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LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS 

VlCtOP V. BELYAEV, NlKolal F. KOVMNYUK 
Central Research Instltute Tometa" 
VelOZaVOdSKaYa u1. , 5, Hoscow, 109280, Russia 

ABSTRACT,SPatlal lleht modulators (SLM) are mlnlature 
hl6fh-reSOlUtlOn device3 of optical processors and 
dlSPlaYS. The influence of various PhYSlCal Parameters 
of a LC material on the SLM optical response, speed of 
response and other lnformatlon characterlstlcs 1s 
considered. The PoSSlbllltY of the optical memory in 
SLM and non-llnear optlcal control 1s also dlscussed. 

1. I NTRODUCT I ON 

The spatlal lleht modulators (SLM) are lntended for 
transformatlon of lmaees In terms of spectrum, coherency 
and lleht Power. First of all they were designed as baslc 
elements of optlcal Processlne of ereat lnformatlon files. 
The SLMs may also be used successively In hlgh- brlghtneS3 
ProJectors as lleht anpliflers.~ lot of various SLH 
constructions was Proposed earller. They are deSCrlbed in 
Refs.1-5. The constructlon of an opticaiiy addressed (OA) 
SLH based on met a1 - dl e 1 ec tr 1c - semlconduc t or (MDS 1 -LC 
structure 1s shown In F1e.l. As Powerful lleht beam samples 
a LC layer, the last one 1s Separated from a semiconductor 
bY a dlelectrlc mirror and llBhtblOCl(ln8 ("blacR") layer. 
These layers are absent In SLM m e n  it 1s Used for reversal 
writine of holoerams. Both an input Image and a reference 
beam are lncldent on semiconductor through the LC layer. 
The SLMs based on MDS-LC srtuctures are Widely used in 
anallzers of Fourler spatial sPectrum,ln lmaee correlators 
with Jolnt Fourler transformatlon,the Lmaee transformers of 
grey-scale x-ray exposures to PSeUdOCOlOr Cl-33. currently 
the deslen of dlSPlaYS and m systems of collectlve and 
lndlvldual use based on SLM and compact ERT 1s aCtlvelY 
under way. These arrays are attractlve because of the 
absence of unfavourable radlatlon , Some SLM Parameters 
(output image contrast ratlo or dlfractlon efflclencr. 
speed of response) were d1StrlCted by LC ProPertleS. The 
goal of thlS artlcle 1s a review of dlfferent ways of 
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600/[3166] V. V. BELYAEV AND N. F. EOVTONYUK 

imrovlne of a SLM output Parameters by a rllht choice of 
a LC material or electrooptic effect. me influence of 
various semiconductor characteristics and Spatial noise in 
SLH is considered in t6-83. 

2.OPTICAL RESPONSE OF AN OA SLM. 

An intensity of a transformed image in every Point is 
a function of the Phase difference between extraordinary 
and ordinary rays ( Iwt - sin2 ( ~ C $ N  uLc 112 1 ,  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 iiiuminance. It is clear 
from foliowine SPeCulatlOnS . Let the Phase difference in 
Points of a LC aperture. Which correspond a non-illuminated 
Point of semiconductor and anuluminated point is emai 
A%: (2zL/ /2) Cne(Ud 1 - no 1 and. a4L=IZTiL/h)Cnc(L(~)-nolc 

+ (Z~TL/$) = AQd+ &$ respectiveiy. 

FiR.1. me arrangement of SLM,COnSiStina of MDS-LC 
structure.1 - glass- fiber Piate ; 2 , i o  - transparent 
ITO electrodes ; 3 - dielectric mirror ( optical glue 
or sio ; 4 - Photoconductor (GUS or a-si:w ; 5 - 
light-Protecting layer (CdTe) ; 6 - dielectric mirror 
(10-14 lavers of si -Ti02) ; 7 , 9  - orientants (PVA, 
po1yimides ; 6 - 3 ; i i  - output glass Piate . 
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LIQUID CRYSTALS IN SPATIAL LIGHT HODULATORS [31671/601 

If the bias voltage is selected so that &Q: 2m3f( m is an 
integer 1 ,  the transformed image intensity in other points 
wiii be Proportional to 
t sin ( A 9  2 I cos ( @#Ve f + sin ( 8@ / E  co cA44;e I 3' = s in2 ( &/ E I . 
A set of empirical expressions of dependences 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) is derived in 
RefS.8,il. These expressions are outcome of the empirical 
relation 

sinQc~?/e) - 

ULc/U = a + b In ( I/Iih 1 (2 .  1 )  

It describes the experimental dependences of LC part 
of bias voltage on input intensity I, which Succeeds the 
threshold intensity of SLH PhOtOSenSlbllltY I t h  (Fig. 2) 
( *'aw and *'bn are Parameters,which are functions of 
resistance and capacitance of LC and ms-structure). The 
dependence u LC /U ( I I IS received , when corresponding 
dependences of phase difference 4 of LC layer on SLM 
voltage u or cell voltaee u are Compared (Fig.3). me 
LC layer worm in this case llKe an analog vo1tmeter.Itb 
ShOWn in Refs.8,ll that effective value of the threshold 
voltage of an electrooptic effect increases in a SLH and 
the effective steepness of dependence of6Q, on u decreases 
m e n  input intensity grows (Fig. 3 )  : 

S$l -- ( 4 ~ ~ 1  I X  ($%/&uLc) t a + b ln(I/Itj,) I N  

ne ,q, - refractive indices, K33 , K l l  - LC elastlcltY 
constants,AE =Ell - €L , Err ,€A - dielectric constants 
in directions Parallel and Perpendicular to the LC director 
reSPectlvelY.The expression ( 2 . 2 )  is simpler for small 
input intensities ( 1/14,, -1  = 6 I < <  i : 

c u - Uth/(a + b In611 3 (2.4) 
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602/[3168] V. V. BELYAEW AND N. F. KOVTONYUK 

F ~ O .  2. me experimental dependence of ratlo uL'/u 
on lwut lntenslty I at dlfferent frewencles f of 
drivinir voltage . f  = 0. I ( i 1: i ( 2 I : 5 ( 3 I KHZ. 

me maximum value of Phase dlfference 8+ 1s 
determlned by the expression dependlnu on lmut image 
contrast K only: 

S@ = (44;~/ A) (&n, / S U ~ I  b u lng (2 .5 )  
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LIQUID CRYSTALS IN SPATIAL LIGHT HODULATORS [31691/603 

F l g . 3 .  The Phase retardation dependence on llmld 
crystal blas voltage ULC( i I and SLH cwlvlni voltaee 
u ( 2,3,4 at input lntensitles I : 0 . 1  2 ) 0.01 
( 3 1 , o ( 4 I mwt/cm2 . me dlscontlnous lines are 
driven for calculation of ULc /U ratlo at constant 
value of Phase retardatlon &o . 

whlch Is simpler In a case of a small contrast (K - 1 < <  1) 

&P= c~w~)(Sn,/Suui b u ( K - i ( 2 . 6 )  

It follows from ( 2 . 2 ) - ( 2 . e )  that steepness of volt- 
transmittance CMraCterlStlCS of the electrooptlc effect 
and a Part of drlvine voltage in a LC layer have to  be 
Increased to maKe higher contrast of transformed 1mare.The 
steepness 1s expressed for ECB-effect In terms oftEi/SULC 
value.Its effective value reduces because of Voltage drop 
In other dielectric layers (olue,mlrror, 11Qht-blOCKlnO 
layer and so on). 
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604/[31701 V. V. BELYAEN AND N. F. EOVTONYUK 

Besides that the information characteristics of a 
SLM depend on speed of response of functional layers, 
first of all of LC layer. Therefore let us COnSlder the 
influence of electrooptical and PhYSlCal LC parameters on 
characteristics of transformed image taints into account 
separately the speed of response and the voltage 
distribution in lavers of MDS-LC structure. 

It is shown in Refs.l2,13 that optical response of LC 
to bias voltage variation is descrlbed bY the figure of 
merit for ECB- and DAP-effects ( in Russian literature S- 
and B-effects; DAP - directly aligned , 1.e. homeotropic, 
Phase 1 : 

Tji- and AT&- are Switching time and bias voltage 
variation resPectlvelY, which CorresPond to the variation 
of ACP bY .me dependence of H on ULC has a maximum 
at ULc 1,5-2 Ukh, since Cr and AUs vary differently 
With increase of U u  1141. me figure H can be transformed 
to the next form at Uu+ Uth for ECB ( H$) and DAP (MB 1 
effects : 

M.B = ( 2 . 9 )  

meresxi, pa are viscosity coefficients. The other form of 
figure of merit M is ProPosed in Ref. 15. However, the 
incorrect Prepositions were used durlng the derivation. 

The n+g value correlates With data transmittlve 
capacity (DTC) of a SLM channel, 1. e. LC shutter, (Fig. 4). 
The DTC may be defined as 

mere we assume the minimal Posslble time of data variation 
(framelgto be equal Cjr at uLC : ukh + A U ~  , Id 
and I z  - intensity of SLM output signal, when input 
signal is present or absent respectively. The Physical 
Parameters of different NLC substances used in calculations 
were taKen from Refs. 12 or 13. It is shown in Refs. 12,13 
that value of M$ is max~maf for derivatives of tolane 
(12. 6*10-’2 m2/s) and azobenzenes (10. 6*10 -I2 m+s) among 
the we%-polar substances, for derivative3 of biphenyl 
(3. 8*10“2 m2/s) , wridine (2.4-4. O * l O ” z  mZ/s) and 
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LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS [31711/605 

FlB.4 .  m e  correlatlon of HJI values ( horizontal 
coordlnate and data transmmlttlve capacity P 
tvertlcal coordlnate 1 for dlfferent NLC substances. 

m 2  1s) among polar PhenYlCYClOheXane ( 3 .  5-6.2*10 
nematoeens. Besldes of that the NLC Wlth odd number of 
Carbon atoms In alKYl chaln and even number in alKoxYsub- 
stituents Possess the most value of M,,(Flg.5). 
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606/[3 1721 V. V. BELYAEV AND N. F. KOVTONYUK 

Y .. 

2 

6 7 8 9 10 11 12 
n + m  

Fig.5. The dependence of figure of merit M on sumnar 

4 - ~ e n t ~ l - 4 ~ - a l K o x ~ t o l ~ e s  cn= 5; +, 0),4-alKYl-4'-ethOXY- 
tolanes (m=2;A , + I .  4-alPi~1-4'-~entox~tolanes (m-5; 0 ,  XI. 

number of Carbon atoms in alKY1- and alKO 8 Y chains for 

The ~ , g  maximum in mixtures of 4-hePtY1-4'-CYanOPhe- 
nvlcvclohexane (PCH-7) with azoxYcompounds is achieved at 
concentration of PCH-7 20 Z w. The dependence of NLC 
PhYSfCal Parameters on order Parameter s = s ( i - T/W 35 
(T#: T N ~ )  determines thelr temperature dependence first of 
a i l  ( any Physical Parameter considered .. s X  1.  At the 
same time the exponents$or these dependences are functions 
of molecules PolarltY,lenBth of alPiY1 substituents,a 
Presence of moieties With saturated bonds C16,171. Because 
of that the Posltlon of maximum of dependence H,cJ(T) 
relative to clearing temperature T N x i S  determined by a LC 
molecular structure. The figure €I8 has a maximum at a 
temperature 
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LIQUID CRYSTALS IN SPATIAL LIGHT HODULATORS [31731/607 

- BJ3TNI 'E (2.11) 

m e r e  E is activation energy of NLC rotational ViscositY. 
J3- exponent of temperature dependence of order Parameter 
S.UnllKe ti51 a coefficlent B 1s a function of molecular 
structure. The B value varies from 0.4 for short Polar 
molecules wlth great chain of conjugation to 2 . 1  for long 
Polar molecules Wlth CYclOhexane or bicyclooctane 

from T N ~  is for mo1eties.The maxlmal devlatlon of T 
substances Wlth great B and small E values ( e.o. 
we=-Polar comounds 1 .  It 1s useful to know the T a t  
value . m e n  SLM is a Part of optical processor opera e ing 
In a wide temperature ranee. At the optimal reelme T O  and 
maximal temperature of operating have to C o l n c l d ~ T h e  
drlvlng reelme Wth most H meaning has to be chosen. 

on the base of fUllfilled lnvestiaatlons the new LC 
materials (LCM) were designed for OA SLM. These LCH have 
high steepness of voltage-transmission curves in the 
vislble and near IR dimasone and hlgh speed of response. 
The informational characterlstlcs of GaAs SLM based on the 
usually used ZhK-1262 (A) or the new mixture m-im) are 
listed In Table 1. 

Opt  

Table i 

The characterlstlcs of SLM wlth different LC materials 
measured at U L ~ M  = 70 V . IinpLct : 32 pwt/sQ. cm 

and full contrast varlatlon (PQ : 1x1 

Parameters A B 

Time of response on optical pulse, ms 120 12 

Time of relaxation . ms 160 20 

contrast of transformed lmaee 65 80 

Number of resoluble elements 1250*1250 890*690 

Data transmlttlve Capacity, blte/s 6. 5*103 4.4 II 10 8 
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608/[3 1741 V. V. BELYAEV AND N. F. KOVTONYUK 

The voltage dlstrlbutlon In lavers of MDS-LC 
structure IS Studied theoretlcallr and experimentaiiv in 
Refs.11,16. The dependences of lncrement of blas voltage In 
the LC layer relatlve to the same lncrement In the Photo- 
conductor laver fL U L ~ / A U ~  on ULC and the slmllar depen- 
dences of relative change of the optical response A~"AUJ' 
were calculated (see F 1 g . 6  for A 8  / A U g  1 .  If we Know the 
dependence of variation of sernlconductor electrical 
characterlstlcs on lntenslty of input lllumlnance we 
may calculate the transformation of an 1wut image by the 
SLH ( 8 = ( hQ,,~r - ACP 1/4+,,,~~ A @ N . ~ Y ~  = 2 I& An/ A 1 .  The 
meanlnes of increments of -AULC /AUg and -A$ /A Us/ 
Increase Wlth growth of thlcmesses ratio L L C  /LD and 
Wlth reductlon of NLC dielectric anisotropy AE . The 
- A&/Au$ values decrease at uLC = U L ~  and weaKlv rise 
at UL' = 2uth with growth of elastic ratio K~ / K ~ ~  1111. 
We emhaslze that effect of dielectric layers aepresses the 
steepness of s;! ( u 1 curve at any blas voltage uLd 9 uth 
(coware Flg.3 and F l g . 6 )  , l e e .  decreases the optlcal 
response (contrast or dlfractlon efflclencu). To lncrease 
the response one has to dlminlsh the thlcKness of 
dlelectrlc layers ( e.g. use oxlde fllms 1 and the relative 
value of dlelectrlc anlsotropy A& /&L te.g. use 
substances wlth transverse dipole moment to Increase E l  1, 
to select the optlmal K33 / K f 4  ratio. some SLH deslens 
Wlth other controllable blrefrlngence effects 
(twist-, supertwist-) are descrlbed in Refs. 17-19, 

3. CONTROL OF SLH SWITCHING TIMES 

For various Problems of optical Processing the 
swltchlng tlme variation 1s rewlred: increase of SLH Speed 
of response (lntroduclna of Images) or receiving of optical 
memory tsubtractlon, storage of lmaees). 

When Pulses of SLH driving voltage and Writing lleht 
are sunchronlzed, the SLH optical response lncreases 2-100 
times in comparison wlth the case of fully dlssmchronlzed 
pulses I201.The maxlmal slanal was observed at Kilohertz 
f reQuenc 1 e s. 

In low frequency ranee ( tens of HZ the HDS-NLC 
structure has a llnear electrooPtlca1 response to driving 
voltage. TMS is due to slenificant contrlbutlon of 
flexoeffect at these freQuenc1es.We realized the optical 
Subtraction using llnear response and great value of 
Swltchlne tlme at ULc + U C213. 4l 
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LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS [31751/609 

I \  \ \  

F i I . 6 .  m e  calculated relative optleal response 
AS/AU~ versus reduced bla9 voltage uLL/Fhat dlffe- 
rent LLi/LDratlos and = 2  (---I, 1 0 . 7  ( - - - ) .  
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6 1043 1761 V. V. BELYAEV AND N. F. KOVTONYUK 

1 

0 

dependence of FLC swltchlne tlme on drlvlng 
d i f f e r e n t  PVA concentratlons C . C = 0 . 5  
2 I, 4 ( 3 I 5 vol. PVA films are twlce 

rubbed. u i  and u2 correspond blas voltages In d W K  and 
illuminated states of SLM lnPut l m w  . 
The slmllar reelme of formlne of optlcal response 

was used In the amorphous slllcon ( a-S1:H 1-ferroelectrlc 
LC (FLC) SLM ~ 2 2 1 .  me relatively ereat dlfference of blas 
voltages u and uz ( F l g . 7 )  results In sufficiently 
high level of 1nPUt lntenslty ( I 0,l mWt/scr.cm 1 to 
obtaln a full contrast (25: 1) of transformed lmage. These 
high output Image contrast ratios are observed UP to i KHZ 
frequency Whlch 1s not optimal for ms-structure. Because 
of that the resolution of SLM wlth FLC were low ('5 ~P/IIPII). 
The achleved values of a contrast and a speed of response 
Correspond to these ones obtalned In 123-263 for ferro- 
electrlc Smectlc C* LC and in M I  for antlferroelectrlc 
smectlc C* LC. The better speed of response (60 pi s), 
resolution (250 1~/m) and PhotosenSlbllltY (2-10 Fwt/cmL 1 
for parailel informatlon processma and Projective systems 
were deSCrlbed In [26,291. 
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LIQUID CRYSTALS IN SPATIAL LIGHT MODULATORS [317711611 

The design of SLM for images storage and correspondine 
Wiving regime are described in Refs.30,31. The SLR 1s 
developed on the base of Photoconductor-LC ( PC-LC 1 
structure With GUS as a semiconductor and smectic A as a 
LC. me effect of confocal-homeotroPlc transition at 
f-5 KHZ for writing of images and the effect of 
electrohYdrodmamlc lnStabilltY at fW20-100 HZ for erasing 
of images are used in smectic A. The SLR driving is 
Produced bY short voltage Pulses.The time of image writing 
IS ca. 10 ms, erasing - ca. 100 rns,the storage time is 
unlimited. The imaees With resolution UP to 20 1 p / m  and 
contrast 40:l were written in such SLB . 
4. NON-LINEAR OPTO-OPTICAL MODULATION IN LC 

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

The fast optical response (several ms) in nematic 5CB 
on the xenon flash lamp Pulses while applying a dc voltage 
was observed in C321. The Possible origin of that deep 
modulation (“‘90x1 and store of written state during 500 ms 
is light scattering and the generation of an internal 
electric field. 

The bistable dependence of transmitted llght and 
Polarization in dye-doped ChOleSterlCS (absorption spectrum 
corresponds helix Pitch) was described in ~33,341. 

The control of the electrooptic effect threshold vo1- 
tage in antiferroelectric LC doped With Photochromic dye by 
the cis-trans Photoisomerlzatlon and then the Posslbllltv 
of spatial light modulation were Proposed in 1351. 

The opto-optical SLM have simpler design than usual 
ones. The optical memory and logical functions may be 
real ized. 

5. CONCLUS I ON 

New desiens of OA SLH and optical systems based on SLM 
are WorKed out for solving of modern Problems of optical 
Processing: images entry in optical processor, subtraction, 
storage, dYnamica1 selection of images and also the display- 
ing of TV information onto great screen for group and col- 
lective use 1361. The concepts of significant imrovine of 
output image characteristics (brightness, contrast, grey 
SCale,SPe€?d of response) or its spatial spectrum (resolu- 
tion, dlfractlon efficiency) are developed. The Perspectlve 
PoSSibllltles of non-linear effects in LC are discussed. 
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