
This article was downloaded by: [University of Haifa Library]
On: 20 August 2012, At: 20:16
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Enhanced Photorefractive
Effect in Hybrid Conducting
Polymer - Liquid Crystal
Structures
Stanislaw Bartkiewicz a , Andrzej Miniewicz a ,
Francois Kajzar b & Malgorzata Zagórska c
a Institute of Physical and Theoretical Chemistry,
WUT Wybrzeze Wyspiañskiego 27, 50-370, Wroclaw,
Poland
b LETI (CEA - Technologies Avancées), DEIN-SPECE
Saclay, F-91191, Gif Sur Yvette Cedex, France
c Faculty of Chemistry WUT, Noakowskiego 3,
00-664, Warsaw, Poland

Version of record first published: 24 Sep 2006

To cite this article: Stanislaw Bartkiewicz, Andrzej Miniewicz, Francois Kajzar &
Malgorzata Zagórska (1998): Enhanced Photorefractive Effect in Hybrid Conducting
Polymer - Liquid Crystal Structures, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 322:1, 9-20

To link to this article:  http://dx.doi.org/10.1080/10587259808030194

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259808030194


PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

16
 2

0 
A

ug
us

t 2
01

2 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq. Crysf., Vol. 322. pp. 9-20 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

Printed in Malaysia. 

ENHANCED PHOTOREFRACTIVE EFFECT IN HYBRID 
CONDUCTING POLYMER - LIQUID CRYSTAL STRUCTURES 

STANTSLAW BARTKIEWICZ and ANDRZEJ MINlEWICZ 
Institute of Physical and Theoretical Chemistry, WUT 
Wybrzeze Wyspiaiiskiego 27, 50-370 Wroclaw, Poland 
FRANCOIS KAJZAR 
LET1 (CEA - Technologies Avancees) DEIN - SPE, CE Saclay 
F-91191 Gif Sur Yvette Cedex, France 

Faculty of Chemistry WUT, Noakowskiego 3,OO-664 Warsaw, Poland 

Received 27 April 1998; accepted I May 1998 

MALGORZATA ZAG~RSKA 

Abstract. We report about a nematic liquid crystal device suitable for efficient 
coherent beam amplification. A proposed novel hybrid structure is composed of 
nematic liquid crystal layer sandwiched between suitable ultra thin 
photoconducting (Disperse Red 1 functionalized polythiophene) polymeric 
surface layers serving as orienting as well as space charge generating layers upon 
light incidence. The gain coefficient measured at incidence angle 45" in 10 pm 
thick liquid crystal layer in a conventional two-wave mixing experiment is one of 
the highest reported so far for the similar systems and amounts to g = 7. The net 
exponential gain coefficient is very high r = 2600 cm-' and is obtained at 
voltages below 1 V/pm. 

INTRODUCTION 

A diverse range of applications has arisen that benefit of liquid crystal ability to 

change their birefringence upon electric field. These applications include liquid 

crystal (LC) displays, LCTV's, LC spatial light modulators, LC beam deflectors, 

LC active matrix scattering devices, etc.'". In recent years this range has been 

widened by discovery of a new phenomenon: a light induced photoconductivity 

mediated index grating recording in dye-doped liquid crystals, the effect that 
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10 S. BARTKlEWlCZ er al. 

mimics a well known photorefractive one4-''. Real-time holographic devices like 

reconfigurable optically addressed spatial light modulators, phase conjugate 

mirrors, optical pattern recognition systems are the examples of new possible 

applications for those materials. A rapid progress in material properties and 

liquid crystal panel design, in just a few years, brought the performance of liquid 

crystal rnaterials"'l2 to the level reached by the photorefractive polymers, 

another exciting group of novel materials for photonic  application^'^"^ 

Scheme 1 .  Chemical structure of a DR1 substituted poly(3-alkylthiophene). 

In a series of recent papers we have described the photorefractive 

performances of dye-doped nematic liquid crystal In these liquid 

crystal cells index gratings were recorded due to long molecular axis (director) 

reorientation in an electric field acting on a liquid crystal layer and additionally 

periodically modulated by light intensity pattern which induced the bulk 

photoconductivity of the system. The elaborated by us simple model" pointed 

out that the dominant index modulation is local with respect to the light 

modulation. Local gratings allow for holographic data processing but not for 

image amplification, in the latter case a nonlocal or shifted index grating with 

respect to the light intensity pattern is desirable. The same model predicted the 

existence of the nonlocal effect too, which, however, in standard experimental 

configuration was of minor importance. In order to take advantage of the 

existence of the nonlocal grating other liquid crystal panel has been proposed in 
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PHOTOREFRACTIVE EFFECT IN HYBRID STRUCTURE I I  

which nematic liquid crystal was a nonphotoconducting substance and the 

photoconducting properties were entirely confined in a surface layers of a liquid 

crystal cell. This allowed us for observation of energy transfer between the 

beams in a two beam coupling experiment’*: The exponential gain coefficient r 
observed by us in a liquid crystal panel with E-7 nematic mixture sandwiched 

between photoconducting surface layers made of poly(3-octylothiophene) 

polymeric layer approached r = 1000 crn-’ 12. 

In this paper we report on the observation of still higher two-beam 

coupling gain, g = exp(r t) = 7 and net exponential gain coefficient r = 2600 

cm-’ which was achieved in LC panel containing commercially available E-7 

nematic liquid crystal with surfaces covered by thin layers of Disperse Red 1 

finctionalized polythiophene. Polymeric photoactive coatings served both as 

space charge field formation layers and liquid crystal ordering layers. 

EXPERIMENTAL 

We used soluble polythiophene derivative containing NLO chromophore 

commercially known as Disperse Red 1 (DR1). This polymer was prepared via 

copolymerization of 3-alkylthiophene and 2-m-ethyl-N-[4-(4- 

nitrophenylazo)phenyl]amino]ethyl 3-thienylacetate, its structure is shown in 

Scheme 1 and the details of synthesis will be reported elsewhere”. Poly(3- 

alkylthiophenes) are known as good photocond~ctors’~”~ and DR 1 substituted- 

thiophenes also exhibit these properties as was proved by the experiments 

presented in this paper. These polymeric layers simultaneously perform a dual 

finction - that of partially transparent but photoconducting layer and of 

alignment inducing layer (substituting conventional polyimide layers). Polymer 

was dissolved in CHCL and the layer was prepared by spin-coating (at 2000 rpm 

for 30 s and 4000 rpm for 40 s) on I T 0  covered glass plates. After that 

polymeric layers (on average 100 nm thick) were uniaxially brushed and the 

resulting plates were sandwiched, with the use of a 10 pm polyester spacer, in 
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12 S. BARTKIEWICZ rt at. 

parallel to each other so the planar ordering of nematic liquid crystal could be 

imposed. The layers showed optical uniformity over the whole display area (1 

cm x 1 cm) and absorption band with the maximum around 480 nm. The 

absorption peak characteristic of the chromophore underwent a batochromic 

shift from 485 nm (pure DRl) to 516 nml’. The position of the absorption 

maximum suggests that the main absorption is due to the x-x* transition in the 

polyconjugated backbone. Illumination at 5 14 nm leads to photogeneration of 

charge carriers in the system under study. The cells were filled by a capillary 

action with a multicomponent nematic liquid crystal mixture E7 (Merck KGaA, 

Darmstadt) and showed homogenous alignment. Such an LC composition at 

room temperature is characterised by a positive static dielectric anisotropy As= 

+13.8, birefringence An = 0.2253 at 589 nm (b = 1.7464, n, = 1.521 I), viscosity 

v= 39 mm2s-l and a clearing point at 331 K? A schematic structure of the 

described above hybrid conducting polymer - liquid crystal device is shown in 

Fig. 1. The layered structure is composed of : glass plate, IT0 covered glass 

surface, photoconductive polymer, nematic liquid crystal, photoconductive 

polymer and IT0  covered glass plate. The DC voltage supplier (0 k 50 V) was 

connected with the help of thin wires to the IT0 surface layers. To study 

photorefractive properties of such a system we employed a well known method 

of two-beam coupling21s22 which allows for recording of refractive index gratings 

and evaluation of material’s fundamental holographic properties. The typical 

two-wave mixing experiment is shown in Fig. 1 where two coherent @- 

polarised) beams from a continuous-wave Ar’ laser (wavelength I = 514 nm) 

intersect within an optical medium and form a simple interference (intensity) 

of the intensity grating was set between 4 grating. The spacing A = 

to 80 pm by changing the incidence angle 8 between two writing beams. At 

oblique light incidence angle (p = 45”) and small wave mixing angle q with p- 

polarised beams and light electric field vectors along the brushing direction we 

A 
2n sin( 0 / 2) 
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I'HOTOREFRACTIVE EFFECT IN HYBRID STRUCTURE 13 

FIGURE 1 .  (a) Schematic configuration for beam coupling in a tilted 
thin nematic liquid crystal cell equipped with polymeric 
photoconducting layers. The pump and probe Zl0 beams are 
polarised in a plane of the paper. The co-ordinate system and wave 
mixing q and incidence b angles are also indicated. (b) Simplified 
schematic structure of the device. Here a - is the glass plate, b - is the 
IT0 conducting and transparent layer, c- is the photoconducting 
polymer, d - nematic liquid crystal mixture, e - denotes the polyethylene 
spacers. DC voltage is applied to the IT0 electrodes. 

observed an efficient self-dfiaction with a multiple orders of diffraction visible 

in far field, providing that a suitable external electric field E, (O< E, < 10 

kV/cm) was externally applied. In such a case one deals with the Raman-Nath 

type" of difiaction in which the angular spread of the grating wave vector is 

larger than the Bragg angle. No self diffraction occurred for normal light 

incidence (p = 0") neither at zero external electric field. The latter eliminates the 

possibility of grating formation due to pure thermal effects 
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14 S. BARTKlEWlCZ rt uI. 

0 4 8 12 16 20 
u I V l  

FIGURE 2. Probe beam gain g as a function of voltage U applied to the 
above described liquid crystal panel measured in two-beam coupling 
configuration. The thickness of E-7 nematic liquid crystal layer is d = 10 pm. 
Probe to pump beam intensity ratio m = 10,120 = 100 mW/cm2, k = 5 14 nm, 
p = 45", 8 = 0.6", both beams are p-polarised. The line serves as a guide for 
eyes only. 

RESULTS AND DISCUSSION 

The index grating inside the nematic liquid crystal arise due to electric field 

driven reorientation of nematic director as a result of a spatially modulated space 

charge field created by a light intensity pattern in two surface layers of polymeric 

photoconductor. Light intensity pattern formed by two intersecting beams (plane 

waves) of intensities I ,  and f2 has the formz3 

I ( x ) = ( I ,  +1,)[1+- 2m cos( Kx)]  
1, +I* 

where K = 2x / A  , and A is the grating spacing. The respective sinusoidal space 

charge grating is created under steady state illumination conditions in a 

photoconductive layers due to photogeneration and diffusion of charge carriers 

The period of this grating, due to a tilting by angle f3, will be higher A, ~ hcos 

p than the period A. The space charge electric field along the surface layers can 
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PHOTOREFRACTIVE EFFECT IN HYBRID STRUCTURE 15 

10 20 30 40 50 60 70 
I\ I w 1 

FIGURE 3. Plot of the net probe gain g as a finction of grating spacing 
A. Other experimental conditions as in Fig. 2. The line serves as an guide 
for eyes only 

E, = Eo,, sin(K&) (2) 
where the axis x is turned by angle p with respect to the x axis (cf. Fig. 1). This 

means that due to pure diffision process of charge carrier transport the electric 

space charge field grating is shifted by an angle x12 with respect to the light 

intensity grating. The sum of electric space charge field Ex and externally applied 

electric field along the z-axis E, form a complex modulated pattern inside a 

dielectrically anisotropic liquid crystal which leads to the periodic director 

reorientations along the lines of this resulting electric field. The reorientations of 

nematic director are possible if the local total field strength exceeds the electric 

Freedericksz threshold field. Then the director modulation is transformed into 

the periodic spatial modulation of the refractive index, i.e. into refractive index 

grating which has no simple sinusoidal form. Moreover, the index grating is not 

uniform throughout the thickness of the liquid crystal layer, being more 

pronounced nearby the both photoconducting polymer surfaces and weaker at 

the centre of the layer. Nevertheless between sinusoidal light intensity grating 

and refractive index grating exists a phase shiftf responsible for the energy flow 

from one to another input beamz3. The direction of the energy flow is determined 
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16 S. BARTKIEWICZ et a/, 

be the sign of the angle 4 . Experimentally it has been show that for a given 

experimental geometry the magnitude of angle 4 and even its sign can be 

changed by the value and sign of the externally applied electric field strength, 

respectively. 

The transfer of energy between the beams was measured by monitoring 

the ( I ] )  intensity of beam 1 after the sample without beam 2 applied, and (112) the 

intensity of beam 1 after the sample with beam 2 applied. The input beams 

intensities were different and their ratio m = I2dZl0 was equal to 10, where the 

subscript 0 denotes the respective beam intensity before entering the sample. The 

highest weak beam amplification that we observed in the system studied 

amounted to g = 7 (a is called gain). For ZI and I12 being the signal beam output 

in the absence (11) and presence (Il2) of the pump beam 12 the gain g can be 

expressed asz4: 

I,, l+m g=-= e 
I, l+me-'L (3) 

where a is the average absorption coefficient of a liquid crystal at the excitation 

wavelength, L is the interaction length and r is the exponential gain coefficient. 

This coefficient is expressed for a co-directional two-wave mixing byz4: 

where LZGA is the effective (averaged over thickness) amplitude of index of 

refiaction grating. Putting a z 10 cm-' and A = &cos /?' (where the inner 

incidence angle p = 26,22" for p = 45' with n = 1.6) one finds I, = 1 1.15 p. 

The maximum exponential gain coefficient observed in the described system at 

optimal conditions amounted to r z 2600 cm-'. This means that even for the 

thickness L CI 10 pm in this device an interesting regime of r L > 1 has been 

reached (here r L = 2.893) at the electric field strength of only 0.7 V / m .  The 

value of r reported by Wiederrecht et a1.6 for 37 mm thick nematic liquid 

crystal layer amounted to 640 cm". In photorefiactive polymers with r = 200 
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PHOTOREFRACTIVE EFFECT I N  HYBRID STRUCTURE 17 

cm-' this field is at least two orders of magnitude higher (1 20 V/pm) ". 

In the case of studied liquid crystal cell from the relation (4) one can 

evaluate the maximum refractive index grating amplitude assuming for the 

measured G E 2600 cm". Putting 4 = x/2 the value of averaged over thickness 

refractive index grating amplitude amounts na 0.02, which makes near 10% 

of the nematic liquid crystal birefringence. If in reality the phase shift is smaller 

f < p/2 then a higher values of refractive index grating amplitudes must be 

realised in the liquid crystal. In Fig. 2 we show how the beam coupling ratio g = 

Il2!Z, changes in function of voltage applied to the 10 mm thick liquid crystal 

layer, The intensity of stronger beam was set to 120 = 100 mW/cm2 . There is no 

gain (g = 1)  for voltages in the region below the characteristic Freedericksz 

effect threshold voltage (U,h - 2V). A fbrther increase of voltage causes a steep 

rise of gain to the maximum value of g = 7 which is reached at U = 6V. For still 

higher voltage there is a smooth decrease of gain to the value g = 5 at 20 V. The 

decrease of gain with an increase of voltage in the region 8 - 20 V is connected 

with the change of refractive index profile across the sample thickness which 

changes from being sinusoidal for smaller voltages to nonsinusoidal for higher 

ones". The sharpness of g v )  curve corresponds to the sharpness of the 

derivative of an effective extraordinary index of refraction rtCff versus voltage" 

in the vicinity of electric Freedericksz transition in nematics. The levelling off 

g(v) curve seen at higher voltages applied to the sample reflects a state of 

complete, nearly homeotropic, ordering in LC layer which does not favour 

fbrther director reorientation. 

In Fig 3 we plot the dependence of gain g on grating spacing A. It is 

clearly seen that there is an optimum grating spacing (& 30 pn) for which the 

gain is at its maximum. A fast gain decrease is seen when grating spacing 

decreases and slower when grating spacing increases. However, a high gain g > 

4 can be observed within a L range 5 - 80 nun. One can tentatively explain the 
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18 S. BARTKIEWICZ ri ul. 
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4 1  I I I I , ,  , 
280 290 300 310 3; 

Temperature [ K I 

FIGURE 4. Plot of the probe beam gain as a function of temperature of 
liquid crystal panel. 

gain reduction at lower grating spacings by elasticity of liquid crystal which 

resists to modulate its structure when period of modulation becomes small. This 

was proved both experimentally and by Monte Carlo simulation techniques 

applied to liquid crystal placed in the siusoidally modulated electric field 26, 

Explanation of gain drop at higher grating spacings can not be connected with 

the liquid crystal properties, then we linked it with the properties of the 

photoconducting polymer itself. The amplitude of space charge field generated 

by sinusoidal light intensity pattern in polymer depends on the effective charge 

transport length L e f .  For no applied field Lef can be found from the carrier 

diffusion length LD and the grating wavevector K F :  

K & D  

Lef = 1 + (K,L,)2 LD 

z is the carrier diffision length, p is the carrier where LD = (- 

mobility, tlec is the recombination time and ks is the Boltzmann constant. L g  is 

then a finetion of grating spacing (Kp = 2 d A  ) and has the maximum Lef = 

0.5, LD at &&, = 1. Assuming that the observed by us maximum of gain in 

hnction of L b  can be attributed to the process of space charge field formation 

photoconducting polymer one can estimate the value of the product preC = 4x10- 

P k B T  
e 
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PHOTOREFRACTIVE EFFECT IN HYBRID STRUCTURE 19 

9 2  m V'. Knowing, from separate measurements, either p or T,, values the other 

can be estimated from grating measurements as presented in this work. The 

above estimation, however, should be treated with limited confidence as the 

position of the maximum of gain fbnction may be apparent, being also 

dependent on the way of measurements e.g. for higher grating spacing less 

number of fringes is contained within a beam diameter what leads to the weaker 

diffraction of light, too. 

Temperature dependence of gain within 285 - 315 K range has been 

presented for the studied sample in Fig. 4. Starting from 300 K a noticeable 

decrease of gain occurs. We believe that this decrease of gain is connected with 

the increase of disorder when temperature of the E-7 mixture approaches the 

clearing point temperature (331 K) and possible induced by temperature 

gradients flows of liquid crystal which partially destroy the refraction index 

gratings. 

CONCLUSIONS 

We have demonstrated how the use of a novel hybrid structure composed of 

nematic liquid crystal layer sandwiched between suitable ultra thin 

photoconducting polymeric surface layers can produce a photorefractive device 

with the ability of coherent beam amplification. The gain coefficient g = 7 

obtained for only 10 pm thick liquid crystal layer in a conventional two-wave 

mixing experiment is one of the highest reported so far for the similar systems. 

The net exponential gain coefficient Tz 2600 cm-' is obtained at voltages smaller 

than 1 V/ pm. Devices of this type after maturation can easily be exploited in 

optical systems performing image amplification, image correlation or incoherent- 

to-coherent image conversion 
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