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LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS

Victor V. BELYAEV, HNlKolal F. EKOVTONYUK
Central Research Institute "Cometa”
Velozavodskaya ul.,5, Moscow, 109280, Russia

ABSTRACT.Spatlal light modulators (SLM) are mintature
high-resolution devices of optical processors and
displays. The infiluence of various physical parameters
0f a LC material on the SLM optical response, speed of
response and other information characteristics is
considered. The possibllity of the optical memory in
SLM and non-linear optical control 1s also discussed.

1. INTRODUCTION

The spatial 1light modulators (SLM) are intended for
transformation ¢of 1images in terms of spectrum, coherency
and light power., First of all ihey were desligned as baslic
elements of optical processing of great information files,
The SLMsS may also be used successively in high- brightness
projectors as 1ight anplifiers.A 1ot of various SLM
constructions was rproposed earller, They are described 1n
Refs. 1-5. The construction of an optically addressed (OA)
SLM based on metal-dielectric-semiconductor (MDS)-LC
structure 13 shown in Fig.1i. As powerful l1ight beam samples
a LC laver. the last one 1s gserparated from a semiconductor
by a dielectric mirror and lightblocKing ("black") 1laver.
These layers are absent in SLM when it 18 used for reversal
writing of holograms. Both an input image and a reference
beam are incident on semiconductor through the LC laver.
The SLMs based on MDS-LC srtuctures are wldely used in
analizers of Fourler spatial spectrum in image correlators
with Joint Fourler transformation, the image transformers of
grey-scale X-ray exrposures to pseudocolor [1-3)}, cCurrently
the deslgn of displays and TV systems of collective and
individual use based on SLM and compact ERT 18 actively
under way. These arrays are attractive because of the

_ absence of unfavourable radiation . Some SLM parameters
{output 1mage contrast ratic or difraction efficlency,
speed of response) were districted by LC properties. The
goal of this artiicle 1s a review of different ways of
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improving ¢f a SLM cutput parameters by a right choice of
a LC materlal or electrooptic effect. The infiluence of
various semiconductor characteristics and spatial nolse 1in
SLM 18 consldered in (6-81.

2. OPTICAL RESPONSE OF AN OA SLM,

An intensity of a transformed image in every point 1s
a function of the phase difference between extraordinary
and ordinary rays ( Igu+ - sin® ¢ AP U 1/2 ), but a
contrast of the transformed image and an intensity of
spatial spectrum depend only on another phase difference
of extraordinary ray in points, which correspond a
distinction of a level of inPut 1lluminance. It 1s clear
from following speculations . Let ihe pPhase difference 1in
polnts of a LC aperture,. which correspond a non-lilluminated
point of semiconductor and an llluminated ?Ol?} 1s equal
ARz (RFL/ AN)INp(Uy ) - ng 1 and. sé-(27L/A)Ine (4)—nol-
A%d + (ag‘rL/’}\‘)g'S‘?\le z Acﬁp & respectively.
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Fig.1. The arrangement of SLM,consistine of MDS-LC
structure.i1 - glass- fiber plate ; 2,10 - transparent
ITO electrodes ; 3 - dlelectric mirror ( optical glue
or S1C ) ; & - photoconductior (GaAs or a-sSi:H) ; 5 -
light-protecting laver (CdTe) : 6 - dielectric mirror

(10-14 lavers of Si1 -T102) ; 7,9 - orientants (PVA,
Polyimides ) ; 8 - LC ; 11 - output glass rlate .
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If the bilas voltage 18 selected s0 that AQPy: 2mA{( m 1s an
integer ), the transformed image intensity in other roints
will be proportional to sin2adyre) =,
tsin(AQraicos (§89r2) + sin(8Praycosiadyrari®=sin?(§Pra.
A set of empirical expressions of derpendences of phase
difference at different points of SLM aperture on various
parameters of controlling regime (SLM driving voltage U,
input intensity I, contrast of input image K) 1s derived 1n
Refs. 8, 11, These exXPressions are outcome of the empirical
relation

ULC/U = a+DbiIn( I/I“ﬁh) 2. 1)

It describes the experimental derendences of LC part
of blas voltage on input intensity I, which succeeds the
threshold intensity of SLM Photosensibility Ith  (Flg.2)
{ "a" and "b" are parameters,which are functiions of
resistance and caracitance of LC and MDS-structure). The
dependence ULc /U0(I) 1s recejved ,when corresponding
dependences of phase difference §; of LC laver on SLM
voltage U or cell voltage U are compared (Fie.3)., The
LC laver works in this case 1iKe an analog voltmeter. |t is
shown in Refs.8,11 that effectlve value of the threshold
voltage of an electrooptic effect increases 1in a SLM and
the effective steerness of dependence of @ on U decreases
when input intensity grows (Fieg. 3):

8P - ugrrs A 180, /81t a+ b IntI/ gy 1w
£ U - Uy /la+b In(1/Ly) 1} (2. 2)

where at U, ¢ 2, Ugp

&, { ANCng+ng) (Kss A&>‘i
(2.3
Y B PO

Neg » - refractive 1indices, K33 fK14 - LC elasticlity
constants,A€ =Ej - &, . &€ - dielectric constants
in directions prarallel and perpendicular to the LC director
respectively. The expregsion (2.2) 18 simpler £for small
input intensities ( I/Igy -1 =4 1 << 1) :

§O: wyi/ A€ 7Suoca+ b nbl

[U-Uth/(a+b1n6\1) ] (2. 4)
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Fig.2. The experimental dependence of ratlo ULI;/U
on inrut intensity 1 at different frequencies £ of
dariving voltage .f = 0.1 (t ); 1 (2 ) ; 5 (3 ) KHz

04

The maximum value of Phase difference é?zp is
determined by the expression depending on 1neput image
contrast K onliy:

S§O: g/ M ebn, 76U b U K (2. 5
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Fig.3. The phase retardation dependence on liquid
crystal bias voltage U, ( 1 ) and SLM driving voltage
U (23,4 ) at input iniensities I = 0.1 (2 ) , 0.0t
(3), 0 (4 ) mvt/cm . The discontinous lines are
ariven for calculation of U;, /U ratloc at constant
value of phage retardation &, .

which 18 simpler in a case of a small contrast (K - 1 << 1)
§ - (tﬁ?L/m)(é‘ne/Sum) DU (K -1) (2.6)

It follows from (2.2)-(2.6) that steepness of volt-
transmittance characteristics of the electrooptic effect
and a part of driving voltage in a LC layer have to be
increased to make higher contrast of transformed image.The
steepness 1s expressed for ECB-effect in terms ofdne ASU.c
value. It3 effective value reduces because of voltage drop
in other dielectric 1lavers (glue,mirror, light-blocking
laver and so on).
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Besides that the information characteristics of a
SLM derpend on speed of response of functional lavers,
first of all of LC laver. Therefore let 1us consider the
influence of electrooptical and physical LC Pparameters on
characteristics of transformed image takKing into account
separately the speed of response and the voltage
distridbution in lavers of MDS-LC structure.

It 1s shown in Refs. 12,13 that optlcal response of LC
to bias voltage variation 18 described by the figure of
merit for ECB- and DAP-effects ( in Russian literature S-
and B-effects; DAP - directly aliened , 1.e. homeotroric,
pPhase ) !

_ Fal
M = ( AL/ L) ¢ Uy /Auﬂ.) (2.7

Tq ana AU are switching time and blas voltage
variatlon respectively, which corresrond to the variation
0of AP by 1 .The dependence of M on U, has a maximum
at Ugc " 1,5-2 Ugp, since Ty and AUgq vary differently
with increase of U;, [14]. The figure M can be transformed
to the next form at ULCQ Ugp for ECB ( HS) and DAP (H_B )
effects:

-

Mg = (K /POADCK33/Kyy + AS/EY) (2. 8)
, -4
Mp = ( K3y/Dp ) ADC Kyy/Kzg - AC/E) 2.9)

where Y1, ?p are viscosity coefficients. The other form of
figure of merit M 1is proposed 1n Ref.15. However, the
incorrect prepositions were used during the derivation.

The Mg value correlates with data transmitive
capacity (DTC) of a SLM channel,1.e. LC shutter, {(Fig. 4).
The DTC may be defined as

P~ (187108 ( Iea/gq)) :
- 1/go)lo8 sind §gsa) (2. 10)
where we assume the minimal possible time of data variation
(framelyto be equal TG at U = Ugy +AUS . 14
and 12 - intensity of SLM output signal, when input
§1gnal 18 present or absent respectively. The pPhysical
parameters of different HLC substances used in calculations
were taken from Refs.i2 or 13. It is shown 1n Refs. 12,13
that value of M¢ 18 maximal for derivatives of tolane
(12.6%10~/2 m2/s) And azobenzenes (10.8%10 ~’? m2/3) amone
the weakfpolar substances, for derlvatlves of biphenyl
(3.8%10°/2 m2/3) , pyridine (2.4-4.0%10~'¢ m%3) and



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:43 18 February 2013

LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS [3171)/605

18

0=

0.4

S
|

- g 4

I . L
10 Mg 452 /s

Fig. 4. The correlation of H‘Sl values ( horizontal

coordinate ) and data transmmittive caracity P

(vertical coordinate ) for different NLC substances.
Phenvicyclohexane (3.5-6, 2*10—/2 m 2 /8) among polar
nematogens. Besides of that ., the HKNLC with odd number of
carbon atoms 1n alkKyl chailn and even number’ 1n alKOoXyYsub-
stituents possess the most value of M,(Fig, 5).
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Fig. 5. The derendence of figure of merit Mc on summar
number ¢f carbon atoms 1n alkyl- and alkKoxy chains for
4-pentvl-4’-alkoxytolanes (n=5. +,0),4-alkyl-4’-ethoxXy-
tolanes (m=2:A ,+),4-alkyl-4’-pentoxytolanes (m=5; o0.X).

The ng maximum in mixtures ot 4-heptyl-4’-cyanorhe-
nryicyclohexane (PCH-7) with azoxycompounds 18 achieved at
concentration of PCH-7 20 7w The dependence of NLC
rhysical parametiters on order parameter S = S ( { - T/T#
(T#Z‘. TNI) determines their temperature dependence first of
all ( ‘any physical Parameter considered ~ SX ). At the
same time the exmnents’éof these dependences are functions
of molecules polarity, length of alkyl substituents,a
presence of moleties with saturated bonds ([16,17]. Because
¢f that the Position of maximum of dependence Mg (T)
relative to clearing temperature Tyr 18 determined by a LC
molecular structure. The flgure HS has a maximum at a
temperature
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TOFT—' = TNI( 1 - BﬁTN[ /E ) (2.11)

where E 18 activation enersy of NLC rotational viscosity,
P - exponent of temperature derpendence of order rarameter
S.Unlike [15) a coefficient B 1s a function of molecular
structure. The B value varlies from 0.4 for short polar
molecules with great chain of conJugation to 2.1 for long
polar molecules with <cyclohexane or bicyclooctane
moieties. The maximal deviation of TOPt from Tpyr 18 for
substances with great B and small!/ E values ( e.&g.
weak-polar compounds ). It 1s useful to Know the Topt
value , when SLM 1s a part of optical Processor orerating
in a wide temperature range. At the optimal regime T opt and
maximal temperature of operating have to coincide. The
driving regime With most M meaning has to be chosen.

Oon the base of fullfilled investigations the new LC
materials (LCM) were designed for OA SLM. These LCM have
high sSteepness of voltage-transmission curves 1in the
visible and near IR diarpasone and high speed of response.
The informational characteristics of GaAs SLM based on the
usually used ZhK-1282 (A) or the new mixture VE-i(B) are
l1isted in Table 1.

Table !

The characteristics of SLM with different LC materials
and full contrast variation (&8¢ = 197

T ——————— " - " . ——— = " = — . — — " —— — ——— .

Parameters A B
Time of response on ortical pulse, ms 120 i2
Time of relagation , ms 180 20
contrast of transformed imade 65 80
Number of resoluble elements 125041250 890%B890
Data transmittive capacity, bite/s 6.5¢10% 4.4 x10%

- — T —— - —— T o—— Y —— o —— - —— —_ - S T ——— - S =
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The voltage distribution in 1layvers of MDS-LC
structure 1is studied theoretically and experimentally in
Refs. 11,18, The dependences of increment of bias voltage in
the LC laver relative to the same increment in the photo-
conductor laver A U;/AUg on U;¢ and the similar depen-
dences of relative change of the optical responge AS/ AU¢
were calculated (see F18.6 for AJ /AUg ). If we Know the

. dependence of variation of semiconductor electrical

characteristics on intensity of input 1illuminance , we
may calculate the transformation of an input 1mage by the
SLM (& = (A®pmax - AP )V/AGpie APmax = 2 FTL AN/ A). The
meanings of increments of -AU,../AUg and -AS /7A Ug
increase with growth of thicknesses ratio L;¢ /Lp  and
with reduction of HNLC dielectric anisotropy A£ . The
- A8 7 Aud values decrease at U, = Ugp and weakKly rise
at U, = 2Ugp With growth of elastic ratio Kzz /K4y [11].
We emphasize that effect of dielectric lavers depresses the
steepness of §, ( U ) curve at any bias voltage Ui 32 Uzph
(compare Fig.3 and Fig.6) ,1l.e. decreases the optical
response (contrast or difraction efficlency). To increase
the response one has to diminish the thickness of
dlelectric lavers ( e.g. use oxide films ) and the relative
value of dielectric anisotrory AE /& fe.g.  use
substances with transverse dipole moment to increase £ ),
to select the optimal K33 /Ky  ratio. Some SLM designs
with other controllable birefringence effects
(twist-, supertwist-) are described in Refs, 17-19.

3. CONTROL OF SLM SWITCHING TIMES

For various Problems of optical Processing the
switching time variation is required:. increase of SLM speed
of response (introducing of images) or receiving of optical
memory (subtraction, storage of images).

when pulses of SLM driving voltage and writing 1ight
are synchronized, the SLM optical response 1increases 2-100
times in comparison with the case of fully dissynchronized
Pulses {20).The maximal slgnal was observed at Kilochertz
frequencles,

In low {frequency range ( tens of Hz ) the MDS-HLC
structure has a 1linear electrooptical response to driving
voltage. This 1is due to significant contribution of
flexoeffect at these frequencies.We reallzed the optical
subtraction using linear response and &reat value of

switching time at ULC - q%[aiL
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Fig. 6, The caiculated relative optical response
A8 /AUg versus reduced bias voltage U, /U at diffe-
rent L, /Lpratlos and ag =2 (---), 10.7 (---).
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Fig.7. The derendence of FLC switching time on 4ariving
voltage at different PVA concentrations C. C = 0,5
(1), 2 (2), & (3 ) 5 vel. PVA films are twice
ribbed. U, and U2 correseond bias voltages in dark and
1l1luminated states of SLM inpPut image .

The similar reegime of forming of optlical response
was used in the amorphous silicon ( a-Si:H )-ferroelectric
LC (FLC) SLM (22). The relatively great difference of blas
voltages U 4 and Uz (F1g. 7) results in sufficlently
high level of input 1ntensity ( I ~ 0,1 mwWts/sq.cm ) to
obtain a full contrast (25:1) of +iransformed image.These
high outprut image contrast ratios are observed up to 1 KHzZ
frequency which 1s not optimal for MDS-structure. Because
of that the resolution of SLM with FLC were low (*5 1p/mm).
The achieved values ¢of a contrast and a speed of response
corresrond to these ones obtained in ([23-261 for ferro-
electric Smectic C* LC and in [2T] for antlferroelectric
Smectic C» LC, The better speed of response (60 (M 38),
resolution (250 1p/mm) and photosensiblility (2-10 ﬂWt/cmi )
for paraliel information rrocessing and proJective systems
were described in (28,291,
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The design of SLM for images storage and corresponding
driving regilme are described 1in Refs. 30,31, The SLM 1is
develored on the base of photoconductor-LC ( PC-LC )
structure with GaAs as a semiconductor and smectic A as a
LC. The effect of confocal-homeotropic transition at
£5 KHz for writing of 1mages and the effect of
electrohydrodynamic instability at £%20-100 Hz for erasing
of 1images are used 1n smectic A, The SLM driving 1s
produced by short voltage Pulses.The time of image writing
18 ca.10 ms, erasing - ca.i100 ms,the storage time 1s
unlimited. The lmages with resolution up to 20 lp/mm and
contrast 40:1 were written in such SLM

4, NON-LINEAR OPTO-OPTICAL MODULATION IN LC

The new generation of OA LC SLM may be develored oOn
the base of various non-linear effects.

‘The fast optical response (several ms) in nematic 5CB
on the xenon flash lamp pPulses while applying a dc voltasge
was observed in ([32]. The PosSsible origin of that deep
modulation (“90%) and siore of written state during 500 ms
18 1light scattering and the eeneration of an internal
electric field.

The bistable dependence of transmitted 1light and
polarization 1n dye-dored cholesterics (absorption spectrum
corresponds helix Pltch) was described 1in £33, 34).

The control of the electrooptic effect threshold vol-
tage in antiferroelectric LC dored with Photochromic dve by
the cis-trans photolsomerization and then the Possibllity
of spatial 1light modulation were Prorosed 1in {351,

The oprto-ortical SLM have simpler design than usual
ones. The opPtical memory and logical functions may be
realized.

5. CONCLUSION

New designs of OA SLM and optlcal sysiems based on SLM
are worked out for solving of modern problems of optical
Processing: images entry in optical processor, subtraction,
storage, dynamical selection of images and also the disrlay-
ing of TV information onto great screen for group and col-
lective use [36]. The concepts of significant improving of
output 1image characteristics (brightness, contrast, grey
scale, speed of response) or 1its spatial specirum (resolu-
tion., difraction efficlency) are develored. The perspective
POSsSibllities of non-linear effects in LC are discussed.
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