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1. Introduction 

In recent decades, great attention has been devoted to the realization of electrically 
switchable holographic gratings in liquid crystalline composite materials. It has been shown, 
indeed, that devices based on holographic polymer dispersed liquid crystals (HPDLCs) are 
of low cost and can exhibit good diffraction efficiency (DE) [Margerum et al, 1992; 
Sutherland et al, 1996]. However, application oriented utilization of these devices is limited, 
in general, by their strong scattering of light, due to the circumstance that the droplet size of 
the nematic liquid crystal (NLC) component inside the polymer matrix is comparable to the 
wavelength of the impinging light. In this framework, we have recently proposed a new 
kind of holographic grating called POLICRYPS, made of polymer slices alternated to films 
of regularly aligned NLC. These structures do not present those optical inhomogeneities 
that are due to the presence of NLC droplets in usual HPDLC samples [Sutherland et al, 
1994], and can therefore exhibit good optical characteristics, with values of the diffraction 
efficiency as high as 98%.  
This chapter is devoted to give an overview of the POLICRYPS as a composite material, 
along with a description of its main applications. After a short presentation of the structure, 
in terms of its fabrication process, we present the POLICRYPS as the device it was initially 
designed for: a switchable diffraction grating. We also demonstrate that, by suitably 
choosing the sample thickness and geometrical parameters, a POLICRYPS put 
perpendicular to the impinging light can behave as a switchable optical phase modulator, 
where the retardation between ordinary and extraordinary waves can undergo a fine 
electrical regulation. It is very interesting to show how by adding dye materials to the initial 
chemical mixture, necessary for obtaining POLICRYPS, can change the way we control its 
functionalities. In this case, such control can be obtained by using a laser beam of the right 
colour and power. This fact allows the realization of completely new applications like an 
optically controlled tunable beam splitter.  
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New intriguing sceneries open when using different materials to realize POLICRYPS. In 
particular, if a dye-doped cholesteric liquid crystal (instead of a nematic liquid crystal) is 
used, the POLICRYPS polymeric channels become mirrorless optical cavities where a 
distributed feedback (DFB) lasing effect (with a very low threshold) can be obtained. 
Another challenging opportunity is offered in case a tiny concentration of metallic 
nanoparticles is included in the initial POLICRYPS mixture. By doing so, we obtain a new 
device whose frequency spectrum is dependent on the probe light polarization. This last 
possibility is still in progress and is oriented to the realization of a POLICRYPS structure 
with meta-material properties.  

2. The POLICRYPS structure 

The morphology of the POLICRYPS is quite different from the HPDLC one. Optical 
microscope and scanning electronic microscope (SEM) investigations have shown that the 
structure consists of rigid slices of almost pure polymer alternated to films of almost pure 
NLC. The polymeric slices are well glued to two glasses that confine and contain the 
POLICRYPS. These slices represent a rigid frame that, somehow, ‘stabilizes’ the NLC 
component and, therefore, the whole sample. Separation interfaces between polymer slices 
and NLC films are quite regular and sharp; furthermore, there is convincing evidence that, 
at these interfaces, the NLC director is everywhere perpendicular to them, thus inducing a 
good, uniform alignment of the director in the whole NLC film standing between two 
polymeric slices. This circumstance represents one of the main features that determine the 
overall characteristics of the whole structure. The uniform and regular alignment of the 
director in the NLC films of the structure determines the main optical and electro-optical 
properties of the POLICRYPS. From the optical point of view, losses due to the scattering of 
the visible light (which is eventually brought to impinge onto the POLICRYPS) are reduced 
to less than 2%, thanks to the absence of droplets, which exist in HPDLC samples, with an 
average size comparable to the light wavelength and an arbitrary director alignment. From 
an electro-optical point of view, the fact that the NLC molecules are confined (and well 
aligned) in a uniform film, rather than in a small droplet, allows a suitably oriented electric 
field of the order of a few V/Ǎm to uniformly ‘reorient’ the NLC director in a millisecond 
timescale. Afterwards, by suitably choosing the values of the refractive index of the polymer 
and the ordinary/extraordinary refractive index of the NLC, this director reorientation can 
be exploited to vary the spatial modulation of the refractive index of the POLICRYPS. 

2.1 Fabrication process and set-up 
The standard procedure that enables the realization of a good POLICRYPS structure exploits 
the high diffusivity of NLC molecules in the isotropic state, which avoids the formation and 
separation of the nematic phase (as NLC droplets) during the curing process [Caputo et al, 
2000, 2004, 2007]. The main fabrication steps can be illustrated as follows. By means of a hot 
stage, a syrup of NLC, monomer and photo-initiator is heated up to a temperature which is 
above the nematic–isotropic transition point of the NLC component; the sample is then 
‘cured’ with the interference pattern of a UV radiation. After the curing process has come to 
an end, the sample is brought below the isotropic–nematic transition point by means of a 
controlled, very slow, linear cooling down to room temperature. The experimental set-up 
exploits an active system for suppression of vibrations [De Sio et al, 2006, 2008a] and is 
presented in Fig. 1. An Ar-ion laser is the source of a single-mode radiation at the 
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wavelength ǌB = 351 nm. The beam is broadened up to a diameter of about 25 mm by the 
beam expander BE, and divided into two beams of almost equal intensity by the beam 
splitter BS. These two beams overlap and give rise to the ‘curing’ interference pattern at the 
entrance plane of the sample cell S, whose temperature is controlled by the hot stage. 
Depending on the required nano/microscale dimensions of the structure, the spatial period 

of the interference pattern can be varied in the range Λ = 0.2–15 Ǎm by adjusting the total 
interference angle 2ǉcur. A commercial, metal-coated, reflective diffraction grating (Edmund 
Optics) placed above the sample is used as a test element for the interferometric monitoring 
of vibrations. Part of each of the curing beams is reflected and diffracted by this grating. The 
set-up is adjusted to make the reflected part of one beam spatially coincident with the 
diffracted part of the second one. These two radiations are wave coupled by the test grating 
and their interference pattern is detected by an additional photodiode PD3. The signal of 
this photodiode is sent to a computerized active feedback system, which exploits a software 
that is based on a proportional–integral–derivative (PID) protocol; this drives a mirror-
holder whose position can be controlled by a piezoelectric mechanism, used in feedback 
configuration. This control system has proved to be able to continuously compensate for 
changes in the optical path length due to vibrations as well as variations in environmental 
conditions such as room pressure, temperature or humidity; residual fluctuations are of the 
order of 6–7 nm, which correspond to the sensitivity of the piezo-system used. 
 

 

Fig. 1. Optical holographic set-up for UV curing of gratings with stability check. P, polarizer; 
ǌ/2, half-wave plate; BE, beam expander; BS, beam splitter; 2ǉcur, total curing angle;  
M, mirrors; S, sample; PD1, first beam photo-detector; PD2, second beam photo-detector; 
PD3, diffracted/reflected beam photo-detector. In the insertion the reference grating is 
shown (put immediately below the sample area) which enables the stability check 

3. The POLICRYPS grating/phase modulator 

3.1 POLICRYPS as a high quality, switchable, diffraction grating 
The basic device that can be realized by using electrically switchable holographic gratings in 
liquid crystalline composite materials is an electro-optical switch [Sutherland et al, 1994]. 
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Such a device should, in principle, completely diffract or transmit an impinging light beam, 
depending on the application of an external voltage (Fig. 2). 
 

 

Fig. 2. Sketch of a POLICRYPS grating in transmission configuration 

PDLCs have been actively utilized in the past in order to realize working prototypes of this 

kind of device; unfortunately, they still show issues that affect their performances. One of 

the main reasons that brought us to design POLICRYPS systems was the possibility of 

overcoming most of these issues. In the following, we report the results of an experimental 

comparison between an HPDLC and a POLICRYPS grating, in order to put into evidence 

how microscopic features of the structure can influence the overall performance of the 

macroscopic device. We have realized a standard HPDLC and a POLICRYPS grating, both 

with a fringe spacing Λ=1.5 Ǎm. Sample cells, 16 Ǎm thick, made with indium tin oxide 

(ITO)-coated glass slabs, were filled with the same initial chemical syrup. This was prepared 

by diluting the NLC 5CB (Merck, ≈30 wt%) in the prepolymer system Norland Optical 

Adhesive NOA-61. The POLICRYPS grating was cured by a total UV intensity of                  

11 mW/cm2, acting on the sample for τ≈1000 s at high temperature (e.g. above the nematic–

isotropic transition point of the 5CB liquid crystal), these being the optimal conditions for 

achieving a high diffraction efficiency and a morphology of good quality [Caputo et al, 

2001]. Almost the same UV intensity and curing time proved also to be adequate for the 

realization of the PDLC grating, but in this case the sample was cured at room temperature. 

In order to explore the performances of both gratings, we used a weak (P≈1mW) He–Ne 

laser radiation (ǌR=633 nm), with its angle of incidence adjusted for satisfying the Bragg 

condition for the first-order diffracted beam. With the aim of performing a comparison in 

the same experimental conditions, before starting the curing process of each sample, we 

measured the intensity Iin of the impinging probe beam (before the sample) and the 

transmitted intensity Itr. Then, once the curing process had been completed and the UV light 

switched off, we measured both the intensity I0 of the zero-order (direct transmitted) probe 

beam and the intensity I1 of the first-order diffracted probe beam. In this way we were able 

to calculate the zero-order transmittivity T0=I0/Iin, the first-order transmittivity T1=I1/Iin, the 

total transmittivity Ttot=T0+T1 and the first-order diffraction efficiency, which is usually 

calculated as ǈ1=I1/Itr. During all the experiments, the intensity of the probe beam was 

maintained at a fixed value (the value of the initial impinging intensity before the curing 

process started). We measured the first-order diffraction efficiency at room temperature 
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both for POLICRYPS and HPDLC gratings, obtaining η
POLICRYPS
1 = 88% and η

HPDLC
1 = 41.2%. 

We stress that the value of η
POLICRYPS
1  is not the highest that we can get since, by using other 

POLICRYPS gratings (not involved in comparisons with HPDLC ones), we have obtained 

 
η

POLICRYPS
1 values as high as 98%. The electro-optic response of the two gratings was 

investigated by exploiting a low frequency (500 Hz) square-wave voltage, and results are 

reported in Fig.3.  
 

  

Fig. 3. Dependence on applied voltage of the zero-order transmittivity T0 (squares), first-order 
transmittivity T1 (circles) and total transmittivity Ttot (triangles) for (a) a POLICRYPS grating 
and (b) an HPDLC grating at room temperature. Error bars are of the order of the dot size. 
The pictures in the inset show respectively a typical POLICRYPS and HPDLC grating 
morphology observed under a polarizing optical microscope 

Fig. 3a represents the switching curve of the POLICRYPS grating: the behaviour of the first-
order transmittivity T1 (circles), zero-order transmittivity T0 (squares) and total transmittivity 
Ttot (triangles) is reported versus the root mean square applied electric field.  
 

 τ
fall

ms( ) τ
rise

ms( ) 

POLICRYPS 1.12 ± 0.03 0.88 ± 0.03 
HPDLC 10.53 ± 0,18 1.36 ± 0.04 

Table 1. Measured values of the switching times for a POLICRYPS and an HPDLC grating 
obtained from the same initial mixture 

It is worth noting that Ttot is only slightly lower than 1 and remains approximately the same 
for all values of the applied field; this indicates that the grating exhibits negligible scattering 
losses. The situation is quite different for the HPDLC grating (Fig. 3b): the total 
transmittivity is well below 1 and increases as the applied field increases. We also note that 

the switching efficiency hsw≡
T

on
1 − T

off
1

T
on
1

, where T
on
1 and T

off
1  are the first-order 

transmittivities in the switch-on and switch-off condition respectively, is almost the same 
(93.3%) for both gratings. Where the switching fields are concerned, the first diffracted beam 
is almost completely switched off by a field of about 1.5V/Ǎm applied to the HPDLC 
grating, while a value of about 4.3V/Ǎm is needed to obtain the same effect in the 
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POLICRYPS one. This particular difference can be due to the average size of NLC droplets 
in the HPDLC; evidently, this size is large enough to enable low switching fields. This is 
confirmed by the values of the switching times shown in table 1: both the rise and fall times 
of the HPDLC grating are longer than those of the POLICRYPS; this suggests a very large 
average size of PDLC droplets. Here, we stress that the electro-optic behaviour shown in 
Fig. 3a, and its noticeable difference with the one of Fig. 3b, represents the best evidence of 
the good performances of POLICRYPS gratings; indeed, people working with HPDLCs of 
nanosized droplets also find for these materials behaviours that are comparable to the one 
shown in Fig. 3a, but for values of the switching fields which are about four-fold higher 
[Lucchetta et al, 2003]. 

3.2 POLICRYPS as an optical phase modulator 
The preferential orientation and the good alignment assumed by the molecular director n of 
the LC material within a POLICRYPS structure recently suggested a possible use of these 
systems as switchable phase modulators [De Sio et al, 2008b]. Examples of such devices are 
already present in literature. A basic embodiment is obtained by enclosing a NLC with a 
positive dielectric anisotropy in a cell made of two ITO-coated glasses, treated to give a 
planar alignment to the NLC director. Since the liquid crystal is birefringent, light with 
wavelength ǌ, propagating through the structure, is separated into an ordinary and an 
extraordinary component. If L is the thickness of the sample and ΔnLC indicates its 
birefringence, the phase difference δLC between these two waves, measured at the exit of the 
sample, depends on the value of ΔnLC: δLC=2πLΔnLC/ǌ. By applying an external electric field 
E with direction perpendicular to the glass slabs of the cell, n tends to reorient along the 
same direction as E, thus producing a change in the phase difference. However, this simple 
device presents some drawbacks. The orientation of n is, indeed, sensitive to temperature 
changes [de Gennes, 1993]. This can represent a serious limit for an eventual device when 
the power of the impinging radiation is high. Moreover, the switching times of such devices 
are usually quite long (2–8 ms), thus limiting the field of possible applications. In order to 
overcome the above-mentioned problems, the NLC layer is often stabilized by means of 
polymeric chains [Wu et al, 2004]; their presence improves the response times of the device 
but, unfortunately, drastically increases the operating voltages (due, probably, to the torque 
exerted by the polymer on the nematic director). Moreover, due to the irregularity of 
morphology induced by the presence of polymeric chains, visible light is strongly scattered. 
Therefore, these systems are suitable only for wavelengths in the infrared range. Several 
features of POLICRYPS structures make them an attractive alternative to the discussed 
system. First of all, they exhibit limited scattering losses when illuminated by visible light. 
Second, the polymer slices confine and stabilize the NLC molecules, thus also influencing 
their alignment, and third, POLICRYPS structures can be driven by low voltages exhibiting 
short switching times. We expect that the better the alignment of the NLC director in the 
nematic layer of the POLICRYPS, the higher the value of ΔnLC; then, the phase retardation 
introduced by the grating will depend on the angle that the polarization vector of the 
impinging light forms with the nematic director within the LC layers Fig. 4. 
It is important to underline that, because of the diffractive nature of a POLICRYPS structure, 
the light impinging on the device will not only experience a phase modulation but will also 
undergo a dichroic absorption as explained in [Caputo et al, 2010]. This double behaviour 
can be taken into account by considering the POLICRYPS, in terms of the Jones matrix  
formalism, as both a retardation plate and a dichroic absorber. This is done by multiplying 
the Jones Matrix of the generic phase retarder by a new matrix L given by: 
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Fig. 4. Sketch of a POLICRYPS grating in transmission configuration used as a phase 
modulator 

 
0

0

H
L

V

⎛ ⎞
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⎝ ⎠
 (1) 

where H and V parameter values depend on the considered material and can reflect a broad 
range of situations. The POLICRYPS used for experiments as a phase modulator has a 
thickness L=3.03Ǎm and a fringe spacing Λ=1.22Ǎm. In order to check the phase retardation 
properties of this structure, we used the experimental set-up reported in Fig. 5. The 
POLICRYPS is put between a polarizer P and an analyzer A, with its optical axis oriented at 

an angle θ=π/4 with respect to the first polarizer; in this position, the field components have 

the same amplitude (E⎜⎜=E⊥) and the sample introduces the maximum retardation.  

During experiments, the position of the sample remains fixed while the analyzer is rotated 

(in steps of 10°) around the axis of propagation of the probe light (z axis in Fig. 5). We define 

β as the angle between directions of analyzer and incident polarization (therefore β=0 when 

the analyzer A is parallel to the polarizer P). If we indicate with Iinc the intensity of the 

impinging beam, by means of eqs (2) and (3) (derived in [Caputo et al, 2010]), it is possible 

to calculate the complex electric field ( )outE β#  and hence the intensity ( )outI β  of light 

transmitted by the analyzer A in our experimental geometry.  

 ( )
22 2

22 2

sin sin cos2

2
sin cos cos

i i

out inc
i i

He Ve
E I

He Ve

δ δ

δ δ

β β β
β

β β β

−⎛ ⎞
⎜ ⎟− −

= ⎜ ⎟
⎜ ⎟⎜ ⎟+⎝ ⎠

#  (2) 

 ( ) ( ) ( )* 2 2 2 2sin cos sin 2 cos
2
inc

out out out

I
I E E H V HVβ β β β β β δ⎡ ⎤= ⋅ = + +⎣ ⎦

# #  (3) 
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Fig. 5. Experimental geometry utilized for measuring the intensity transmitted by the system 

composed of a birefringent/dichroic sample put between two polarizers. P polarizer,  

A analyzer, Iinc total incident intensity, Iout output intensity, I0T and I±1T zeroth and first order 

transmitted intensities, respectively. ǉ is the angle between the light polarization direction  

(y axis) and the grating optical axis (laying in the xy plane), PD Photo-detector, OSC oscillo-

scope. The probe beam is from a He-Ne laser at the wavelength ǌ=632.8 nm. S is the 

POLICRYPS sample 

Parameters H and V are given by: 
 

 
( )2

2out

inc

I
H

I

πβ =
=  (4) 

 
( )2 0out

inc

I
V

I

β =
=  (5) 

 

While the phase retardation δ introduced by the sample can be calculated as: 
 

 cosδ =
1

HV

2I
out

β = π 4( )
I

inc

−
H2 +V2

2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

 (6) 

 

By substituting obtained data in eqs. (4), (5) and (6), we obtain: H=0.727, V=0.406 and 

δ=1.26rad. In Fig. 6, the experimental value of Iout as a function of the angle β (crosses) is 

compared with the theoretical behavior predicted by eq. 3 (solid line).  

The different values of H and V show that, even at normal incidence, the diffraction 

efficiency of the POLICRYPS grating is significant. As for the birefringence of the structure, 

the obtained value of δ yields Δn=0.042. By considering that the periodicity of the grating is 

much larger than the probe wavelength we can exclude that this considerably high value is 

due to form birefringence and hence to the geometrical features of the grating. We are 

confident, instead, that this value indicates that the stabilizing and confining action exerted 

by polymer slices on the NLC molecules has a direct influence on their alignment.  
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Fig. 6. Behaviour of the intensity transmitted by the analyzer put after a POLICRYPS grating 
as a function of the angle β between the electric field of the impinging wave and the axis of 
the analyzer itself. Two segments in the graph evidence output intensity values for the 
analyzer positions β=0 and β=π/2 respectively 

3.2.1 Tunability of the phase retardation 
In order to verify the functionalities of POLICRYPS as a tunable phase retarder, we 
prepared another sample whose thickness had a wedge shaped profile [Caputo et al, 2011a]. 
As discussed above, by applying an external electric field we can change the birefringence 
and hence the phase retardation introduced by the structure. However, the phase 
retardation also depends on the thickness of the layer in which the light propagates. This 
explains the choice of a wedge shaped cell: by combining the application of the electric field 
and the possibility to shift the sample to get the desired thickness, it is possible to achieve a 
very fine tunability for our device. The realized wedge-shaped structure has a thickness 
varying in the interval (3.00÷5.00 μm) and has been experimentally characterized by means 
of the setup shown in Fig. 5. The check of the electro-optical tunability of the sample 
birefringence, has been performed by probing the fabricated sample in the area corresponding 
to a thickness L=4.35μm. This and other thickness values have been measured before filling 
the cell by means of an Agilent spectrophotometer and considering the cell as a Fabry-Perot 
etalon. The applied electric field is a bipolar square wave with frequency ν=1 kHz and a 
peak-to-peak amplitude varying in the interval (0÷9 Volts/μm). Measurements of the 
intensity Iout(β) of light transmitted by the analyzer A have been performed by changing β in 
the interval 0≤β≤2π, for different values of the applied electric field. Obtained results show 
that the application of an electric field produces a tuning action of the phase retardation 
from 1.64rad to 1.07 rad. In each curve of Fig. 7, dots represent experimental values whereas 
solid lines indicate theoretical predictions; it is evident that the agreement is very good. The 
plot of both the birefringence value Δn (red dots) and the phase retardation δ (blue dots) of 
the structure, calculated considering a thickness L=4.35Ǎm, are reported in Fig. 8 as a 
function of the applied electric field. Phase retardation variations yield, in this case 
(λ=632.8nm), to a birefringence value varying in the interval (0.024÷0.038). The phase 
retardation/birefringence properties of our POLICRYPS structure can be also varied by 
shifting the probed area of the sample along the wedge direction. Several positions have 
been probed. Experimental results and corresponding theoretical curves are shown in Fig. 9.  
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Fig. 7. Behavior of the intensity transmitted by the analyzer put after the POLICRYPS 
grating obtained by changing the amplitude of the applied electric field. For each amplitude, 

the output intensity has been measured by varying β between 0 and 2π. Solid lines are 
theoretical fits while dots represent experimental data. Experimental errors are of the order 
of the dot size 

Also in this case, results confirm the possibility of tuning the phase retardation at will by 
just probing the sample in the position where it has the right thickness.The thickness value 

L=4.10μm corresponds to a phase retardation δ=1.55rad (orange curve in Fig. 9) which is 
close to the condition of quarter wave plate for the He-Ne laser wavelength. This curve is 

almost constant for every β angle, as expected for this particular value of the phase 
retardation. 
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Fig. 8. Plot of birefringence Δn (red dots) and phase retardation δ (blue dots) of the 
POLICRYPS structure versus the amplitude of the applied electric field 
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Fig. 9. Behavior of the intensity transmitted by the analyzer put after a POLICRYPS grating 
obtained by shifting the sample along the wedge direction and probing it in areas with 
different thickness. For each thickness, the output intensity has been measured by varying β 
between 0 and 2π. Solid lines are theoretical fits while dots represent experimental data. 
Experimental errors are of the order of the dot size 
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Fig. 10. Plot of birefringence Δn (red dots) and phase retardation δ (blue dots) of the 
POLICRYPS structure measured by shifting the sample along the wedge direction and 
probing it in areas of different cell thickness 

This result confirms the possibility of finely tuning the phase retardation introduced by the 
structure by playing both with the amplitude of the applied electric field and the position of 
the sample for finding the area corresponding to the optimal thickness.  
Birefringence and corresponding phase retardation values, measured by shifting the sample 
along the wedge direction, are reported in Fig. 10. We can notice that, by increasing the 
thickness L in the interval (3.0÷5.0μm), Δn remains almost constant, as expected if we 
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consider that the POLICRYPS grating exhibits a quite homogeneous morphology. On the 
contrary, the phase retardation δ shows a linear increase with values varying in the interval 
(1.25÷1.80 rad). 

4. Photoresponsive POLICRYPS structures 

As discussed above, a fundamental advantage provided by holographic structures 
containing liquid crystal materials is the possibility of tuning their optical properties by 
applying external electric or thermal fields. Some years ago, Tondiglia et al. have proposed 
another fascinating possibility: the use of light for switching the optical properties of 
gratings [Bunning et al, 2000]. Indeed, azobenzene liquid crystals enable to access, optically 
and isothermally, a nematic to isotropic (NI) transition that changes the refractive index of 
the liquid crystal films, thus modifying the refractive index modulation of the whole 

structure. The exploited mechanism is that, upon UV (λ=360 nm) irradiation, azo-LC 
molecules undergo a conformational change (from rodlike trans to cis) which drives the LC 
through an isothermal NI phase transition; this process can be driven in the reverse 
direction by converting the cis-azobenzene moieties back to their rodlike trans state via 
exposure to a radiation of a suitable wavelength [Tsutsumi & Ikeda, 1995]. The decision to 
adopt these materials in the initial POLICRYPS mixture brought to the realization of the so-
called azo-POLICRYPS: optically controlled POLICRYPS structures. Samples have been 
realized by means of the typical setup for POLICRYPS fabrication (reported in Fig. 11). 
Preliminary attempts, performed on different sample cells, have shown that the best 

performances are exhibited by the one of L=11.4μm thickness, with a grating pitch Λ=1.6μm, 
this value being such that the highest diffraction efficiency is obtained with the actual cell 
thickness. Samples have been prepared by using the following mixture: 25 wt % of NLC (E7 
by Merck), 5 wt % of azo-LC (1005 by BEAM Co.), and 70 wt % of monomer (NOA61 by 
Norland). A qualitative characterization, made with an optical microscope, shows that this 
azo-POLICRYPS exhibits a stable structure, made of alternated layers of pure polymer and 
pure LC, with the apparent absence of PDLC droplets (inset of Fig. 11). 
 

 

Fig. 11. Transmission spectra of both the uncured mixture (red curve) and the realized 
grating (blue curve). Inset: photo of a POLICRYPS grating taken with a 20x objective 
equipped Olympus microscope 
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Transmission spectra reported in Fig. 11 have been obtained with the aid of a fiber optic 
spectrometer, using light beams of arbitrary polarization at normal incidence. The mixture 

exhibits a high absorption in the λ=300–400 nm range, while the grating gives rise to a 

relative minimum in the transmission around λ=650 nm.  
 

 

Fig. 12. Experimental setup for the observation of all-optical processes in azo-POLICRYPS. 
PD1,2: photodetectors; HWP: half-wave plate; P: polarizer; ES: electronic shutter 

Thus, the setup utilized for the characterization of the sample (Fig. 12) makes use of an UV 

diode pump laser emitting at λ=409 nm (in the high absorption range of the mixture 

spectrum) and a He–Ne probe beam of λ=633 nm (in the range that is of high efficiency for 

the grating); this beam impinges at the Bragg angle θ=11.5°. For experimental simplicity, we 
have used an unfocused pump beam with a power of only 4.4 mW, which exhibits an oval 
shape on the sample of about 2-3 mm2. Fig. 13 shows that a pump irradiation of duration 

τ=20 s, operated by opening the electronic shutter (ES), reduces the diffraction efficiency of 
the azo-POLICRYPS grating to less than 75% of its initial value in a time of a few seconds; a 
slow increase toward the initial value is then observed when the shutter closes the pump 
beam. 
 

 

Fig. 13. Dynamics of the diffraction efficiency of the probe first order diffracted beam. The 
diffraction efficiency of the grating is de- fined as the diffracted intensity divided by the sum 
of the diffracted and transmitted intensities 
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We have investigated this dynamics by varying the pump power from 0.1 mW to 14.6 mW, 
while the probe power is kept constant: (inset of Fig. 14).  
 

 

Fig. 14. Response time of the azo-POLICRYPS grating vs the power of the pump beam; the 
error bar is of the order of the square dimension. Diffraction efficiency values in the inset are 
normalized to the initial ones 

The switching time (sw) of each curve is reported in Fig. 14 as a function of the impinging 

pump power P: when this power exceeds a minimum value Pmin≅0.1 mW (below which the 
effect is very small and it is almost impossible to get a good signal), data are well fitted by 
the negative exponential red curve, 

 ( )min 0
0

P P P
sw eτ τ − −=  (7) 

where τ0=19.4 s and P0=1.8 mW; this behavior can be explained by assuming the rate of 
concentration of photoisomerized azo-LC molecules proportional to the impinging 
intensity.Taking into account that in the actual experiment the pump beam is not focused, 
we foresee that much shorter switching-off times can be achieved in systems irradiated by a 
focused beam, where a high power density is obtained with power levels even lower than 
the actual ones. 

4.1 azo-POLICRYPS as an optically controlled beam-splitter 
The possibility to realize an optically controlled POLICRYPS structure is of particular 
interest for applications, since fast light responsive devices represent an innovative way to 
realize an on-chip technology. A fundamental element of an optical set-up is the beam-
splitter. This element splits an incident light beam into two or more beams, which may or 
may not have the same intensity. These devices are usually passive in the sense that the 
intensity of the splitted beams is fixed or it can be eventually varied by changing the angle 
of incidence of the light impinging on the device. POLICRYPS diffraction grating can 
combine the capability of “dividing” beams (typical of periodic structures) with the effects 
of an adjustable birefringence, typical of nematic liquid crystals, which influences the 
intensities of the diffracted beams. 
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Fig. 15. All-optical OBS and interferometer setup: P, polarizer; HWP, half-wave plate; SRM, 

semireflective mirror; θint, interference angle; PM, piezomirror; PD, photodetector; L, lens 

By using an azo-POLICRYPS as an optical beam splitter (OBS) it is possible to obtain a 
tunable optical element, where we can choose, at will (turning a knob), the portion of initial 
intensity which remains to the transmitted beam and the amount which is transferred to the 
splitted (diffracted) one. For the experiment, we have fabricated an azo-POLICRYPS 
structure whose geometrical parameters are L=6.95μm in thickness and Λ=1.57 μm in fringe 
spacing; according to Kogelnik’s theory, [Kogelnik, 1969] this grating operates in the Bragg 
regime with a characteristic parameter ρ=Λ2/λL=0.56 at λ=0.633 nm. The experimental setup 
utilized to exploit the azo-POLICRYPS as a finely adjustable, optically controlled OBS is 
reported in Fig. 15. The impinging probe light is split into two beams (the transmitted and 
the diffracted orders, 0T and 1T respectively) by the azo-POLICRYPS grating. These are 
recombined in Mach–Zehnder interferometer geometry; this part of the setup is actually 
used to monitor the functionality of the OBS. The diffraction efficiency change of the azo-
POLICRYPS is driven by an external pump source green diode laser. On application of the 
pump laser, the index contrast of the grating vanishes and the structure becomes 
transparent to the impinging probe light. Fig. 16a shows the evident change in the 
diffraction efficiency induced by switching ON the pump green light. 
 

 

Fig. 16. (a) Reversible and repeatable changes of the azo-POLICRYPS diffraction efficiency 
induced by a pump green light. Power density values are reported in the figure; (b) Typical 
intensity profile of the transmitted intensity trough the structure 
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The switching response of the azo-POLICRYPS OBS is detected by using a sequence of ON-
OFF pump beam irradiance Ppump=48 mW/cm2 while the intensity of the probe red beam is 
kept ON at all times Pprobe=0.55 W/cm2. 
As for the quality of the transmitted (0T) and diffracted (1T) beams outgoing from our OBS, 
we have detected their transverse intensity profiles with a charge-coupled device CCD 
camera for different increasing values of the incident probe power; we had the evidence that 
the grating does not modify the typical Gaussian shape of both beams, which remains 
almost unchanged for any value of the impinging probe power density in the range 0.1 to 
0.7 W/cm2; Fig. 16b shows the Gaussian profile of the transmitted beam detected for the 
value Pprobe=0.7 W/cm2.  The ratio R=I1T/I0T of the intensities of 1T and 0T beams is related 
to the diffraction efficiency of the azo-POLICRYPS through the equation  

 1

0 1 1
T

T T

I R

I I R
η = =

+ +
 (8) 

For the aim of the actual work, the polarization of the probe beam and its incident angle 
have been adjusted to obtain a maximum diffraction efficiency value max=50%, that is to 
say Rmax=1, when the pump beam is off [De Sio et al, 2010]. In order to characterize and 
exploit the azo-POLICRYPS as a variable OBS, we have used the interferometer setup 
reported in Fig. 15. The interference pattern reported in the dark insets of Fig. 15 produced 
by overlapping 0T and 1T beams is monitored by means of the detector PD, which is 

provided of a small aperture 500 μm on top of the active area. The pattern periodicity can be 

easily controlled by varying the orientation of the semireflecting mirror, thus the angle θint. 

In our experiment, θint was relatively small 0.04°, and the scale is reported in the same dark 

inset of Fig. 15. The fringe visibility, defined as ν=(Imax−Imin)/(Imax +Imin), (where Imax and Imin 
are the measured maximum and minimum intensity values of the interference pattern) 
strongly depends on R. Indeed, for our geometry, it is easy to see that 

 
( )1 2 1 2

0 1

0 1

2 2

1
T T

T T

I I R

I I R
ν γ γ= =

+ +
 (9) 

Here, γ (the degree of coherence of the two beams [Yariv, 1989] is related to the difference Δl 
of the optical path lengths of the two beams and to the coherence length lc of the probe laser 

beam, which in our case is of the order of 10 cm (HRP050 Thorlabs). We can assume that Δl 
does not exceed few micrometer even when the piezomirror (PM) is shifted back and 

forward of few micrometer, therefore |γ|=(1−Δl/lc)≈1. Relating η to R by the equation 

R=η/(1−η) and substituting it into eq. (9) we obtain: 

 

1 2

2
1

ην
η

⎛ ⎞
= ⎜ ⎟−⎝ ⎠

 (10) 

Since in our azo-POLICRYPS grating η varies with the impinging pump power Ppump, we 

have investigated the behavior of our tuneable OBS by detecting the fringe visibility ν 
versus Ppump. Measurements have been performed by applying a linear voltage to the 
piezomirror PM included in the interferometric part of the setup of Fig. 15. In this way, we 
were able to modify the optical path length of one of the two arms, thus allowing a scrolling 
of the fringe pattern on the PD and a measurement of Imax and Imin values, without shifting 
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the PD from the top of the impinging Gaussian beams. Indeed, a linear movement of the 
piezomirror in the direction normal to the mirror plane corresponds to a shift of the fringe 
pattern along a direction parallel to the PD surface; therefore, the output signal from the PD 
exhibits the sinusoidal behavior shown in Fig. 17.  
 

 

Fig. 17. Intensity profile of the interference pattern vs the piezomirror position. A reversible 
change of oscillation amplitude, obtained by switching ON and OFF the external pump can 
be well observed 

 

 

Fig. 18. Beam splitting (a) and fringe visibility (b) vs the pump power density. Interference 

pattern acquired with a CCD camera is reported for ν=0.94 (1) and ν=0.2 (2). Experimental 
errors are the order of dot and cross dimensions 

The amplitude of the sinusoidal modulation is strongly attenuated when irradiating with a 
green pump laser (Ppump=48 mW/cm2) over the spot of the red light; oscillation amplitude is 
restored to its initial value in some milliseconds by turning off the external pump. The 

behavior of ν versus fine variations in Ppump is reported in Fig. 18b, along with measured 
values of R. Curves can be explained by considering that the rate of the trans–cis 
isomerization process depends on the number of excited molecules; therefore, the rate of 
concentration of photoisomerized azo-LC molecules is proportional to the pump power 
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density. This phenomenon directly affects R and therefore ν, which varies from 0.94 to 0.20. 
Fig. 18a shows that R values can be finely adjusted between 1 (transmitted and diffracted 
beams of the same intensity) and 0 (no diffracted beam, the whole impinging intensity is 
transmitted). 

As for the measured ν values, following eq. (9), also ν should vary between 1 (when R=1) 

and 0 (when R=0). The observed discrepancy (0.92 instead of 1 and 0.2 instead of 0) can be 

explained by taking into account that, due to the birefringence of the grating [Caputo et al, 

2010] the transmitted beam is elliptically polarized, with an ellipticity of the order of 

a/b≈10/1 where a and b are the major and minor axes of the polarization ellipse, 

respectively. The weak component polarized perpendicularly to the diffracted field is 

responsible for the small discrepancy between measured and predicted ν values. 

5. The POLICRYPS as an array of optical resonators 

A new intriguing scenario of applications emerges if we explore the possibility of obtaining 

a lasing action in POLICRYPS structures. Indeed, in recent years, many efforts have been 

spent in research for the realization of lasing devices based on organic systems: good 

candidate materials for achieving this result are cholesteric liquid crystals (CLCs). It is well 

known that CLC materials possess a helical periodic superstructure which provides a 1D 

spatial modulation of the refractive index [de Gennes, 1993]. This system behaves as a 

photonic band gap (PBG), i.e. it exhibits a window in the electromagnetic spectrum where 

wave propagation is forbidden. This is due to a mechanism known in literature as 

distributed feedback (DFB), and has the consequence that the system behaves as a mirrorless 

optical resonator. If the CLC material is doped with fluorescent guest molecules, a gain 

enhancement of the radiation, propagating in the structure, is possible. Kogelnik and Shank 

[Kogelnik & Shank, 1971] were the first to report laser action in mirrorless periodic Bragg 

DFB structures, while laser action in chiral liquid crystals was predicted by Goldberg and 

Schnur [Goldberg & Schnur, 1973]. There are many advantages in using POLICRYPS as a 

host structure for dye doped CLC helices. The sharp and parallel channels of POLICRYPS 

can behave as an array of optical resonators, each of them working as a microlaser. The 

length of the single channel is not limited by the sample geometry; in principle the single 

cavity can be several centimetres long, thus containing thousands of periods of the CLC 

helices. At the same time, its volume can be reduced at will by changing the periodicity of 

the structure. Optical resonators with these two features present a high quality factor Q and 

correspond to very efficient microcavity lasers. Such an array of microlasers has been 

experimentally realized in a POLICRYPS structure [Strangi et al, 2005]. A slightly different 

chemical mixture was used: a small amount (0.7 wt%) of Irgacure 2100 and Darocur 1173 

photoinitiators (1:1 wt%, Ciba Specialty Chemicals) was used to reinforce the polymeric 

network and a 0.09 wt% of pyrromethene dye (Exciton) was added, which represented the 

gain medium of our system. Other components were 29.9 wt% BL088 cholesteric liquid 

crystal (Merck), and 69.3 wt% of NOA-61 monomer (Norland). The mixture was introduced 

by capillarity between ITO-coated glass plates separated by 13.5 Ǎm thick mylar spacers. 

The sample was then prepared by following the typical recipe for obtaining POLICRYPS. 

The only difference is that the curing temperature was sensitively higher in order to bring 

the CLC material in the isotropic phase during curing. At the end of the whole process, an 

almost complete phase separation was obtained, giving rise to helixed liquid crystal 

www.intechopen.com



 
POLICRYPS Composite Materials: Features and Applications   

 

111 

channels periodically separated by polymer walls. A scanning electron microscopy analysis 

of the sample showed a periodicity of 5 Ǎm with the microcavity width of about 1.5 Ǎm. The 

system was optically pumped with the second harmonic (ǌ = 532 nm) of a Nd:YAG laser. 

The laser beam was focused onto the sample by means of a cylindrical lens (f = 100 mm) and 

linearly polarized perpendicularly to the microchannels. The long axis of the section was 

oriented perpendicularly to the orientation of the polymeric walls; therefore, the profile 

obtained (long axis of approximately 5 mm) ensured the simultaneous excitation of multiple 

microchannels. Above a certain pump power, stimulated emission was achieved, emerging 

from the microcavities in a direction parallel to the glass plates and along the microchannels. 

At their end highly sensitive emission measurements were performed in a restricted cone 

angle of about 0.1 rad. The sketch in Fig. 19 shows this lasing scenario of the microlaser 

array.  

 

 

Fig. 19. Sketch of a multilaser array realized in a POLICRYPS structure 

The stimulated emission emerging from the microchannels was circularly polarized, 
demonstrating that the distributed feedback mechanism due to the CLC helices is the cause 
of the observed phenomenon. The dependence of the emitted intensity and spectral 
linewidth (FWHM) on the input pump energy are reported in Fig. 20.  
At low excitation energies, both the emission intensity and the linewidth show a quasilinear 
dependence on the pump energy. Above a characteristic threshold (the pump energy per 
excited sample area was about 5 mJ/cm2, which corresponds to about 25 nJ/pulse), the 
emitted intensity suddenly starts to increase nonlinearly. Also, above this threshold, the 
emission linewidth breaks off from the previous trend and begins to decrease significantly. 
The observed pump energy value at which the power explosion and line narrowing effects 
occur (25 nJ/pulse) is one order of magnitude lower than in the case of other conventional 
dye-doped systems in a similar environment and under the same pumping conditions. 
A striking scenario is presented in Fig. 21, showing the spatial distribution of the laser 
emission emerging from the microcavity laser array. A high sensitivity and resolution (1390 
× 1024 12-bit PixelFlyQe, PCO) imaging CCD camera was employed in order to check the 
near-field modal profile of the stimulated emission. Images were acquired by scanning in 
the proximity of the output edge of our sample cell, in a direction perpendicular to the 
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microchannels. The mapped intensity profile hereby obtained indicates that the maxima of 
lasing intensities have a spatial recurrence, with a periodicity that is found to be about 5 Ǎm; 
this value is in perfect agreement with the initial tailoring configuration (i.e. the distance 
between the polymeric walls).  
 

 

Fig. 20. Emitted intensity and linewidth dependence on input pump energy. Above a 

threshold of 25 nJ/pulse the reported curves change from initial regimes while lasing  

occurs 

 

 

Fig. 21. Spatial distribution of the laser emission emerging from the mirrorless microcavity 

laser array. The periodicity of maximum intensities is 5 Ǎm. This value is in agreement with 

the tailoring distance between the polymeric microchannels 
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Therefore we can definitely conclude that POLICRYPS microchannels act as miniaturized 

mirrorless cavity lasers, where the emitted laser light propagates along the liquid crystal 

helical axis, which behaves as a Bragg resonator.  

This level of integration can lead to new photonic chip architectures and devices, such as a 

zero-threshold microlaser, phased array, discrete cavity solitons, filters, and routers. 

Furthermore, tailoring a proper array of electrodes, which enables the application of a local 

electric field, would give rise to electrically programmable phase holograms with interesting 

light polarization properties. Then, by including different dyes in neighbour channels, and 

by using proper microfibres connected at the exit, the result should be a multi-colour 

microlaser array with the possibility to control the intensity of each channel separately. 

6. POLICRYPS with metallic nanoparticle inclusions 

Noble metal nanoparticles (NPs) exhibiting plasmonic properties attract wide interest in 

research for the possibility they offer to realize metamaterials [Rockstuhl et al, 2007]. These 

have been predicted in 1969 by Veselago [Veselago, 1968] and they are materials that gain 

peculiar electromagnetic properties (e.g. negative refractive index) from their structure, 

rather than from their chemical composition. Thanks to recent advances in nanofabrication, 

first examples of such materials, which exhibit particular functionalities at optical 

frequencies, have been realized [Valentine et al, 2008]. However, the success of these results 

is limited by the typical size of devices that can be fabricated, which is actually very small 

(few square millimetres). Alternative approaches are emerging, which propose the use of 

self-assembling materials in order to overcome this issue and obtain the sought for greater 

structures, with less difficulty [Nanogold, (2009-2012; Metachem (2009-2013)]. An ambitious 

project is to combine metallic units with host materials whose dielectric properties can be 

tuned by an external control; indeed, a modification of the dielectric behavior of the host 

could correspond to a tuning action of the plasmon resonance frequency [Kossyrev et al, 

2005]. In this regard, by combining the tunability of POLICRYPS structures with the 

plasmonic response of metallic NPs could give rise to novel metamaterial devices with 

tunable properties.  

 

 
 

Fig. 22. Polarizing optical microscope images of (a) POLICRYPS diffraction grating with Ag 

NP inclusions; (b) typical POLICRYPS diffraction grating. In the inset of Fig.1a, a photograph 

which shows the brownish color of the realized new sample 

(b) (a) 
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In order to obtain a POLICRYPS structure that includes metallic NPs, we have used the 
Harima Silver nanopaste NPS-J (from Harima Chemicals, Inc.) that is generally involved 
with other applications (e.g. ink-jet printing and laser sintering) [Niizeki et al, 2008].  
After some difficulties encountered for mixing this Harima material with the standard 
POLICRYPS precursor [Caputo et al, 2011b], we obtained a new mixture composed by: 
NOA61, 68.5 wt%; NPS-J, 3.5 wt%; E7, 28.0 wt%. The experiment followed the same 
procedure used for fabricating a standard POLICRYPS structure [Caputo, 2004]: the mixture 

has been sandwiched by capillarity in a 13μm thick glass cell and then, by keeping it at high 
temperature (about 70°C), it has been exposed to a UV interference pattern with a 

periodicity of 6μm. A microphotograph of the fabricated sample, observed between crossed 
polarizers at the polarizing optical microscope (POM), is reported in Fig. 22a along with the 
picture of a typical POLICRYPS structure without NPs (Fig. 22b) reported for comparison 
aims. Some morphological differences between the two structures are evident which are 
obviously due to the presence of metal nano-particles in the new sample. 
A SEM micrograph of the same sample (Fig. 23) reveals that the NPs are organized in 
clusters (the typical size ranging between 0.3Ǎm and 1Ǎm), homogeneously distributed all 
over the grating area, and visible as bright spots. Of course, those clusters that are trapped 
in the LC films locally disturb the order of the nematic director but, nevertheless, large LC 
domains, with the director aligned perpendicularly to the polymer slices of the structure, are 
still present. This feature, which is typical of a standard POLICRYPS grating, is evident by 
rotating the sample between crossed polarizers. 
 

 

Fig. 23. scanning electron microscope image of the POLICRYPS diffraction grating with Ag 
NP inclusions; Ag clusters (with size ranging between 0.3Ǎm and 1Ǎm) are visible in the 
picture as bright spots 

6.1 Spectroscopical characterization 
As a consequence of considerations in paragraph 3.2, if we illuminate a POLICRYPS 
structure (not including metallic NPs) with linearly polarized white light (wavelength in the 
range 350-1100nm, at normal incidence), we expect a behaviour that is strongly dependent 
on the incident polarization state. In particular, we can expect that the polarization parallel 
to the nematic director n (p-type) is diffracted by the grating and hence the light 
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transmission is almost suppressed. On the other hand, the orthogonal polarization (s-type) 
is, instead, highly transmitted in the whole analyzed range (350-1100nm), because the 
experienced refractive index modulation is limited and the grating is almost absent. By 
repeating the same experiment with the NP doped POLICRYPS sample, new features come 
out. As in the case of a standard POLICRYPS, the p-polarized light is diffracted by the 
structure and the transmission of the grating is negligible for almost all the visible part of 
the spectrum (Fig. 24, GPP curve). For the orthogonal polarization (s-type), we observe 
instead a highly transmitted intensity, whose spectrum exhibits a peculiar behaviour (Fig. 
24, curve GSP). The polarization sensitivity of the grating is further on demonstrated by the 
GNP curve reported in the middle of Fig. 24, obtained by probing the grating with 
unpolarized light: the behaviour of this spectrum represents a kind of “average” of the two, 
differently polarized, ones. A comparison of the GSP curve (Fig. 25, top curve) with the 
spectrum transmitted by a mixture of Harima NPs dissolved in Chloroform (Fig. 25, bottom 
curve) can help to interpret above results. Indeed, the shape of this curve has particular 
features, exhibiting a transmission minimum at ǌ≈520nm. The typical plasmonic response of 
Harima NPs (20-50nm in diameter) is peaked around ǌ=400nm; in presence of Ag clusters 
(0.3-1Ǎm), not perfectly diluted in Chloroform, we can expect a shift of the Ag plasmonic 
resonance to the observed value [Mock et al, 2002]. A similar minimum, can also be noted in 
the GSP curve (500÷570nm) of the NP doped POLICRYPS sample.  Given that the grating is 
almost absent for the s-polarized light (the diffraction pattern can hardly be seen in this 
condition), our guess is that the shape of the GSP curve of Fig. 24 reveals the presence of Ag 
clusters within the structure. 
 

 

Fig. 24. Spectral response of the newly realized POLICRYPS structure containing Ag NPs. 
Top and bottom curves have been obtained by probing the sample with s-polarized light 
(GSP) or p-polarized light (GPP) respectively; In the middle, the curve obtained by probing 
the grating with unpolarized light (GNP) 

Above considerations can just give a qualitative proof of that guess and, as such, further 
investigations are essential in order to provide a quantitative confirmation. However, in case 
of a positive outcome, these novel structures could reveal quite promising for the realization 
of polarization sensitive plasmonic devices. 
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Fig. 25. Comparison between the spectral response of pure Ag NPs in Chloroform (bottom 

curve, 5x factor) and that of Ag NPs inclusions in a POLICRYPS structure (top curve, sample 

probed with s-polarized white light) 

7. Conclusion  

In the field of electrically switchable devices, exploiting liquid crystalline composite 

materials, POLICRYPS represents a very promising nano/microstructure with several 

possibilities of application. Indeed, few main features of this system act as a common 

denominator for these applications: the sharpness of the structure and the uniformity of the 

LC films minimize light scattering losses, while the application of a suitable, relatively low, 

external voltage can determine, in a millisecond timescale, a reorientation of the LC director 

and hence the tunability of the device. Depending on the way a light beam propagates 

through, the POLICRYPS can be used as a switchable diffraction phase grating, for light 

impinging at a given angle with the structure; a switchable optical phase modulator (with a 

light beam impinging almost perpendicularly to the structure); an all-optical switchable 

device, an array of mirrorless optical micro-resonators devoted to obtain a tuneable lasing 

effect (if the NLC is substituted with a mixture of dye-doped CLC and the system is 

optically pumped) and a plasmonic device with polarization sensitive properties (when 

metallic nanoparticles are included in the chemical mixture). Performances exhibited in all 

the above applications are very interesting and stimulate further investigations in the 

different fields. 
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