any given instant the
light being transmitted through either one of these slits
from the filter 40 is substantially monochromatic. It is
understood, of course, that in practice the members 38
and 52 would be positioned much closer together than
represented in FIG. 1, which is only a schematic show-
Ing.

Although the foregoing description implies that the
light from the source 32 is split into separate beams,
one of which is transmitted through the slit 53 in the
form of varying-wavelength monochromatic light dur-
ing one-half of the rotation of the disk 38, and another
of which is transmitted through the slit 56 as varying-
wavelength monochromatic light during the other half
of the rotation of disk 38, the result is the same as
though a single beam of varying-wavelength monochro-
matic light were being switched alternately to the paths
18 and 20 in synchronism with the cyclic repetition of
the wavelength variation. Conceptually, therefore, the
action that takes place will be viewed herein as though
it were occurring in the manner last described.

The rotating variable filter 40, being an interference
filter, has the unwanted property of passing integer
multiples of the desired frequency. To eliminate any
problem that otherwise would be caused by this phe-
nomenon, the filters 33 and 34, FIG. 1, are employed.
The function of filter 33 is to prevent the transmission
of near-ultraviolet light through the infrared region of
the filter 40. Filter 33 has a very sharp cutoff around
31500 A in the ultraviolet portion of the spectrum. To
augment this effect, a paint or stain may be applied to
the red end of the rotating filter 40 to attenuate any
ultraviolet light received there without having any det-
rimental effects at the blue end. A lemon yellow glass
stain has been found satisfactory for this purpose. The
filter 34 is a smoothing filter to prevent a peaked, noisy
response in the green region of the spectrum and a
falling off in the red and blue regions due to the charac-
teristics of the photomultiplier 16 and light source 32.
Commercially available absorption filters have been
used satisfactorily for these purposes.

Phototransistor units 60, 62 and 64 placed behind the
openings 54, 57 and 58, respectively, in member 52
respond to light transmitted through these openings for
producing appropriate timing or synchronizing signals
in conductors 66, 68 and 70, respectively, leading to an
interface unit 24. (Unit 24 could be pulsed alterna-
tively by an angular encoder.) A starting pulse in line
70 marks the beginning of a new pair of successive
wavelength-varying periods, during one of which the
reference path 18 is illuminated, and during the other
of which the measurement path 20 and sample F are
illuminated. In each of these periods the timing pulses
in line 66 or 68, as the case may be, cause the response
of photomultiplier 16 to be sampled at regularly occur-
ring time intervals. The wavelength of the hght re-
ceived by photomuitiplier 16 will be identical at corre-
spondingly numbered sampling points of the respective
periods. Hence, the sampled data passed by the inter-
face 24 to computer 14 enables the latter to compare,
for each sampled wavelength, the response of the sys-
tem to light reflected from the sample with its response
to light of the same initial intensity transmitted inde-
pendently of the sample.
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Despite the beneficial effects of the filters 33 and 34
and the randomization of the split fiber-optic bundles,
there are inevitable differences in the intensities of the
light emitted by source 32 and transmitted by filter 40
at various wavelengths and the corresponding re-
sponses of the photomultipher 16 at different wave-
lengths in the same period. In addition to this nonuni-
form wavelength transmissibility, there may be slow
changes in overall performance caused by changes 1n
the characteristics of the system components due to
aging, such as declining emissivity of the light source 32
or reduced overall sensitivity of the photomultiplier 16.
Only the interference filter 40 can be relied upon to
retain its properties unchanged. In the present system,
instead of requiring the optical apparatus or a human
being to make the necessary calibrations and adjust-
ments to compensate for these periodic and aperiodic
anomalies, this entire responsibility 1s placed upon the
digital computer 14, which is able to deal with the
situation in a far more expeditious fashion than was
heretofore possible.

FIG. 4 is a data flow diagram that represents sche-
matically the manner in which items of data are stored
and processed within the computer 14, FIG. 1, in ac-
cordance with the invention. In describing these opera-
tions, reference will be made to the storage and pro-
cessing of data as though all of this action were taking
place within an assemblage consisting of registers,
counters and arithmetic units constructed as separate
hardware units. While it is convenient to think of the
operation in these terms, it should be kept in mind that
FIG. 4 actually is intended to depict actions that occur
within a programmed general-purpose computer,
which uses storage locations with changeable addresses
for these purposes. Subsequently herein there will be
presented a more detailed showing of the programmed
method by which these functions are accomplished by
the computer 14.

Basic to the concept of computer-controlled spectro-
photometry disclosed herein is the system’s capability
of generating, storing and operating upon two sequen-
ces of digital values, one sequence representing in nu-
merical form the sampled responses of the data acquisi-
tion apparatus 12, FIG. 1, to monochromatic light of
various wavelengths when the same is passed through
the reference path 18 directly to the light detector 16,
and the other sequence representing the sampled re-
sponses of the apparatus 12 to monochromatic light of
the same respective wavelengths and intensities when
the same has been passed into the measurement path
20 and then reflected or transmitted from the sample F
to the detector 16. In FIG. 4 these two sets of stored
numbers are designated EDATA (1,I) and EDATA
(2,I), respectively. Thus each of these two data sets
represents the output of photomultiplier 16 for the
series of wavelengths sampled under control of the
timing holes 48, FIG. 1 (or of an equivalent angular
encoder). In some cases each path may be sampled
several times over several rotations of disk 38 in order
to minimize the noise effects by summing and averag-
ing the inputs for each point. The respective wave-
lengths corresponding to the timed sampling points are
represented by another string of stored numbers desig-
nated ALAM in FIG. 4. This set of numbers does not
change with time and need be measured only once for
any given variable-wavelength filter 40 and timer, using
a suitable set of single-wavelength interference filters
for calibration of the sampling wavelengths. To correct
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for different attenuations of transmitted light in the two
paths 18 and 20, a fourth string of numbers designated
CALIB. FIG. 4, is stored in the computer 14. This set of
correctional factors is measured only once, using a
sample of known transmission or reflectance {(¢.g., bare
silicon).

Unique data reduction methods are employed in the
disclosed system to determine from the various sets of
stored values described hereinabove, first, the relative
reflectance or relative transmission data as a function
of wavelength, then the absolute retlectance or trans-
mission data, and finally the calculated thickness or
other measured attribute of the sample F. It should be
noted that all of the data sets EDATA (1,1), EDATA
(2.1), ALAM and CALIB are created and processed as
digital value representations, this being the inherent
mode of operation of the disclosed system. Conven-
tional spectrophotometers are inherently designed to
operate in analog mode and their outputs generally are
not amenable to rapid digital data processing methods.
It is possible, but neither fast nor convenient, to obtain
digital outputs from conventional spectrophotometers.

Referring again to FIG. 4, the data sets EDATA (1,]),
EDATA (2,]1) and CALIB enter into a calculating oper-
ation which yields as its output a set of relative reflec-
tance values, designated REFL., for the various sampled
wavelengths. Specifically, the measured EDATA (2,1)
values are divided respectively by the reference
EDATA (1,I) values, and the results are multiplied
respectively by the path length calibrating factors
CALIB to obtain the respective REFL values. The
division of EDATA (2,I) by EDATA (1,I), when cor-
rected for path length differences, yields the proportion
of incident light reflected from the sample at each of
the sampled wavelengths, i.e., the relative reflectance
REFL.

In the conventional spectrophotometric method of
measuring film thickness, relative reflectance i1s the
final output of the apparatus, and the determination of
film thickness then must be accomplished by tedious
human calculations, which are prone to error since
they rely upon the correct human identification of
maximum and minimum points in the curve of relative
reflectance versus wavelength and do not involve any
other check points in the graphical data. The present
system is a very significant improvement over the con-
ventional method, not only because 1t greatly speeds up
the computation of film thickness from the acquired
reflectance data but also because it utilizes a large
number of additional check points between the ex-
trema of the curve in order to improve the accuracy of
the thickness calculation.

According to the present method, the relative reflec-
tance values REFL, FIG. 4, are converted automati-
cally to absolute reflectance values REF by a simple
arithmetic process which 1s based upon the discovery
that all absolute reflectance curves such as 80, 81, 82
and 83, FIG. 6, for films of a given matenal having
different thicknesses are tangent to or bounded by
common upper and lower limiting curves or wave enve-
lopes 84 and 8S. Since relative reflectance values are
proportional to absolute reflectance values, the relative
reflectance values REFL can be converted to the corre-
sponding absolute reflectance values REF by multiply-
ing REFL by whatever constant is necessary to bring
the relative reflectance curve into tangential relation-
ship with the envelope curves 84 and 835 FIG. 6 (or at
least one of these curves, as explained later herein).
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The fact that absolute reflectance curves for films of
the same maternial having different thicknesses are
bounded by the same wave envelopes may be deduced
from the equation for absolute reflectance given below:

Reflectance =[R2+ R,2+ 2R Ry cos (28— ) }/{1 +

R,*2R,2+ 2R,R, cos (28 — ¢)]
where

B ={(2m dN,)/A

d = film thickness

¢ = tan' (2N K;)/(N*—N—K,*)

RiZ=[(N, — Ng)/(N, + Ny J*

Ro® = [(N; — N+ K2 )/[(N; + Ny )* + Ky

N, = index of refraction for film

N, = index of refraction for substrate

No = ambient index of refraction

K, = extinction coefficient

Analysis of this equation shows that all curves of
absolute reflectance versus wavelength must be
bounded by envelope curves which are produced by
setting the cosine term equal to +1 and —1, respec-
tively. .

When the sampled data points REF for the curve of
absolute reflectance versus wavelength are obtained,
the following equation then is solved explicitly for the
film thickness at each data point:

Thickness = (A/47N;) (¢ + 27 (ORD) +cos™' [REF

(1+R2R* )R *R,;*/2R,R; (REF — 1)])

where ORD = fringe order, i.e., a count of the num-
ber of maximum-minimum variations (or to be more
accurate, tangency points) through which the curve
theoretically would have gone from its beginning at
infinite wavelength to the point in question.

The fringe order number ORD is unknown but can be
determined relatively easily by a systematic trial-and-
error procedure, making use of the fact that 1f all mea-
surements were perfect, the thickness determined at
each data point would have the same value, if the
proper order number were chosen for each point. Thus,
an initial estimate is made of the order number for the
point at one end of the available curve; then the thick-
ness is calculated at all points to see how much dewvia-
tion or ‘‘scatter” there is among the various values
obtained. After this trial has been made, the inmtal
order number is incremented by 1, and the thickness 1s
recalculated for all points to compare the scatter with
that previously obtained. This procedure is repeated
until a set of results with minimum scatter is obtained,
at which time it is concluded that the thickness thus
calculated is the true film thickness. All of these calcu-
lations, complex as they seem, are performed at ex-
tremely high speed and with ease by the computer 14

and therefore take very little time.
The above procedure works very well for films that

are not less than 700 A thick. Films thinner than this
are analyzed by the use of a curve fitting technique,
identified hereinafter as THINI, which 1s one of the
subroutines that are available in the programming of
the computer 14. Another special situation may arise
where the film thickness is between certain values
(such as 1250 to 1400 A for silicon dioxide) due to the
fact that the reflectance curves for films in this thick-
ness range do not manifest any extrema for mcident
light in the wavelength span from 4000 to 7000 A. This
problem can be handled either by increasing the wave-
length span (using a more expensive rotatable filter 40)
or by modification of the programming as indicated

hereinatter.
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A program under which a system of this kind has
been successfully operated consists of FORTRAN and
FORTRAN-callable subroutines, the principal ones of
which are shown in FIGS. 7A to 10B, inclusive. A flow-
chart depicting that portion of the program which in-
cludes these principal subroutines is presented 1n FIGS.
SA - SE. The remaining subroutines of the program are
not specifically disclosed herein, since their construc-
tion would be apparent to a programmer of average
skill.

The subroutines discussed herein are as follows:

DATAI — FIGS. 7A and 7B — This 1s a FORTRAN-
callable subroutine written in assembly language of a
particular computer. The example of DATAI shown
herein was written for an 1130 data processing system
hookup. Its function is to acquire data from the two
paths 18 and 20, FIG. 1, as described hereinabove and
store the resulting data sets EDATA (1,I) and EDATA
(2,1), FIG. 4.

THIKI — FIGS. 8A to 8F — This 1s a FORTRAN
program which performs the major part of the data
processing operations involved in determining the film
thickness, calling the subroutines DATAI and ORDR
as required. The various functions of THIKI are indi-
cated on FIGS. 5A, 5C, 5D and 5E of the tflowchart, or
stated more generally, they comprise the operations
indicated in FIG. 4 commencing with the calculation of
the relative reflectance values REFL. THIKI also han-
dles the special situations which arise whenever the
thickness of the measured film sample lies in a range
such that its reflectance curve has no maximum or
minimum point within the usable wavelength span of
the incident light. ~

ORDR — FIGS. 9A to 9D — This subroutine per-
forms vartous graphic analysis functions, indicated on
FIG. SB and part of FIG. 5C, which will be described in
more detail hereinafter. It also 1s able to detect when
the film 1s too thin or be calculated by the THIKI sub-
routine, and it calls the THINI subroutine under these
circumstances.

THINI — FIGS. 10A and 10B — This subroutine
performs a second-order least-squares fit to the reflec-
tance curve and does a table lookup of the film thick-
ness.

Referring now to FIG. SA, wherein the boxes con-
taining the flowchart steps are individually numbered
for convenience, the steps 600 and 601 relate to the
data acquisition subroutine DATAL After an 1nitial
wait for the start command (step 600), the system
executes the DATAI subroutine for acquiring the data
sets EDATA (1,I) and EDATA (2,I), FIG. 4, from the
reference path 18 and sample measurement path 20,
respectively. A typical program for carrying out these
DATALI functions, written in the assembly language of
the IBM 1130 data processing system, is shown 1n
FIGS. 7A and 7B.

The program now exits from the DATAI subroutine
and enters the THIKI subroutine, an exemplary FOR-
TRAN programming of which 1s shown in FIGS.
S8A-8F. Referring back to FIG. SA, the first step in
determining film thickness (602) 1s to divide the sam-
ple path data EDATA (2,1) by the reference path data
EDATA (1.1). In most instances this will be done as
part of the procedure for measuring the relative retlec-
tance of an unknown sample which i1s undergoing mea-
surement. During the imtial calibration of the system,
however, a sample whose reflectance characteristic 1s
already known (bare silicon, for example) i1s measured
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In order to compare its known reflectance values at the
various sampling wavelengths with the respective quo-
tients obtained in step 602, which theoretically should
equal these known values.

At step 603, FIG. SA, the system inquires whether it
Is presently operating in a calibration mode or a mea-
surement mode. When operating in the calibration
mode, the values obtained in step 602 are divided by
the respective values which they should have had (step
604) and the results are stored as calibration factors
(step 603). The operation then loops back to the start-
ing step 600. If the system is operating in its measure-
ment mode, the operation branches from the decision
point 603 to step 606, where the quotients obtained in
step 602 are respectively divided by the calibration
factors obtained in the previously executed step 605 in
order to obtain the corrected values of relative reflec-
tance, denoted as REFL in FIG. 4.

At step 607, FIG. SA, the system makes a rough
estimate of the number of “fringes™ (i.e., maxima) that
are present in the reflectance curve, in the sense of
detecting whether this number is low or not low. If it is
low (as may be the case in small parts of the measur-
able thickness range), then the number of data sam-
pling points is reduced. in order to minimize the possi-
bility of noise signals being mistaken for extrema. If the
number of fringes is not low, then there is much less
likelthood of spurious noise pulses being mistaken for
extrema, and the normal number of sampling points
may be used. The program makes this determination at
step 608.

Then at step 609, the system determines whether
smoothing of the data obtained in step 606 is desired,
the decision being made in accordance with the rough
esttmate obtained in step 607. The part of the THIKI
program which deals with the steps numbered
607-609, FIG. 54, is shown at the bottom of FIG. 8B
and in FIG. 8C. If data smoothing is desired, any of
several standard techniques is employed for this pur-
pose as indicated at step 610. If smoothing is not de-
sired, step 610 is omitted.

At this point the system exits for a time from the
THIKI subroutine and enters the ORDR subroutine,
FIGS. 9A-9D, the functions of which are indicated
generally in boxes 611-618 of the flowchart, FIGS. 5B
and 3C. First the operation proceeds to step 611, FIG.
3B, at which the program makes one of several checks
for bad points in the data. Such a point may be recog-
nized by the erratic behavior of the slope or derivative
of the curve in its vicinity. In the next step 612 a check
is made for data points taken at wavelengths where the
particular material in the sample is known to be highly
absorbing, for example, the blue end of the spectrum in
the case of photoresist coatings.

The system now is ready to find the multiplying fac-
tor or constant for converting the relative reflectance
(REFL) curve to the absolute reflectance (REF) curve.
This 1s done at step 613, if it can be accomplished at all.
It the material sample happens to be in a thickness
range where no extrema exist in the wavelength span
being used, an exact determination of the constant is
not possible. At step 614 it is ascertained whether any
pomts of tangency have been found. A point of tan-
gency will be found close to each one of the extrema, if
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there are any. If such points are found, they are notated 65

at step 615 of the procedure.
If no tangency points were found, the system then
must determine whether this was due to the fact that

14

the film was thinner than say, 700 or 750 A, or because
its thickness fell within some other range where no
extrema exist. This determination i1s made at step 616.
If the slope of the reflectance curve is positive, the film
thickness is In the very thin range, and a special subrou-
tine THINI (the programming of which is shown in
FIGS. 10A and 10B) 1s called to apply a curve fitting
technique to the data. If the reflectance curve slope is
negative, the film thickness i1s in the other critical
range, and the operation proceeds to step 617 of the
THIKI subroutine, where a special calculation is per-
formed to determine a multiplier at the end of the
reflectance curve which is closest to being a point of
tangency on one of the pre-established wave envelopes.
As mentioned above, this step 617 may be omitted if
the rotating interference filter 40, FIG. 1, has a suffi-
ciently wide wavelength span to insure the inclusion of
at least one extremum in the reflectance curve.

The mathematical procedure for determining the
proper multiplier constant is not difficult. The wave
envelope values for the respective sampling wave-
lengths will have been determined and stored before-
hand 1n the computer 14. The sampled, good values of
the reflectance curve, as corrected, are then divided by
the respective reflectance values for each of the wave
envelopes to find a quotient which most nearly ap-
proaches 1. This quotient, inverted, subsequently be-
comes the multiplier constant for the whole curve.

After step 615 or 617 has been performed, as the
case may be, the operation advances to step 618, FIG.
5C, where a notation is made of the incremental slope
at each sampled data point. This information will be
needed subsequently in the thickness calculation (the
mathematical formulas for which were presented here-
inabove) for determining the proper sign to be used in
the arc cosine evaluation. Step 618 is the last phase of
the ORDR subroutine.

Having completed this step, the procedure now reen-
ters the THIKI subroutine, and at step 620, FIG. 5C, a
branching decision is made according to whether the
film’s absorption of light at any of the wavelengths can
be ignored. This, of course, depends upon the material
in the sample being measured and is information that
must be supplied to the system beforehand. Some die-
lectric materials such as SiO, have negligible absorp-
tion. Others such as photoresist may absorb heavily in
one particular part of the wavelength spectrum. If a
nonabsorbing material is being measured, the relative
reflectance curve values (REFL) are multiplied by the
multiplier found in step 613 or 617, FIG. 5B, this action
occurring at step 621, FIG. 5C. If an absorbing material

15 being measured, the multiplier is determined on the

basis of fitting the reflectance curve to the upper wave
envelope only (step 622), because it must be made
tangent to at least one envelope, and the upper one is
the more important.

The absolute reflectance curve values having been
found, there now commences the cut-and-try process
described hereinabove for finding the true order num-
bers of the fringes in this reflectance curve, which will
be needed in the thickness calculation. Depending
upon the number of tangency points previously deter-
mined (step 615, FIG. SB), an initial estimate of the
fringe order at one end of the curve is made by the
system (step 623). Then, at step 624, a trial calculation
of film thickness is made at each wavelength sampiing
pomnt where there is a good reflectance value, using
well-known formulas as given hereinabove and chang-
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ing the order number at each point of tangency to the
upper envelope.

At step 625, FIG. 5C, the average of the several
thickness values calculated in step 624, along with their
standard deviation (or “scatter’), are calculated. if this
is the first pass through the thickness calculation (deci-
sion point 626), then the starting order guess is Incre-
mented (step 627, FIG. SD), and the process loops
back to step 624, FIG. 5C. The reason for this 1s that
there must be at least two sets of thickness calculations
for comparison purposes. Steps 624 and 625 now are
repeated to derive a new set of thickness values, to-
gether with their average value and the standard devia-
tion.

At step 628, FI1G. 5D, the current standard deviation
is compared with the one previously obtained. If there
has been an improvement in accuracy, as reflected by a
reduction of the deviation value, another try 1s made
for still greater accuracy by again incrementing the
starting order guess (step 626) and repeating the calcu-
lation in steps 624 and 625. Ultimately a condition 1s
reached where the deviation value starts to Increase
after having progressively declined. This indicates that
the immediately preceding thickness calculation was
the correct one, since it involved the least amount of
scatter. The program now exits from the thickness
calculation loop 624-628 to step 629, where the aver-
age thickness calculated in the pass just preceding the
current one is preserved as the ostensibly correct re-
sult.

The operation by now has progressed to a point
where the answer may be printed out, if no refinement
of the calculations is desired. This is a decision made by
the operator, who has set a console switch to a chosen
position indicative of either refinement or no refine-
ment. At step 630 the setting of this console switch 1s
tested and if no refinement is called for, the thickness
value saved at step 629 is printed out as the final answer
(step 631). The system then is initialized in preparation
for another thickness measuring operation upon a new
sample (step 600, FIG. 5A).

If refinement of the thickness calculations is called
for at step 630, FIG. 5D, then an iteration involving
steps 632 to 640, FIGS. 5D and SE, is initiated. The
purpose of this iteration is to make certain experimen-
tal, small, vertical displacements of the REF curve to
see whether such action further reduces the amount of
deviation or scatter in the thickness calculations
throughout the wavelength sampling span, thereby
indicating a truer fit of the absolute reflectance curve
to the data. At step 632 the starting order number last
calculated (step 627 in the last pass) is reset to the next
lower number, which is the correct one for the sample
under consideration. Now a new set of absolute reflec-
tance values (REF) is obtained by a process which
involves, first, decreasing the multiplier constant previ-
ously used (step 621, FIG. 5C) by some initial trial
amount such as 20% (step 633, FIG. 5D). The relative
reflectance values REFL found in step 606, FIG. 5A
(as modified by the subsequent correctional steps) now
are multiplied by this new constant to calculate a new
curve or table of reflectance values for the sample (at
step 634).

The steps 635, 636 and 637 which now follow are
essentially the same as the steps 624, 625 and 626
which were previously executed in order to minimize
the scatter. A tentative set of thickness values, together
with an average thickness value based thereon and a
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standard deviation value. are calculated. On the next
pass through this smoothing iteration, the previous
multiplier is incremented by a small amount such as 4%
(steps 637 and 638), and a new set of thickness values
is calculated (steps 634-636). The current and previ-
ous deviations are compared (step 639), and if there
has been an improvement, the multiplier again 1s Incre-
mented by 4% (step 638), and another try is made to
reduce the deviation still further. When no further
improvement is possible (steps 639 and 640), the final
thickness value is printed (step 641).

It will be appreciated that all of the operations de-
picted in FIGS. SA — 5E are performed in a length of
time which is insignificant in comparison with the time
consumed by a conventional spectrophotometric
method of measuring film thicknesses, and the results
are far more accurate since more data points are being
considered and are being checked more thoroughly
than before. Inasmuch as these operations are con-
ducted by a highly flexible and versatile digital com-
puter, the optical apparatus is freed of all tasks except
the simple one of acquiring the raw optical data, uncor-
rected for any variations of light intensity with either
the periodic changes of wavelength or the aperiodic
aging of the system components, such factors now
being taken care of by the programmed internal pro-
cesses of the computer, along with additional refining
techniques that are feasible because the spectropho-
tometer now has the power of the computer available
to it.

Beside its use as a film thickness measuring tool, the
disclosed system will lend itself to other applications of
spectral analysis, such as examining the reflectance
characteristics of printing inks or other light-reflecting
substances or the absorption characteristics of light
filtering substances. The disclosed system moreover IS
capable of modification to suit special thickness mea-
suring conditions. For example, if all of the measure-
ments to be made are known to fall within certain lim-
its, it may be feasible to eliminate certain routines such
as THINI or the special calculation denoted as step 617
in FIG. SB. If the number of data points to be used by
the system is fixed beforehand instead of being deter-
mined by the system itself as at step 608, FIG. SA, this
will eliminate the need for the software and hardware
which are involved in this determination. Various other
modifications and improvements apparent to those
skilled in the art can be effected without departing
from the scope and spirit of the invention.

What is claimed is:

1. A method of operating a spectrophotometric sys-
tem under the control of a digital computer to deter-
mine an attribute of a given material sample which Is
subject to spectral analysis, said method comprising the
steps of:

a. conducting to said sample, during each of a sernes
of nonadjacent time periods, a beam of variable
wavelength monochromatic light furnished by a
given source, the wavelength of said beam varying
at a given rate through a specified range of wave-
length values during each of said periods;

b. conducting to a light detector in said system the
light which comes from said sample when it is im-
pinged by said beam;

¢. conducting directly to said light detector, during
time periods intervening the periods specified In
step a, the beam of monochromatic light furnishea
by said source, the wavelength of which varies at
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said given rate through said specified range during
each of said intervening periods;

d. converting the output of said detector during each
of the periods specified in steps a and ¢ to a se-
quence of stored digital values representing the
respective intensities of light detected at a series of
regularly timed intervals throughout the respective
one of said periods;

e. operating said computer to derive from the se-
quences of values stored during any pair of succes-
sive steps a and ¢ a new sequence of numbers rep-
resenting the calculated optical responses of said
sample to incident light having the wavelength of
said variable-wavelength beam at each of said
timed intervals under a hypothetical condition
where it is assumed that the incident light has uni-
form intensity for all wavelengths in said range and
all system components have constant operating
characteristics; and

f. operating said computer to determine from saidd
derived sequence of numbers the attribute of said
sample which is being measured.

2. A method of operating a spectrophotometric sys-
tem under the contro! of a digital computer to deter-
mine the thickness of a film of given dielectric material,
said method comprising the steps of:

a. conducting to said film, during each of a series of
nonadjacent time periods, a beam of variable-
wavelength monochromatic light furnished by a
given source, the wavelength of said beam varying
at a given rate through a specified range of wave-
length values during each of said periods;

b. conducting to a light detector in said system the
light reflected from said film as 1t is illuminated by
said beam;

¢. conducting directly to said light detector, during
time periods intervening the periods specified 1n
step a, the beam of monochromatic light furnished
by said source, the wavelength of which varies at
said given rate through said specified range of val-
ues during each of said intervening periods;

d. operating said computer to convert the output of
said detector during each of the periods specified
in steps a and ¢ to a sequence of stored digital
values representing the respective intensities of
light detected at a series of regularly timed inter-
vals throughout the respective one of said periods;

e. operating said computer to derive from the se-
quences of digital values stored during any pair of
successive steps a and c, as described above, a
series of numbers each representing the relative
reflectance of said film when illuminated by mono-
chromatic light having the wavelength of said beam
at a respective one of said timed intervals under a
hypothetical condition where it is assumed that the
incident light has uniform intensity for all wave-
lengths in said range and all system components
have constant operating characteristics; and

f. operating said computer to determine from said
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film sample of given dielectric material, comprising the
steps of:
a. conducting to said film sample, during each of a

series of nonadjacent time periods, a beam of varia-
ble-wavelength monochromatic hight furnished by
a given source, the wavelength of said beam vary-
ing at a given rate through a specified range of
wavelength values during each of said periods;

b. conducting to a light-sensitive input device in said

data acquisition means the light which is reflected
from said sample when it is impinged by said beam;

c. conducting directly to said light-sensitive device,

without impinging said sample and during time
periods intervening those specified in step a, the
beam of variable-wavelength monochromatic light
furnished by said source, the wavelength of which
varies at said given rate through. said specified
range of values during each of saud intervening
periods;

d. operating said computer to receive and store In

said data storage means, at regularly timed inter-
vals in each of the time periods described in a and
c. the digital values generated by said data acquisi-
tion means, thereby to store at least two sets of
numbers, one set representing the respective inten-
sities of light detected by said light-sensitive device
at said timed intervals during a period when the
variable-wavelength light beam is being conducted
directly to said device, and the other set of num-
bers representing the respective intensities of light
detected by said device at said timed intervals dur-
ing a pertod when the variable-wavelength light
beam is impinging said film sample;

_storing in said data storage means a set of numbers

representing the respective wavelengths of the light
beam at the respective ones of said timed intervals
throughout any of said periods;

f operating said data processing means to derive

from all of the stored number sets recited herein-
above a table of values representing the manner in
which the relative reflectance of satd film sample
varies with respect to the wavelength of the inct-
dent light beam under a hypothetical condition
where it is assumed that the incident light has uni-
form intensity for all wavelengths in said range and
all system components have constant operating
characteristics;

p. operating said data processing means to multiply

the relative reflectance values in said table by a
factor which will convert the curve of relative re-
flectance versus wavelength to a curve which is at
least approximately tangent to predefined upper
and lower wave envelopes that bound the curves of
absolute reflectance versus wavelength for all films
of the given material having thicknesses within a
predetermined thickness range; and

h. operating said data processing means to compute

from the multiplied reflectance values the thick-
ness of said film sample.

relative reflectance values the thickness of the film 60 4. A computer-controlled spectrophotometric system

being measured. for measuring a property of a given matenal sample
3. In a spectrophotometric system having data acqul- which is subject to spectral analysis, said system com-
sition means for generating digital value-representing prising;
signals in response to sensed optical inputs and also a. cyclically operable illuminating means for furnish-
having a digital computer provided with data storage 65 ing a beam of monochromatic light, the wavelength
means and data processing means which are responsive of which varies periodically at a given rate through
to the output of said data acquisition means, a method a specified range of wavelength values;

of operating said system to measurc the thickness of a b. a light detector,
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c. first light guiding means for conducting said light
beam through a first path directly to said light de-
tector during nonadjacent ones of the periods in
which the wavelength of said light beam undergoes
variation through said range of values;

d. second light guiding means effective during pe-
riods intervening said nonadjacent periods for con-
ducting said light beam through a second path
having an initial portion that directs said beam to

sald sample and a final portion that conducts light 10

from said sample to said detector;

e. signal converting and data transfer means respon-
stve to the output of said detector and operating in
a timed relationship with the cyclic operation of
said illuminating means for producing sequences of
digital value representations, each such sequence
denoting the variation of detected light intensity
with respect to the wavelengths of said beam at a
series of regularly timed intervals within each of
sald periods; and
f. a digital computer having data storage means for
storing the sequences of digital value representa-
tions produced by said means e during at least two
successive periods when said detector is receiving
light through said first path and said second path,
respectively, and having data processing means to
calculate from such stored data the optical re-
sponses which would have been obtained from said
sample at said timed intervals if the conditions had
been such that the intensity of the vanable-
wavelength incident light were uniform at all wave-
lengths in said range and the operating characteris-
tics of the components of said system were con-
stant, thereby providing a new set of corrected
values from which the measurement of said sample
property can be accurately determined.
5. A spectrophotometric system as set forth in claim
4 wherein said illuminating means a comprises the
following elements:
al. a source of polychromatic light;
a2. first hight conducting means for directing poly-
chromatic light from said source to an exit point
optically aligned with but spaced from the entrance
to said first path in said first light guiding means;

a3. second light conducting means for directing poly-
chromatic light from said source to an exit point
optically aligned with but spaced from the entrance
to sard second path in said second hght guiding
means; and

a4. a rotating variable-wavelength interference filter

positioned so that it rotates alternately past the
entrance to said first path and the entrance to said
second path, the wavelength of the monochromatic
light transmitted by said filter to either path de-
pending upon the angular position of said filter.

6. A spectrophotometric system as set forth in claim
5 wherein each of said light conducting means and light
gurding means 1s a fiber-optic bundle.

7. A system as set forth in claim é wherein said sec-
ond light guiding means (d) 1s bifurcated fiber-optic
bundle, one branch of which constitutes said initial
porticn, and the other branch of which constitutes said

final portion.
8. A spectrophotometric system as set forth in claim
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ments during each of the periodic variations of the
monochromatic beam wavelength.

9. A spectrophotometric system as set forth in claim
4 wherein said computer is programmed to divide each
of the values in the sequence that was received through
sald second path by the corresondingly positioned
value in the sequence that was received through said
first path.

10. A spectrophotometric system as set forth in claim
4 wherein said second light guiding means s arranged
so that light passed through said initial portion thereof
is reflected from said sample and passed through said
final portion thereof to said detector.

11. A system as set forth in claim 10 wherein said
computer is programmed to divide each of the values in
the sequence that was received through said second
path by the corresondingly positioned value in the se-
quence that was received through said first path,
thereby to yield said sequence of corrected values rep-
resenting the relative reflectance of said sample at the
respective wavelengths assumed by said beam at said
timed ntervals.

12. A system as set forth in claim 11 wherein said
computer is programmed to multiply each of the values
in said relative reflectance sequence by a factor which
will cause the multiplied values to define a curve that is
tangent to at least one of a pair of predetermined wave
envelope curves which bound all curves of absolute
reflectance versus wavelength for the given material,
thereby providing a set of absolute reflectance values
for said respective wavelengths.

13. A system as set forth in claim 12 wherein said
computer 18 programmed to calculate from said se-
quence of absolute reflectance values the thickness of
sald sample.

14. In a computer-controlled spectrophotometric
system of the kind wherein a light detector is arranged
to respond to light of periodically varying wavelength
which 1s received alternately through a sample mea-
surement path and a direct reference path, the combi-
nation comprising:

a. a rotatable variable-wavelength filter having a
light-transmitting portion with an angular span not
exceeding 180° positioned so that it transmits light
into the respective entrances of said measurement
path and said reference path during different pe-
riods n its rotation, the wavelength of the light
transmitted into either of said paths at any instant
depending upon the angular position of said filter
relative to the path entrance;

b. a polychromatic light source; and

c. means providing light conducting paths leading
from said light source to exits on the side of said
filter which s farthest from said measurement path
and reference path entrances, said path exits being
respectively aligned optically with said entrances,
whereby the rotation of said filter causes polychro-
matic hght emerging from said path exits to be
transmitted by said filter as monochromatic light of
varying wavelength to said measurement path and
said reference path, respectively, during different
pertods 1n the rotation of said filter.

15. The combination set forth in claim 14 wherein

sald means ¢ 18 a split fiber-optic bundle having

4 which includes uming means under the control of 65 branches leading respectively to said exits and having a

saild 1lluminating means for causing said signal convert-
ing and data transfer means to sample the output of
satd hight detector at predetermined wavelength incre-

common portion adjacent to said light source wherein
the fibers of said branches have a randomized distribu-
t1on.
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16. A method of operating a spectrophotometric system
under the control of a digital computer to determine an
attribute of a given material sample which is subject (o
spectral analysis, said method comprising the steps of:

a. conducting to said sample, during each of a series of
nonadjacent time periods, a beam of light which
includes at least part of the light furnished by a given
polychromatic light source;

b. conducting to a light detector in said system a beam
of light which comes from said sample when it Is
illuminated by the first-mentioned light beam during
each of said nonadjacent periods,

¢. conducting to said detector through a path that is
independent of said sample, during time periods in-
tervening the nonadjacent time periods in the first-
mentioned series, a beam of light which includes at
least part of the light furnished by said light source;

d. selectively filtering, in a time-varying fashion, the
light which passes from said source (o said detector
by way of said sample during each of said first series
of time periods and the light which passes from said
source to said detector independently of said sample
during each of said intervening periods for causing
the light which is thereby furnished to said detector
10 be a monochromatic light beam whose wavelength
varies as a given function of time through a specified
range of wavelength values during each of said non-
adjacent periods and each of said intervening pe-
riods;

e. converting the output of said detector
said nonadjacent and intervening periods to a se-
quence of stored digital values representing the re-

spective intensities of light detected at a series of

predefined time intervals throughout the respective
one of said periods;

f. operating said computer to derive from the sequences
of values stored during any pair of successive periods,
including one of said first series of nonadjacent pe-
riods and one of said intervening periods, a new
sequence of numbers respectively representing the
calculated optical responses of said sample 10 light
having the wavelength of said monochromatic light
beam at said predefined time intervals under a hypo-
thetical condition where it is assumed that the light
conducted to said sample has uniform intensity for
all wavelengths in said range and that all system
components have constant operating characteristics;
and

g. operating said computer to determine from said

derived sequence of numbers the attribute of said
sample which is being measured.

17. A method as set forth in claim 16 wherein the
sample is a dielectric film, and the attribute being mea-
sured is the film thickness.

18. A method as set forth in claim 16 wherein the light
conducted to said detector from said sample is light which
has been reflected by said sample from said first light
beam.

19 A method as set forth in claim 18 wherein the
sample is a dielectric film, and the attribute being mea-
sured is the film thickness.

20. A computer-controlled spectrophotometric system
for measuring a property of a given material sample
which is subject to spectral analysis, said system COMmpris-
ing:

a. a source of polychromatic light;

b. a light detector,
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c. first light guiding means for conducting light from
<aid source through a first path to said light detector,
said first path including an antecedent portion for
directing light to said sample and a subsequent por-
tion for directing light from said sample to said detec-
tor; |
d. second light guiding means for conducting light from
said source through a second path to said light detec-
tor, said second path being independen! of said sam-
ple,
e. optical filtering means positioned in each of said
light paths for converting polychromatic light to
monochromatic light having a wavelength that var-
ies as a given function of time through a predeter-
mined range of wavelength values during each of a
series of time periods, said filtering means being so
arranged that monochromatic light of any particular
wavelength in said range is directed to said detector
through one of said paths at a time that is displaced
by a predetermined amounl from the time at which
monochromatic light of said particular wa velength is
directed to said detector through the other of said
paths;
signal converting and data transfer means responsive
to the output of said detector and operable in timed
relationship with said filtertng means for producing
sequences of digital value represen tations, each such
sequence denoting the variation of detected light
intensity with respect o wavelength at a series of
predefined time intervals within each of said periods;
and
2. a digital computer for storing the sequences of digital
value representations produced by said signal con-
verting and data storage means as it receives varia-
ble-wavelength monochromatic light through said
first path and said second path, respectively, and for
calculating from such stored data the optical re-
sponses which would have been obtained from said
sample if the conditions had been such that the inten-
sity of the light conducted to said sample were unt-
form at all wavelengths in said range and the operat-
ing characteristics of the system componenis were
constant, thereby providing a new set of corrected
values from which the measurement of said sample
property can be accurately determined.
21. A system as set forth in claim 20 wherein said
optical filtering means is a rotatable variable-wavelength

filter so positioned that during its rotation it moves alter-

nately across said first path and said second path, the
wavelength of the monochromatic light which is trans-
mitted by said filter to the succeeding portion of each
path at any instant depending upon the angular position
of said filter.

22. A system as set forth in claim 20 wheretn each light
guiding means includes a fiber-optic bundle, said first
light guiding means having a bifurcated fiber-optic bun-
dle, one branch of which is in the antecedent portion of
said first path, and the other branch of which is in the
subsequent portion of said first path, whereby said detec-
tor receives light which is reflected from said sample.

23. A system as set forth in claim 20 wherein said first
light guiding means is arranged so that light passed
through said antecedent portion thereof is reflected from
said sample and is then passed through said subsequent
portion thereof to said detector.

24. A system as set forth in claim 23 wherein said
computer is programmed o divide each of the values in
the sequence that was received through said first path by
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the mrre.s:ponding!y posttioned value in the sequence that langent to at least one of a pair of predetermined wave
was received through said second path, whereby said envelope curves which bound all curves of absolute re-

sequence of corrected values will represent the relative  flectance versus wavelength for the given material,
reflectance of said sample at the respective wavelengths thereby providing a set of absolute reflectance vaiues for

assumed by said beam at said timed intervals. 3 Sa‘f'zddre;p ective waveleng ths‘h . . _ ,
25. A system as set forth in claim 24 wherein said A system as set forth in claim 25 wherein said

computer is programmed to calculate from said sequence

compiiter 1 '
-ompuler 1s ngmmmed to multiply each of the values of absolute reflectance values the thickness of said sam-
tn said relative reflectance sequence -by a factor which ple.

will cause the multiplied values to define a curve that is » ok ok ok ok
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