PAPERS OF THIS
PH.D. THESIS



Characterization of edge effects in twisted
nematic liquid crystal displays

Andrés Margueez

Juan Campos

Mana JL Yzuel

Universidad Autonoma de Barcelona
Deparamano da Fisica

08183 Bollabarra, Spdain

Ignacio Morens

Universidad Miguel Hemandez _

Depatamanio 4a Clancia vy Tecnologea da
Mabgnalps

{3202 Elcha, Spain

Jefirey A. Davis

Abstract We a model to mofe accurately Sascnibe the opbcal
properties ol & baisbed namatic guld ergstal display (LCD). In particular,
Wi study the optical proparties of moacules noar aithar edeo of the LCD
ek e unabile fo hwist and Bt under the applcalion of an exdermal slas-
rig felkl. Tha properties of these tayers can be deduced Trom the inlen-
gity transmittances measuned wsing differert configurations of the exier-
nal lnpae polarizocs. The agreement betwsan e Bheonetcal and the
paperimental trarsmittances i excallent, thus enabing the pradiction of
the actual modulafion far any conliguration of e pOlANZE. © FoN Se-
ity of Pisgio-Opfcal ingFumaniasnn Enginoers. [S006 160004124

Suled termma: spatial bohi modulabors; fvistied rematic lgusd orystals.

Fapar S90480 retahved Dec. 8, 1555, rovised manuscripl recered July 10, 2000,
acsapiad for publcaton July B, 2000,

San Diego State University
Depamment of Fiumice
San Diego, Califcrnin 52182

Facultad da Ciencias Exsolas y Mabirales
Depatameno oo Frsca
1428 Budnod Airas, AFganting

Alfanao Morena

Arnau Robar

Universidad Autonoma de Barcelona
Dapatamaenio o Fision

08153 Beallatarma, Spain

1 Introduction

Twisted nematic liquid crystal displays (LCDE) are electng-
optic devices uted as display elements in videoprojecions.
Dhariieg the bast 15 v they have been widely used as spatial
light modalators (SLMs) for image processoes, opibcal
correlasors,? and programmable optical clements.

These devices usually produce a coupled ampliteds and
phiase nv:dulaulm of tronsmifted light as 2 function of ap-
plicd volage.” However, different applications require dif-
ferent cperating characieristics for optimum perfonmance.
Phase-only modulatios is usanlly most desirable when dis-
playing diffeactive optbcal elemests, To displey inpet im-
ages in an opiical inage progessing setap, koaever, an
amplimude-only modulation is beiter. In optical pafem rec-
ognatemn, the p-n’t‘-m‘mm of the comelator depends on the
type of encoding esed in the matched spatial filier T‘hﬂ
encoding also depends on the modulation capabilities’ of
the LCD. A study al the optimal ﬂr:mng curve for an
SLM was carried oul by Juday et al” The operating curve
of the SLM can be modified by changing the optical ele-
ments cn either side of the LCD. For example, phase-oaly
operation can be obtained by generating and detacting el-
hiptically polasized eigenveciors of the display.” For these
npplscations, however, the LD parameters musl be iea-
sured ns @ fonction of applied voltage.

Tt would be extremely useful 10 develop a medel
wherehy the amplitude amd phase properties of the LCD
can be accurately predicied as a fundtion of applied woltage.
Two parameters govern the modulaten produced by ke
display: the twist angle and the birefrngence ol ibe lhquid
crysial. When o voltage is applied o the LCD, the [giaid
crystal molecules tli wwand the electric field direction and
cause both amphtade snd phase modulation,

Herreman proposed a physical model o describe the
properties of the LCD molecules based on the physical
properties of the material, ™ He showed from elastic theory
that the ewist angle is nod a lirear fusction of the depth in
ithe LCL, and this dependence varbes with the applied voli-
age. In addition, he showed that the tilt angle of the mel-
ecules is not constant, and conssquently the birefringence i3
not a constant along the ensmission axis of the LCD,

Taber et al.¥ studied the ransmitinnce of o liquid crystal
light valve (LCLY). They nsed Jones mairises by consid-
ering the LCLY & & sack of uniaxial birefringent layers,
but msed analytical medels for the wvanistions of the twis
amgle and birefringence described by Bemmeman. The trams-
miltance % abtained by numeneal integration assuming o
two-parameter L However, tbose paramcbors are dillficuli
b measure experimentally and it is difficalt to predict the
transmitiance for any confiparation of the polanzers
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Jones matrix formalisen for polarizstion devices.'™ They re
parded the LCD as o stack of uniaxial birefringent Luyers,
each one slightly twisted with respect 10 the previous one,
When a volisge is applied o ithe LCD, the effective hine-
fringence chamges becouse of the tilt of the liguid crysial
(LC) modecules. In their model, rwo assumpiions were used
io whinin an analytical Jones matrix: {1} the teist angle is a
linear function of the depth of LC lxyers and (2] the efec-
tivie hirefringence is constant for every layer. When a voli-
ape is applied to the LCD these two assamptions may fail
because the L mdlecubes bocaled close to the sufaces of
the display cannot 1ill the same way those in the center do.
Mo, the madel of Lo &nd Saks i anly a good appeoxi-
n:nmn‘flhdu:ﬂq

Coy et al." proposcd a better approximation to his nos-
Enear hehavior off the fwisl asgle and the effective hirelns-
pence, They rogended the LOC Eayers that do nod Bl as twio
fved wave plalcs coated B0 the werfaccs of the dsplay,
Wilh this approcimalion, ey could obdan Betber Bis be-
mhmﬁnﬂnﬁu%tummmm
neal angd,

bn this paper, we modily ihe mmdl proposcd by Coy
clal. w0 meove closely approaimane i behavior of these
paramsiers. ahowm by Bemenmn. [n cur model, the teick-
pess of the 1wo fived wave plaies Incresses as s applied
seliage increascs, We show caperimenial lechnigess 1o
megsure the birefringence of the Nixed wave plaics and the
elfective birefringence of the LCD as o fanction of applied
volisge. Using thess measured wolues, we can peedict the
octus] trunsmiltance for amy configurstion of the input and
cutpul polarizers, We observe ths the experimental resalis
are in excellens agreement with the predictions.

In Sec. 2 we review the different models for dhe LOD
based oo the Jones mairis fommalism, In Sec. ¥ we discuss
the procedure used i mensure the hirefringence ns & func-
tion of the voltage for both the Ixyers ot the entmnce and
cxil of the mesdelator [given by & V)] and the bulk pam of
the LD [given by BIVI]. The rsuls obiained for the
mageitudes of B V) and 8 V) pre presented in Sec, 4. We
disgmss the sircs of b bircfnngsnes and ihe laver acling-
gence. With these meassements, we show in Seq. 3 that
the cransmutiangs of the LCTY can be prediced For sother
configuration of the polarizers in all cases, the proposed
mixksl gives cacellem agrecimeil wWillh experiiBental mca-
R TSI TES

2 Jones Matrix Theory

Le s Saleh'® inteoduced a Jones malria for g twissed
LET & ihe prosiiact of & rotasion maerix and & LE marrnix e
My ol S = expl = { BIRL = ap Mz, J). {1k
Heve R &) i the 2562 rotalion matnx given by

" cos B san @
R )= (2h

[—sind comd]
@il the malria B, [ 3) 8 given by
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H=ilF 4

B el
Waf= .z x|

LE]

Here X=cosiyh, Y=gdn(y)y. Z=gonivily. and
wmads gt The blrefringence s defined as @
= mddmik, where d is the thickness of the display, & is the
incident wavelengih. Am is the difference hetween thi ex-
trsordinary {m,) and the ordinary () indices of relraction
for the LC molecales, and ¢ is the twil amgle of the mol-
ecules. Under an spplied voltage, ihe LC moleosles tlt io-
ward the dizection of the propagation and the effective bi-
refringence of the LC changes. They defined a mew
pammeter @3] ) glven by G0 V)= sl i Virh, nieee now
Anmi V) decreases s ibe applied vologe increases. Come-
quently, the same mairix WMy -, given in Bg. (1) describes
the LCD) simply by replacing @ with (V). We define 5y
s the valee 5V} for the off sate when V=10

In gencral, the LT director i the impol sufnoe is not
oricnicd paralilel 1o the lshontory frame amd the matric
M, o, muost be pransformed by 3 eolatson, Consequently,
three parameiers are of interest o determwine (e fones ma-
trix af the LCD: the twist angle (o), the birefrimgence for
the ol stsne: | Byl &asd the pelentaibon of te drecton s the
impm surface of the di (k. In previous work, Soutar
and Lu" and Davis ct &l." measured these parametens us-
izg & method based on the ssmultancous fotation of g

Mnmdmmd:h:ﬁmcihﬂlvﬂmml&mndwmc
LT, the qwiss and lllllnihmlﬁmﬂmdMlﬁurrq-
tons of the Lo and Saleh model may fail. Coy e al”
poodified the LOCD maded by suuming the LC molecules
clese to the surfsces do not ik, Consequenly these mal-
ecubes act as fwa wave places coated to these surfaces. Fach
WINE

W o e B 8= [P — )Wl 285 R+ arh] W e )
Wi 248). i)

Here, the matrix My s the same marix of Ba, (1] and
Wiyl 28) is the hones matrix for o wave plate that inbroduces
a wptal phase shifi 28 and b wrimen as

eap( —id) 0
W28 = o explidh] (5h

#s discossed, our model assumes that the thickness of
the wo wove plaics changes with vohage. Comsequently
the phese chifi for the wave pluie varies with voligs =
V) and s equal 10 whes the deviee i in the off sate.
The paramcter SV is defised & 8V = wd{ Vidnih,
when: di ¥ is the volinpe-dependems thickness of each of
B e W pilates coated Do (ke surfaces of the SLAM asd
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Fig. 1 Skatch of thi Batuednd of thi twis angls snd e

penoo s 2 functon of o depth @5 the modulinsr: (&) asd @) Bai-
rTa S8l o) mivd (d) Lu and Solah mosel (wh and @ Coy ol @
maoded, sl (g0 and [H] oor mosl,

Am and k bave been defined carlier. The sal biefringence
B ol the SLM is divided ine (hroe pans s BV,
-5V B Vi BV

The matrix M; (o8, &) im Ey. (4) can be simplified s

Ml & 5 = eap [ =i F=+2 8 R = ar}
X' =ir Fd ]

-2z  X'+ir o
whene we define new parsmeters X and F* o
X° =X oo 26— ¥ sin 24, (Tal
F*=Xon 28+ K cos 24, (b

Node that the paramcter 2 is isdependent of the wave plate
jhase shify while bogh X° and F' are modified.

Kaexn we guimgare and contrast the varkous modek. Fig-
ures. 1a) and 1B} show (he twast and gile of the LC mod:
ecules % o function of position from the inpat surface (2
=0} s the output surface (2= &) sccording 1o the original
mikde] by Beresnam for different voliages. The Lo and
Salech meckel assned 8 simplified model where the fwist
angle remains 3 leear funcibon of @ while the fil angle
decreasss as o Nesstion of spplied volwge ws showm in Figs.
i) and 1(dk Coy i al. propesed 3 more realisiic spprosi-
mation by adding reo layers onwo cach warface where the
madiculis do ot it Each laver is onenicd with its ex-
traorclinary axis paralbe] o e 1O dinecior at the respoctive
suripee. The pegion Between these ran plates is freated ex-
actly as in the Lu and Salch model, 2= shown in Figs. 1ie)
and 11} In thic paper, we modify this model & step further
by aswamisg that the widhs (and hence the birefringences)
af these layvers incresse as the applicd volmge mcreases, as
shown in Figs. 1ig) eed 1ihh, Consequently we divide the
L layer inie two wave plae layers, cach havieg a birefrin-
gence of & V), aad a ceniml wisied region kaving a 1wist
of e and a Binefringesce of B V).

W LCD \
FL I|I-¢_I l.ll ‘P]
- |
&
P, P,

Fig. 2 LGO monniog betwoen inpaat [#] and gapat [Py polarizen
#1 and ¢ e e pngles i e ranGTERDn o of P, ad Py,
FRRDRCTvl, W U i Laborasony acde, which in pstected parallal 1o
ttay grigraiaticon of th LC dinecios.

Therefore, we have two vallage dependin] pasimeleds
BV amd S V). We i describe an experimental eoh-
nigue for measaring these two parameten 52 o fuscton of
applied volage. We then show that we can characierize the
S1LM and predici its behavior For other coni gurations ol the
podarnizers,

3 Procedures for Measuring S( V) and SV}

To messare ke volisge-dependemt parmmeters 5 %) el
SV, we place the LCD between iwo limear polarizers,
with smgles @y and @y with respect 10 the LCD direcies o
the mpul susfece of iy LOTD (Fig. 20

The marmmalized iransmission of the system can be cal-
culased walsg e bones iy el describes the display,
resulling i

T=[X e, —g:+al+Zsinleg,= g+ al |
+[ ¥ cosig; +@x—al]F. 8

We use proviously dEscussed technigues'™ " 10 measure
the oricntaticn of the dipector axis sngle af the entrance face
Wy . the pwisi angle e and the value of the birefringonde
when ihe L cell is in the off stale, Jy.

in Table | we show experimenial resulix obtained from a
Sony LOXOLXBL. mwisted nematic LCD extracked from 4
Sony videoprojector model VLY 500, To eliminale ambs-
guatios in these values, euperiments]l mesarements wen
made with four differest wovelengths (633 nm from an
He-Ne laser, and 514, 488, snd 458 mm from an Ar laserd
W mote (hat the birefringence imcreases as the wavelength
decreases, Theae saperimental techmiques buve been well
decusnesned and mre nol repeated.

Table 1 Phyiical parmmobens vakis lor B LOD.

Tl mnighe: idog) w
Divszior s anghi [dag) il
M 1633 0] P
B (514 rmj -
e (458 P} Eiral
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To find the values of B{(V) and H V), we use theee
difforent expoamonial configuratrons Le obtan oypoisnen-
tal trapemisiaon curves that will be fined usmg Bqg. (85 The
fnt configuration & oquivalent & the one proposed by
Fhishesg <1 al.'* The input lincarly polarized Eight is ori-
enled parallel 8o the director axis al the input surface and
the output polarirer sebecis the componest parallel o the
disector al the output sarface. Comsequently, the polarizens
ure zei mi the configemilons | g, =0, @;= ). To have nors

malered valees of istensly trassmission, the complemen-
tary configuration is also measured, ie, (@;={, ps=a
+ &0y, For thix kst configuration, the nonmmalized intesmity
transmiksion is given by

o
Tinssmy=2" ===sin® 7. i)

In mmalyzing the dam, we divide the data for one com-
figamtion by the sam of the data for the two configurations.
Thiz enabled us i elimizate iniensity Aucluaibons due W
interference ard diffractive effects.'™

Maoie thai the oansmssbon for this oncpistion is inaensa:
tive bo the layers thal do ool tilx [the value of & V) does not
affect the tramsmission]. Consequently, this equation can be
used 1o fic the values of B V). However, the accurscy of
this iochosque decreases when the argument of the simc
Purction increases.

The second comfiguraion we select is (@)= +45, &,
ma+48) and i8 complementary (@)= +45, gyma
=48}, Applying Eg. (8} to the configontion (g, =43, ¢;
== 5}, the normalized intensity trassmited by the sys-
iem Is glven by

Tiga-ay™ 1= X"
ﬁ- ]
-I-{mn-mji—;:inrﬁnlﬁ P {1y

This configuration bas o sivastsges companed with the
(@, =0, @y= e+ H configuration. Firs this configuration
is mone sensitive o the values of (1) than the b
case. [m addition, it is strongly affected by the wave plase
& ¥y, cnsbling the measurcamen of this parameber.

We cam oblain greater enperimental accuracy by esing
sdditional configurations, In pariicular, we have chosen a
thirl configuration as (@ =+ 2115, g=oa+ 205} and W8
comnpilementary (@, = + 2.5, ¢;= a+111.5), For this lu-
ter experimental configuration, the normalized intensity
transnitied by e syulem is given by

Tinsws ey =2+ 42 {an

For masimum sccumcy, we made messuremends for
these throe experimental configursioss et the same foor
wavelengths, ns discussed. In owr i of the experimenial
dan. we look for the st of values of 5V and ﬂ!-"}ll]'ﬂl:
minimize the square of the difference between the
menital daty and the vl:.lh:l.l.l.l-'.ﬂ:l'ﬂhu.[n.ld-
ditiom, we wsed the wavelengih dependence of the off-stane
hirefringenos 1o scabe the vabees of % V) and & 1) for the
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dalferet wavehengiha, We found that this lechnique pro-
disoed the bewt rosules compancd with cther schemnes whene
we Inied separately fitling cach of the inlonsty curves fior
different wavelengths,

To use this mormelization, we osed the valos of 8 5 for
the differcnt wavelengihs (in Table 1) to obinin nommalizs-
tion ratios for both A7 V) and & V) as function of volisge
for the diffesent wavelengihs. To obixin these normalics-
tion matios, we have messared Fp ot the differom wave-
berggehs for 9 Somy displays. Oeer experirments] ratios fos the
9 SLAs e 1.3 1.4, and 1.56, respectively, for the 314-,
44%., and 458-nm wavelengibe compased with the 63 3nm
wavelengily

e these ratios are determaned, we used Sodver mod-
ube of the Mizeosofi-Excel peogram 1o cbesin the beay val-
ues Bor B V) and & V) ax funcison of voltage for the dif
fercnt  wavclengihs, The Solver module containg am
nigeetthm that, by use of &n liemtive procedure, dusigng
wvahses o @ snd & in the theoretical eapresséon ol the
l;'-riﬂlnn;l theoretical value converges in the experimental
Wi

4 Exparimantal Resulls for the Values of SV}

and & V)

All the expenments were conducied with the brightmess s
contmst comirols of the videopeojecios at 50 and 100, re-
spectively, The maxieum value of these contmds s 00,
We have messored the Intersity af intervals of every 10
geny levels. The goay level we send o the display bs s
magmitude that is relaied with the voltage. For the Somy
VPL-VE0 wideoprogecear electronics. the volmge de-
cresses momonically when tee gruy level increswes,

In Fig. 3, we show the experimental dam cbexined for
the Sony LCD with the three configamtions and for the four
wavelengihs, The horizontal axis shows the gray level tha
ke sent io the display. The Lo dats point cosvesponds 1o the
measurement meade with the LCD in the afll state (¥=0).

In Fig. Yn) the experimenial dain are shown for the
(g =l @p= o+ M oon . As staled belore. this
dain is inzensitive o the existence of the border effact ad
shorws. the chorscteristic sine hehavior. In Figs. Wb and
Hep, wir shivw the meisurements Tef the (@, =45, ¢; o
—45) and e (g =115, ¢y=at 1125 configuestions,
respectively. The cffedts of the border layors ane cvsdent in

%HI:IJ.HJ-D.MEq (10) would reven o a simple
hehavior. However, the harder layer affects the miss-
mam near o gray level of 200,

A stabed, we wsed the Solver rustine o simulaneously
fil the data for the three configurations and the four wave.
lengehs, The caperimentsl values foe B0V) s sbaown for
the four wanvelengths im Fig. 4{a). Im cach case, the values
imcrease mosotonacally with gray lewel. For & gray kevel of
remo, the birefringence is zoro and imdicanes that the LC
il acules are tiked af 90 depg. The birefringence salurates
for gray levels above 230, This indicaies that the molecudes
ane ool tilted and exhibil the masimum bimefangends. Al
crpectsd, the volues of B0V also incresse os the wave-
length decroases &1 3 gives gray lovel,

The experimental valoes of S V) ere shown in Fig. (5],
Al lower voltage kevels (higher gray kevels) & in nearly sem
for the all slate poant and increasss i a manmism of abos
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Gray level
1.0 =4
0.5 —
1a |
0.0 LTI R LR (N TR PR
1] 6 18 192 15
CGray level

Fig. 3 imenslty ranemBancy voIsus e oy sl for et con:

d‘;-“m. [ah O, oovial (B 48, w-4d (o) 220,
@ TR0, vewergrgihs (&) 653 am, [=} 514 nm, {#)
ABE mini, e () 458 fm

) deg for the shorest wavelergth. Similar resuls were
foumd for other Somy LCTks,

3 Prediction of Madulation Curves

A complete knowledpe of 5V} mnd & V) cnables the pec-
diction of the EEnsmEssion curves using any other expen-
mental configustion. In pasticular, we show the thearetical
carve veres the experimental dila measared for 2 differcne
confipuraiion as (@) =0, ¢;=a+45). Figure 5 shows the
meeulls for the Sony display = the 438.nm wovelengih
[where the valess for S0V and & V) ane preavest]. The
cxpenimental ddata are shown as the diamonds. The theee
lines show theoretical curves using thie sarioes models. The
Lu amd Saleh model shoos the poorest sgreement. In the
cacee of the Coy 1 al. model, the hes it i the expenmental
dain was obinined uging & consiant valee &= 129 deg. The
Bgresmenl is Bmproved, bt is atill mol very good. Clearly,
e prediciion made by our poncralized model is indistin:
gansbalide from the experimental dita

Fig. 4 Massured [aSTEWTS A5 0 Uncion of volage for il
wavelsngihac (L) G5, () S04, (&) 480, and (@) 453 nm lor fa)
vaduss of 7 V) and (b vahas of HV).

6 Concluskong

We developed o peneralioed moded o predict the oqscal
perfarmance of radsied nemmic LCTxs, Our mode| includes
the malecuies neas cither odgs ol the LOD that are unabde
e owist ond il uesder applicaion of aa exmernal eleciric
field. 'Wie s a Iechaique o cxperimentally mesaane e
hircimngencs amd the retardation of the border molecules as
funelions of voltage. Onoe we knivw these volues 25 o fumes
tion of voltage, we cam predict the modulation curve for
any experimeninl configumition of the polansers. Eapen-
mental resuhs show excellent agresment with the model,

1.0

L5 —

nﬂﬂ 1 I

i} 64 128 192 156
CGoray level

4  Eapesimonisl
= == L el il e}
e P gl
= = = Cad il el sl
Fig § Companion DORBnn eeDanmental Innsmitson waues [ )

for the conhguraton 0. a+485) with tha diferon! modals o B wad-
lgngen of 45H nim
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Dear [, Campos,

I am pleased to sccept your revised manuseript for publication in Gatioal Ergiresring.

PFlease direci any future correspondence to the Managing Editor ai SME in Bellingham,
WA, The Managing Editor will contact you once your paper has been assigned to an
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REVTeX. and the figures must be in Postseript, EPS, or TIFF o be usable for
composition, Files may be sent on disl(s), a2 e-mail anachments, or via FTP.

Final manuseripts must be typed double-spaced on only one side of the page, and they
must not be in two-column format. Figures should appear a1 the end of the manuscript,
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Thank wou for submitting your work to Optical Engineering.
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