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The study of a linear dichroism and retarder
combined system by Multi-wavelength

Photoelastic Modulated ellipsometry

Student Chun-I Chuang Advisors Dr. Y. F. Chao
Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

The Photoelastic Modulation, Ellipsometer is used to measure an artificial
circular polarizer (CP), which is a combination. of a linear polarizer and a retarder.
The multi-wavelength measurement technique is butlt up by using the Kr-Ar tunable
laser.

In the beginning, the azimuth direction of optical axis of this CP is roughly
determined by comparing the theoretical model with its measurement for a single
wavelength. The parameters: linear dichroism (LD), phase retardation and the
azimuth angle between the linear polarizer and retarder (y) are measured by fitting its
1% and 2" harmonics signals of various azimuth positions of analyzer for the Kr-Ar
tunable laser. Although the measured vy is independent of wavelength but it is not at
45°, and its phase retardation and LD are almost the same for every wavelength.
Finally by comparing the theoretical transmission, which is derived by substituting its
measured parameters, to its measured transmission under various azimuth positions of

analyzer, we observed a well fitted result for every wavelength.
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PEM ¢ Mueller matrix 4= (kfhi= 3t 0 &)

1 0 0 0

0 1 0 0
Mgy = :

0 0 cosA, sinA,
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#-M, e E

1

—j27dn e%“'d 0 “j2mdn -1 1 0
S %
M,=¢e * =e * .e?2 1

0 - d 0 e?
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—2e ¢ e et | V2
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cosh(LD) sinh(LD) 0 0
M "= sinh(LD) cosh(LD) 0 0
S 0 10
0 0 0 1
E LD:% ......... (2.4-3)
P AR R RS - 0 HEEORIKER Y KR 0 LD—oo

fe I > v 2L 8 e & 20— AT 5 8 & Mueller matrix 4 ;
1 0 0 0
0 1 0 0
M. = )
0 0 cosLB sinlLB
0 0 —sinLB cosLB

HY IBiw 2 — 47,5 F Eidavegp i~ & o

hAFY O ERliRIRE P ez R 70q §) e F 5 F]pt Mueller

matrix ¥ ¥ =
1 0 0 0) (cosh(LD)"*sinh(LD) 0 0) (1 0 0 0
M = 0 cos2A —sin2A 0 {smh(LD) cosh(LD) 0 O ' 0 cos2A —sin2A 0 .
“ 10 sin2A  cos2A 0 0 1 0[|0 sin2A cos2A 0
0 0 0 1 0 0 1)(0 0 0 1
1 0 0 0y(1 O 0 0
0 cos2(A+y) sin2(A+y) 0|0 1 0 0
0 —sin2(A+y) cos2(A+y) O 10 0 cosLB sinLB |
0 0 0 1){0 0 —sinLB cosLB
1 0 0 0
0 cos2(A+y) —sin2(A+y) O
0 sin2(A+y) cos2(A+y) O
0 0 0 1
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5 FIHE Y TSP =k 15 B S E 2 0 & > Polarizer 7 1

S, =M Mg (LD,LB,y)MpeyM, .S

P=—45""i

S, =
cosh LD +cos2Asinh LD —cos A, (sin2A(éos LB cos” 2y +sin” 2y) +
sin’” %sin 4y(cos2Acosh LD.4 sinh D)) +sin Ag'sin LB(cos2y sin2A+

sin 2y(—cos 2Acosh LD —sinh LD))

......... (2.5-1)
Frta, AT R 2 R B AT
sinAp =2J,(5,)sinwt +2J3,(5,)sin3at +------v--
......... (2.5-2)
cosA, =J,(6,)+2d,(5,)cos2at +2J,(5,)cosd@t + - -vvneene
BN (2.5-2) % N (2.5-1) 0 F LR & A EL
l,. = 1,(cosh LD —J,(5,)(sin2 A(cos LB cos® 2y +sin’ 2y) +
., LB . : :
sin” —=sin 4y(cos2Acosh LD +sinh LD)+cos2Asinh LD))  ......... (2.5-3)

l,; = 21,J,(5,)sin LB(cos 2y sin2A—cos2Acosh LD sin 2y —sinh LDsin 2y)sin @t ... (2.5-4)

I, = —21,3,(5,)(sin 2A(cos LB cos® 2y +sin® 2y) + cos 2 Acosh LD sin’ %sin 4y +
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sinz%sin47 sinhLD)cos2et .. (2.5-5)
I,; = 21,3,(8,)sin LB(cos 2y sin 2A—cos 2 Acosh LD sin 2y —sinh LD sin 2y)sin 3t ... (2.5-6)
: 2 -2 ., LB .
I, =-21,3,(5,)(sin2A(cos LBcos™ 2y +sin” 2y) + cos 2Acosh LD sin 751n47/+
sin’” %sin 4y sinh LD)cos4mt
Ed i F B SHCY 2 BB B BB R AR E S (curve

fitting) > ¥ FFFlmIE ST & Sk e BT TR -

2.6 ZkiEE P S #c

2 SGEY W AR S (9P| enikdRs Sl 1T BSTT nF s 2 P

— il ]
Circular Polarizer  Analyzer Detector
=
v
| |
DAQ

B 2-9 S L[] ik ik 5

BRRIE Y ¢ RIbIE L 7RG {5 F 4 Dpks T B

T2 8 I g Y Aest (2.4-1)5 7 0 BB hIR S ok AR RIRR 0 A &



HUSL 5B - BB 2Hhtem T md Lo ki p Boarijoaski
B TE o FAR I Kr-Ar 3+ 3 5 e I K JRIpPF > IT ¢ E &

Bikdri > He-Ne 385 3 34013 » Ft AShB i F i{  #173 F o

B F PR AR ST S B(Q2.6-D30 0 T @I DS 4o
St hene = —%ew(—z +c0s2A+cos(2(A—2y))—2cos LBsin(2(A—y))sin2y) ...... (2.6-2)

St ar = ly(cosh LD +sinh LD(cos2(A— y)cos2y —cos LBsin(2(A—-y))sin2y)) ...... (2.6-3)

B £ 8 )0 AR R ECE r (2.6-2) 5 (2.6-3) 0 X BB R R

WV S SR A

2.7 Rlik¥w

kAE 1w E Ar4F & (Brewster Angle) & » S & > H R Btk RALA T 1R
o MRS e S G o RAERE Y 0 AT R g
PR e R E R K S deRI(2-10) o @ R R ¥ 0] LSS E )

R T g d g E g p Rk K SLendp s o
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1 0 0 0Y(1 O 0 0 1 0 0 0
0 cos2y —sin2y 0|0 1 0 0 0 cos2y sin2y 0
0 sin2y cos2y 0||0 O cosLB sinLB ||0 —sin2y cos2y O]
0 0 0 1){0 0 sinLB —cosLB) (0 0 0 1
coshLD sinhLD 0 0) (1
sinhLD coshLD O O] |cos2p
0 0 1 0|]sin2p
0 0 0 1)(0
So
Sl
= S,
53
Ho
S, =1,(sinLB(=cos2ysin2p+sin2y(cos2pcoshLD +sinhLD))) ...... (2.7-1)

p R ARG » Bk = h ool @GRS T Ao o0 32 R R 4R R o3 BraE
o WS, &S, B HER 1o S A8mT ]l AARKRFCAAR > - &
AP AL enF] R iR 5 0 i}}l E"J"JBIV{L{%

KrLD~LBEy» AT NRANFlRFESFSHREALE LR p bl (R o

2.8 i k& I (extinction ratio)¥? & & % & (optical density)

ORI DR EET LA SRR L Ut o PRSP LD &)

-5 5 P& B o0 Jone’s Matrix B 4o
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Mr{O o e (2.8-1)

HEERET KR k=1 k=0 RaFENkHETILKk~1>k=~0-

Y- IR NS PR B R SN B AR S0 VT AR A T
E') \/k_l 0 l,cosd
E,') | o Jk, ) Ugsin®

:|O(j§}?SZJ ...... (2.8-2)

' 2 -2
I'=1,k cos” @+ 1k, sin" &

§ R BE LT AT 7GR R T Sk e AT @,

Imin = Iokz

Imax = IOkl

TE T L B (e @ (2.8-3)
Imax kl

kB R

Bom ORI IR T B A P AR PEAIE S b B
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TEDTEF
T, = kik, sin® 6 +%(k12 +k)cos' i mm a0 e (2.8-4)

AR T Eh &

btk
Hoo =l =T 909 =kk, e (2.8-5)
o=l =T =274k e (2.8-6)

Hy, ¥ closed transmittance » H, R % open transmittance  i& @ i -8 f8fr
BE G M o d REF R E A Hy frH BRI 0 20 AR
M ¥ e g AT
Aq, :log(HL) ......... (2.8-7)

90

A, :log(HL) ......... (2.8-8)

0
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d 34 (2.8-3)
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1
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2. Kr-Ar Laser: Melles Griot

k72 47k B 1 Melles Griot 03FPG sheet polarizer
# Bl 4 : B+W circular polarizer
% 1d ;p| ® : Thorlabs PDASS silicon pin diode
Spectral Range : 400-1100nm
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e JHRkIE Y 7 2 APLE R DTG =
1. &k 3= = » 4 (Linear Dichroism, LD)
d§ 3(2.4-2) ~ (2.4-3)7 4o
LD=27”(kO —k,)d
PR A RRASEER S d {8 o p-polarized light v s-polarized
light 5 B AL ST Z B A2 & -

2. 475 (Linear Birefringence, LB)
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3. LD 1% & ghe? LB ehiefhz. F chd & (y)
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ek A
Matlab #cig 8 & F7 3¢

clear all

[1f=fopen('T1f.txt");
[1f=fscanf(11f,'%g',[1 inf]);
[1f1=fopen('11fl.txt");
[1f1=fscanf(11fl,'%g',[1 inf]);
[1f2=fopen('11{2.txt");
[1f2=fscanf(1112,'%g',[1 inf]);
[2f=fopen('12f.txt");
[2f=fscanf(12£,'%g',[ 1 inf]);
[2f1=fopen('12f1.txt");
[2f1=fscanf(12f1,'%g',[ 1 inf]);
[2f2=fopen('1212.txt");
[2f2=fscanf(1212,'%g',[ 1 inf]);

n0=0;m0=0;
step=1;step1=0.1;step2=0.01;
LB=-80;

LD=-10;

g=45;
delta0=0.383535*2*pi;

%%%%%% WL~ 0= 60 H %%%%%%%%%%%

A=0:15:60;
for j=1:1:60
n=n0+j.*stepl;
for k=1:1:400
m=m0-k.*stepl;
for i=1:1:5
d1(1)=(-12f1(1)./T11£1(1)-(-2.*besselj(2,delta0).*(sin(2.* A(i)*pi/180).*(cos((LB+m)
*p1/180).*cos(2.*(g+n)*pi/180).2+sin(2.*(g+n)*p1/180).”2)+cos(2.* A(1)*pi1/180
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).*cosh(LD).*sin((LB+m)*pi/180/2)."2.*sin(4.*(g+n).*pi/180)-sin((LB+m)*pi/1
80/2).72.*sin(4.*(g+n)*pi/180).*sinh(LD)))./(2.*sin(LB+m*pi/180).*besselj(1,de
1ta0).*(cos(2.*(g+n)*pi/180).*sin(2.* A(1)*p1/180)+sin(2.*(g+n)*pi/180).*(-cos(2.
*A(1)*pi/180).*cosh(LD)+sinh(LD)))))"2;

f1(j,k)=sum(dl);

end

end

end

w1=min(min(f1));

[al,bl]=find(fl==w1);

nl=n0+al.*stepl;

ml=m0-bl.*stepl;

gl=g+nl

LB1=LB-+ml

%%%%%% BHfHZ 120 = 180 " %%%%%%%%%%%

A=120:15:180;
for j=1:1:60
n=n0+j.*stepl;
for k=1:1:400
m=m0-k.*stepl;
for 1i=1:1:5
d2(1)=(-122(1)./1112(1)-(-2.*besselj(2,delta0).*(sin(2.* A(i)*pi/180).*(cos((LB+m)
*p1/180).*cos(2.*(g+n)*pi/180).2+sin(2.*(g+n)*p1/180).”2)+cos(2.* A(1)*pi1/180
).*cosh(LD).*sin((LB+m)*pi/180/2).72.*sin(4.*(g+n).*pi/180)-sin((LB+m)*pi/1
80/2).72.*sin(4.*(g+n)*pi/180).*sinh(LD)))./(2.*sin(LB+m*pi/180).*besselj(1,de
1ta0).*(cos(2.*(g+n)*pi/180).*sin(2.* A(1)*p1/180)+sin(2.*(g+n)*pi/180).*(-cos(2.
*A(1)*pi/180).*cosh(LD)+sinh(LD)))))"2;
£2(j,k)=sum(d2);
end
end
end
w2=min(min(f2));
[a2,b2]=find(2==wW2);
n2=n0+a2.*stepl;
m2=m0-b2.*step1;
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g2=g+n2
LB2=LB+m?2

g=(gl+g2)/2
LB=(LB1+LB2)/2

A=0:15:180;

plot(A,I2f./111,A,(-2.*besselj(2,delta0).*(sin(2.* A*p1/180).*(cos((LB)*pi1/180).*c
0s(2.*(g)*p1/180).”2+sin(2.*(g)*pi/180)."2)+cos(2.*A*pi/180).*cosh(LD).*sin((

LB)*pi/180/2).72.*sin(4.*(g).*pi/180)-sin((LB)*pi/180/2).2.*sin(4.*(g)*pi/180).
*sinh(LD)))./(2.*sin(LB*pi/180).*besselj(1,delta0).*(cos(2.*(g)*pi1/180).*sin(2.*

A*pi/180)+sin(2.*(g)*pi/180).*(-cos(2.*A*pi/180).*cosh(LD)+sinh(LD)))))
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