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COMPUTER PROGRAMS FOR ELLIPSOMETRY II1
H., J. Mathieu

Inorganic Materials Research Division, Lawrence Berkeley Laboratory ,
University of California, Berkeley, California 94720

ABSTRACT
This report describes two additional computer programs in Fortran IV
language for use in interpreting ellipsometer measurements. One program

considers the case of a substrate covered with two films of different

- refractive index and of different thickness, the other a substrate

covered with an inhonogeneous film with continuously varying refractive
index, represented by multiple films of equal thickness and monotonically
varying optical propertiés;

’



I. FdRTR‘AN IV COMPUTER PROGRAM "DUALE"

This program will evaluéte'ellipsoﬁefer—quantities Y and A of’é';
sﬁbsffaté @évéréd with two hémbgeneous parallelbfilmsvbf ﬁatiable
k. thickness1 (fig. 1a).‘ It makés pértial use of a previous pfogfam
”LAYER“, which assumes coverage by only one film; and "CMOC", whicﬁvl -
coﬁvefts fefledtion doefficienf.inthghe compléx’ref?active index'. .
| of a bare surfacez |

P;ogfam "DﬂALF"'cqmpdteé Y and A in'two_stepé.‘ In the first Step_};
one:é$sumes thatithé subégra:é (see Fig;‘lb) is‘only;éovefed with one :
film (Film 2) of fhickness‘Ti;' Film 1 is'asSuﬁed as the incident |
medium; vDrude's éqgation1’3 is applied to determine thé'cémplek ratio

of reflection coeffiéients,‘P; defined as

©
|
B H}UH
n -

.~ with r_ as the teflection coefficient for the component parallel to the
plane of incident and'rs for the component perpendicular to the plane
of inc¢idence.

Once p_is&éomputed, one can determine the effective complex
refractive index n_ of the combined system of substrate and Film 2 of

!

thickness TI. This new refractive indéx n_ is used in the second step

;as the new substfate covered with Film 1 of thickness T1I (Fig.. 1¢)..
These new'data of substrate S and Film 1 are applied to Drude's equation -~
B s B T . _ |
again to determine P -, which can be converted to ¥ and A, according to

S _ S

p = tanw'exp(iA)
-CompUtétid@s‘are performed‘by-systematicglly'combining all prescribed
values of optical constants and film thicknesses for both layers

with fixed properties of substrate'aﬁd'incidénfimedia.v’



This program was tested for decreasing'film thicknees‘of Film 2

(TI>0R) ‘and n,7n, to give-the same results as'program ﬁLAYER".

Name
AC
| DELC
br
_ DIN
DINK
* DINK1
pTNL .
DIT
PC
‘PHIl,fﬁI
PSIC d
TT
™
N1

| TNKI
CTNKS
- TNKII

TNKIM

TNO,N

A.

Analyzer azimuth (zone A3),

Variables Used in the Program DUALF
| Description .
for dual- film system'

Elllpsometric parameter A, for dual-film system

‘Increment
ELIncrement
‘increment
dincrement
-Incfement

. 'Increment

Polarizer

‘of "thickness of Film 2

of real part of’ refractine indek'oflfilm'é

of imaginary part of refractire rndex of Film 2
6f.imaginary part of'réfractine index of Film 1
ofbreal_partvof refractivedinde#doftFilm'1

of thickness of Film 1

azimuth (zone A3) for dual4film.sy3tem

Angle of incidence

'Real part’
Imaginary
‘Imaginary

, Imaginary

imaginary

Imaginary

".Real'part

:part of refractive index

'part of refractive index‘

'Ellipsometric parameter ¥ for dual -£11m - system
‘Initial thickness of Film 2 |

. Final thlckness Qf.Film_Z

of refractive index of Film 2, initial value

part of refractive index of Film.2'

of Film’z; finaldvalue:'

of substrate

part of refractive index of Film_l;.initial value

part of refractive'index of Fiim l, final value-

of refractive index of Film 2, final value

.Refractive index of anident medium (real)



. eilipéometer by 90°:

kf3;
- TNS'” ‘  Rea1 éaft of~refractiyé iﬁdex of sﬁbsfréte
'.TNlI i‘Réai parﬁ éf_réffécciﬁé”index of ?ilm 1,'initial value
‘TN;M : 'rkéaijbért'bf reffaétive index'of Film'l, fiﬁalAQalue'
T1I  Initi;1 thickness of Film 1 - | |
v”TlM . v”xfipal tﬂickneéé of‘Filmnl' o
WL : '{'ﬁévelength ofuligh;:in vacuum

‘;B: Input.Format.for Program:DUALF
Card 1-9  10-19  20-29 = 30-39  40-49  50-59
2'} Title and comments (upvtob80 columns‘each)l

. WL _TINS . . TNKS. = PHI1

5 Tr DT M

i 61;;;TNiIH DINL  TNIM 'TNKII  DINKL ~ TNKIM
These.seyeh gérdsVébﬁstitute a set. Any number éf sets may follow. Threev
blank cafdé must follow‘the‘iast set df data. The progfam, together |
with a sample.df.ogtput, iS'reproduced below.

| 'Fo; zone Aj} thé raﬁgevéf aatg-fpr poiarizer aﬁd anal&zér.readingg-:

.3v

_.are
range of polarizer transmission readingv 0-45°
lﬂ-rangé of analyzer transmission reading 90-180°
compensator circle reading R - 135°
. 'Azimuth,readings differ'frOm circle readings ofvthé.preéentv

vP(azimutﬁ) P(circle'reading) + 90°°

~A(azimuth) = A(circle reading):— 90°



DUALF

12

- 22
40
42

62

114

126

130

132, .
135 -

140
14l
143
145
147
151

- 153

- 156
161
172
203

- 236
271

OO0

PRUbRAM DUALF (lNPUToUUTPUT) X .
THIS PRUGRAM CALCULATES THE ELLlPSOHETRlC PARAMETERS
DELC,PSIC OF ‘A SUBSTKATE CUVERED WITH TWO FILMS.

THE INCIDENY MEDIUM HAS THE REAL REFRACTIVE INDEX TNO
FILM (1) HAS THE CPTICAL CONSTANTS TNL AND TNlK HITH'
THICKNESS T1I TO TIM

"FILM (2) NEXT .TQ THE SUBSTRATE HAS THE OPTICAL

CONSTANTS TN, TNK WITH THICKNESS T1I. .70 TM™. "

- THE COMPUTATIUN STARTS FRUM THE BOTTOM . (SUBSTRATE)

AC AND PC ARE. VALID FORE ZUNE A3

"CUMPLEX lvaTZ,SZ,TN3,LN3: LN2 oSlyTlpSC,CC'D

COMPLEX TN2, = ~ CPHIZ, CPHI3, R1S, RLP, R2S, R2P, RS:-RP. RHO

REAL PHILyPHI CPySPyLNKyLNgLyTNsTNKyToPSTCyDELC,DT, TM_
REAL DTNKL,TNKM, rlm,TNLM,TNKLM.wL.Ac,Pc L :
REAL TNKS yTNM;TNG,TNS" _ s '

REAL . TNKLIoTNLI,T1I,TNI,TNKI, TI,DTNK.DTN.DIT.DTNl

"DIMENSION TITLE (8)s RANGE (8)

"READ 2y TITLEyRANGE

FURMAT. (8A10/8A10)

PRINT 4y TITLE RANGE’

-FURMAT (1Hl, .8AL0//8A10)

READ 17y TNO, WL s TNS,TNKS ,PHI

IF_(TNO) 30005 3000, 6

READ 9, lNl'DTN,ThM,TNKl,DTNK,TNKM

 READ. 11y TI,0T,TM )

READ 9, TNLI,DTNL, TNIM, TNKLI.DTNKI TNK1IM

READ 115T11,D01T,TIM :

FURMAT (F9.0,5F10.0)

FORMAT (F9.0, 2F10.0)

FORMAT (F9.0,4F10.0)

- _
PN~

RN RURNN. .

[
W~

C F5.0y LLH ANGSTROMS//33H REFRACTIVE INDEX OF SUBSTRATE =
C 2Xy 4H- 1y FTo4) |
14 FORMAT (1HO, 27THREFRACTIVE INDEX. OF FILMZ= ) FT.4y 2Xs

. C 4H- I, F7,. 4//18H FILM2 THICKNESS=. , F7. 2y 10H ANGSTROMS,

C //8H PSIC = , F10.55 LOX, THDELC = , FL0OS,
C //8H AC = ,Flo.Splox,’7HPc = ,F10.5) 7
25 FORMAT (LHO, 28HREFRACTIVE INDEX OF FlLMl = GFToby 2X,

C4H- . l, F7.4//194 FILML THICKNESS ' FTEZv.IOH‘ANGSTROMS) A

PHI = 0. 01745329252*PH11

CP = COS(PHI)
SP = SIN(PHI)
TN3 = CMPLX(TNS.-TNKS)
CLNK=TNKLI

23 LN=TNLT

22 L=T1l1.

21 TN=TNL

20 TNK=TNKI '

30 T = 71

100 TN2 = CMPLX(TN,-TNK)

~ TNl.= CMPLX(LN, =-LNK)
SC = (TNO*SP)/TNLl
CC =.CSQRT(l. - SC#$C) - '
CPHI3 = CSQRTIL.0 - TNL®*2%SCE#2/(TN3*%2))
CPHI2 = CSQRT(1.0 ~ TNL*#2%SC#%#2/(TN2#%2))
RIS = (TNL1%CC ~ TN2#CPHI2)/ (TNL*CC + TNZ#CPHIZ) _

*

FORMAT (1HOs/6HPHI = (yF5.2,10X,4HN = .FT'Q. 10Xy 13HWAVELENGTH = .
Flab,



~ DUALF
330

- 366
425

463

501

540
600
607

612

621

647
670 .
705
730
- :733
. 156
1010

- 1041

1100

1136
1154
1213
1252
1262

1266 .
1276

1217
1301

1303
. 1305

1323
11335

1357

1362
1364

1365

1370
1372
1373

1376 .
1400
1401 -
1404

1406
1407
1412
1414
1415
1420
1422

1423

- 1424

1425

R1P #—(TNI*CPHIZ - TNZ*CC)/(TN[*CPHIZ +. TNZ‘CC)
R2S = (TN2%CPHI2 - TN3®CPHI3)/( TN2*CPHI2 + TN3%CPHI3)
R2P == (TN2%CPHI3 - TN3*CPHI2)/(TN2*¥CPHI3 + TN3%CPHI2)
D = (0.091e0)%(4.0%3,1415927%T/WL)*TN2%CPHI2

"RS= (R1S + R2S*CEXP(-D))/(L.0 + RLS*R2S*CEXP(~ -D))

;. RP = (R1P + RZP*CEXP( D))/(1.0 + RIP*RZP*LEXP( D))

“SL

RHO = RP/RS
: SC .
Tl = sc/cC o '
T2=(1. + RHO)/((ls - RHO)%T1)

S2=T2/CSQRT(1l. + T2%72)

LN3=(TNL1%S1) /52
CPHI3 = CSQRT(1.0 - TNO**&*SP**Z/(LN3**&))
LN2=CMPLX (LNy=LNK)

- CPHI2 = CSQRT(Ll.0 — TNO**2%SP*%2/(LN2¥%*2))

"R1S = (TNOXCP — LN2%CPHI2)/ (TNO*CP + LN2%CPHI2)
R1P ==(TINO*CPHIZ ~- LN2%CP)/ (TNO*CPHI2 + -LN2%CP)
R2S = (LN2®CPHI2 - LN3*CPHI3)/(LN2¥CPHI2 + LN3%*CPHI3)

R2P == (LN2%CPHI3 - LN3%CPHI2)/(LN2*CPHI3 + LN3*CPHI2)

| D = (0e091.0)%(4.0%3.1415927%L/WL)*LN2*CPHI2

140
300

. RS= (R1S + R2S*CEXP(=D) )/ (1.0 + R1S*R2S*CEXP(-D))

RP = (R1P + R2P*CEXP(-D))/(1.0 + RLP*R2P*CEXP(~D})

RHO =, RP/RS

PSIC =‘ATAN(CABS(RHO))/0 01745329252 . ‘
DELC = ATAN2(AIMAG(RHO), REAL(RHO)) /0. «01745329252

‘AC = PSIC + 90.

PC = (90. - DELC)/2..
IF (DELC) 140,140,300
DELC = DELC + 360.00
PRINT 13, PHILlsTNCs+WLsTNS;TNKS

PRINT 25,LNsLNK,L

" PRINT 14, TN,TNKyT4PSIC.DELC, AC PC

400

500

600

700

"IF(TM ~T) 600,600,500

T =T + DT

G0 T0 100

IF(TNKM - TNK) aoc.aoo,7oo
TNK = TNK + DTNK

. GO TO 30

800

900
) GO 10 20

910
920

930

940

950
960

970

3000

IF(TNM - TN) - 910,y 910,900
TN = TN & DTN - =

IF (TIM - L) 930 $30,920
L=L+D1T

GO 10 21

IF (TNLIM - LN) S5C, 950,940
LN=LN+DTN1

GO 70 22 -

IF (TNK1IM - LNK) $70,970,960
LNK=LNK+DTNK1

60 TO 23

GO 701
CONTINUE

CEND



EXAMPLE OF OUTPUT

PHI = 75 00

SN = 1.3500 WAVELENGTH = 5461  ANGSTROMS

REFRACTIVE lNDEX OF SUBSTRATE = . 99300 - 1 2.3900 "

REFRACTIVE INDEX UF FILML = 1.4500 = [-0.0000

FILML THICKNESS =

~0.00 ANGSTRCMS

 REFRACTIVE INDEX OF FILM2= 2.7500 - I .250¢

FILM2 THICKNESSs -

UPSIC = 37.62461

;AC

S PHI . 75 00

T 127.62461

-0.00 ANGSTROMS

DELC

H

58.93017

It

"ufPC_'" 15.53¢92

N = 1 3500

REFRACTIVE lNDEX OF SUBSTRATE -';f.ssoo - vx'z 3900

REFRACTIVE lNDEX,OF FlLMl = le 4500 - l 0.0000

FILM] THICKNESS #'

~0.00 ANGSTRCMS o

REFRACTIVE INDEX OF . FILMZ-- 2 7500 - 1 .ZSOOf

”7>F1an THICKNESS-

- PSIC 38 47673

AC

PHI = 75.00

REFRACTIVE INDEX OF SUBSTRATE '.9300

128.47673

S0,00.ANGSIROMS ;

DELC = 52.17989

W

pC 18.91005

N.= 1 3500 HAVELENGTH ;' 5461 ANGSTROMS

1 2.3900

REFRACTXVE lNDEx OF FlLMl = 1. 4500 - - leo.oooo"

FlLMl THICKNESS

- ~0.00 ANGSTROMS

REFRACTIVE 1N05x ‘oF FlLHZé“’Z.?SCO.J-v I .250¢

FILM2 THICKNESS="

PSIC

"

AC

39.72852

129.72852

100.00 ANGSTROMS

DELC 47.08963

pPC

21.45519

WAVELENGTH = 5461 ANGSTROMS



II. FORTRAM IV COMPUTER PROGRAM "MULTF" -

ﬂThis-program computes the'ellipSOmeter data'w and A for'a system

vof a substrate covered with mA films of monotonically'varying refractlve

1

index, but of equal thiCkDESS- It is ‘based on the same princ1p1e

'_as program "DUALF" (see Chapter I) As in program "DUALF" one'starts

out with the,substrate s covered with Film "m‘"’and.aSSumes Film "m-1"
as the incident.medium (Fig..Z).lehe program computes the reflexion coeffi- ,.
cient pm.of'this first'sub_system (Substrate/Film "m"/Film "m-1"). This

refiection‘COefficient.pb( is converted into an effective refractive'index .

n_ o which serves as the substrate in the second step. In this

' second step Fllm m ~1" will serve as the covering film, while

1F11m "m -2" is- assumed to be the incident medium. ‘The  thickness of

each film is aSsumed to be the same. This procedure is repeated i -times

cuntil the prescribed number of Films m is reached.

;rK. Variables Used in the Program MULTF..

' Name - - o ', N '“. Description
AC - : Anainer azimuth (zone A3).
DELCJ ”T Ellipsometric parameter a
DI'v N :bDecrement of imaginary part of refractive index of film—layers

(bctween two successive layers)

.DR:‘ _ Decrement of real part of refractive index of film—layers |
‘“’Kf!_ giﬁngumber of film-layers of thickness T (referred to asm )
fPC. - :bPolarizer azimuth (ZOne A3) . |
‘BHil‘:m'_.Angle of incidence ¢
jePSIC ' ‘hllipsometric parameter W

T -vThicknessvof individual film—layer_



Name

TNI

"~ TNKI :

TNKS

| ':‘ D_é.ﬁﬁi;irltiﬂ<
: Real part of refractive index of first layer '
"Imaglnary part of refractive index of first layer
'fcImaginary part of refractive index of‘substrate_v
fRefractive index of inc1dent medium (real) |

”Real part of refractiVe index of substrate '

“hWavelength

B }B,‘ Input Format for Program MULTF

Ccard 1-9  10-19 20-29 30-39  40-49 50-59°

N

ﬂ.Title,and;comments;(up'to 80>columns)

3 TNO WL - INS  TNKS  PHII

4. INT TNKL DR DI T . Kf_(columﬁ-so-szj

Theee'four cards COnstitute a set. Any number of sets may follow.

Three blank cards must follow the last set of data. Note, that ‘the _'

ﬁ number of films K is an integer variable of three digits (colmn 50-52)

The program, together with a sample of output,is reproduced below.
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PROGRAM MULT’ (INPUT’OUTDUT)

THIS PROGRAM CALCULATES THF ELLIPSOMETRIC PARAMFTERQ
" DELCsPSIC OF A SUBSTRATE COVERFED WITH MULTIPLE FILMS
- OF FQUAL - THICKNFSSo BUT OF A STEPWISE CHANGE o
~ OF THE COMPLEX REFRACTIVE INDEX - v .
CTHE INCIDENT MEDIUM HAS THE REAL RpFRACTIVE INDEX TNO

THE COMPUTATION STARTS. FROM THE BOTTOM (SUBSTRATE) '

AC AND PC ARE vaALID FORE ZONF A3
COMPLEX T23S25TN3sD o : : B ,

COMPLEX TN2s CPHI2» CDHI39 RlSo R1Ps R2Ss R2P9 " RS5s RPs RHO
REAL PHI1sPHI sCPs SP-LNKyLNoL’TN;TNKyT PSIC;DFLCoDT’TM o
REAL DTNKIoTNKMoTlMoTNlM,T“KlMoWLoACoPC
REAL TNKSsTNMsTNOsTNS '

REAL TNKIIoTNlIoTII’TNI’TNKloTIQDTNK,DTNoDlTsDTNl

DIMFNSION TITLF (8)s RANGF (8) '

READ 24 TITLFsRANGE -

FORMAT (8A10/8A17)

PRINT 4y TITLESsRANGE -

FORMAT (141s BA10//8A10) .

READ 17+TNO oWLoTNSoTNKSoPHIl

IF (TNO) 3007 30000 6

READ 95 TNIsTNKIsDRsDIST 9K

FORMAT (F9e094F1NeDs 13}

FORMAT (F9.044F10+0) - e _ , -
FORMAT (1H09/6HPHI = 9F542910X94HN = 9F7e49 10Xs 13HWAVELENGTH = »
C F540s 11H" ANGSTROMS//33H REFRACTIVE . INDEX OF SUBSTRATE = ¢ FTe4y
C 2Xs 4H= ~I9 FTe4) - :
14_FORMAT (1H09_3lHREFRACTIVE,JNDEX-OF TOP FILM = s FT7els 2Xo»

C 4H- 1s FTe4//18H FILM THICKNESS= » F7429 10H ANGSTROMS,

C //23HNUMBER OF FILM=LAYFR = I3, o v

C //8H PSIC = » F10459 10Xs THNELC = s F1l0450

C //78H AC - v=.jF10;5510Xo THPC = - 9F10e5)

J=K + 1 :
3vDHI = 0o 01745329?5?*°H11 :
CP = COS(PHI) -

L SP = SIN(PHI) :
TN3 = CMPLX¢TN59-TNKS)_-
21 TN=TNI ‘

20 TNK=TNKI

TN1 = TNO
N =D
U = 0
R = N

501 CONTINUE » '
502 TN2 = CMPLX(TNo—TNK)

SC = sP

CPHTA = CSQRT (1,0 — TNI*#2#SC#%2/(TN3%%2))

CPHI2 = CSQRT(140 — TNL1*#2%SC*%2/(TN2%%*2))

R1S = (TN1%CC = TN2%*CPHI2)/(TN1*CC + TN2#CPHI2)

RIP =—(TN1*CPHI2 — TN2%CC)/(TN1#CPHI2 + TN2%CC)

R2S = (TN2%*CPHI2 - TN3*CPHI3)/(TN2*CPHI2 + TN3%CPHI3)
R2P =~(TN2%#CPHI3 - TN3#CPHI2)/(TN2%CPHI3 + TN3%CPHI2)
D = (0eNs1e0)*#(4,0%3,1415927%R/WL)#TN2*CPHI2:

‘RS= {R1S + R2S*CEXP(~D))/(1+0 + R1S*¥R2S*CEXP(~D))

[
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T RP = (RIP + RZP*CEXP(‘D))/(I 0 + R1P*R2P*CEXP(-D))
. _RHO = RP/RS
':'PSIC ATAN(CABS(RHO))/O 0174532925?
DELC ATAN?(AIWAG(RHO)Q REAL(RHO))/O 01745329?52
AC = PSIC + 90. : :
. PC = (906 -~ DELC)/Z.
L CTFEADELC) 14N91409300°
140 DELC = “DELC- + 360400
[.»300 PRINT 13, PHII’TNO;WLOTNQ’TNKS

R = U*T :

PRINT 145 TN 9TNK9R9N,PSIC,DFLC’AC’PC
81 = SC E g

T1 = SC/CC

“T2=(1e * RHO)/((le ~ RHOI*T1)
$2=T2/CSQRT(1e-+ T2%#T2)
. TN3=(TN1#51)/S2
TN.= TN - DR
TNK = TNK = DI
IN'—'N"‘:.I
U =+ 1.
. IF (N = J) 50153000+3000
73000 CONTINUE S
. END"
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‘EXAMPLE_OF OUTPUT

) TEXT L kkk 3 kkk
MULTFILM
PHI = 75.00 .~ N = 1.3500  WAVELENGTH = 5461 ANGSTROMS

' REFRACTIVE INDEX OF SUBSTRATE = .9800 - I 2.3900
REFRACTIVE INDEX OF TOP FIIM = 2.7650 - I .2500
* FILM THICKNESS = 0.00 ANGSTROMS |
| NUMBER OF FILM-LAYER = 0

PSIC = 37.62461  DELC = 58.,93017
AC = 127.62461  PC = 15.58492
=75.00 N =1.3500 = WAVELENGTH =

PHI 5461 ANGSTROMS
* REFRACTIVE INDEX OF SUBSTRATE = .9800 - I 2.3900 |
REFRACTIVE' INDEX OF TOP FILM = 2.7500 - I .2500
- FILM THICKNESS = 100.00 ANGSTROMS o

 NUMBER OF FILM-LAYER = 1 - |

PSIC = 37.62461 “DELC = 58.93017

AC = 127 62461 PC = 15.53492

5461 ANGSTROMS
2.3900
.2500

PHI = 75.00 1 3500  WAVELENGTH
REFRACTIVE INDEX OF SUBSTRATE = .9800 -
REFRACTIVE INDEX OF TOP FIIM = 2.7350 -
FILM THICKNESS = 200.00 ANGSTROMS
NUMBER OF FILM-LAYER = 2
PSIC = 39.72939  DELC

AC = 129.72939  PC

L T T ]

46:01971
21.99015
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. FIGURE CAPTIONS

Fig;.l.‘ (a)'Model for>a;two—fiim coﬁerage of the substrate.

‘Fig. 2.

. o _ : oo L
" (¢) Step 2, using the new refractivg index ns.(Step 1) as

. Film 1 is aséumed to cover the’substrate S .

(b) Step 1. Film 1Iis.aSSumed,to be the incident medium.

. o o : ,
~effective refractive index of an apparent substrate S , '

!

- Inhomogeneous film represented by m léyers_of equal fhickneés
"with increments in optiéal constants An and Ak between

‘successive layers.
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LEGAL NOTICE

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




a

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





