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Study the twist nematic liquid crystal by
photoelastic modulated ellipsometry

Student:Chun-Kai Chang Advisor:Dr. Yu-Faye Chao

Institude of Electro-Optical Engineering

National Chiao Tung University

Abstract

We can measure the twist nematiciliquid crystal (TN-LC) parameters,
such as twist angle and phase retardation. by the photoelestic modulated
ellipsometry without rotating any component in the system. After
adjusting the rubbing direction of TN-LC, we can measure the
ellipsometric parameters ¥ and A inreal time. For understanding the
anisotropic properties of TN-LC, we rotated TN-LC and observe the
unsymmetrical phenomenon in ¥ and A. By careful analyzing the
model, we can judge that TN-LC contains both linear and circular
anisotropic properties. We also transform the measured TN-LC
parameters into its corresponding ellipsometric parameters, which
consist with our ellipsometric measured values. Because of the real time
measurements, we can study the dynamic phenomenon of TN-LC under
applied voltage; we further derive the transmission from ¥ -~ A, and
measure the response time of TN-LC. In this study, we proved that the
response time is longer in low applied voltage than it is in higher applied
voltage. Finally we transform W and A into Stokes Parameters, and
trace out its polarization state on Poincare Sphere.



A SLE 8 TR F 2 thn S )1 A B B iy 3Rl
A e R

& = -
7 i P

By s e ipd # XA ahdp T g @Nanmy 2 ER
* H

A

BHF B SR HEEE AP R REL R

TR GRS EGRFEP AT YA EL N
ARG PRI Awm I B pRES o

B s R B e A A et 12 fr’ﬁ}:}ﬁa 3= U UEEA Y Rl

g E -



2 |

R O I
s S
I B e
BB e B A it

B o B B, 1

o . N - 1 PP 4

2.1 HhRE NI £ T iE e, 4

2.2 ¥ #= 5. % #c(Stokes Parameters){r % # <& "L (Mueller Matrix)...6

2.3 =R4ezk (Poincare SPhere).....ooo v ve e i 8

2.4 KA ZEBPEM) oo, 9

2.5 LA 8 SRR B kR 11

2.6 FFl % S Bcfo s o SR/ 14

2.7 3= N e B R 15

28 Z T N R AR 18

2.9 R bR E SRR L S B 19

2R RN EEFRER 21

BL BRI (oo, 21

B 2 B R B B i 22

B8 B T i i 22

B A B 22

341 #EH RS A 22

342 FERBEBNRHEEBE B .. 23

343 d B E R EFEE N RE S8 28

SR REAR TR e, 34

AL FETEH o 34

B2 B BR B T i 35

B3 R T I 35



BB BB T e, 35

441 M7 et TREZEE SR HPIrADR L 35
442 2204 FPERREEARL AT R TR T PR B 42
B T B T i 48
B 2 50



Bl 2-10 B B3 B, 4
B 2-2: S R 48R % e, 5
Bl 2-3: 2R4czk (Poincare SPhere) ......oovvveiie i e 8
B 2-4: A RBHEB T LB 9
B 2-50 Sk PR Mk RE R A SRERR 11
Bl 2-6; 2 38 3N % B e TE T 16
Bl 3-1 R R ERIERR .. 21
B 320 #HAEBREEDN RS PACA e 22
Bl 3-3: #FARBREES RS PICA i, 23
Bl 34 HETEREENRBEIA L, 24
Bl 35 HAETREHENREREDRELEE 28KF £HP A ... 25
B 3-6: FAEEPRENRHE D RH LT SEF P irA ......206
Bl 3-7: A B RN i eIk 27
Bl 3-8 HABEREENRZLEETE LW i, 28
B39 HAEREENRLE CBTFE ROA i, 29
B 3-10: HAEREEN L ECHOF W 29
B 3-1L #FARBREENRREZZHDOF KA . 30
Bl 3-12: #HEBRLEHEARHZ2ZHFOITF R AL, 31
Bl 3-13: #AFRLHENRHZ ZFDOTE RehP........00031
B 3-14: #RERBEENRLZ CHFOII F 4 » LD F £A...32
Bl 3-15: HFAEREEN RS Z FOfrl &4 » LD & Fe7¥P....33
Bl 41 R R G ERIERR . 34
Bl 4-20 4R B OVE L TREZENRSHDE B L 36
Bl 4-3: HAe TR G SV B B R E R S 0 36
Bl 44 e TRIESVEEBEREESRLS DY AL 37
Bl 4-5: ¢b4ep B EZ BV E LT3 3 38



] 4-6:
& 4-7:
i8] 4-8:
i8] 4-9:

i 4-10:
il 4-11:
R 4-12:
i 4-13:
i8] 4-14:
i8] 4-15:
f8] 4-16:

INIE R 3
IRTE R 3
IRIER. 3
IRTE R 3
IRIE R 3
IRIE R 3
e R
R
R
e R
e R

TE g
21 F
A

5V ik WA 2 5 F

4V = 3 5N % 5 é‘f’J‘P'frA& EKFTHF 39

35V N2 &P IcA R TS 40
VAR S IcAZ BT 40

2E5VE N bW AcAZ KT S F . 40

5V > o 4-47.77°5 W HeA 2 k555 .41
BV dz #5877 B e ZR4e IR, 42
AV 32 3 353 B P28 4e TR e, 43
35V 3N B R TR e, 44
BV 3 N3 B P2t 4e TR, 45
5Voa 5 -47.77°F 8 ;8 7% f enn2R4c Tk L. 4T

VIl



Rk B d ARGl Rk R kB R Rk
Mooz kiR o RenipiRF A d 2 ¢ FLE R Bartholinus *t
1669 & 7 I~ f3 7 & %8 (Calcite) chifF37544F 142 (8 > ﬂ} LR b AR TR
TREFAT 3201 kAW F L ENEIEOE R kiR
WX PIERT LD 5 L LTy NE R o

Bk BRIt S HY o FRIMR RS Sk (IoF AR
a‘»’r’f:% %) 28R E‘J"ﬁﬁﬁ’?'}ﬂﬁf (Ellipsometry) o {7l fiwer i 32 &
4}1]’# - o _’_El ﬁ,%}%;{gi iﬁ,’f}_};% LIS -é/ﬂ"" ?"5?‘”';" ’?ﬁ‘ ’ l’f_E; :'E'_;E'Jﬂ'l‘é’j‘%-ﬁ

B o bR DR R T R AR FRI TR RS (1] R
PERIR 33 B ok FRIH 5 7R & (Ellipsometer) » ##F] & ¢ i
LB g iRk R (polarizer) ~ A 5 (compensator) ~ #ip|4
(sample) % 7% 7 (analyzer ) [AE SGCR AF L ¥ IS 3 AR kN ¥

¥ (Photoelastic Modulator-—PEM) & jrB~ &k erdfdn [2] o L 3H A 5 R
A% S fy kA Rt BB T AR L K &
FE S kR > Lo RVEEAR 2 ER LT FHEHALE A
T VL FS g RS 3 F 4 24 (parasitic error) [4] 0 @ F] 5 3

RERTR R B > {H AT TR ERAREC R LY
AR iR E R -

AFETHFE T U KIEN R ETL AP LN % PPEMS.AA N
SRR > U FES A AR BT LA ihR
(azimuthal angle) [4] % k3D % B cjp =3 B4R [S] > # ik
B+ (DAQ Card) ¥ ¥ p& £ RIFFIF] i % %ﬁi(‘l’ A) [6]

KEAFNWFRRE R EF7 NELEE TRR ST S 7Y
B R 3 BB AR TR IR e B K Y AR B R RE R 3R R i
&Fm%,&WﬂﬁﬁﬁxﬂﬁL;gﬁﬂlu%Pufl E B kyp o AR
S AP AT PEM 0B i ORI o B o R 5V R IRk R
PPt BE T ]l s R - 48T 0 10 B BenE

1



Mo GG TPE R A Y] g oo e B '}#%ﬁ vtk & giapx
SR GUHAD PEM 0% & RRIFL 0 F15 PEM ey R 5L
50 KHz -

2001 & HRE R [7]00 D AR KRR &R
o (TN-LC) [8]sdz 4 & % Ap ix2£ & 2 2003 & +R4p 5 [O]1F1* = = &
S RE TN-LC e é ~ fpinaf B2 45 2 & (00T § il T
£) B ZTEPTE Y 4wt o i g TN-LC - # 24
BEEREHTAFREZE DT ho5gdE & B 22004 E v r dk
PpRp P+ -k S PRk R A B I X sedk2 o U AT
EFAELEEY > T IN-LC AT By Td etk & > 2RE 7 L3 2
& R0 74 o

R e 1S %5 R R, TN-LC &7 B ip] > “7 R it e

ENENE LA Lgf’l‘##iﬁi\:fﬁ fo. i 36 Folefo b 8 Sk

LA F % E IR B R T BN R R E 1 (isotropic)
#o B w e TN-LC 22 % »t PEM 7] % & <0 6 07 24
AR R P R e o it 35 e Bicdp 38 B+ {r LabVIEW % 3¢
¥R ORIER ik S8k (W o A)e AP A e 1 TN-LC ek
Bl (bid v prrad2 gy d) Y ERHBL$HE TN-LC %
§ S-8cchip 3 M 0 B fR TN-LC ehifie s

e EgEpR N L ERE R éﬁfr%gﬁﬁi

TR bR iR B TN-LC (5> m X BA B2 45k 0 A
70/ ER TN-LC ek 8 S ficfr il e 22 iz m L § =
R T o A PIRA F T U B Rk s 77 R TN-LC

2



jr ik b s fpraEE > F 7 T TN-LC ey e ™ 24 o 571 B f%
TN-LC 72 = #4+ (anisotropic properties) » % i d& &5 /% &tk & > o 3%
BEI Y fr A AL 2RAGRAT 2 TR S RFF
L3 sEE Flenf e i ( LBACB ) 22 4% W v A¥
TN-LC £ & 28 Fach * k> 7 12 &d BA530p) 00 TN-LC sk
B S e s (LD) 5 ¢ b % TN-LC ek 8 Sl < ¥ o
A BRAcFHREADF v £ o

2

S L e AN RIS R gl S T ey

n~a

fi

d 3% PEM F %% @ $AE 5 > ok 1% 3 @ P g e
(DAQ Card )> ¥ % 4% TN-LC fete RS F]A F+ E7| % 1L 97d = ek
A5 S F A AT RENIRA et T T A P o A R
ZTIN-LCH7? F R RaGERE B e 7d ¥ 4o A F30 TN-LC
NFHEF BB R RTERREN BE T ENF REFR

(response time) ©

s}r
IS}
1%
N
>
>
Wy
=N
a~
[}
\
o
|~
By
W
®
L
¥
“m:‘m
39
kil
*
=
3
)
A&k

d >t imik i (Stokes Parameters) ¥ d W o A RiF 5 Fpt A
R4k P E g 1373 TN-LC & 4e 7 B e TN-LC #7{7 4_endi ™ o



\

A

ks

IR AARE

2.1 Renipdm i & & i
A F IR F O T REE LR L R B - R
Z B3 e s oz 2, AR F 2R e B2 xy Tt

R
P E@D AT ER Y LK - B2 RHERM BT AT S

A
Ey

v

Bl 2-1 # + 035k

E(r,t) = Re(E e ™ ™)y E, cos(at =K )

E=E,i+E, ]

E, =E, cos(kz—at-0,)
E, =E, cos(kz—at-0,)
k : & # (wave number)

o ¢ &4F F (angular frequency)

5,06, x 2 y *wRIF24p (phase)

¥ Z=0 PFo RHZ A F T B AT HFR] D AR

B, E., B E _
(E ) +(E ) 2(E )(E )cosd =sin’ o (2-1)

oxX oy oX oy

5=0,-6, ' r y > w¥ X 3w R HFapiri



AP Hexy BRI AR 00 BEEES Xy AR

a: ¥eFIE b b FFR e

—Yx

0 : ##[F] ¥ & (Orientation angle)

£ ! 3o 5 & (elliptical angle)

B 22 ik il g %

a’ =E, cos’ 0 +E, sin’ +2E,E, sinf@cosfcosd

ox ox —oy

b’ =E,’sin’ §+E,,’ cos® 6 —2EE,, sinfcosfcoss

ox ox —oy

@) #7ff

ok B F - B2 TR A R < 7 e hdp i
LRHFE T H TR RIR - 2T B

(1) § 6=0, 6=n P, THZ - FATT wicd - i ML HIEL -

(2) § 6=%7/2> 2 E,=E, P RHF v L 5 MG FEFT KRR
Wit 2GR -

(3) & 0#0,0#tr,6=xn/2 P> TH2ZIRE > w 5 HFR 0 A5 HFF
o = £



Stk BIRRE I F - 2x1Fe B AT RHRS
TR Y S RN R L F T A LS
(Jones vector) [10] °

onei SX "

- J4g @ 2 Jones Vector ¥ it 5% ¥ k& (pure polarized) % » 7

f 21 &

i)s’i

ie 75 % 2L 3R (unpolarized) B 2 ¥R i» im & (partially polarized) & >
- ARk gk ARG LR IRA I RIRE TR A FE e
(Stokes Vector) % & 4 » 4 it { = & ot Lk ik IRk g o

2.2 % # » %¥k (Stokes Parameters) frff# &L
(Mueller Matrix)
Stokes Vector 7 — 4x1[F4E8 [10]

0

1

S(Stokes —Vector) =

2

w »w »mw wmw

3

S, =E,E; +E,E;

S, =E,E; —E,E,

S, =2E,E,Coss = E.E, +E,E,
S, =2E,E,Sin5 =i(E,E, - E,E, )

He g AAFRLRNBBR S =21 ML BI/ARELZ KT (+)
F (=) 2w S, =41 REABIRKES 45 (+) & 45°(-)

w5 S, =l RABRKES 2 (+) A (-) P oo



+

- BIFFIS e 2 i #FI[f] #h &€ 5 Jones Vector ¥ % 77 &
Ew) [ cose
E,o | jsine
& 2% 2 F[F] i #& £ 9 Jones Vector ¥ % 7T &
« cos & cosfcose — jsinfsineg
=RE=0)-| . . =] . : :
y Jsing sinfcose + jcos@sineg
&

21 N g & Stokes vector 0 g — 4k eHIRA iy HR K el Sk

P RIR & HFFl /1% ¥ *  Stokes Vector # 7 :

1
P-cos28-cos2¢
°| P.sin26-cos2¢e
P-sin2¢g

He [ kpgaiga'R (Intensity)
P : ik 5 (Degree of Polarization)
6 : ¥ F " & (Orientation angle)
e : ¥FFl & (Ellipticity Angle)

m 0 , unpolarized
+S; +
p=NT T2, po 1 , purepolarized

S . :
0 0<P<1 , partially polarized

ST IUHETR] 4R ke & feFR] 5 F 01 B 4&d Stokes Parameters

P S



2.3 =R+4c3k (Poincare Sphere) [1]

M S (S S, 0 Sy) BT U DRk s 4o @] 2-3 47
T Rt IR RS AT i Rk R o gt Rl ek oG B oo
- kR (PB) oSS, TRUTLERL 2008 S5, T§
S, S, T & et ik ik

S el S, TR ARG 20 0 BRa &
F e oo SR A IR end A W] E_

Nl N G A N B0 = 2 3 S
BIPEARipIRE S P - g™ - 4

. *ﬁf'i*ifﬁ,#é% ) ﬁvfm}?“iﬁ’ﬁ}ﬂ%%% )

v

B] 2-3 =R4czk (Poincare Sphere)



2.4 *EARE (PEM)

AEENET 20 d FAARFT LA RSB AN ET D
BT origd e TRV R d RIUELRT L 2 i e
Je A HL e

KBAR BT EARE > A S 4o 24977 0 F A E
(controller)> 3 5.3 &R 556 % (driver) 14 % X 5 gf (optical head) #1%
FoFEd AR RS BT RES D RE LT FARIDTE H S W
R FAE S A R F L R WHEBERBEARED 5 0 LF R
BE & e o

FEEET A (Cal)

F 2-4 KEDEFTHET L

FLEFLIEP S LR A x 2 y S h AL D i
Flpt x By dPeindkg At - BITIRT LS A=A sin(et) °

KEN PRV G — BUERF T o A 4755 4 (Linear
Birefringence Crystal) > #712 PEM ¢ Jones Matrix = Mueller Matrix

¥ AT AT



cosAp/2+i~cos2CsinAp/2 i~sin2CsinAp/2
M =
pem i-sin2CsinAp/2 COSAp/Z—i-COS2CSinAp/2

0 0 0
1 0 0
0 cosAp —sinAp
0

sinAp cosAp

pem

S O o =

B A =Agsin(wt) 0 A, & AP RIRE A RIRET A
T A =276, O, %1 £ ¥k (extra-ordinary ray) £ F ¥ k&
(ordinary ray) #— iF#Ap = Z ¢ frikant pleo - PEM dkghid it A
0° riFken x AEApEfey S B EXT] PEM 7 FARR &3
B0 FI T E DA S SRR

10



25 KPR %

Polarizer Analyzer
A PEM 4
TNLC
Detector
O
He-Ne Laser
y
X
z L 1,01

PEM Controller DAQcard PC
B12-5 k3B % RF Wk RE Rk AR

ho W] 2-5 % B 0 He-New@od 50 i % ¥ 15 % enifhdR fi 5
E, > 5B A LC(HA) » RABEENRE M _(CA)» FH
BB RS M (A 0 NBehikiEi E, EE A AT A

T & E, =M,(A)-M_ (C,A)-LC(¥.A)-E,

pem
S B 2 . ~oY v ppp pSp
7% &p e Jones Matrix 7_& 5 LC(W.,A) =

P

E ,
£ 4 &g & 5 e Jones Vector & {Elx} v A BER B R A e

Jones Vector & { } » 3‘ x] i S
clrele e
Eoy Eiy pps Pss Eiy

11



xSl (P,A) Tk 2
tan(¥)expd)=5/, + £ z=E,[E, ¢ =E,[E,

-1
12 tan(Wye = £ = Lo TP

X PstPoX
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cos(sinA ) =J,(A,)+2J,(Ay)-cos2- 2z ft+2J,(A))-cosd- 27z ft+...
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Hor(22) S RS L BATASLR A S
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1 2 2
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I, =J,(A,)-sinA-tan¥-p? -1, (2-9)

I, =J,(A,))-cosA-tan ¥ - p] -1, (2-10)

#(2.9) & (2.10) Fpf

|
LI tanA~—J1(A°)

1, 3,(A,) (-11)
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- 2
l,0; tan'PJ,(A,)

I
Cos(A) =— 2
|0ps tan\P‘]z(AO)

# (213) T g & 7

_ I 2 I, )2
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1
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I I 5 P
0 2 2
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v (2.14) 07
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S, = E,E, +EE, = (tan® ¥ + )E,,
S, =EE, —E,E, =(tan® ¥ - )E,
S, =2E,E,Coss =—-2tan ¥ cos AE,
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H- S, S, 83’4’\‘;7'“5]— S ET?— it e

2 —
i:tanz‘l’ 1 (2-17)
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S, 2tan¥sinA

> _zan roma 2-19
S, tan®’¥+1 (2-19)
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[E Y E%E. o
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X 2
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¥ M # 32 + Mueller Matrix

1 0 0 0
M — O m22 m23 m24
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sin y(2Osin ® +il" cos(2a + D))

Py =cosDcos y +

2y
-1
X tan(¥)e™ = Pon TP X _ Pw ~ P
Pss +ppsZ Pss _pps
W = tan~! (L2 L) A = argCe Py
Pss ~ Plps ss_pps
»:’Li— ]

| 2y cos y(cos @ +sin D) —sin y (2P cos ® — 2D sin @ +il'(cos(2a + @) —sin(Lax + (D)))|
| 2 y cos y(cos® —sin D) +sin (2D cos D + 2D sin D + il'(cos(2a + D) +sin(Lex + CD)))|

(2-21)

¥ =tan"'(

A = arg( 2y cos y(cos @ +sin D) —sin y(2D cos ® — 2D sin D +iT(cos(2a + D) —sin(2ax + D)))
2y cos y(cos ® —sin @) +sin y(2D.cosDst 2P sin O +il'(cos(2a + D) + sin(2a + D)))

(2:22)

Fd o (2-17) ~ (2-18) (219 V@D1) ¥ (222) 7 11 TN-LC
ek 5 4 fic{e Stokes Parameters Al % - 4ot )% = B Stokes
Parameters 7 Z#E & Em ~ 2T fj&;'\?’ Fi8 = B TN-LC ek & S fico
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C 11

PEM Controller DAQcard PC

3

Bl 3-1 3% w540k o #5052 ORI F 1

TS Bk BT
1. He-Ne Laser : Melles Griot laser 10 mw
2. Polarizer, Analyizer : Melles Griot 03FPGO15 sheet polarizer
of extinction ratio 10™
3. PEM ( Photoelastic Modulator) : Hinds instruments, PEM-90
4. Twisted Nematic Liquid Crystal : k& & & & #74& &% £ TN-LC
5. Detector : Thorlabs PDASS silicon pin diode
Spectral Range : 400-1000 nm
9. DAQ card ( Data Acquisition) : NI PCI-6115
10. LabVIEW
11. NI Lock-In StartUp kit Amplifier
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-9
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PEM Controller DAQ card PC
Function Generator

] 4-1 42 43R on B2 g 2] o 1]

TS Bk BT
1. He-Ne Laser : Melles Griot laset 10 mw.
2. Polarizer, Analyizer : Melles Griot 03FPGO15 sheet polarizer
of extinction ratio 10™.
3. PEM ( Photoelastic Modulator) : Hinds instruments, PEM-90
4. Twisted Nematic Liquid Crystal : +R& & & & #73 &5 £ TNLC
5. Detector : Thorlabs PDASS silicon pin diode
Spectral Range : 400-1000 nm
9. DAQ card ( Data Acquisition) : NI PCI-6115
10. LabVIEW
11. NI Lock-In StartUp kit Amplifier
12.Function generator - Hp,33120A
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