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di� raction gratings in polymer dispersed liquid crystal ® lms by
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Results on UV recording of di� raction gratings in polymer dispersed liquid crystal (PDLC)
® lms made with commercially available components are presented. Gratings have been recorded
during the curing process by exposing the pre-PDLC mixture to a UV laser interference
pattern. The grating morphology, as well as the temporal evolution of the di� raction e� ciency,
have been experimentally investigated to determine their dependence on curing intensity,
liquid crystal concentration and spatial period of the grating. In optimal conditions the
resulting di� raction e� ciency of the ® rst di� racted beam achieved its theoretical limit for
transparent gratings, that is 33%. Possibilities of volume (re¯ ective) grating recording in these
materials are also discussed.

1. Introduction spatially-uniform UV curing (by conventional UV
Since the pioneering work of Sutherland et al. lamp radiation) have been studied in detail [5± 7] .

[1, 2] , the utilization of polymer dispersed liquid crystals Furthermore, this mixture has also attracted some atten-
(PDLCs) for the realization of electrically switched tion with regard to the possibility of writing di� raction
di� raction and holographic gratings has become one gratings, and some investigations in this direction have
of the main items of interest in the area of PDLC- already been carried out with the addition of a small
based electro-optical devices. The reason for this interest amount of dye to the sample and the use of visible
lies in the possibility of obtaining reliable, cheap and radiation [8, 9] . We have used di� erent liquid crystal
commercial elements for switchable holographic devices mass concentrations C , which range in the interval
[1, 3] ; indeed, up to date reported results concern the 20± 65 wt %. The lower limit corresponds to the highest
interesting realization of switchable holographic storage value of E7 concentration which is thermodynamically
in PDLC [4] . New attempts are continuously being stable in the polymerized sample (i.e no nematic droplets
made therefore to obtain good switchable gratings in a appear in the cured sample, which in such case is not a
variety of di� erent PDLC systems which can utilize PDLC sample). The upper limit of the range corresponds
simple, commercially available components, and require to the highest value of E7 concentration which is still
simple processing. The results reported in this paper stable in the pre-PDLC mixture (i.e. for C values higher
represent just one of these attempts. than 65 wt%, phase separation occurs spontaneously

without curing, and leads to the formation of macro-
2. Experimental scopic inhomogeneities within the sample). These limits

We have used the E7 nematic mixture (by Merck) refer to room temperature (20 Ô 1ß C), at which our
diluted in the well-known [5, 6] NOA65 UV-curable experiments have been carried out.
optical adhesive (by Norland): the system is a thiolene- The sample cells were made using two ITO-coated
based pre-PDLC mixture, whose properties under glass slabs, with thickness (20mm) controlled by appro-

priate mylar spacers. The mixture preparation and cell
® lling techniques (at room temperature) were very simple,*Author for correspondence; e-mail: umeton@fts.unical.it
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932 D. Duca et al.

since no vacuum or nitrogen atmosphere was required. (about 1mm of spot diameter) and the intensities of both
transmitted (zero order) and ® rst di� racted (® rst order)Uncured samples showed good stability: about one week

of shelf-life with no observable changes in the properties. beams are detected by photodiodes (PDt,d ) and visualized
on the oscilloscope. Their e� ciencies (g0 and g1 ,The optical set-up used for UV curing and di� raction

e� ciency measurements is presented in ® gure 1. The respectively) are calculated by using, as reference, the
red light intensity which was initially transmitted bylight beam from an Ar-ion laser (Coherent Innova 90C),

operating at the wavelength lB= 0.33 mm in the the sample, before the curing UV interference pattern is
switched onto it.power range 3 � 100 mW, is broadened by the beam

expander BE up to a diameter of about 25mm; it is then The morphology of the gratings obtained is checked
by an optical polarization microscope with a resolutiondivided into two beams of nearly equal intensities

(I 1 / I 2 = 0.95 Ô 0.02) by the beam splitter BS. These of about 0.5 mm, whose images are digitally detected by
a CCD camera (TCM 112 by GDS).beams intersect in the plane of the tuneable aperture I,

thus providing an interference pattern whose space As for switching measurements, they were carried
out in the same geometry (of course, without the UVperiod L lies in the range 3 � 11 mm. Di� erent L values

are obtained by changing the intersection angle of the irradiation) by utilizing the ampli® ed 100Hz bipolar
meander output of a signal generator (33120A by HP).two beams (that is by readjusting the BS mirrors). The

polarization is s-type, i.e. the E vector is directed along Everywhere below, the term s̀witching voltage’ refers to
the amplitude of this bipolar meander output. No d.c.the fringe pattern. The tuneable aperture is used to cut

o� the wings of the laser beam intensity pro® le, so that o� set was used except for measurements of the switching
relaxation time, which were carried out by using thefor a spot with a diameter of 2 � 5mm, the intensity is

uniform within a 5% accuracy. This set-up also enables ampli® ed unipolar meander output of the same
generator.the curing beam diameter to be changed without notice-

ably changing the value and the uniformity of the curing
intensity. Furthermore, in order to avoid undesirable

3. Results and discussion
spatial modulations due to Fresnel di� raction through As a general feature we stress that within the abovethe aperture I, a 1 : 1 image of the aperture is created by mentioned range of liquid crystal concentrations andthe lens IL at the entrance plane of the sample; it has grating spacings, gratings with a minimum di� ractionalso been checked that this lens does not introduce any e� ciency g1 = 1% have been successfully obtained.appreciable degradation in the quality of the impinging Optimal curing conditions (both intensity and durationbeam. The temporal evolution of the di� raction e� ciency of the UV irradiation), as well as morphological featuresof the grating is monitored by the probing red light and di� raction e� ciency, vary considerably howevercoming from a low power He-Ne laser (about 1 mW at across these ranges (in a quite reproducible manner).
lR= 0.63 mm, the choice of this wavelength being because Therefore, in order to get a systematic insight intoit is not absorbed by the sample). This probe beam, which the problem, we describe in detail the morphology, theis also s-polarised, is slightly focused on the sample temporal evolution of the di� raction e� ciency and

the switching characteristics.

3.1. Morphologica l features
Morphology undergoes evident changes during the UV

exposure; the investigation of this temporal evolution of
morphology is however beyond the scope of this paper
and will be reported elsewhere.

By varying C and L , the ® nal morphology of the
sample varies both from the point of view of phase
separation and anisotropy. Typical (and reproducible)
pictures taken at di� erent C values are presented in
® gure 2. They all refer to the same spacing L = 11 mm
and have been taken using crossed polarizers (whose axes
are, respectively, vertical and horizontal in the picture).

Figure 1. Sketch of experimental set-up. BE= beam expander; Figure 2 (a ) represents the g1 = 1.5% grating in the
BS= beam splitter; I= tuneable aperture; IL= imaging

C = 20 wt % sample. It is an isotropic and purely phaselens; S= sample; PDt,d= photodetectors for transmitted
grating revealing that no LC droplets exist, at least atand ® rst order di� racted probe beams, respectively;

M= mirror; L= lens. a 0.5 mm scale. As already mentioned, this corresponds
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933PDL C ® lms/switchable di� raction gratings

Figure 2. Grating morphology for
samples with di� erent liquid
crystal concentrations: (a) C =
0.2; (b) C = 0.25; (c) C = 0.3;
(d ) C = 0.35; (e) C = 0.4;
( f ) C = 0.6; (g ) again C = 0.6.
In all samples the fringe spacing
is L = 11 mm. Pictures were
taken 20h after curing, except
for (g )Ð see text.

to the fact that the concentration used is thermo- compensator). Figure 2 (c ) refers to the g1 = 33% grating
in the C = 30 wt% sample. This consists of isotropicdynamically stable in the cured polymer. This grating

proved not to be switchable by an external voltage; its polymer and classical PDLC stripes. These latter have
a width of about 4mm, ® lled with nematic droplets oforigin probably lies in a di� erent polymer chain length

in the maxima and in the minima of the interference about 1.5mm diameter and separated by some kind of
d̀istorted polymer’ spacers. The stripe edges are less sharppattern (di� erent stable concentration of excited initiator)

and the study of this mechanism is beyond the scope than in the C = 25 wt% case, some of the nematic droplets
tending to penetrate into the polymer stripes. PDLCof this paper. In ® gure 2 (b ), the g1 = 16% grating in the

C = 25 wt% sample is presented. Here and further on, stripes are stochastically birefringent, in the sense that
the directors of di� erent nematic droplets are alignedthe oblique fringes indicate that the sample is aniso-

tropic, its symmetry axis being parallel or perpendicular stochastically with respect to each other. In the following,
we will refer to this concentration value (C = 30 wt %)to the fringes of the grating. We see an isotropic back-

ground containing no micron-scale droplets and 2 mm as the òptimal’ concentration. Figure 2 (d ) refers to the
g1 = 2.5% grating in the C = 35 wt% sample. Now nowide straight-edge stripes, containing a set of nematic

droplets of about 1.5mm diameter, all close to one pure isotropic polymer stripes are present, but only a
continuous stochastically birefringent PDLC phase. Theanother. The droplets are birefringent, the axes of about

85% of them being normal to the fringes (checked by a observed spatial modulation is concerned only with the

Figure 3. Grating morphology of samples with C = 0.3 and di� erent fringe spacing: (a) L = 11 mm; (b) L = 7 mm; (c) L = 4.5 mm;
(d ) L = 3.5 mm.
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934 D. Duca et al.

average size of the nematic droplets. This size is more the droplet size by a factor of 2 or more, ® gure 2 (c).
This is evident in ® gure 3 where, by varying onlyor less homogeneous and about 1.5 mm, in the d̀roplet-

poor’ stripes, while it reaches values up to 3 � 4 mm in L for the same C value, we have obtained both
stochastic (a) and uniform (b, c, d ) alignment ofd̀roplet-rich’ stripes. Figure 2 (e) depicts the g1 = 1%

grating in the C = 40 wt% sample. There is nothing new the main axes of the droplets.
with respect to the previous case, but the ratio between It is quite reasonable to argue that the above men-stripe widths ( d̀roplet rich’/ d̀roplet poor’) is now changed: tioned droplet size (1.5 � 2 mm) is the minimum that isabout 1 : 1 for the C = 35 wt % sample and 7 : 3 for the thermodynamically allowed for the given mixture com-
C = 40 wt% sample, in which the r̀ich stripe’ droplet position. Reduction of this minimum size is necessary tosize is enhanced to 5 � 6 mm. Finally, ® gure 2 ( f ) refers achieve a smaller fringe spacing (as needed, for instance,to the g1 = 0.5% grating in the C = 60 wt % sample. to obtain re¯ ecting Bragg gratings) . In order to make aHere we see a sequence of PDLC stripes alternated with reasonable pediction about the ® nal grating morphologystripes of huge ǹematic cigars’ (3 � 4mm wide and up and e� ciency, at least a phenomenological model wouldto 20 mm long), which are randomly aligned. Figure 2 (g ) be required for the di� usion/condensation kinetics duringis discussed below. the curing process. Such a model is at present underWhere morphology dependence upon the grating development.spacing L is concerned, picures are presented in ® gure 3,
which refers to the optimal liquid crystal concentration 3.2. T emporal evolution of the di� raction e� ciency
C = 30 wt%. It can be seen that the di� erence between We have performed many measurements underthe cases of high L values [11 � 7mm, ® gure 3 (a) and di� erent experimental conditions and for di� erent values(b)] and low L values [4.5 � 3 mm, ® gure 3 (c) and (d )] of the curing intensity I 0 (here and below, I 0 denoteslies in the orientational properties of the PDLC stripes. the sum of the intensities of the two interfering beams:As far as the stripe width remains large compared with

I 0 = I 1 + I 2 ). As a general feature, we have found thatthe droplet size, the stripe remains stochastically aligned. for each set of experimental conditions, an optimalWhen the stripe width becomes comparable to the droplet intensity I opt exists, which enables us to obtain the
size, the droplets in the stripe are oriented perpendicular highest g1 value consistently under these conditions. The
to it, as was the case for the sample with C = 25 wt% value of I opt depends signi® cantly upon C and, to a less
and L = 11 mm ® gure 2 (b ). extent, upon L . These dependences are shown in ® gure 4

To conclude the morphology description, it should for two extreme values of L . It can be seen that I opt is
be noted that for liquid crystal concentrations far high for concentration values which are close to the
from the òptimal’ value C = 30 wt %, a slow post-curing òptimal’ concentration, and low elsewhere.
degradation of the pattern occurs in about one week. The temporal evolution of di� raction e� ciency reveals
In the case of nematic-rich mixtures, huge nematic the same qualitative shape for all the curing intensities
droplets appear, which over¯ ow several grating fringes; which have been used, di� ering only in the ® nal values
(see ® gure 2 (g ) for the C = 60 wt% sample). Similarly, big achieved. This can be seen in ® gure 5, where results are
polymer droplets appear in nematic-poor (C = 25 wt%)
samples.

The above reported results exhibit the following
general features of the grating morphology dependence
upon the liquid crystal concentration and the fringe
spacing:

(1) The mean droplet size remains almost the same
(1.5 � 2 mm) until the nematic concentration is
low enough to allow pure polymer isotropic stripes
to form during the curing process; C < 35 wt%,
see ® gure 2 (b), 2 (c). These mixtures provide the
best values of di� raction e� ciency.

(2) Droplets are aligned perpendicularly to the poly-
mer fringes as far as the droplets remain contacting
the fringes on both sides, i.e. as far as the width

Figure 4. Dependence of the optimal curing UV intensityof the droplet-containing stripes is about 1 droplet Iopt on the liquid crystal concentration. Black squares
diameter, ® gure 2 (b ). The alignment becomes refer to a fringe spacing L = 11 mm; open squares refer to

L = 3.5 mm.immediately stochastic as soon as this width exceeds
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935PDL C ® lms/switchable di� raction gratings

which the ® nal steady state g1 value does not exceed
1%. We emphasize that all attempts made to stop the
curing process in the maximum of the peak have failed;
once the peak is almost reached, further evolution occurs
in nearly the same manner, no matter whether the UV
irradiation is switched on or o� . Our idea is that the
dynamics of g1 are strongly a� ected by the process of
di� usion of excited monomers which, in fact, undergo
polymerization while di� using; theoretical work is in
progress with the aim of elaborating a model which
could explain the observed g1 dynamics.

In ® gure 6, the temporal evolution of g1 is presented
only for the case I = I opt at di� erent C values. All results
refer to L = 11 mm. We note that for samples in which

Figure 5. Temporal evolution of the di� raction e� ciency g1
C is close to the òptimal’ value, g1 approaches theof the L = 11mm grating in samples with C = 0.25, but
theoretical limit for transparent phase gratings (33%),cured at di� erent UV intensities: (a) I 0 = 1.06 mWcmÕ

2 ;
and up to 20 orders of di� raction of the probe beam(b) I 0 = 0.53 mWcmÕ

2 ; (c) I 0 = 5.3 mWcmÕ
2.

can be observed.
The dependences of the ® nally achieved g1 value

presented for three di� erent I 0 values, which vary within on C (at ® xed L = 11 mm) and on L (at the òptimal’
one order of magnitude (L = 11 mm and C = 25 wt% C = 30 wt % value) are presented in ® gure 7. We see
are ® xed for all samples). Furthermore, one more feature that, at a ® xed L value, g1 is high only around the
has to be pointed out. For mixtures of non-optimal optimal concentration. On the other hand, if C is set at
concentration, the temporal evolution of g1 is not mono- its optimal value, g1 decreases with decreasing fringe
tonous, as in ® gure 5 (b). An initial peak occurs, in which spacing; no qualitative changes in the curve shape occur,

only the ® nal g1 value changes.g1 achieves a value of 10% or more, even for samples in

Figure 6. Temporal evolution of
the di� raction e� ciency g1 in
samples with a liquid crystal
concentration which is: (a) close
to the optimal value; (b) far
from this value. In all samples
the fringe spacing is L = 11 mm.

Figure 7. Dependences of the
® nally achieved di� raction
e� ciency g1 upon: (a) the liquid
crystal concentration, with a
® xed fringe spacing L = 11mm;
(b) the fringe spacing L , with a
® xed liquid crystal concentration
C = 0.3.
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936 D. Duca et al.

Taking into account also the considerations of §3.1
above, we can now state that a good grating is obtained
under the following conditions:

(1) The pre-PDLC mixture is a nematic-poor sample,
the liquid crystal concentration being too low to
allow PDLC formation over all the sample.

(2) The sample is illuminated with a good contrast
UV interference pattern of intensity high enough
to induce the best condensation of nematic in
the maxima of the pattern (thus forming there the
smallest possible droplets), but low enough to
prevent droplet formation near the minima.

At this stage, an interesting consideration is worth
Figure 8. Switching curves for gratings with L = 3.5 mm inmaking. The achievement of the theoretical limit samples with liquid crystal concentrations: (a) C = 0.25;

g1 = 33% for the di� raction e� ciency of the sample with (b) C = 0.3.
the optimal liquid crystal concentration (C = 30 wt%),
accompanied by up to 20 visible di� raction maxima,
indicates that, between the maxima and minima of
the interference pattern, the di� erence in the optical
path of the two interfering beams approximates to
D l= (n +1/2)l (with n an integer), and is not the lowest
required value D l = l/ 2 . Indeed, in this last case, the
intensity of the higher di� raction orders should decrease
much faster with increase of the order number. We have
estimated the theoretical limit of D l in a 20 mm thick
sample with randomly aligned nematic droplets. This
estimation is based on the assumptions that (a) the
indices of refraction of the components in the stripes are
equal to those of the pure initial components (nematic
and polymer); (b) the stripe width corresponds to a
half-fringe width. This gives D llim= 5l/ 2. Therefore, for Figure 9. Switching curves in samples with liquid crystal
samples with C = 30 wt %, a thinner cell could probably concentration C = 0.35 and fringe spacings: (a) L = 11 mm;
work as well, which is good from the point of view of (b) L = 4.5 mm; (c) L = 3.5 mm.
any further attempt to reduce the switching time.

3.3. Switching characteristics about one order of magnitude lower than for previous
C values Ð in this case we have also noted that, when aSwitching curves could be obtained only for samples

in which the liquid crystal concentration was close to unipolar meander is applied, n changes by a factor of 3
and more if the meander sign is changed.the optimal value. The dependence of the normalized

di� raction e� ciency n= g1 (U )/g1 (0) upon the applied Finally, a plot of the dependence of relaxation time
on liquid crystal concentration is presented in ® gure 10.voltage U is presented in ® gure 8 for samples with

C = 25 and 30 wt %. The switching voltages obtained We see that, in the C = 35 wt % sample, the relaxation
time is about two orders of magnitude higher than inare not low (20 V mmÕ

1 for C = 25 wt% and 10 V mmÕ
1

for C = 30 wt%), but the relaxation times are quite the other cases: t35% # 0.5 s; this value exceeds by a
factor of 5 the relaxation time of a pure nematic cell ofsatisfactory (about one millisecond) and quite independent

of the fringe spacing L . Indeed these curves refer to the the same thickness. The unusual behaviour shown in
® gure 9, as well as the dependence of n on the sign ofsamples with L = 3.5 mm, but they remain almost the

same for all measured values of L . Curves referring to the applied voltage and the high value of t35% , in our
opinion indicate that: (a) an initial pretilt of the liquidthe C = 35 wt% samples are presented in ® gure 9 for

di� erent L values, and show interesting di� erences from crystal director with respect to the cell slabs must be
present in the C = 35 wt % samples; (b) the existence ofthe curves of ® gure 8: (a) in some case, the di� raction

e� ciency is not switched o� by increasing U , but rather an intrinsic electrostatic ® eld in the sample could be the
reason for such a pretilt.enhanced by a factor of 10; (b) the required voltages are
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937PDL C ® lms/switchable di� raction gratings

4. Conclusions

We have performed a detailed experimental investi-
gation of switchable di� raction gratings recorded in
polymer dispersed liquid crystal ® lms by UV laser curing.
Our attempts have been devoted to the possibility of
obtaining good switchable gratings in PDLC systems
which can utilize simple, commercially available com-
ponents, and require a simple processing. Pre-PDLC
mixture compositions investigated in this paper appear
to be quite satisfactory media for this purpose and, in
particular, for the formation of transparent switchable
di� raction gratings, in which the highest theoretical
value of the di� raction e� ciency has been achieved.
The possibilities of obtaining a further increase of theFigure 10. Dependence of the switching relaxation time t on

the liquid crystal concentration C (a logarithmic scale has spatial resolution (which could allow the formation of
been used in the y-axis). Bragg holographic gratings) and a decrease in switching

voltages have been also discussed. We hope that in the
near future we will achieve such improvements. In addi-
tion, the results obtained reveal two new items of interest,These considerations have induced us to check the
which encourage further investigation: the initial peaksresponse of the same samples to a d.c. ® eld. Only a
observed in the temporal evolution of the di� ractiontransient change in the di� raction e� ciency was found,
e� ciency of some samples and a photorefractive switchingbut its ® nal value was not a� ected by the applied d.c.
behaviour observed in some nematic-rich samples.voltage; therefore we argue that nematic droplets are

somehow conductive. The estimated conductivity required
The authors are grateful to Drs N. V. Tabiryan,to provide a Maxwell’s relaxation time equal to t35% is

G. Cipparrone, A. Mazzulla and V. Lazarev for helpfulabout 10Õ
7

V Õ
1 cmÕ

1. This value of conductivity is just
discussions, comments and some experimental support.su� cient to produce in the droplets a complete screening
The work has been carried out with the support of theof an external ® eld and prevent their reorientation.
European Community through the European Fund ofThis kind of p̀hotorefractive feature’ observed in these
Regional Development, in the frame of P̀rogetto Sudsamples encourages a separate and detailed investigation
INFM’, sub-project FESR-UME.of the argument.
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