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OVERVIEW

Liquid Crystals
o

and Photonics
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Liquid crystal properties (10h)

Properties of nematic liquid crystals
Nematic order parameter
Polarization and dielectric constant
Elastic energy

Surface alignment

Electrical energy

Freederickz treshold

VAN mode

Variable phase retarder

IPS mode

TN mode

Polarization microscopy
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ELASTIC ENERGY
In a 1D geometry (L depending only on 2)

Jetastic :%(Kn (D U_;)2 + Ky, (z [@sz))2 + K, (ZX(DXL

L
3 cos @A z)sin B(z) :
only e L=|sin@z)sin6(z)
Liquid Crystals z cos & (Z )

L

2 2 2 2
Fowsic =31 K, (sin Bﬁj +K,, (sin2 6,6_(0) +K., (cos Qﬁj + (cos @sin Ba—wj
0z 0z 0z 0z
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ELECTRIC ENERGY
Electric energy density (with source)

Jeteerrie = _%Dljé = _%(EE)E = _%gﬂEz —%Aé‘(z D?)2

1

given field E (for example V/d)
Ae>0: lowest energy when L and E are parallel
Ae<0: lowest energy when L and E are perpendicular

GHENT
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VERTICALLY ALIGNED NEMATIC (VAN)

1D structure, material with Ae < 0, An> 0
homeotropic alignment

for V=0: =0 [ =0

for V>V, molecules rotate: 8 ,I', Anincrease

V=0 V>Vy, K

% ; bend and splay
M pretilt determines
switching
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IN PLANE SWITCHING (IPS) MODE

Liquid Crystals
o

and Photonics
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initially: director with voltage: director
homogeneous reorients in plane

Polarzer
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IN PLANE SWITCHING (IPS) MODE

Liquid Crystals
o

and Photonics

UNIVERSITY

with voltage: director

initially: director reorients in plane (Ae>0)
homogeneous ¢@>0, increases with V
@=0 when V=0 E-field: @z =80°
I |
polarizer y V=0 V#0 -
analyzer—_ % _E’
o | (W
small = o
pretwist - I -
angle | '

interdigitated electrodes
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IN PLANE SWITCHING (IPS) MODE

Variation of the azimuth angle @
only twist, neglect pretwist, field E,

6= ZzEy
e - =0,

@= @ sin (Ej @, <<l v
d . - . iz
sin Y= (ﬂm Sin j Z=O > S (p=0
X
Liquid Crystals 2 2 2 2
M Joasic =7 K (sin Qa—ej +K, (sin2 6’6—(0 — qoj +K,, (cos HG_@) + (cos Bsin 96_(0j
and Photonics aZ aZ aZ aZ
F,.=3K wl:‘f (a—wjdz =1K wlf((ﬂ 2 cos (E)sz =1K wl((ﬂ Z—T)Z d
elastic 27722 . aZ 27722 ) m d 4 7722 m d
W
GHENT
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IN PLANE SWITCHING (IPS) MODE

Variation of the azimuth angle ¢
only twist, neglect pretwist, field E,
0=71/2
(DZ%Sin(Ej @, <<]
d iz
sin = @ sin (gj

Liquid Crystals

2 Joewic =2 £DE2 _%AS(E U_J)z

and Photonics

d
Frie = =3 wi[ (&, +Desin® ) Edz =~ L wi
0

O ey

2 2
e | 1
2Wl€D—2d ZWlmEWn—Zd
e
m
GHENT
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IN PLANE SWITCHING (IPS) MODE

Variation of the azimuth angle @
only twist, field Ey

E
@= (ﬂsm(zzj o=ri2 -Z P=0y,

<<1
i y
RN /-
sin @= @, sin j) 7=0 > ;(p=0
2 V2 V2
Liquid CT‘YSf‘:S Eotal = F;lastic + F;lectric :%KMWZ % Ej d _% WZED l_2d _% WZ mg @721 l_Zd
and Photonics aE . ﬂz 2 772 V2
a;“’ =1 K,,wl 2%7 TWIIAe2@, —d =5 wl m(Kzz —-A l—zdj
threshold voltage
V., =ﬂi Ky V<V 0 makes this zero
= d\ As m ~ P

GHENT
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IN PLANE SWITCHING (IPS) MODE
Transmission? ~ layer with homogeneous ¢ (V)

zp ZA ZA
/ analyzer / /
z=d—> 2=d. 2=
e
é’ _____ @=45° ¥V L ____ @=90°
y 7 y /’ y
Liquid Crystals . z=0 > > z=0 A z=0 >
e polarizer +—> — —
and Photonics V=O (p=0 V>V-|-H(P ~ 450 V>> (P ~ 900
dark state bright state dark state
m\n — d
T =Lgin? 2¢sin2£ (=1, j
e 2 )
w
GHENT /2
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IN PLANE SWITCHING (IPS) MODE

Images of IPS transmission V low, dark state

switching occurs first ek
near the electrodes -
(highest field) i
Liquid Crystals
[ ]
and Photenics areas above the electrodes v,
do not switch and remain dark
Al can be used instead of ITO il

(lower brightness) right state
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IN PLANE SWITCHING (IPS) MODE

viewing angle dependency (off-normal) of the bright state?
(bright state, $=45° is optimized for green)

small dependency (<VA), because the director is planar, retardation depends on
the azimuth of observation

Polarizer

A

Ve rtlcal LC molecu{g
Liquid Crystals retardatlon r= T Q ny
M for green light i

P Polarizer
and Photonics \Q
|
L&)
)
e Wl @

Increased retardation@ i %reduced retardation I

(see next slide) because n. < n,
] [=mtfor yellow ["=rtfor blue
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EXTENDED JONES CALCULUS (OFF-ANGLE)

k,.=k, . =k, law of Snellius

1
L T g

)
>l »
P>

| | ' air air
3 : . LC LC
L1 oL =
k. | M 7d\Q : | k...
Liquid Cr‘ysﬂ:s r _ ke’zd B ko’zd r — ke’zd —_ ko,zd
and Photonics _2md (n cosd —n cosd ) _2m (”eﬁ cos @, —n, cos 90)
A e e o o
QJTd( > . 2 2 .2 ) :—2ﬂd( 2—'25 —\/2—.29)
== (\/n°—sin” 8 —/n’ —sin’ G gy —SIM O, =1, =510,
A \/ e a \/ o a A \/
— [ increases with 6, " decreases with 8,
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IN PLANE SWITCHING (IPS) MODE

Polarizer

Multi-domain to solve viewing angle problems 4

LC molecule

n Mo

< \ A > Polarizer
Rubbing direction &\
v

Common
electrode

Liquid Crystals
o

and Photonics

Pixel
clectrode

GHENT
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TWISTED NEMATIC MODE

Cell with initial twist of 90°

Liquid Crystals

UNIVERSITY

pure twist
bright state

Kristiaan Neyts

LC aligns with the field
some splay and bend
dark state
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LAYER WITH TWIST

A layer with total thickness d and total twist ®
can be treated as N layers each with

- thickness d/N
- retardation I'/N
- azimuth of L: ¢(2)=®.z/d

= =( T\=(N-1_T
‘]tot =J CD’ — | N— CD’ —
N N N
Liquid Crystals
o A
and Photonics n=1 N N
o . nd |
N COS—— —SIn——
= I_I N
n=1 . I/lq) I/ZCD
S1IN —— COS——
@ i N |
GHENT R
UNIVERSITY Kristiaan

2T
=
)uﬁ(iq:ﬁ
N 'N

Neyts

N\

‘/&'
)
X
nd . nd |
cosS—  sin—
N
. nd n®
—sin— Ccos—
N |

R-1

17



LAYER WITH TWIST

Total Jones matrix for N layers?

_cosﬂ —sinﬂ_ _ cosﬂ sinﬂ_
7 _ I_I N N e—ir/ZN O N N
ORI Y I n®d 0 iT 12N _.n n®d
sin—  coS— sin — COSW
Wl el
cos® —sin® ) e N0 oy My
= ) >
quid Crysal sin® cos® 0 e sin @ cosg
N N J]
and Photonics . CD CD \N
¥ -iT/2N . W _iT/2N
|:COSCD —sin CD} cos N ¢ s N ¢
= . < >
sin®  cos® _Singeir/zN Cosgeir/zzv
N N )
I Power N of a matrix?
GHENT
UNIVERSITY
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LAYER WITH TWIST

Power of a matrix? diagonalize the matrix by finding the eigenvalues A and the
eigenvectors

\N
(O . P _ O
cos— o TI2N  gip 2 pmiT/2N Cosﬁe TN _ ) g o /2N
X L9 o =0
. D (O : ~ :
—sin— TN gt /2N —gin — ¢ /2N cos— 2N — )
L N N

Liquid Crystals
o

and Photonics

GHENT
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LAYER WITH TWIST

eigenmodes

eigenvectors of the matrix? _
short pitch CLC
J

) 1 .
for d>>T 7 174 circular P

J, q’ y
= .. . . .
J, ’Ei iQ circularly polarized light
RH and LH with different speed
Liquid Cr‘ysh:s 2 - 5
TNY Q=,/P +7 long pitch: Mauguin

J, 0) (1) .
for [ >>® 5 1714 o) linear P

polarized parallel and perp
to the director
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LAYER WITH TWIST

N
A layer with total thickness d and twist ® z
21 M
r =—(neﬁ —no)d Q=[P +— z=dt—, _¢=0
A 4 /'\@
N\
90 ‘/&’ z=0
= A =
Jtot = I_I J (ﬁ CD’LJ /
n=1 N N
Liquid Crystals . .
° _.['sinQ sin
_ Tcos® —sind] €O5< 50 ® 0
and Photonics = Jtot = . CD CD . Q r . Q
sin COS _pSin cosQ 4750
Q Q

GHENT
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TWISTED NEMATIC MODE

Transmission in the off state? zw
[ sinQ sin Q
= cos® -—-sin®d COSQ_ZE Q ® Q
TN_LinCD coscb} sin Q I sinQ =
-® cosQ+zE y

Jones matrix in the system xy \
Ivar\r‘

analyzer pO

Liquid Crystals

e exit director
X
Pa
and Photonics
polarizer 21\nd
b X =
Tputdirector > A
VI +407
Q=
2
—_
i
GHENT
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TWISTED NEMATIC MODE
R(e) R(-@)

E. ) (1 0} cosg, sing, 7 cosg, -sing \(1 O)(E,
0 0 0)\-sing, cos@ ) "\sing cosg JLO 0O\ O

Q_.EsinQ chinQ
_ [cos(ﬂA sin@‘j{coscb —sin QD} cos32! 2 Q Q [cos @Emj
0 0 sin® cos® o sin Q c0s O +i£ sinQ [\ sin@gE,
Q 2 Q
Q_.EsinQ q)sinQ
_[cos(qD—(pA) —sin(qD—(ﬂA)J co8 12 Q Q (COS%Emj
Liquid Crystals 1 1 1
5 T%e 0 0 o sin Q 03O +i% sinQ | sin@.E,

and Photonics

[ sinQ

E : : in Q
fi’=(cos(¢—@)(cosQ—zE o )+sm(¢—¢A)<Dsm

jcos @k

[ sinQ
2 0
UNIVERSITY Kristiaan Neyts 23
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TWISTED NEMATIC MODE

@:cos(cb—@\ +gap)cosQ+sin(CD—gaA +¢P)CD—SIHQ—icos(q)—%_%)ismg
E, Q 2 Q
_1 . SiIlQ ? - 21\nd
T_E cos(CD—gaA+¢P)cosQ+sm(CD—gaA+(pp)CD o M=
A
+— d-@, - — Q=
Liquid Crystals ] .
° example: 90° twist device, ®=90°, @ = 0°, @ = 90°
and Photonics —_— —_— —_
f I 1[TsinQT P-¢-¢ =0
T=—_cosQ] +—| —
2_ 212 Q CD—§0A+@ —0
N > ., | 1|, 4®*sin’Q
=—|cos’ Q+———sin’ Q |=—|1-— -
- 2| [“+4D 2 [ +40
T
GHENT
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TWISTED NEMATIC MODE
example: 90° twist device, ®=90°, @ = 0°, g = 90°

2 .2
T:l{l_MD sin Q}

2 [* +4P?
Maximum transmission 7=1/2 when: sin Q =0

/ 2+ 2
Q= - +40 =miT
2
Liquid Cr‘ysh:s — r2 - 4]7'2 (n/l2 _%)
AA-A And _ 7 Condition of Gooch and Tarry
PR chosen for A=550 nm, m=1
example:  d=m-+Z \FSSO " =238 ym
— 4 0.2

GHENT
UNIVERSITY
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TWISTED NEMATIC MODE

switching: threshold voltage?

Rz — 11 23 Ty fag
V<V, = IT\/

GHENT
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V>V,
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TWISTED NEMATIC MODE.

Liquid Crystals
o

and Photonics

GHENT
UNIVERSITY

mid-plane tilt

transmission

=
(@]

80 |

60 _ ................ perp substrates

08

0.4

02

I!IIII!

// substr. ]

tor

L } ;
PEEPETESE B |

brlght state

H— d ...... Ta rTy ,, .............. _

0.6

dark state

U T URP I [P (W

25

applied vvoltage (V)
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SUPER TWISTED NEMATIC MODE

Cell with larger initial twist (ex: 270°)

V=0
A Z
d
Liquid Cr‘ysfc:s \ O
and Photonics
pure twist

bright state
(chiral dopant needed)

GHENT
UNIVERSITY Kristiaan Neyts

LC aligns with the field
some splay and bend
dark state
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SUPER TWISTED NEMATIC MODE
example: 270° twist device, ®=270°, ¢ = 45°, @, = 315°

. 2

T:%[COS(CD—@‘+%)cosQ+sin(CD—qu+qu)CDSI?QQ}
I [sinQ7
+§|:COS(CD—(0A—%)ESH;2 }

@ =45° N P-¢ +¢ =0
-, =-45° P-@, —@ =-90°

Liquid Crystals
o

2
and Phatonics =T = l COS2 Q — l COS2 ( mndj + CDZ
2 2 A

Maximum transmission (bright) 7=1/2 when

2 2 2 Yy =
- o Va0 :\/(Mndj LD =y A
T 5 §
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SUPER TWISTED NEMATIC MODE
example: 270° twist device, ®=270°, ¢ =-30°, ¢, = 210°

different values to obtain good dark state (and 2 7,;,<1)

"390 nm

Liquid Crystals 06 "' ' \
® 3 g ]
o 04 | : | ]
and Photonics
— steep T-V characteristic green bright state
é%'m purple dark state

UNIVERSITY Kristiaan Neyts
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DIRECT DRIVING
LCD reacts to | V| =

AC driving to avoid chemical
reactions in the LC

one electrode per segment

reflective display

polarizer
analyzer

difference with reference\R\

V— /@ —/ /@ SEGMEN1 COMMO
- PLANE PLANE
Liquid C"Ys*‘:s ol | [ L1 L1 111 off-pixel voltage
Y reference signal /
and Photonics 0 i B ) B )
— off-pixel signal
V — — — — —
] 0 S S A A v on-pixel voltage TN -LCD
on-pixel signal off: bright state
N
I on: dark state
GHENT
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