
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

Studies of Holographic Gratings
Formed in Polymer-Dispersed
Liquid Crystal Films and Their
Dynamical Behavior
Andy Ying-Guey Fuh a , Tsung-Chin Ko a , Ming-Shann
Tsai a , Chi-Yen Huang a & Liang-Chy Chien a b
a Department of Physics, National Cheng-Kung
University, Tainan, Taiwan, 701, ROC
b Chemical physics, ALCOM and Liquid Crystal
Institute, Kent State University, Kent, OH, 44242,
USA

Version of record first published: 24 Sep 2006

To cite this article: Andy Ying-Guey Fuh, Tsung-Chin Ko, Ming-Shann Tsai, Chi-Yen
Huang & Liang-Chy Chien (1998): Studies of Holographic Gratings Formed in Polymer-
Dispersed Liquid Crystal Films and Their Dynamical Behavior, Molecular Crystals and
Liquid Crystals Science and Technology. Section A. Molecular Crystals and Liquid
Crystals, 321:1, 365-381

To link to this article:  http://dx.doi.org/10.1080/10587259808025103

PLEASE SCROLL DOWN FOR ARTICLE

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259808025103


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. Cryst., Vol. 321, pp. 365-381 
Reprints available directly from the publisher 
Photocopying permitted by license only 

8 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Gordon and Breach Science 
Publishers imprint. 

F'rinted in Malaysia. 

Studies of Holographic Gratings Formed in Polymer-Dispersed Liquid 
Crystal Films and Their Dynamical Behavior 

ANDY YING-GUEY FUH, TSUNG-CHIN KO, MING-SHANN TSAI, 
CHI-YEN HUANG, and LIANG-CHY CHIENa 
Department of Physics, National Cheng-Kung University, Tainan, Taiwan 
701, ROC; achemid  physics, ALCOM and Liquid Crystal Institute, Kent 
State University, Kent, OH 44242, USA 

We have developed an economic liquid crystal-polymer dispersion material 
that can be used for storing optical holographic images, The obtained results 
show that the written grating-holograms are permanent, but are electrically 
switchable. Further, we studied the dynamical behavior and the temperature- 
dependence of the formed gratings. The gratings morphologies were also 
investigated using scanning electron microscopy (SEM). The results showed 
the thermal grating was competing with the grating due to photopoly- 
merization. The former dominated in the initial period, Later, it was offset or 
quenched by the photopolymerization effect which eventually dominated and 
determined the characteristics of the final gratings whose diffraction 
efficiencies were found to have a good correlation with their SEM images. 

Keywords: holographic storage; liquid crystal polymer dispersions; dynamics 

INTRODUCTION 

There has been intense interest in materials capable of recording 

holographic planar or volume gratings. These include and poly- 

m e r i ~ ' ~ ~ ]  photorefractive crystals, liquid  crystal^'^-^^, bacteriorhodopsin'lO1, 

semiconductor"'] and glasses"21. Diffraction efficiency and lifetime of the 

image, both during storage in the dark and, more critically, during multiple- 

[SO911365 
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read operations, are the most important properties required for a recording 

material to be applicable in a practical optical storage device, although other 

properties, such as cost, structural flexibility and ease of processing, are also 

very important. There are some advantages and limitations associated with 

those storage materials mentioned above. Of the photorefractive materials, 

for example, polymeric materials are more economic, have better structural 

flexibility and are easier for processing in comparison with their inorganic 

cousins. However, their main disadvantage is that the lifetime of the image is 

currently limited to a matter of hours, because the charge do not remain 

trapped for longf4]. Although 'fixing' of the holographic image can be done 

with inorganic material, it usually requires the use of a high field andor time- 

consuming large-temperature cycle. The liquid crystalline systems that have 

been investigated in the context of persistent grating also involve large laser- 

induced temperature and phase changes due to the highly absorbing dye used 

in these ~tudies[~-''. 

Recently, the use of polymer-dispersed liquid crystal (PDLC) films to 

record optical interference patterns, e.g. holograms and gratings has been 

rep~rted"~-'~I. The formed gratinghologram is permanent, but can be 

electrically switchable. In this paper, we report the results obtained from the 

dynamical studies of gratings formed in PDLC films. Qualitative studies on 

phase separation in the PDLC films having various liquid crystal-polymer 

mixing ratios were first made using a light scattering method. We then 

investigated the dynamical behavior of gratings at various ambient 

temperatures. The gratings' morphologies. were finally investigated using 

scanning electron microscopy (SEM) and were found to have a good 

correlation with the gratings' final diffraction efficiencies. 
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EXPERIMENTS 

Figure l(a) shows the experimental setup for studying the dynamics of the 

gratings formed on the PDLC films. Two writing beams, EI and E2 derived 

from an Ar'laser (h  = 514.5nm ), intersected at an angle 8 - 2.4". They were 

unfocused, and had a beam diameter - 4mm. 

(b) 
FIGURE 1 a) The experimental setup for studying the dynamical 
behavior of a PDLC grating at various temperatures; b) probed by an 
He-Ne laser, the final grating of a) yields the diffracted image (bottom) 
at the field-off condition, diffraction is switched off (upper image) with 
the application of an AC voltage -14OV onto the sample. 
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They each had approximately equal power -75mW. Since they were 

coherent, an intensity interference pattern was set up in the intersecting 

region where the sample was placed. An unpolarized He-Ne laser was 

introduced in the plane determined by the El and E2 beams to probe the 

writing region of the sample. The intensity of one of the first-order diffracted 

beams was monitored as the grating was being formed. 

The liquid crystal and polymer materials employed in this experiment 

were E7 and NOA65"". respectively. A small amount of photoinitiator dye, 

Rose Bengal (RB), was added to the E7-NOA65 mixture. The function of this 

dye, with the presence of a coinitiator in the polymer, is to form free radicals, 

and then to initiate polymerization of NOA65 with the exposure of the film to 

a green-blue light. Drops of the homogeneously mixed E7-NOA65-dye 

mixture were then sandwiched between two indium-tin-oxide (lT0) coated 

glass slides separated by 36 pm thick plastic spacers to form a sample. 

During the experiments, the sample was placed in a temperature controller. 

The dynamical changes of the first order diffraction efficiency, for gratings 

formed in the PDLC films having - 20wt% E7, were studied as a function of 

time with the addition of various RB dye concentrations. The same 

dynamical experiments were then carried out for films having LC contents 

-2Owt% and 40wt% at various ambient temperatures with the addition of an 

optimum dye concentration of - 1.5wt%. 

How the structure of an E7-NOA65-dye system develops during the 

curing process is also important. It helps in understanding the dynamical 

behavior of the formation of the gratings. A light scattering method was used 

to determine the onset of phase separation in this PDLC system. The sample 

was placed in a temperature chamber. Both an Ar+ laser and a He-Ne laser 

were beamed on the sample simultaneously. These two beams made an angle 

- 1.2' and overlapped at the sample. The He-Ne laser was used to probe the 
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transparency of the sample when it was cured by the Art laser. The onset of 

turbidity can be used to set an upper limit for the liquid crystal solubility in 

the polymer[l6]. This has been applied to the determination of solubility limits 

in the PDLC films with apparently good r e s ~ l t s " ~ ~ ~ ~ ~ .  In other words, the 

transmission of the probe beam will be unchanged if no phase separation or 

no macroscopic phase separation occurs during curing. It should be noted that 

this method does not apply if the phase separation produces nematic domains 

much smaller than the wavelength of light. Qualitative, we therefore assume 

that no phase separation occurs if the transmission of the probe beam is 

unchanged in this case. 

The morphologies of the cured gratings and the PDLC films were also 

examined using scanning electron microscopy (SEM). The preparation of 

SEM samples was reported in Ref. [ 141. 

RESULTS AND DISCUSSIONS 

Figure l(b) shows the diffraction image (bottom) of a final grating yielded 

from Fig. l(a), probed by a He-Ne laser in the field-off condition. The 

formed grating is permanent, but is electrically switchable. The diffracted 

beams can be switched off with the application of an AC voltage having 

Vm,,s14OV. The result is shown in the upper image of Fig. l(b). 

Figure 2 shows the results obtained from the light scattering experiment 

with the films of E7-NOA65-dye system having various LC contents at room 

temperature. For samples having LC contents less than -30wt%, no phase 

separation was observed. It occurred roughly at -32wt%. Lovinger et al."91 

reported a detailed phase diagram of the E7-NOA65 (without dye). At room 

temperature, their result shows that phase separation occurs when the LC 

content is greater than 30wt%. It indicates that the addition of the 

photoinitiator dye does not significantly affect the phase separation. 
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-3 0 3 6 9 12 I5 I8 21 ?A 27 M 13 36 39 42 45 48 51 54 5 1  60 63 66 69 7l 
lime (occ.) 

F'IGURE 2 Results obtained from the light scattering experiment 
with the E7-NOA65-RB dye system. The dye concentration in the 
mixture was -1.5wt%. 

The light scattering experiment for a sample having 20wt% E7 as a 

function of time at temperatures above room temperature was also conducted. 

The result (not shown) shows that no phase separation occurs at these 

temperatures either. It is reasonable since the solubility increases as the 

ambient temperature increases. 

Figure 3 shows the measured curves of the dynamical changes of the 

first-order diffraction efficiency (which is defined as the intensity of the 

diffracted beam divided by that of the probing beam) for a sample having 

-20wt% E7, as a function of time, with the addition of various RB dye 

concentrations at room temperature. The probing laser was diffracted almost 

immediately after the Ar' laser beams were on at t=O from the films with the 

addition of the RB dye. Without it, no grating effect was observed. The 

diffracted intensity was initially increased and peaked at - 8 seconds, then 

decreased, and finally increased again, and eventually become saturated. The 
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peak is seen to be increasing with the dye concentration. This is assumed to 

be due to the laser-induced thermal grating caused by photo absorption of the 

dye. In a separate experiment, we measured the refractive index of the pre- 

polymer NOA65 as a function of the temperature. The result (not shown) 

showed the refractive index decreased linearly with an increase in 

temperature. The intensity interference pattern produced by the two Ar' laser 

beams sets up a thermal grating due to photoabsorption of the dye molecules. 

Mathematically, it can be written as 

n=no+nzI, (1) 

where no is the linear ( under zero optical field ) refractive index, n2 is the 

Kerr coefficient which is negative in the present case, and I is the light 

irradiance. 

0.14 I 
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CURING TIME (ICE) 

FIGURE 3 Dynamical changes of the first-order diffraction 
efficiency for gratings formed in PDLC film having -20wt% E7 as a 
function of time with various RB dye concentrations. 

The other contribution to the grating is from the photo-polymerization 

effect. These results can be understood by considering the chemical 

potential'20-2'1. Photopolymerization preferentially initiates in the higher- 
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intensity regions. This gives rise to a spatial pattern of monomer con- 

centrations across the film. The consumption of monomers in these regions 

lowers their chemical potential. This gives rise to the diffusion of monomers 

towards the higher-intensity regions from the lower-intensity ones. On the 

other hand, as liquid crystal molecules are not consumed, their chemical 

potential increased in the higher-intensity regions over that in the lower- 

intensity regions due to the consumption of the NOA65 monomers. Hence 

there was a diffusion of LC molecules from the higher-intensity regions 

towards the lower-intensity ones, to equalize the chemical potential across 

the writing area. The molecular weight of the polymers in the higher-intensity 

regions increased from crosslinking to a much grater extent than the 

molecular weight of the polymers in the lower-intensity regions. Therefore, 

the intensity interference pattern produces a refractive index grating that is 

associated with the spatially varying molecular weight of the polymer 

molecules. This photopolymerization grating grew at a slower rate than the 

thermal grating, and was 180' out of phase with it. As a result, the diffracted 

intensity increased initially because of the rapid formation of the thermal 

grating as shown in Fig. 3. The intensity then decreased as the 

photopolymerization grating began to grow. When the gratings were equal in 

amplitude and opposite in phase, the diffracted intensity became zero. Finally 

the diffracted intensity increased again and eventually became saturated when 

the photopolymerization process was complete. 

Figure 4 shows the results of the measured diffraction efficiencies of the 

sample having a LC content - 20wt% as a function of the curing time at 

various curing temperatures with the addition of - 1.5wt% RB dye. 
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FIGURE 4 Dynamical changes of the first-order diffraction 
efficiency for PDLC gratings having -20wt% E7 as a function of time at 
various curing temperatures. 

The higher the curing temperature, the smaller the peak appearing 

initially. The thermal grating phenomenon can be observed till the 

temperature reaches - 35OC. It is believed that it is rapidly quenched by the 

higher diffusion speed of both the LC and the monomer molecules at higher 

curing temperatures with a lower viscosity as explained in Fig. 3. It is also 

seen that the diffraction efficiency of the final grating increases initially and 

then decreases. In order to explain this result, we investigated the SEM 

structures of these gratings, The results are shown in Fig. 5 ( top-view ). It is 

clear that there no LC droplets or domains in these images, and the results are 

consistent with those shown in Fig. 2. It is also note from Fig. 5 that the 

grating formed at 4OoC has the sharpest stripes. Its final diffraction efficiency 

is therefore the highest as shown in Fig. 4. 
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(c) 30°C (0 55°C 

FIGURE 5 “Top-view’’ SEM morphologies of gratings formed in PDLC 
film having a LC content -20wt% at various temperatures, (a) 10°C, (b) 20 
‘C, (c) 3OoC, (d) 4OoC , (e) 45 OC , (f) 55 O C  . 
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Figure 6 shows the result obtained from the light scattering experiment 

for a sample having - 40wt% E7 as a function of time at various curing 

temperatures. The RB dye concentration added was - lSwt%. It is seen that 

the onset of turbidity occurs later for the samples cured at higher 

temperatures. This indicates that the solubility of LC in the polymer increases 

with increasing temperatures. For curing temperatures below 4OoC, phase 

separation was observed. Above it, no macroscopic phase separation 

occurred. Figure 7 shows the top-view SEM morphologies of the same cells 

that gave the results shown in Fig. 6. The droplet morphologies were 

observed in samples cured at temperatures below 4OoC. This is consistent 

with the result shown in Fig. 6. It is also noted from Fig. 7 that both the LC 

droplets size and the density are affected by the curing temperature. As the 

temperature increases, both the solubility of the LCs in the polymer and 

molecular diffusion rate increase. 

I 

0 9  

0.8 

0.7 

0.6 1 0.5 

0.4 

0.3 

0.2 

0.1 

0 
-4 2 8 14 20 26 32 38 44 50 55 62 68 14 80 86 92 98 104 

CURING "ME (taec) 

FIGURE 6 Results obtained from the light scattering experiment for 
the film having LC content -40wt% at various curing temperatures. The 
RB dye concentration is - 1.5wt%. 
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The latter, in turn, increases the polymerization rate. As a result, the LC 

droplets for the sample cured at 10°C are small in size but dense. At 2OoC, 

the droplets size is larger because of a higher diffusion rate of LC molecules; 

but the density is lower because fewer LC molecules separate from the 

polymer. At temperatures above 2OoC, the amount of the LCs separating from 

the polymer is even less, so the droplets size gets smaller. As seen in Fig. 6 

no macroscopic phase separation occurs at temperatures above 45OC. The 

SEM morphologies (Fig. 7) of the corresponding samples support this result. 

Figure 8 shows the measured curves of the dynamical changes of the 

first-order diffraction efficiency for a sample having -40wt% E7 as a 

function of time at various curing temperatures. It is seen that the peak 

appearing initially in Fig. 4 is not evident for these films. Since the LC 

content in these film is 40wt%, the mixture, has a lower viscosity than those 

having a LC content of 20wt%. As a result, the thermal grating effect is 

rapidly quenched by the diffusions of both the LC and the monomer 

molecules from the consideration of chemical potential. For the gratings 

written at temperatures below 4OoC which show a phase separation as 

illustrated in Fig. 6, the formation of liquid crystal droplets begins at this 

time. It causes a rapid increase of diffraction efficiency starting at - t = 3s. 

When the droplets grow to have diameters comparable to the probing light 

wavelength, they scatter light effectively. The diffraction efficiency then 

decreases. For gratings written at temperatures above 45OC which show no 

phase separation, the final diffraction efficiencies do not change significantly 

as no droplets are formed. 

' 
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(d) 25°C @) 50°C 
FIGURE 7 'Top-view' SEM images obtained from the light scattering 
experiment for the film having a LC content -40wt% at various temperatures, 
(a) 10°C, (b) 15°C (c) 2OoC, (d) 25OC. (e) 35"C, (f) 4OoC, (8) 4S0, (h) 50°C. 
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(c) 40°C (9 60'C 

FIGURE 9 'Top-view' SEM morphologies of gratings formed in PDLC 
films having a LC content -40wt% at various curing Temperatures, (a) 2OoC, 
(b) 3OoC, (c) 4OoC, (d) 45OC, (e )  50°C, ( f )  6OoC. 
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At higher temperatures, the monomers diffuse faster. Thus, the 

polymerization rate is greater, and the polymer-rich regions become wider. 

This makes the width of the LC-rich regions smaller ( trough stripes which 

result from the washout of LC-rich regions by hexane in the preparation of 

SEM samples ). Also, the solubility is increasing with temperature. As a 

result, the refractive index difference between the LC-rich regions and the 

polymer-rich regions decreases with an increase in temperature. 

In conclusion, we have studied both the phase separation and the 

dynamical behavior of the gratings formed in E7-NOA65-Rose Bengal 

dispersion films at various temperature. In the present case, the dynamical 

change of the first-order diffraction efficiency can be suitably explained by 

competition between the thermal grating and the grating due to 

photopolymerization. For the films having a LC content -20wt% which 

showed no phase separation, we found that the thermal effect dominated 

initially at the temperatures below 35OC. Above it, the grating effect was 

rapidly quenched by the fast diffusive motion of both the LC and the 

monomer molecular in the film. This also explains the disappearance of the 

thermal grating effect in gratings formed in films having a LC content 

-4Owt%, Furthermore, the diffraction efficiencies of the final gratings were 

analyzed and found to be consistent with their SEM morphologies. 
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