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Application of liquid crystals in optical processing
of optical signals
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Physical principles of liquid crystal spatial light modulators are presented. The special
attention is paid to optically addressed modulators. The most interesting systems are
discussed in details including homogeneous nematic liquid crystals, polymer-dispersed
liquid crystals, different modes of operation and main features of a construction. A brief
description of liguid crystal holography and liquid crystal waveguides is also included.

1. Introduction

An optical processing of optical signals includes
such processes as writing, analysis, transmission and
storage of optical signals. These processes can be per-
formed in as analogue as digital way. Analogue
methods allow to provide very fast processing of a
large amount of an information (up to 40'? bytes per
second), but they are less accurate in comparison with
digital methods. On the other hand, the latter are much
more slower. Nowadays both methods are applied in
alternative or complementary ways [1]. An important
element of an each system of optical processing of
information is an input module, which should trans-
form signals to the proper form. Signals at the
transducer input should be given in form of defined
two-dimensional (or in special cases three-dimen-
sional) amplitude-phase distribution of mono-
chromatic (or quasi-monochromatic) optical field.
Processed optical information is coded in form of
parameters of coherent carrier wave which are changed
in a proper way during modulation process.

A change of parameters of light beam performed to
code certain information is called light modulation.
This coded information is transmitted by light to a
receiver, afterwards. An intensity of electric field of
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light wave (e.g., emitted by laser) E is given by the
following expression:

E = ZEgsin(2nvt + 0) (1)

where & stands for vector of polarization, v for fre-
quency, Eo for amplitude, ¢ for phase and 7 for time. By
changing amplitude, phase, frequency and polarization
of light during signal transmission one can obtain light
beam containing coded information.

Amplitude modulators usually consist of polariza-
tion (or phase) modulation system and a transducer
which changes polarization modulation to amplitude
modulation. The most effective way of light modula-
tion is to change refractive indices of used material by
electric or magnetic field.

In this way modulation is a physical phenomenon
consisting in a transformation of certain quantities of
one alternative electric signal (modulated or carrier
signal) by the second (modulating) signal.

There are two groups of modulation techniques,
namely continuous one and pulse one. A device in
which primary signal containing an information over-
lapping a carrier light beam is called spatial light
modulator - SLM [1]. In other words, in spatial light
modulator a product C of two optical signals A and B
is obtained. Strictly speaking in case of spatial light
modulator all of those signals are functions of co-or-
dinates, e.g., C(x,y) = A(X,y) B(x,y).

The feature called internal optical parallelism is
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important for optical information processing. The
elegant but historical illustration of this idea is optical
Fourier transformation of a distribution of planar
electric field. In these terms Fraunhofer diffraction can
be treated as a Fourier transformation of the field
image [2].

An application of coherent light sources made
Fourier optics to be very important technique of image
filtering and processing [3]. Light beams with different
wave vectors can independently exist in the same areas
of space. This internal parallelism makes possible to
apply devices modifying amplitude, phase and
polarization of a wave-front as functions of time and
position. An information obtained in this way can be
adopted as for static images (photographs, patterns) as
for dynamic processing of optical information. SLM
are used for an introduction and storage of an informa-
tion, an accomplishment of logic operations and a con-
struction and reproduction of holograms in real time
[4,5]. It seems that the development of optical informa-
tion processing is now limited namely by possibilities
of SLM’s.

An important group of SLM’s, with large applica-
tion possibilities, uses electro-optical properties of lig-
uid crystals — LC to write an information. Such
modulators are called LCSLM [6] and usually consist
of LC film and photoconductor layer. As photoconduc-
tors, Se, Si in form of single-crystalline plates and
amorphous layers, single crystals of CdS, GaAs, Bii2
Ge Oy and organic compounds have been adopted.

All main thermotropic LC phases and most of
known electro-and thermo-optical effects have been
adopted for LCSLM construction [7,8].

Nematic LC phase (NLC) exhibits orientational
molecular arrangement. In case of several smectic LC
(SmLC) also long-distance positional molecular arran-
gement is observed. LC films aligned by suitable treat-
ment of bordering surfaces exhibit optical properties
similar to those of plates cut out from uniaxial single
crystals, LC birefringence does not exceed 0,2, how-
ever. Fluidity of LC medium and thickness of LC film,
usually up to a dozen or so micrometers allow to drive
LC optical axis by voltages lower than 10 V. Reorien-
tation (switching) times at room temperature are from
Ims to 10 ms, depending on used effect. A possibility
to drive LC optical axis by means of electric field is the
base for electro-optical effects observed in LC.

In spite of rather low response time in comparison
with typical electro-optical crystals, LC are often used
in SLM for the following reasons [6]:

1. Flexibility of application
This term means that it is easy to choose the proper
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SLM geometry and optical properties for a given ap-
plication.

2. Effective action for low driving voltages and
power consumption

This feature is especially important for portable
devices. Low power consumption is the result of use
field effects to control optical properties of LC. Low
level of driving voltage is the effect of small thickness
of LC layer and enables to operate with conventional
integrated circuits.

3. Simple and convenient technology

Technology required for manufacturing of LC
transducers is much less complicated and ,micro-
scopic” than in case of semiconductor technology. Be-
cause used electro-optical effects are observed in thin
layer of LC the whole transducer can be flat. There is
not significant limitation concerning an aperture of LC
transducers as in case of solid materials. This feature
allows mass production of devices, even complicated
ones. Moreover there are many different technologies
and manufacturers of LC transducers.

Due to the above properties LC are widely used for
information display and processing of optical signals.
The important feature of optical devices is internal
parallel optical processing, which means a possibility
to process different signals in the same time, e.g. in
case of optical Fourier transformation. Using LC one
can successfully accomplish this requirement and con-
struct devices for image filtration and processing.

Below LCSLM are discussed in details. The special
attention is paid to the optically addressed SLM —
OASLM, however electrically addressed SLM —
EASLM are also described. In addition, LC real-time
holography is described because in fact holographic
image of Fourier transform is obtained in SLM’s. LC
waveguides are also briefly presented because they
give new possibilities as additional devices to construct
SLM’s. On the other hand, typical fiber optic devices
are not mentioned due to extensive literature of this
subject.

2. Liquid-crystalline spatial light
modulators (LCSLM)

LC devices, as it was underlined, are relatively
cheap, simple and flexible from application point of
view. For this reason they are intensively studied
recently.

LCSLM can be divided into two essential groups.
The first one are optically addressed modulators
(OASLM), in which two-dimensional (2-D) optical
image is present at the input, while the output is modu-

© 1997 COSiW SEP, Warsaw



lated by input signal and/or reading beam (see Fig. 1 a
and b). The second group comprises electrically ad-
dressed modulators (EASLM) with matrix construc-
tion, in which mixed electric and optical processing of
an input signal is adopted (see Fig. lc). 2-D input
image (transmissive or reflective) is modulated by a
voltage applied to each pixel of a matrix. EASLM are
often used as input devices for images generated or
saved in optical systems for further processing. All LC
image projection systems are in fact EASLM.

The important feature of SLM’s is a possibility to
control them by a computer either directly (EASLM)
or via image source, e.g., CRT (OASLM).

a) ¢

redlactor modulating layer

reading beam

writing beam
em———— reflected reading beam

b)

modutating layer
photosensor Electric addressing
writing beam
raading beam iransmitted reading beam

Fig. 1. The principle of an action of OASLM: (a) reflecting
mode and (b) transmitting mode and EASLM (c) transducers.

The essential function of SLM is multiplying
modulation. Reading beam with an amplitude of Ag
(x,y) is multiplied by modulation functions (either
transmission or reflection ones) which can be complex
functions in general. In case of OASLM shown in Fig.
la, in which input and output are separated by
dielectric mirror, a reflection coefficient R (x,y) is a
function of written image Aw (x.y). If R is proportional
to Aw, the simple multiplying of an image in time is
obtained. Using reading beam of suitable intensity one
can obtain image amplification. If reading beam is
coherent while writing one is incoherent a transforma-
tion of an image is possible. Operations of subtraction
and dividing are also possible. Operation of multiply-
ing is used for numerical multiplication of vectors and
matrices [9], which was adopted for a construction of
neural networks and dynamic phase optical connec-
tions [10-12].

Typical dependence between input field and
modulation function is nonlinear multiplying, which
allows parallel optical processing of a function. For
instance, function of binary modulation can be applied
for a threshold operation by means of continuous
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change of a grey-scale while two grey states are chosen
in advance and carefully controlled. Such effects are
used complementary for parallel optical processing
(POP), accomplishment of neural networks and imag-
ing of Boolean algebra. These possibilities are limited
by bi- and multistability phenomena, which in turns
can be adopted for a construction of memory devices,
e.g., SLM’s using memory effects observed in fer-
roelectric smectic LC [13].

The very important application of SLM’s is a loca-
tion and recognition of light sources. Usually a tandem
of SLM’s is used for this purpose. At the first of them
Fourier transform of observed object is done while on
the second one Fourier transform of an etalon image is
performed. If a these transforms coincide a correlation
signal is obtained. Such devices are often called light
correlators.

2.1. Liquid-crystalline TV electrically
addressed light modulators (LCTV
EALSM)

The mass production of 2-D matrix LC light valves
for video displays is a potential source of cheap electri-
cally driven SLM’s. LC devices acting simultaneously
with CRT have been studied long time ago [14], but
practical solutions have been known since eighties.
LCTYV displays have been designed for other purposes
than optical information processing and have rather
low optical contrast ratio (ax ~1:10) and speed (~30
frames per second). On the other hand they are very
flexible from application point of view and compatible
with computers. Exactly these two features make pos-
sible to use LCTV also for a processing of optical
information. LCTV have been applied as optical input
devices, logic elements, computer 2-D phase gener-
ators with holographic writing, filters and for tracking
many different objects in real time. Liv and Chao [15]
discussed characteristics of LCTV SLM from optical
data processing point of view. Their results are
gathered in Table 1 as typical for devices of an older
generation.

Characteristics of transmission of devices of such
kind have been comparable with those of magneto-op-
tical SLM’s.

2.2. Optically addressed spatial light
modulators (OASLM)

OASLM are useful modulating devices using opti-
cal parallelism in writing mode [16]. Such a device can
be described as a transparent capacitor made of con-
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Table 1. The comparison of properties of different LCTV SLM

Model
Characteristic

Radio Shack
(black-and-white)
passive matrix

Epson
(colour)
active matrix

Citizien
(colour, filters)
passive matrix

(T =25°C, A = 633 nm)

(built-in polarizer)

Aperture [em X cm] 44x54 2,9%3,8 23x23
Number of pixels 120 x 146 220 x 240 220 x 648
Dimensions of a pixel [um X pm] 366 % 370 131 x 158 104 x 49
Glass flatness (A = 635 nm) 6 -11 6
Max contrast without space filtering 6 11 6 ]
with space filtering >10 >30 >10
Grey-scale levels <6 ~6 >6
Max. transmission of polarized light ~50% ~7% ~T7%

(outside polarizer)

(outside polarizer)

Transmission band

visible to IR

visible

visible to IR

Input device

TV camera or computer

TV camera or computer

TV camera or computer

Addressing matrix active matrix (TFT) matrix
Addressing speed [frames/s] at 25°C 30 30 30
Relaxation time of_ a pixel [ms] ~30 ~100 ~10
Power ccmsur-ned [W] 0,33 1,1 0,87
Temperature of work/storage [°C] 5-40/-20- +60 5-40/-20 +60 5-40/-20 +60
- ) Total weight [g] ~300 45d ~450

ducting oxide layers deposited on glass substrata. This
capacitor contains LC film 1 — 10 pm thick, which
plays a role of electro-optical readout layer, photosen-
sitive layer (photoreceptor) and sometimes dielectric
reflector acting as optical blocking layer between input
and output. As a photoreceptor, photoconductive layer,
e.g. Se or CdS, photovoltaic layer or plate cut out
semiconductor single crystal can be used. Photorecep-
tor thickness should be minimized to increase SLM
spatial resolution. Input optical image activates
photoreceptors which generate suitable distribution of
charge. This distribution changes electric field applied
to LC, hence a distribution of director in LC layer.
Exactly for this reason LC cell modulates readout
beam passing through. A combination of reading and
writing modes defines sensitivity, resolution and
response time of SLM. Response time is limited also
by light intensity.

Due to an application of an isolator which blocks
light between input and readout beams OASLM can
amplify incident beam when readout source of large
intensity is applied, moreover can convert incoherent
light to coherent light. Without dielectric mirror
OASLM as nonlinear optical element is especially use-
ful in form of matrix SLM to prepare images with peri-
odic structures changing transversal space frequencies.
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2.2.1 Foundations of LC OASLM action

From macroscopic point of view aligned NLC ex-
hibits properties of uniaxial crystal. Incident light is
divided into ordinary and extraordinary beams in each
direction except optical axis. Both beams have dif-
ferent velocity of propagation and are polarized in per-
pendicular planes. In Fig. 2 plane-parallel NCL
birefringent sample — PD is presented; optical axis A of
this sample forms angle of B with bordering surfaces.

Wide parallel beam of unpolarized monochromatic
light with planar phase surface X incident normally to
PD cell. In figure only one light ray S of this beam is

P
+ S
s + S,
s
A
45
7

Fig. 2. An illustration of NLC birefringence.

© 1997 COSiW SEP, Warsaw



presented. In PD incident beam is divided to ordinary
beam Sp passing through PD without refraction and
extraordinary beam S. refracted to the direction of
optical axis because NLC are usually optically positive
(ne > ng). After passing the cell both beams are parallel
and lie in the plane determined by optical axis and
normal to the bordering surfaces of PD. This plane is
therefore the main cross-section of aligned PD. There
are infinite number of main cross-sections because op-
tical axis can be attached to each point inside crystal.
Beams Sp and S are linearly polarized in perpen-
dicular planes. Oscillations of light (electric) vector of
an extraordinary beam take place in main cross-section
plane, while those of ordinary beam in plane perpen-
dicular to this cross-section. Due to different velocities
in PD a difference of optical paths A is observed be-
tween both beams after passing PD:

A=AB -n'e—AB -ng=(n'e-cose—np)-d (2)

where stands for an angle between Sp and S. beams in
PD cell, d for cell thickness, ng and n. for refractive
indices of ordinary and extraordinary beam, respec-
tively. Index ng is constant while n’e depends on an
angle. Knowing the highest value of np, i.e. main
refractive index of an extraordinary beam, one can
calculate n’ from the following dependence [17, 18]:

. nolle (3)
¢~ \n2sin?B + nocos?P

Assume, that incident light is broad planar wave
with wave-plane X. After passing PD this wave is
divided into two ones with wave-planes X, i Ze, respec-
tively. There are separated as longitudinally (along the
direction of light propagation) by a length of A
described by an equation (2) as transversely by a length
of r expressed as:

(a* — b?)sin2f3 4)
(% + b?) + (a® - b*)cos2P

r=d-tge=d

where a = ne”! and b = ng!

At a first sight those light waves should interfere in
the area of superposition of wave-planes 2o i X (see
Fig. 2). Such an interference does not take place, how-
ever, because ordinary and extraordinary waves,
despite they origin from the same original wave S, are
incoherent, moreover they are linearly polarized in per-
pendicular planes. Even if turned to the same polariza-
tion by means of a polarizer P placed behind or in front
of the PD they do not interfere, because they remain
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incoherent. In this way, there is a classic birefringent
inteference system, sometimes called a polariscope.

Several electro-optical effects have been success-
fully applied for LCSLM construction. In case of NLC
usually one of the following effects is adopted (see also
Fig. 3 and 4):

» electrically induced splay deformation of initially
homogeneous dielectrically positive (Ae > 0) nematic
film, sometimes called S-effect,

« electrically induced bend deformation of initially
homeotropic dielectrically negative (Ae < 0) nematic
film, sometimes called B-effect,

« twisted-nematic effect (TNE) of dielectrically
positive nematic film.

Two former effects are called electrically control-
led birefringence (ECB). Electric field changes con-
tinuously birefringence of plane-parallel NLC cell. In
the TNE effect optical activity of nematic cell can be
controlled in a continuous way (see Fig. 4). Above
effects are often called Freederiksz’s effects.

a)

b)

Feppt g
(RERERLRARTT
Pty

Jasco @a . fest

Fig. 3. Schematic presentation of ECB electro-optical efects
in nematic LC a) S-effect (splay deformation), b) B-effect
(bend deformation).

twisted NLC structure

Fig. 4. Schematic presentation of electro-optical effect of
twisted nematic — TNE; bars represent LC director.

In case of ECB effects a transmittance of a studied
cell is defined by the following formula:

AD (5)
2

T=Toasin?2f -sinz[—

If an angle between polarization vector of a an
incident light and NLC director is 3 = 45 then:
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T= To-sinz(A—;)J

Phase shift A®, between ordinary and extraordi-
nary beams introduced as the effect of passing through
a NLC cell can be found from the following equation:

A® = 2arcsin \‘Tl ©
0

(5a)

where To stands for an intensity of incident linearly
polarized light, while T for an output light intensity.

Local refractive index can be calculated from the
following formula:

no - ne 7
sin20(z) + n&cosZB(Z)

n(z)=n(®) =

Hence the effective refractive index of extraordi-
nary beam can be expressed as follows:
?1{] * ne (8)

|
=g i [ngsinze(z) + n&cosZG(z)]%

For this reason phase shift between ordinary and
extraordinary beams after passing a sample d thick is:

it
12n
10n
8n
&n
4n

0

12 3 4 5 6

Numbers of subsequent maxima of relative transmission

1 1 1 1 —

0,8 1.2 1.6 26 UV)

Fig. 5. The examples of dependencies of relative transmis-
sion T/T¢ and phase shift A® of homeotropic cell filled with
nematic LC upon applied voltage U (B-effect). Cell thickness
d=38 um.

Ay =mn
(m=1,2,3,..)

(12)

A condition (12) describes a number of transmis-
sion extreman = %% for a cell filled with NLC, as itis

shown in Fig. 5, in which exemplary oscillation de-
pendencies of relative intensity of radiation transmitted
by the cell vs. applied voltage are presented. In the

ol €)

d
AD = D — D —T“j‘[

where © = O (E,z); An = ne — no = nj|—-n. = An (E,z)
and AD = AD (E), respectively.
Another conception is a change of phase shift:

where AQ; = AD(E = 0) — AQ(E) = AU = 0) -
AD(U), respectively.

It results from an Eq. (9) that the largest phase shift
between ordinary and extraordinary beams A®,.x can
be obtained if ® = ®y

AD e -@ dne—ngy=Adg D

Function (9) has got extrema if the following iden-
tity is fulfilled:
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sm28(z) + n&cosze(z)]

73— nod = 2{8n(2)

same figure phase shift A® between ordinary and ex-
traordinary beams for transmission of a given cell is
presented.

no - nedz (9

B = -([ Vn2sin20(z) + njcos20(z)"2

2.2.2. Optimization of LC mixture and a
construction of LC OASLM

The input dependence of a voltage applied to the
cell (Urc), related to the total voltage (V), and relative
light intensity I to the threshold intensity of photosen-
sitivity is expressed as [22]:

Uie _ 1
U a+ bln(bh)

(13)
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where a and b stand for parameters dependent on resis-
tivity and capacitance of LC and MDS-LC structure
(Metal — Dielectric Semiconductor — LC, see Fig. 6.)
The intensity transforming an image is described in
each point of SLM aperture by the following equation:
Lout ~ Asin? (A® (Urc)/2 (14
It has been proved, that image contrast ratio and
intensity of spatial image spectrum are defined by
phase shift of extraordinary beam due to differentiated
illumination (see Fig. 7).

4 5 6 78 910 1
T S N 7 S O
Z

/////f;;/

Z
Z

#Z
A

Z
Z

LT 777

{.\U
12

Fig. 6. A scheme of reflective LC OASLM using MDS-LC
structure; 1 - selfoc, 2,10 — electrodes (indium — tin oxide), 3
— dielectric mirror (optical glue or SiO), 4 — photoconductor
(GaAS or o Si:H), 5 - light blocking film (CdTe), 6 —
dielectric mirror, 10— SiO2 - TiO2 films, 7,9 —aligning films,
8 —LC, 11 — glass plate, 12 — generator.

8¢
m pad

25 28
U, u_ .Vl

Fig. 7. The dependence of phase shift on LC film (1) on SLM

driving voltage — U (2, 3, 4) for input intensity I = 0,1 (2),

0,01 (3) and 0 (4) mW/cm?2. Dashed lines allow to calculate
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Ne Lﬂn3+n0) [@_*_EJI (16)
where Kj; i K33 stand for elastic constants for splay
and bend deformations, respectively, AE = E, — E
where E;; and E stand for dielectric constants parallel
and perpendicular to LC director, respectively, A = ne —
ng for birefringence.

For low input intensity (I/Iy — 1 = 8I < 1) the
expression (15) takes the following form:

U- U:h
(a+bindD) " o

_2nd & (17)

o= T SULc

The maximum value of & depends on input image
contrast ratio k:

4dnd dn, (18)
— ——— k
oD % 8ULc bUln
For a low contrast ratio one can obtain:
4nd On, (19)
Ll = f
oD A ULc bUln (k—-1)

It results from the above equation, that the contrast
ratio of a transmitted image increases with an increase
of a steepness of static electro-optical characteristics
and a portion of a total voltage applied to LC film. For
ECB effect characteristic steepness is expressed by the
dne/dUy ¢ ratio. Information characteristics of a SLM
depend preferably on properties of LC film and should
be optimized from these properties point of view.

Optical response of LC film for S- and B-effects is
described by the following coefficient [20]:

_Md Un
- ?f: AUy
where 1p and AUy, stand for switching time and a
change of an applied voltage responding phase shift
A® = 1. The dependence Mz upon Urc has a maximum
for Urc = 1,5-2 Ug,. In case of S- and B-effects, M for
U — Uy, can be expressed as:

M> (20)

U tio fi tant ph hift. -1
a Ur /U ratio for constant phase shi K Kn  Ae (21)
Ms =—An +
ond S I U=Us) (5 A
=" "¢ |44 pin— || —2
A dUrc Iin I -1 (22)
a+blnfrh M—@An Ki  Ae
B M Kz el
where Oy is a change of extraordinary refractive index
for Urc > U (threshold voltage).
Opto-Electr. Rev., 5, no. 2, 1997 J. Zmija 99



Application of liquid crystals...

where 1 i Mg stand for viscosity coefficient for S- and
B-effect, respectively.

The dependence of AULc/AU; ratio (increase of a
voltage applied to LC film — AU ¢ to increase a voltage
at photoconductor film AUs) is illustrated in Fig. 8.
Similar dependencies for relative changes of the
response Dd/DUs are shown in Fig. 9.

1,0 |- AU

1 1,5

Fig. 8. The AULc/AUs dependence (electric SLM response)
upon reduced voltage at LC film calculated for different
thickness ratios dije/dp and Ae = 2 (---) or 10,7 (—).

AS/AU,
1.2,

1,000

1 15 2.0 25 V.V,
Fig. 9. Relative optical response Ad/AUs as a function of
relative voltage Vic/Vwm calculated for different system

parameters (see Fig. 8).

Knowing characteristics of photoconduction chan-
ges vs input light intensity one can calculate a transfor-
mation of the original image by:

- A@;na_x = Ad)

5o 23)

2ndAn
ADppr=—""7—
ADyyax max A

Values of AVic/AVy and Ad/AUs ratios increase
with an increase of thickness ratio dic/ds and a

100
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decrease of LC dielectric permittivity. A value of
Ad/AUs decreases with an increase of K33/Kjj ratio for
Vic/Vin Le = Vin and slowly increases for Vic = 2 Vih.

To increase a response one should decrease thick-
ness of dielectric films (i.e., applied oxide films) and
relative dielectric anisotropy Ag/e;. The latter means
that mesogens with transversal dipole moments which
cause an increase of €, should be introduced into LC
mixture. The value of K33/K;; ratio should be also
optimized.

An application of LCSLM requires different
switching times in case of different devices for optical
processing. For instance, when used as input elements
they should be very fast, while used for subtraction and
storage of images they should exhibit optical memory
effects.

The highest signal has been observed for kH fre-
quencies. In case o low frequencies (~ 10 Hz) MDS -
NLC structure exhibits linear electro-optical response
to driving voltage due to ferroelectric efect.

Taking above into account one can optimize LC
materials used in SLM. Usually so called four-bottle
systems of LC materials which allow for easy prepara-
tion of proper LC mixture are manufactured for this
purpose.

The example of essential parameters of LC SLM
using different photosensitive materials are gathered in
Table 2. In Table 3 information characteristics of LC
SLM using photosensitive film of GaAs and two dif-
ferent LC mixtures are given. The scheme of projec-
tion system using this solution is presented in Fig. 10.

Table 2. Properties of LC SLM using different photosensitive

materials
Parameter a-CdTe a-Si:H GaAs
Threshold sensitivity 1 0.1 0.1
[uW/cm?2]
Switch-on time [ms] 200-400 5-200 10-50
Switch-off time [ms] | 200-400 5-200 10-50
Spectral sensitivity 550-900 550-900 550-1000
band [nm]
Diffraction efficiency
TMmax [%] 0.5 5 10
Spatial frequency v
[nm-1]
1N = 0,01 Vmax 160 120 140
1N = 0,01 Vnax 80 50 55
Resolution for 0,5 of
maximum contrast
ratio [mm-1] 30 25 25
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Table 3. Parameters of LC SLM for different LC materials.
UsLm = 70V, Tin = 32 W/em?, full contrast change (8®= ir) [19]

Parameter ZhKS — 1282 UK-11
mixture mixture
Response time for optical 120 12
pulse [ms]
Relaxation time [ms] 180 20
Contrast ratio of 65 80
transformed image
Number of distinguishable | 1250 x 1250 890 x 890
elements
Capacity of data 6,5 x 107 443 x 108
transmission [bit/s]
light source
objective
SLM

_!__

writing light source 1

polarization cube

/

screen

generator

Fig. 10. The scheme of LC OASLM used for image projec-
tion.

2.2.3. Selected applications of LC OASLM

In classic OASLM developed by Hughes [21] CdS
film 15 pwm thick, optically isolated from read-out
beam by dielectric mirror and CdTe light blocking film
has been adopted as a photosensitive element. The
device of this kind works in reflective mode with dif-
ferent configurations of LC optics (director field) for
information read-out, In basic configuration NLC film
works in mixed mode of TN effect if bias voltage is not
applied. An applied voltage unwinding structure and
allows to drive birefringence. If pretilt of LC (an angle
between bordering surface and neighbouring director)
is sufficiently high (45°), well-defined off-state and
switching threshold can be obtained. Such a configura-
tion has a relaxation time (return to off-state) order of
10 ms. Fast response can be obtained using configura-
tion in which director field is stabilized by strong
anchoring on bordering surfaces. In [22] ZnS (as CdS
ABVI type semiconductor) sensitive to UV radiation
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Mach-Zehnder interferometer

# ¢

expander

S,
<
laser I m N

screen

\\
UV source

Fig. 11. The scheme of Mach-Zehnder interferometer with
OASLM modulator.

&
2k

I
i

uv OFF uv ON

Fig. 12. Interference images; (A) without UV light, (B) with
UV illumination.

has been applied. Obtained modulator has been studied
in Mach — Zehnder interferometer configuration by
He-Ne laser beam (see Fig. 11). Obtained interference
images are shown in Fig. 12.

The main disadvantage of ATBV! based OASLM is
rather long response time (~10 ms), due to wide ener-
getic gap and long lifetime of trapped charges. For this
reason many new photosensitive materials and LC
electro-optical effects have been introduced into
OASLM In Table 4 a device of Japanese company
Hamamatsu Corp.is presented. Biometric application
of OASLM developed by this company is given in
Fig. 13 [23].

Nippon Telegraph & Telephone Corp. developed
a system of image transmission directly by optic
fibre without a necessity to transform them into
electric signals [24]. This system uses ferroelectric
smectic LC (FLC SLM) with parallel amplification
of stored images. Modulator acts as a phase coupled
mirror reflecting incident beam with phase rever-
sion. It allows for a correction of noise introduced by
a fibre. In Fig. 14 the principle of this modulator is
presented. Transmitted light wave carries an infor-
mation phase-disturbed in an optic fibre, while refer-
ence wave carries an information to modulator.
Phase noises are eliminated as a result of inter-
ference of both beams.

—
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Table 4. Parameters of OASLM manufactured
by Hamamatsu Corp.

Twisted NLC | Homogeneous | Ferroelectric
NLC LC
Active area 18 x 18 18 x 18 18 x 18
[mm?]
Resolution 50 50 100
[lp/mm]
Response time Tr=350 Tr=50 T:=0,06
[ms] Tr=40 Tr=40 Ty= 0,04
Contrast ratio 100:1 2n 30:1
Memory — — Bistable
Image polarity — —_ Bipolar
Modulation Intensity Phase-intensity Intensity
glass substrate ITO layers spacer
antireflection layer
~JD ITLTH
white writing light — — 1 H readout light
— == |[— -
= — 0 = [f=uk
e = — - -— -=»
— : : : | +— ==
. —H || —/[--
=y =3 || —f -
R e —N -
AINEEN A=
\/ half-transparent mirror
a-Si:H aligning layers LC

Fig. 13. A construction of OASLM manufactured by
Hamamatsu Corp.

optical fiber: image transmission

illumination
SLM
o [\
1
N T Reconstructed
image
Original image T
o laser beam
S E FLCPFE S

aptical fiber: image transmission

Transmitter Receiver

Fig. 14. Interference of transmitted and reference beams in
SLM decreasing phase noises, PF photoconductor, E —
electrodes, S — glass substrata, FLC — ferroelectric LC.

In [25] a construction of SLM using polymer-dis-

persed LC — PDLC and photoconductive layers of
Bi12Si02¢ (BSO) has been described. This system
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transformed poor output image to excellent projection
image. The construction and mode of work of this
modulator is given in Fig. 15. PDLC and BSO films
were 10 and 250 pm thick, respectively. Typical static
electro-optical characteristic of PDLC film is shown in
Fig. 16 [26]. In case of conventional LC SLM more
than 50% of read-out light is lost at a polarizer, while
PDLC based modulator does not require polarizer at
all. The modulator of this kind with threshold resolu-
tion 3650 Ip/m has been constructed. On this base
projection system has been developed (see Fig. 17) in
which LC active matrix transducer has been used as
input image element and 1 kW xenon lamp as a projec-
tion light source. The green image with diagonal of
60’’, high contrast (100 : 1) and luminance 1500 Im has
been obtained. Systems of this kind can be applied at
command stations.

a) b)

Antireflection
BSO Glass fim

_a F'*J

*j’f
Transparent
electrodes

Optical system

Dielectric
mirror

Mematic liquid Polymer
crystal

Ef;':
AED £
P

Writing
light

Light absorption
layer

Fig. 15. Schematic view of polymer-dispersed liquid crystal
light valve (PDLCLV); a) without illumination, b) with high
level of illumination.

100

Transmittance (%)
(%]
o
I

Voltage (V _ )

Fig. 16. The dependence of transmission of PDLC cell 10 m
thick upon applied voltage.

Few interesting solutions have been presented in
[27]. Transducer applied to change of incoherent to
coherent image can be applied to fix a location and
orientation of three-dimensional objects, moreover, for
identification and tracking trajectory of object in real
time (e.g., missile or aircraft). An image of an object
illuminated by white light is projected at transducer

© 1997 COSiW SEP, Warsaw



(480x440 plxeis)

LCTV Reading

light

Writing
light
PDLCLY

TV signal
Screen

Xenon lamp

Fig. 17. Schematic view of monochrome projection display
using PDLCLYV and liquid crystal active matrix at the image
input, M — semi-transparent mirror, L - lenses.

input. Then obtained output signal (deformation of LC
structure) is modulated by coherent light beam which
together with reference beam is used to form a
hologram of Fourier transform of the object. Hologram
registered at photographic plate is then used as a filter
allowing to detect correlation signal in output plane of
an optical system. For stationary objects detection can
be performed, e.g. by vidicon camera, while obtained
image is presented by TV monitor.

There have been studies on the application of image
transducer to compress radar signals and process data
concerning a position and velocity of tracked objects.
Antenna signal is mixed in radiolocation receiver with
heterodyne signal to adjust it to work frequency of the
system of pulses compression.

00003

(8 ’B 9
—q—

Fig. 18. Scheme of a construction of an image collector with
image transducer; 1- laser light beam, 2 — acousto-optic
transducer, 3 — optical system, 4 — polarization cube, 5 -
image transducer, 6 — CRT, 7 — computer, 8 — photodiode,
9 — optical input.

Radar signal is compressed in optical correlator
containing image transducer (see Fig. 18) and trans-
formed into electric signal by photodiode. Input signal
is transmitted to acousto-optical transducer made as
Bragg cell. The first pair of lenses projects deflected
beam at output surface of image transducer. Optical
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system of lenses passes only first order side beam of a
signal. Signal of an adjusted mask is projected from
CRT to input side of image transducer. Incident radar
signal is correlated with reference mask represented in
LC film by a measurement photocurrent of photodiode
placed in zero order of space frequency of Fourier
transformation. Photodiode signal is amplified and
used in optical Doppler processor, which also contains
image transducer. Laser beam is diffracted at acoustic
wave generated by a signal in horizontal plane in
acousto-optic transducer working as a processor input.
The beam, after passing a horizontal deflector, is
projected at an addressing input of image transducer. A
deflector placed behind the acousto-optic transducer
deflects beam vertically. An image obtained at the
output is read by collimated beam of argon laser. Ver-
tical transformation obtained by cylindrical lens and
horizontal image allow to obtain an information con-
cerning a distance and velocity of an object.

Nowadays the development of LCSLM’s is very
fast and promising [28].

3. Holography applications of liquid
crystals

Hologram, in its simplest form, is in principle a
kind of photography. The specific way of this photog-
raphy consists in an information included into
hologram, especially concerning phase and amplitude
of transmitted or reflected light. For this reason, more
competent information concerning registered object is
included.

There are many different materials used for
holograms making. The simplest one is photographic
plate or foil of large resolution, on which an image of
interferometric fringes originated from real object is
registered. In this way hologram can be registered in a
static way. The next stage is hologram read-out. The
latter procedure consists in illumination of a hologram
by coherent light and obtaining an image of a real
object. As one can see, the stages of writing and read-
out of a hologram are separated.

The most interesting is a situation when both above
processes can be performed in the same time. This
situation is called real-time holography [29]. Such an
effect can be obtained, amongst others, using liquid
crystals (LC) [30]. Typical set-up for real-time holog-
raphy applying LC transducer is given in Fig. 19.

Light dividing plate BS divides laser light beam
into two parts. The first one, so called object beam,
incident optical system UO, which allows to illuminate
an object P. The second one plays a role of a reference
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l —— real-fime
( ] image

M. 7
/T_“"“*——— —_— [ A
e, fow .
w [ F | T

05 object LC cell

Fig. 19. Experimental set-up for real-time holography: L —
laser, LD — light dividing plate, M — mirror, OS — optical
system.

beam. Both beams are transmitted at LC transducer. As
a result of an interference diffraction grating, con-
structed on local refractive and absorption coefficients,
emerges. To obtain an image with good resolution
changes of refractive and absorption coefficients
should be so high to diffract at least one of the beams.
Two waves A and B with wave vectors ka and kg ,
amplitudes Aa and Ag and intensities I and Ig form a
diffraction grating. If an angle between beams is equal
®, the wave vector of an obtained grating is given by
an equation:
Grating period L is given by a formula:

2n (24)

where q stands for a module of q vector.
Grating period can be also expressed as a function
of an incidence angle ®:

A (25)

A= 1)
2 3 ——
I‘lSln[zJ

In case of small angles one can obtain:

A (26)
A= n®

The smallest grating period can be obtained for
light beam incident at 180° angle. Using visible light
and a material with high An one can obtain A lower
than 100 nm.

In practice each material, not only LC can be ap-
plied as a material for real-time image writing, because
in each material An and Ae changes during such a
situation, especially in case of photorefractive
materials. Usually those changes are so small, how-
ever, that effective images cannot be obtained.
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LC’s allow to obtain real-time holograms without
any developing process and for low-intensity read-out
beam. One of the possible solutions is an application of
a cell filled with dichroic dye-doped LC [31]. Such a
cell consists of two glass plates with conductive and
aligning layers. LC thickness from 10 to 100 um is
usually used. As a LC material typical LC mixture of
Ae > 0 with homogeneous alignment can be adopted.
Such a mixture is usually doped by few tenths of
weight per cent of light-resistant antraquinone dyes.

Dynamic process of a creation and vanishing of a
hologram in an experiment of degenerated mixing of
two light beams is presented in Fig. 20. Writing of a
hologram requires an application of an electric field E,
higher than threshold one, to the LC cell. For this
reason a homeotropic alignment of LC containing dye
is obtained. The proper conditions to write an image
consist in an equilibrium between electric field and
surface interactions of cell walls. The crucial role is
played by sub-micron structures being a kind of
domains. The key parameters of the system are speed
of image writing and vanishing and reproducibility and
efficiency of these processes. Till now an efficiency of
first order diffraction is better than 30%, while writing
times are order of 1 ms. During image vanishing one of
beams is blocked.

LD +*

Computer

Fig. 20. Dynamic process of a creation and vanishing of the
hologram during degenerated mixing of two beams; BC —
beam cracker.

Vanishing of a hologram can be performed not only
by an elimination of one of beams but also by voltage
switch-off, however the latter process is much slower.
The largest efficiency can be obtained if a polarization
direction of an incident beam coincides rubbing direc-
tion at a cell wall. The mechanism of hologram emerg-
ing in LC structures is connected with induced
photoconductivity [33].

Holograms in LC systems allow to obtain new ap-
plications, e.g. holographic memory, optical cor-
relators, optical transistors and holographic movies.
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4. Liquid-crystal waveguides

One of the most interesting applications of optical
signals processing are LC integrated optics systems. In
a waveguide system, in which guiding layer is made of
LC, a detection or modulation of light can be obtained.
[34]. To drive changes of LC refractive index electro-
or acousto-optical effects can be adopted. The general
scheme of a deflection of light beam in acousto-optic
version of a device is presented in Fig. 21.

the interdigital transducer k

the LC layer

the acoustic
wave front

R

Fig. 21. Scheme of interactions during a modulation of
electromagnetic wave guided by surface acoustic wave.

In this Figure interactions connected with modula-
tion of electromagnetic wave guided in LC layer by
surface acoustic wave (AFP) is presented. Surface
wave is generated in piezoelectric substrate by inter-
finger transducer. LC layer is made in this way that
may act as a waveguide for electromagnetic wave. An
introduction of light into LC waveguide is based on an
application of prismatic grating couplers and suitable
optical microsystems based on laser diode and allow-
ing to introduce wave directly from waveguide front.
[35]. Prismatic couplers act on the base of tunneling
coupling of incident wave with waveguide modes
guided in LC layer placed at one of prism walls. They
are made of materials with high refractive index, while
waveguiding LC layer is placed between layers of
refractive indices lower than LC ordinary refractive
index. The thickness of such an optical buffer should
be calculated in a suitable way [36].

Electric driving in a system shown in Fig. 21 is
obtained by an application of typical transparent con-
ductive oxide electrodes applied at the waveguiding
path. Electric field cause uniform distribution of
refractive index in waveguiding layer. As a result of an
interaction of waveguiding mode with non-unifor-
mities of refractive index one can obtain a diffraction
of guided wave.
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In a construction of such devices one can find, apart
of advantages, also the following difficulties:

» methods of an introduction and getting out of
electromagnetic wave to and from LC waveguiding
layer,

» preserving a suitable collimation of light beam for
Bragg regime,

» minimization of AFP damping under LC layer,

» minimization of waveguiding modes damping

The third of enlisted problems has been described
in [37-39]. Chosen elements of an AFP application in
waveguide adopted for acousto-optic modulation have
been presented there. The special attention has been
paid to surface transverse (STW) and Stoneley waves.
The best results of acousto-optic driving are obtained
for Stoneley wave propagating on the border between
LC and elastic substrate.

Very difficult task is a light beam forming to intro-
duce it into optic fiber and obtain low beam refraction
in waveguide plane. The technology of beam forming
is crucial for a parameters of deflector construction.
Using Bragg effect one should remember that beam
parallelity affects parameters of waveguide deflector.

An application of waveguide deflector is limited to
processing of low-power light signals due to nonlinear
effects in LC layers. Usually source power up to
10mW has been used.

Technique of an introduction of light beam into LC
layer affects energy losses; usually losses order of
1dB/cm have been observed. When unpolarized light is
used for an excitation losses over 10dB/cm are ob-
served [40]. However, it is possible to obtain
reproducible losses order of 3dB/cm [38].

The special area of an application of LC
waveguides are studies of LC material parameters.
Typical techniques used in solid state physics have
been adopted for this purpose (attenuated total reflec-
tion or total reflection). Those methods can be im-
proved by integrate optics techniques [41-43]. In
mentioned works measurement head build of two
prism couplers with LC waveguide between them has
been adopted [6]. The method of measurement of
refractive index profile allows to obtain a local opti-
cal axis in transversal cross-section of a waveguide
[42]. Results of measurements obtained by this
method allow to find elastic interaction between LC
and a substrate [38].
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