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Abstract: We present a review of polymer-liquid crystal-
based devices for optical applications. Starting from a par-
ticular fabrication technique, which enables to obtain the
POLICRYPS (POlymer LIquid CRYstal Polymer Slices) struc-
ture, we illustrate different realizations, along with their
working principle and main features and performances.
The name POLICRYPS indicates a structure made of paral-
lel slices of pure polymeric material alternated to films of
well-aligned nematic liquid crystal (NLC), with a spatial
periodicity that can be settled in the range 0.2+15 pum.
Suitably designed samples can be utilized as optical
devices with a high efficiency, which can be switched on
and off both by applying an electric field of a few V/um
or by irradiating samples with a suitable light beam. In
different geometries, POLICRYPS can be specialized to
operate as switchable diffraction grating, switchable opti-
cal phase modulator, switchable beam splitter, or tunable
Bragg filter. The POLICRYPS framework can be also used
as a soft matter template for aligning different types of
LCs or to create an array of tunable microlasers. Finally,
we present a POLICRYPS structure with a polar symmetry
of the director alignment, which enables local shaping of
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light polarization, allowing to convert circularly polarized
beams into cylindrical vector beams.

Keywords: Bragg filter; diffraction grating; electro-optical
device; liquid crystals; POLICRYPS.

1 The POLICRYPS structure

Great attention has been recently devoted to the inves-
tigation of switchable holographic structures based on
holographic polymer-dispersed liquid crystals (HPDLCs),
which means droplets of nematic liquid crystals (NLCs)
dispersed in a polymer matrix [1, 2]. In fabricated samples,
the average size of the NLC droplets is, in general, com-
parable to the wavelength of the impinging light, a cir-
cumstance that causes a strong scattering, thus, limiting
the application-oriented utilization of these structures.
For this reason, we designed and investigated a new kind
of holographic grating called POLICRYPS (acronym of
POlymer Llquid CRYstal Polymer Slices), which is made
of slices of almost pure polymer alternated to films of
uniformly aligned NLCs. Samples, which present a sharp
morphology and a high optical quality, with low scat-
tering losses, are realized by means of the holographic
optical setup shown in Figure 1. This exploits an active
stabilization system for the suppression of the vibra-
tions that the sample might undergo during the curing
process [3]. The standard fabrication procedure exploits
the high diffusivity of LC molecules in the isotropic state
to avoid the formation of the nematic phase during the
curing process [4, 5]. In other words, during the fabrica-
tion procedure, by heating up the sample at a tempera-
ture value higher than the nematic-isotropic point of the
LC medium, a high diffusivity of the LC molecules in the
isotropic phase is enabled, which results in their almost
complete separation from the polymeric ones. The phys-
ico-chemical mechanisms taking place during this high-
temperature curing result in the formation of polymeric
walls alternated to films of LC molecules in the isotropic
phase. When this process comes to an end, the sample
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Figure 1: Optical holographic setup for UV curing gratings with stability check.

P, polarizer; /2, half-wave plate; BE, beam expander; BS, beam splitter; 26cur, total curing angle; M, mirrors; S, sample; PD,, first beam
photodetector; PD,, second beam photodetector; PD,, diffracted and reflected beam photodetector. Inset: reference grating (positioned
immediately below the sample area) that enables the stability check. Reprinted with permission from Ref [3], Optical Society of America

(with full citation in reference list).

is slowly cooled down to room temperature to allow the
LC molecules to self-assemble in a well-ordered and uni-
formly aligned nematic phase; as a result, the realized
POLICRYPS sample is made of polymeric slices alternated
to films of well-aligned NLCs.

The main fabrication steps are the following. A cell
containing a homogeneous mixture of NLC, monomer, and
photo-initiator is placed in a hot stage and heated above
the nematic-isotropic transition temperature of the NLC
component; in this condition, the sample is ready to be
‘cured’. The light beam from an Ar-ion laser (A,=0.351 um)
is broadened up to a diameter of about 25 mm by a beam
expander and divided into two parts of almost equal
intensity by a beam splitter. The two beams overlap at the
entrance plane of the sample cell and produce an interfer-
ence pattern, which is used to cure the monomer of the
mixture; the spatial period of this pattern can be easily
settled in the range A=0.2+ 15 um, by adjusting the inter-
ference angle between the two beams. The stabilization
system can continuously compensate for the optical path
length variations that can take place due to slow variations
in environmental conditions; residual fluctuations are, in
fact, of the order of 6-7 nm, which corresponds to the sen-
sitivity of the used piezo system. When the curing process
is completed, the sample is slowly cooled down below the
isotropic-nematic transition point and is ready for use.

Lately, the initial ‘single-step’” POLICRYPS fabrica-
tion procedure was implemented in a new ‘multi-step’

procedure, which enables the possibility of putting any
desired liquid material between the polymeric slices [6].
After the described standard procedure is completed
using a low-quality NLC, an etching process of the sample
is carried out by immerging it (without opening the cell)
in a water solution of tetrahydrofuran (THF); in this way,
the solvent washes out the NLC from the polymeric frame-
work. In a few hours, this process, which takes place
above the nematic-isotropic transition temperature of the
NLC, removes it without affecting the regularity of the
structure. In a third step, the channels can be filled with
a new desired liquid material, which may include photo-
responsive, cholesteric, or ferroelectric liquid crystals, for
the desired application.

2 The POLICRYPS switchable
diffraction grating

The first basic device realized using a POLICRYPS holo-
graphic structure is an electro/all optical switchable
transmission grating; it can, in principle, completely dif-
fract or transmit an impinging light beam, depending on
the application of an external voltage or irradiation with
a suitable light. To investigate the characteristics of the
grating, the impinging intensity I of the probe beam and
the transmitted intensity I are measured before starting
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the curing process. Once this process is completed, and
the UV light is turned off, the intensity I, of the directly
transmitted and the intensity I, of the first-order diffracted
beam are detected. In this way, it is possible to evalu-
ate the zero-order transmittivity T0=IO/Im, the first-order
transmittivity T, =1 /L, the total transmittivity T_ =T, +T,,
and the first-order diffraction efficiency, which is usually
calculated as m,=I /(I +1). During the experiment, the
intensity of the probe beam is maintained at a low, fixed,
value. In general, the first-order diffraction efficiency of
the POLICRYPS grating, measured at room temperature,
turns out to be n, 290%.

The electro-optical response of the grating is investi-
gated by exploiting a low-frequency (500 Hz, square wave)
voltage, which is applied to the indium tin oxide (ITO)-
coated glasses of the cell. Consequently, an electric field is
created through the bulk of the cell, and the NLC confined
between the polymeric walls reorients along the E-field
direction; this induces an increasing refractive index con-
trast between the polymer and the NLC. The results are
reported in Figure 2. The behavior of the first-order trans-
mittivity T, (circles), zero-order transmittivity T (squares),
and total transmittivity T, (triangles) is reported versus
the applied electric field r.m.s. values. T turns out to be
only slightly lower than 1 and remains approximately the
same for all the values of the applied field; this result rep-
resents a clear indication that the grating exhibits negli-
gible scattering losses. As for the switching field values,
the first diffracted beam is almost completely switched off
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Figure 2: Dependence on an applied voltage of the zero-order
transmittivity T, (squares), first-order transmittivity T, (circles), and
total transmittivity T, (triangles) for a POLICRYPS grating.

Picture in the inset shows a typical POLICRYPS grating morphology
observed with a polarizing optical microscope. Reprinted with
permission from Ref [4], Optical Society of America (with full citation

in reference list).
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by a field of about 4.3 V/um, while rise and fall times are
about 0.9 ms and 1.1 ms, respectively.

The dependence of the diffraction efficiency n of a
POLICRYPS grating on different physical and geometri-
cal parameters can be interpreted in the framework of
the Kogelnik model [7, 8], according to the following
expression:

n=sin

1/2
2 [n(els—l)l‘j =Sin2(1/)(L, A, T))

e, cosp

where 4 is the vacuum wavelength of the probe radia-
tion, L is the cell thickness, ¢, (i=1, -1) stands for the i-th
Fourier component of the dielectric constant distribution
across the fringe, § is the refraction angle of the probe
beam inside the sample, and T is the temperature. There-
fore, 5 is an oscillating function of the argument v, with a
periodical sequence of maxima and minima, which holds
1 and 0, respectively; 1 depends on the sample thickness,
the probe wavelength and, following the ¢, dependence
on temperature, is a monotonous decreasing function of
temperature both for s and p polarizations of the probe
wave. The small temperature dependence of the polymer
dielectric constant can be, in general, neglected.
Recently, we realized optically switchable, high-
quality POLICRYPS gratings by including, in the initial
mixture utilized for its fabrication, a small concentration
of azo-composite LCs, which are photo-responsive in the
visible range (PLCs) [9, 10]. These are good materials for
efficient all-optical switching applications due to their
high photosensitivity to visible wavelengths, nanosecond
response times, and fast relaxation [11]. By utilizing a LC
in the multi-step fabrication process of the POLICRYPS
framework, it is possible to realize an all-optical diffrac-
tion grating, controlled in the visible range that, in fact,
represents a step forward in comparison to previously
obtained results [12, 13]. The all-optical behavior of one of
this kind of samples can be investigated by means of the
setup shown in Figure 3A, which exploits a green diode
laser (pump) emitting at A=532 nm (in the high absorp-
tion range of the mixture spectrum) and a He-Ne probe
beam at A=633 nm; this beam impinges at the Bragg
angle (11.5°) and is p-polarized, in order to experience the
highest index contrast [13]. Figure 3B shows the typical
change in the diffraction efficiency of an azo-LC-based
POLICRYPS, induced by the pump green light. When the
pump is switched on, the probe light experiences the
average refractive index of the LC, whose value is close
to the polymeric one, and a drop of the diffraction effi-
ciency is observed. If the green pump beam is switched
off, a cis-trans photoisomerization of the azo-based LC
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Figure 3: Experimental setup for the observation of all-optical processes in POLICRYPS diffraction gratings containing azo-LC.

PD, ,, photodetectors; HWP, half-wave plate; P, polarizer; ES, electronic shutter (A). Reversible and repeatable changes in the diffraction
efficiency of the grating are induced by a pump green light. Power density values are indicated (B). Reproduced from L. De Sio, A. Veltri, C.
Umeton, S. Serak, and N. Tabirian, Appl. Phys. Lett. 93, 181115 (2008), with the permission of AIP Publishing.

occurs, which induces reorientation of the LC director and
restores the diffractive-index modulation of the sample.
The switching behavior is detected by applying a periodic
on-off pump beam irradiance sequence, while the inten-
sity of the probe red beam is kept constant. The response
of the grating turns out to be reversible and repeatable.

3 The POLICRYPS switchable
optical phase modulator

The good morphology of the POLICRYPS structure enables
using it as high quality, NLC-based, switchable phase
modulator [14]. A basic device of this kind, already known
in literature, uses a NLC with positive dielectric anisotropy
thatis contained in a cell whose glasses, previously treated
to give a planar alignment to the NLC director, are coated
with ITO films. The NLC birefringence yields a separation
into ordinary and extraordinary waves of an impinging
light beam (with wavelength A) when it propagates through
the structure. If L is the thickness of the sample and An
the NLC birefringence, the phase difference ¢ between the
two waves, measured at the exit of the sample, depends
on the value of An according to ¢ =2nLAn/A. By means of
the ITO films, an external electric field can be applied per-
pendicularly to the cell glass slabs, thus, reorienting the
director n along the same direction of the field; this pro-
duces a change in the sample birefringence and, as a con-
sequence, in the phase difference between ordinary and
extraordinary waves. This basic device exhibits a great
drawback in the great sensitivity to those temperature
variations that are unavoidably induced by an impinging
radiation of high power. The POLICRYPS structure can be
used to avoid this problem, as the polymeric framework
that confines the NLC molecules in films as tiny as few um

stabilizes their alignment. Furthermore, it turns out that
the reorientation of n can be driven by low voltages, with
short switching times [4]. Our test grating, with a perio-
dicity A=1.22 um and a thickness L=6 um, is designed to
exhibit a very low efficiency, thus, transmitting almost all
the impinging light. The typical experimental setup for
its fabrication is shown in Figure 4. The focalized light
(spot diameter 0.5 mm, power density =1 mW/mm?) from
a He-Ne laser (A=633 nm) passes through a vertical polar-
izer before reaching the sample, placed in a rotation stage;
this enables to set the POLICRYPS optical axis (given by
the orientation of n) to any desired o, angle with the polari-
zation direction of the impinging light. Then, transmitted
light passes through a second polarizer before reaching
a photo-detector. As a reference signal, the transmitted
intensity (zeroth diffracted order) I,; is measured imme-
diately after the sample when its optical axis is parallel to
that of the first polarizer; then, the output intensities after
the second polarizer are detected for different values of o,

Laser beam

|nc %E
Figure 4: Experimental setup for utilization of the POLICRYPS as an
optical phase modulator.

P, polarizer; A, analyzer; |, totalincidence intensity; |,
intensity, |, and |, zeroth and the first-order transmitted
intensities, respectively, oo angle between the light polarization
direction (y axis) and the grating axis (direction of the NLC director)
in the yz plane; PD, photo-detector; OSC, oscilloscope. Reprinted

with permission from Ref. [14], Optical Society of America (with full
citation in reference list).

T

output
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both between crossed (I,,,,) and parallel (I, ) polariz-
ers. The results in Figure 5A show that both intensities are
periodic functions of the rotation angle o, a behavior that
is typical of a retardation wave plate; the two curves for
cross (I ) and parallel (Ipmnel) intensities are drawn by
starting from their minimum values. The results concern-
ing the possibility of switching ‘on’ and ‘off’ the birefrin-
gence of the sample by applying an external electric field
are shown in Figure 5B. The sample is placed between
parallel polarizers, with its optical axis at 45° with respect
to their axes. The applied field is increased from 0 V/um
to 7.1 V/um; due to the director reorientation, the birefrin-
gence value is completely turned to zero. Finally, the sta-
bility of the device is demonstrated in Figure 5C, where its
birefringence is reported versus the power of an imping-
ing green (pump) laser beam (A =532nm). The very small
observed variations indicate that the stabilization action
of the POLICRYPS polymeric network noticeably reduces
the thermal noise produced by the increasing impinging
intensity [15].

The behavior of a POLICRYPS structure, operating as
a phase retarder between a polarizer and an analyzer, is
explained in the Jones matrix formalism [16, 17] (taking
into account also the dichroic behavior of the structure),
which gives the intensity I of the light transmitted by the
analyzer as:

Cross

L
1. ® =?[H2 sin® B+V? cos’ B+ HV sin 28 cos 6]

where [ is the impinging light intensity, 3 is the angle
between the analyzer and polarizer axes, 0 is the phase
retardation (introduced by the plate) between the two
orthogonal components E“ and E (with respect to the
optical axis of the birefringent material), which the
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impinging wave is decomposed into. It can be evaluated
from the expression [17]:

— 2 2
Cosézl{ZIom(ﬁ—nM)_H +V}
HV L 2

nc

where parameters H and V depend on the considered
material and can reflect a broad range of situations. They
can be experimentally evaluated using the expressions:

L, (3=7)

. V: 2Iout(ﬁ20)
Iinc , Iinc

4 The POLICRYPS switchable beam
splitter

The term optical beam splitter (OBS) indicates an optical
device that splits an incident light beam into two or more
beams. As an interesting way to obtain large area OBSs
is to use periodic structures utilized in transmission
mode, devices based on POLICRYPS or azo-POLICRYPS
can be effectively exploited for OBS application. Fur-
thermore, azo-POLICRYPS, when switched on and off
[12, 13], can exhibit response times in the nanosecond
range, a characteristic of particular interest for applica-
tions. We realized [18] an azo-POLICRYPS with L=6.95 um
thickness and A=1.57 um fringe spacing: according
to Kogelnik’s theory [8], this grating operates in the
Bragg regime, meaning that only one diffracted beam is
observed. The experimental setup that enables using the
azo-POLICRYPS as an optically controlled OBS is reported
in Figure 6, along with the apparatus that produces an
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Figure 5: Output intensity detected versus the rotation angle o of the optical axis of the sample, placed between crossed (red) and parallel

(blue) polarizers.

The difference between the level of I . and the maximum value reached by |

is due to the absorption of the second polarizer (A).

parallel

Birefringence versus the applied electric field (square voltage pulses at 1 kHz) (B). Birefringence versus the power of the impinging laser
beam (C). Reprinted with permission from Ref [14], Optical Society of America (with full citation in reference list).
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Figure 6: All-optical OBS and interferometer setup: P, polarizer; HWP, half-wave plate; SRM, semireflective mirror; 6, , interference angle;

PM, piezomirror; PD, photodetector; L, lens.

Reproduced from L. De Sio, A. Tedesco, N. Tabiryan, and C. Umeton, Appl. Phys. Lett. 97, 183507 (2010)], with the permission of

AIP Publishing.

interference pattern with a tunable fringe visibility. The
azo-POLICRYPS grating splits an impinging probe laser
light (A=633 nm) into two beams (the transmitted and
the diffracted orders, OT and 1T, respectively), which are
recombined in a Mach-Zehnder interferometer (needed
to monitor the functionality of the OBS). The diffrac-
tion efficiency n of the grating is optically driven by an
external pump beam (laser light at A=532 nm); Figure 7
shows 1 variations obtained by switching ON and OFF

0.8-|
0.6 -

0.4

Intensity (a.u.)

0.2 4

0.0 T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Position (um)

Figure 7: Intensity profile of the interference pattern versus the
piezomirror position.

The reversible change in oscillation amplitude is obtained by
switching on and off the external pump light. Reproduced from L.
De Sio, A. Tedesco, N. Tabiryan, and C. Umeton, Appl. Phys. Lett. 97,
183507 (2010), with the permission of AIP Publishing.

the pump green light (intensity L mp =48 mW/ cm?), while
the intensity of the probe beam is kept on at all times
(intensity L ope =055 mW/cm?). The ratio R=I /I  of the
intensities of 1T and OT beams is related to the diffraction
efficiency (n) of the azo-POLICRYPS trough the equation
n=1,/(I,,+1,)=R/(1+R); in the experiment, the polariza-
tion of the probe beam and its incident angle are adjusted
[5] to obtain a maximum diffraction efficiency value
M, ~50% (that is to say, R__~1) when the pump beam
is off. Characterization of the azo-POLICRYPS-based OBS
is made using the interferometer shown in Figure 6. The
interference pattern (reported in the dark inset of Figure 6,
produced by overlapping OT and 1T) exhibits a periodicity
that can be adjusted by varying the small (=0.04°) angle
¥, . It can be shown that the fringe visibility, defined
as V=(I -1 )/ +I ), (whereI andI are the
measured maximum and minimum intensity values of
the interference pattern) depends on R through the equa-
tion V=[2(I .1 )"*/(I .+ 1 )]IY=[2(R)"*/(1+R)]|y|, where the
degree of coherence yof the two beams [19] is related to the
difference Al of the optical path lengths of the two beams
and to the coherence length 1_of the probe laser beam (of
the order of 10 cm in our case). As in the experiment Al
never exceeds a few um, it is reasonable to assume that
[Y1=(1 = Al/lc) =1, which yields V=2[n(1 - n)]"% As the
efficiency 1 varies with the impinging pump power P,
the characteristics of the tunable OBS can be investigated
by measuring the fringe visibility V for different values of
P " For each value, the measurement is made by moving

pum

(linearly in time) the piezo-mirror PM of the interferometer
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Figure 8: Beam splitting (A) and fringe visibility (B) are reported versus the pump power density.
The interference pattern acquired with a CCD camera is reported for V=0.94 (inset 1) and V=0.2 (inset 2). Reproduced from L. De Sio, A.
Tedesco, N. Tabiryan, and C. Umeton, Appl. Phys. Lett. 97, 183507 (2010), with the permission of AIP Publishing.

of Figure 6, thus, varying the optical path length of one of
its arms; this causes a scrolling of the fringe pattern on the
photo-detector and enables the detection of both I _and

I_. values without shifting the PD from the center of the
two interfering beams (of Gaussian shape). The behavior
of V as a function of Ppump values is reported in Figure 8B,
along with measured values of R in Figure 8A; this shows
that R values can be finely adjusted between 1, which
means that transmitted and diffracted beams have the
same intensity, and 0, indicating that there is no diffracted
beam, and the whole impinging intensity is transmitted.
As a final remark, where the temporal stability of the
generated interference pattern is concerned, we have not
observed any significant aging of the optical properties of
the device in terms of contrast ratio and response times.

5 The POLICRYPS tunable Bragg
filter

The POLICRYPS structure can be exploited to realize a
tunable optical filter. Figure 9 shows a sketch of a device
of this kind, based on a guided wave — POLICRYPS
system [20]. A high index contrast (An=0.04) channel,
in-diffused, waveguide in BK7 glass substrate enables
mono-modal propagation of light over the optical C-band
(1530-1560 nm), with low propagation losses [21]. On top
of the waveguide, a glass cover creates a gap, which is
infiltrated with a mixture composed by UV-curable pre-
polymer and common NLC. Then, using the standard UV
curing process, a POLICRYPS grating is realized, which
exhibits a spatial periodicity of about 2.5 um and provides
a Bragg wavelength of about 1550 nm for the fifth order of
diffraction. Coplanar aluminum electrodes, patterned on

Waveguide

L

Cover
Electrode

Liquid crystal

Substrate

Figure 9: Sketch of an integrated optical filter including a
POLICRYPS grating.

both sides of the channel waveguide, enable to apply an
electric field. This is used to induce an in-plane director
reorientation in the NLC contained in the POLICRYPS [20],
which yields a variation of the refractive index modulation
of the overlaying hybrid cladding; this can be experienced
by a guided light wave with horizontal polarization (TE-
like). Thus, application of an electric field to the device
induces a tuning of the Bragg wavelength exhibited by the
overlaying periodic structure, with a consequent tuning of
the optical filtering effect in the guided wave.

The filter optical response of this device is carried out
by exploiting an erbium-doped fiber amplifier (spectrum
ranging from 1530 nm to 1565). An in-line fiber polarizer
and a polarization controller ensure that only TE light
enters the filter, which is fiber butt coupled at both the
waveguide input and output. Optical transmitted and
back-reflected spectra are analyzed by an optical spec-
trum analyzer. Figure 10A shows the detected transmis-
sion spectrum of the filter, whose bandwidth is related
to grating parameters such as periodicity and effective
refractive index, with a 20-dB suppressed signal at the
Bragg wavelength of 1552 nm.
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Figure 10: Transmitted (A) and tuned reflected (B) spectra of the POLICRYPS filter detected by an optical spectrum analyzer.
Reprinted with permission from Ref. [20], Optical Society of America (with full citation in reference list).

An optical circulator introduced in the same setup
enables detecting the filter-reflected spectrum. Figure 10B
shows both the reflected spectra detected without any
applied electric field and the one detected when apply-
ing a square-wave electric field (=2.7 V/um at 1 kHz) to
the POLICRYPS structure. The filter exhibits a FWHM of
=~5nm with a tuning range of =4 nm, which is driven by the
amplitude of the electric field applied to the POLICRYPS.

An implementation of this device exploits an azo-
POLICRYPS for realizing an integrated all-optical tunable
filter, with all optical operations at the telecom wave-
lengths [21, 22]. A schematic and a micrograph of the filter
are shown in Figure 11. The azo-POLICRYPS structure is

Methyl red

Liquid crystal

4 Waveguide

Figure 11: Schematic view of the device with a zoom on the grating
structure.

The bottom inset sketches the orientation tilt (8) and twist (¢)
angles of the molecular director. The right micrograph shows the
fabricated grating on top of the optical waveguide. Reprinted with
permission from Ref [21], Optical Society of America (with full
citation in reference list).

realized according to the multi-step procedure [6], using
E7 NLC doped with methyl red (MR); the grating period
is A=1.5 um. In the absence of a pump light, the MR
molecules are in their elongated trans form, and both
their long axis and the NLC director remain aligned per-
pendicularly to the polymer slices. In this way, the evanes-
cent wave of a TE-like wave propagating in the waveguide
experiences a phase grating in the overlaying POLICRYPS,
due to the mismatch between the refractive index of the
NOA61 (np: 1.5419 at A =1550 nm) and the one of the trans
MR +E7 mixture (n, = 1.5, for light polarization perpendic-
ular to the LC director). Because of this grating, the device
operates as a Bragg filter, with a back-reflected wave-
length given by 1,=(2An_)/m, where m is the diffraction
order, and n_, indicates the effective refractive index of the
guided mode, which depends on the physical parameters
of the structure; for m=3, /IB is in the range 1520-1570 nm
(telecom). If the grating is irradiated by light at A =532 nm,
the MR molecules turn in the spherical cis form, which
strongly affects the directional order of the MR-E7 guest-
host system: the mixture becomes optically isotropic with
a refractive index whose average value

n’ +2n’
)=, | L
(ny=,| 3

is estimated as (n)=1.5655 (nH=1.689 and n, =15 [20]).
This yields a variation in the mismatch with the polymer
refractive index and a variation in the value of 4,
Figure 12 shows the setup used to detect the transmit-
ted spectra. An erbium-doped fiber amplifier is used
as a broadband source operating from A1=1520 nm to
A=1580 nm; the filtered light is sent to an optical spec-
trum analyzer. The pump laser, emitting at A=532 nm,
supplies a power P=45 mW, which exceeds the trans-cis
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Figure 12: Setup used to detect the transmitted spectra of the
tunable all-optical filter.

Reprinted with permission from Ref. [21], Optical Society of America
(with full citation in reference list).
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Figure 13: Transmittance of the all-optical filter.

Black line, pump off; inset with azo dye in trans phase; red line,
pump on; inset with azo dye in cis form. Reprinted with permission
from Ref. [21], Optical Society of America (with full citation in
reference list).

transition threshold without affecting the temperature
of the mixture. In Figure 13, the transmitted spectrum
detected when the pump is off (black line) exhibits a
notch peak of -20 dB at A,=1545.7 nm. If the pump green
light is turned on, the spectrum is shifted by 6.6 nm (red
line), preserving its shape but with a slightly deeper notch
of about -22 dB. The bandwidth of the transmitted notch,
at -3 dB with respect to the transmittance minimum, is
3.3 nm with the pump off and 2.7 nm with the pump on.
It is worth pointing out that measured results are in good
agreement with predictions obtained using COMSOL Mul-
tiphysics as a simulation tool.

6 The POLICRYPS universal
template for photonic
applications

Single-step [4] and multi-step [6] POLICRYPS fabrica-
tion technology enables to fabricate a universal template
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that can be filled with active, soft-composite materials;
then, LC alignment, chemical interactions, and confine-
ment properties yield a self-organization mechanism
that, exploiting the topology of the template, gives rise to
advanced photonic properties. In particular, distinctive
capabilities of the self-organization process are utilized

with three different LC phases and mixtures to realize (i) a

cholesterics-based system that exhibits particular optical

activity features; (i) chiral smectics-based system for
ferroelectric fast switching, (iii) a dye-doped CLC-based
system that works as a microlaser array.

(i) ULH configuration of cholesteric liquid crystals
Cholesteric liquid crystals (CLCs) are organized in
layers with no positional order of molecules within
each layer, but characterized by a director axis, whose
orientation smoothly rotates from layer to layer; this
director reorientation is helicoidal, with a pitch that
can vary in the range 0.1-20 um [23]. A further, in-
plane rotation of the helical axis (the so called ‘flexo-
electric effect’ [24]) is obtained by applying an electric
field across the CLC film; at high temperature, the
system exhibits a ‘uniform lying helix’ (ULH) configu-
ration, in which the helical axis is uniformly aligned
in the plane of the two confining substrates. A con-
sequence of this flexo-electric effect is the so-called
‘flexo-electro-optic effect’ (FEO), which indicates an
in-plane rotation of the optical axis of a short pitch
CLC, aligned in a ULH texture, taking place under the
action of an applied electric field [25]. We exploit our
‘empty POLICRYPS template’ to induce the ULH con-
figuration of a short-pitch CLC. The template is filled
with a CLC (BLO88, helix pitch ~400 nm) at high tem-
perature (~90°C), which keeps the CLC in the isotropic
phase. When cooling down the sample to room tem-
perature, a self-organization process occurs, which
orients the CLC helices in the ULH geometry. Experi-
mental features are investigated by utilizing a probe
setup [26] and a sample, 10 um in thickness, which
maximize the light transmission [27]. Figure 14A
shows a POM micrograph of the sample at the edge
of the POLICRYPS template. On the left, the focal
conic texture is due to a random distribution of the
helical axes (high magnification in Figure 14C). On the
right, the ULH geometry is induced by the structure
(high magnification in Figure 14D). Electro-optical
characterization of the area in Figure 14D is made by
means of a voltage (1-kHz square wave, Figure 14B),
applied across the cell, perpendicularly to the helix.
The created electric field induces an in-plane tilt of
the optical axis of the CLC, aligned in a ULH texture;
the tilt is inverted if the direction of the electric field
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Figure 14: POM view of the template filled with short pitch CLC at the edge of the grating area (A). The high magnification of the random-
oriented CLC area is reported in (C), while the CLC area aligned in ULH geometry is shown in (D); its electro-optical response is reported in (B).
Reproduced with permission from Ref. [6]; copyright 2011, The Royal Society of Chemistry.

(i)

is reversed. The transmitted intensity (red curve in
Figure 14B) is proportional to the electric field that
induces the in-plane rotation of the sample optical
axis [28].

Ferroelectric switching

Ferroelectric LCs (FLCs), exhibit a permanent polari-
zation, without the action of any applied electric field
[29] and are used to realize the so-called ‘surface sta-
bilized ferroelectric liquid crystal’ (SSFLC) devices
[30]. These can exhibit a fast response, a wide-view
angle, and a bistable memory capability, but their
overall optical performances are affected by mechani-
cal stability and DC voltage balance [31]; thus, we
explored the possibility to use POLICRYPS templates
to align an FLC. This is injected into the template at a
high temperature, above the LC clearing point (90°C);
then, the sample is slowly cooled down to room tem-
perature. The results, obtained with a cell thickness
of L=10 um and a A=3 um pitch are satisfactory [6].
At the edge, the sample, observed with a POM, shows
the focal conic texture of non-aligned FLC molecules
(right view, Figure 15A, B); once realized, it behaves
as a uniaxial plate (left view, Figure 15A, B). By rotat-
ing the sample 45° under the microscope, the SSFLC
area (left) becomes dark, while the FLC region (right)
remains almost unchanged; this is an experimental

evidence that a director alignment occurs in the
SSFLC region. In fact, the width of the POLICRYPS
channels is of the same order of magnitude of the
helical pitch and, due to boundary conditions, the
molecular director is constrained at a given angle
(22°) with the normal to the polymeric slices [32]. The
electro-optical effect is obtained by applying a voltage
that switches the director orientation (+22°). Conse-
quently, the polarization axis (which is perpendicu-
lar to the molecular director) is switched between two
stable states (‘Clark-Lagerwall effect’ [30]). Figure 15D
shows the bistability of the SSFLC area (depicted in
Figure 15C), measured using a bipolar electric pulse
with a 1-ms period (blue curve, Figure 15D). The red
curve in Figure 15D shows the two stable states of the
transmitted intensity; jumps between them are driven
by the applied bipolar voltage.

(iii) Microlaser array

A further application is represented by the realiza-
tion of a POLICRYPS-CLC-based microlaser array. A
CLC system behaves as a photonic band gap (PBG),
i.e. due to a distributed feedback (DFB) mechanism,
it exhibits a window in the electromagnetic spec-
trum where wave propagation is forbidden. Because
of the DFB, the system behaves, in fact, as a mirror-
less optical resonator, and if the CLC is doped with
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Figure 15: POM view of the template (grating vector aligned at 45° with the polarization direction) filled with short pitch FLC at the edge of the
grating area (A) and after rotating the grating vector of 45° (B). The bistable electro-optical response of the depicted area (C) is reported in (D).
Reproduced with permission from Ref. [6]; copyright 2011, The Royal Society of Chemistry.

fluorescent guest molecules, it is possible to obtain a
gain enhancement of the radiation propagating in the
structure [33, 34]. In standard CLC systems, the refrac-
tive index modulation is quite low, but in our case,
the use of a POLICRYPS template as a framework for
dye-doped CLC helices exhibits several advantages,
as the single channel can be as long as several centi-
meters, thus containing thousands of periods of the
CLC helices, a feature that enhances the DFB effect. In
this way, each channel of the structure can behave as
an optical resonator with a high-quality factor Q (also
due to the small volume of the channel), suitable to
make a microlaser. An array of parallel microlasers in
a POLICRYPS structure is realized by adding a small
amount of pyrromethene dye, representing the gain
medium, to a mixture of CLC (BLO88, Merck, Darm-
stadt, Germany) and monomer (NOA-61, Norland

Products, Cranbury, NJ, USA), which includes also
photoinitiators (Irgacure 2100 and Darocur 1173,
Sigma Aldrich, Munich, Germany) [35]. The mixture,
injected between two ITO-coated glass slabs, under-
goes the classical ‘single-step’ procedure that yields
a POLICRYPS [4]. Its channels, with a periodicity of
about 5 um and a width of about 1.5 um), represent
the laser microcavities that contain dye-doped CLC
and are periodically separated by polymer slices.
Microlasers are switched on when optically pumped
with the second harmonic (A=532 nm) of a Nd:YAG
pulsed laser, focused onto the sample and linearly
polarized perpendicularly to the microcavities. The
long axis (=5 mm) of the elliptic laser spot section
is oriented perpendicularly to the cavity orientation
(Figure 16), thus ensuring the simultaneous excita-
tion of multiple microlasers. Above a given threshold
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Figure 16: Sketch of a microlaser array realized in a POLICRYPS
structure.

of the pump energy per pulse, light emission occurs,
which emerges from the microcavities, along their
direction and parallel to the glass plates. Light
beams are circularly polarized, indicating that the
DFB mechanism due to the CLC helices is the cause
of the observed phenomenon. The lasing nature of
this emitted light is demonstrated in Figure 17, where
dependences on energy per pulse of the pump green
laser are reported for emitted intensity and spectral
linewidth (FWHM). At low excitation energies, both
the emission intensity and the linewidth show an
almost linear dependence on the pump energy. Above
a characteristic threshold (=25 nJ/pulse), the emitted
intensity suddenly starts to increase very rapidly;
in addition, above the same threshold value, the
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Figure 17: Emitted intensity and linewidth dependence on input
pump energy.

Reproduced with permission from Ref. [35]; copyright 2005, The
American Physical Society.
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emission linewidth breaks off from the previous trend
and begins to decrease significantly. Interestingly, the
observed threshold in the pump energy value is one
order of magnitude lower than in the cases of other
conventional dye-doped systems in a similar environ-
ment and under the same pumping conditions. The
spatial distribution of the laser emission is acquired,
perpendicularly to the microchannels, by a high-sen-
sitivity, high-resolution CCD camera that checks the
near-field profile of the stimulated emission in the
proximity of the output edge of the sample cell. The
mapped intensity profile (Figure 18) indicates that
the maxima of lasing intensities have a spatial recur-
rence, with a periodicity that is about 5 um, in perfect
agreement with the distance of polymeric slices in the
POLICRYPS structure. Further experimental investiga-
tions demonstrated the possibility to tune the lasing
wavelength by varying the sample temperature and
to control the lasing intensity by applying an electric
field, perpendicularly to the helical axis orientation.
By varying the temperature from 25°C to 80°C, an
average red-shift of 0.2 nm/°C is recorded in the spec-
tral range 580-590 nm. As a matter of fact, indeed,
the pitch of the CLC changes with temperature vari-
ations [36], thus, producing a shift of the stop band
edge where the lasing is expected. On the other hand,
by applying a sinusoidal voltage (1 kHz, from O up to
3.7 V/um) to the sample between the two ITO-coated
glass while maintaining fixed the pump energy, a sig-
nificant decrease in the lasing intensity is observed;

50 100 150

Figure 18: Spatial distribution of the laser emission emerging from
the mirrorless microcavity laser array.

The periodicity of maximum intensities is 5 um. Reproduced with
permission from Ref. [35]; copyright 2005, The American Physical
Society.
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in addition, above a given field threshold, the micro-
lasers switch off. This is because the electric field,
applied perpendicularly to the helical axis, produces
a local distortion of the CLC periodic structure, whose
molecules tend to align along the electric field, thus
modifying the sinusoidal modulation of the refractive
index, which assumes a low-efficiency rectangular
profile [37]. The overall result is a diminishing of the
DFB mechanism; therefore, a decrease in the lasing
intensity is observed. By further increasing the field,
the regions where the molecules are favorably ori-
ented (from the energetic point of view) keep expand-
ing until the chiral helix completely unwinds, and the
structure becomes nematic.

7 The polar POLICRYPS structure
for realization of g-plates

A planar slab of a uniaxial birefringent medium (like LC)
can induce a homogeneous phase retardation of half-
wave across the slab; in addition, an inhomogeneous ori-
entation of the fast optical axis lying parallel to the slab
planes can yield the consequence that the emerging wave
not only is uniformly right-circular polarized but also
acquired a phase factor exp(img), i.e. it has been trans-
formed into a ‘helical’ wave (the sample is a ‘g-plate’, with
m=2q) [38]. We have shown that, by properly shaping a
POLICRYPS structure, it is possible to commute from a
diffraction grating with a standard Cartesian geometry
to a polar one of high-quality morphology [39], where an
intrinsic radial orientation of LC director, obtained in all
the rings of the sample, might enable the possibility of
realizing optical g-plates. The fabrication of the circular
POLICRYPS structure is performed by exploiting the setup
reported in Figure 19. Power and polarization of the curing
beam from a laser source (A=532 nm) are controlled by
a half-wave plate (HWP) and a polarizing beam splitter
(P). The beam is focused by a microscope objective (10x)
to an almost point source of coherent light that, imaged
by the lens L, experiences a spherical aberration. In the
longitudinal spherical aberration image-space of the
lens, a centro-symmetric diffraction pattern is produced,
whose center is located on the optical axis of the system
(Figure 19, inset). The produced pattern consists of very
closely spaced concentric rings, whose spacing can range
from a few micrometers to tens of micrometers, depending
on the specific values of geometrical parameters. Because
of spherical aberration, light rays coming from lens L,
are not all focused on the same point, but rays passing
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Figure 19: Optical setup for visible curing of polar POLICRYPS
structure.

Laser, CW solid state laser; P, polarizing beam splitter; HWP, A/2
plate; OBJ, microscope objective (10x); L, L, spherical lenses. The
sample is put in a hot stage to accurately control its temperature.
On the inset: sketch illustrating the spherical aberration the laser
beam undergoes passing through the lens L and the ring pattern
imaged on a plane perpendicular to the optical axis of the system.
Reprinted with permission from Ref. [39], Optical Society of America
(with full citation in reference list).

through the lens in its extreme outer parts focus closest to
the lens, while rays passing through the lens center focus
at the most distant point from the lens; the region between
these two focal points is called the longitudinal spherical
aberration region (LSA). The obtained pattern, focused
on the surface of the sample cell by means of lens L,, is
used to cure the photo-sensitive mixture, which is inside.
The size of the obtained pattern is controlled by properly
choosing the focus of L,, while periodicity and number of
rings are controlled by acting on the lens diameter, lens-
to-source distance, and viewing conditions. Cells used for
the realization of circular POLICRYPS are fabricated using
two glass substrates to form a 10-um cell filled with a
photo-sensitive mixture made of the pre-polymer NOA61,
the E7 NLC, and the photo-initiator Irgacure 784, which
can be cured by exploiting visible-light curing in the
framework of the standard POLICRYPS protocol [4]. Three
samples with different numbers of rings and average pitch
values (Aa=100 um, Ab=25 um, Ac=5 pm, see Figure 20)
were realized by slightly modifying the setup in Figure 19,
using optical elements (objective, lenses 1 and 2) with
different magnifications and focal distances or by chang-
ing their relative distance. Micrographs of the obtained
morphologies (taken between crossed polarizers at the
polarized optical microscope) are shown in Figure 20. A
whole view (Figure 20A) of the sample with the largest
pitch (A, =100 pm) shows an evident Maltese cross that
confirms the radial alignment of the LC component in all
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Figure 20: Micrographs (taken at the polarized optical microscope between crossed polarizers) of the morphologies obtained by exploiting
the optical setup in Figure 19; (A—C) polar POLICRYPS optical structures with different numbers of rings and pitches; (D) circular POLICRYPS
structures obtained by slightly misaligning the setup in Figure 19; (E) magnification of the central area of the structure.

Reprinted with permission from Ref. [39], Optical Society of America (with full citation in reference list).

A Diffraction

pattern
[ Laser

Figure 21: (A) Sketch depicting the diffraction pattern produced by a circular diffraction grating when illuminated with coherent light; (B)
picture of the real diffraction pattern produced by the circular POLICRYPS optical diffraction grating when probed with the green laser light.
It can be observed that the light intensity of the diffracted orders decreases by increasing the number of the order. However, as a difference
from the Cartesian case, measuring the diffraction efficiency of a given order is now more difficult, the light being diffracted in a ring and no
more in a point. An estimate of the first-order diffraction efficiency (performed using geometric considerations) gave a value of about 20%.

Reprinted with permission from Ref. [39], Optical Society of America (with full citation in reference list).

the circles of the structure. Where the optical properties
of our samples are concerned, they produce a far-field dif-
fraction pattern given by a series of concentric circles: at
a distance z from the sample (Figure 21A), the radius r_ of
the m-th diffraction ring can be calculated by means of
the Bragg theory. Figure 21B shows the circular diffraction
pattern produced by the sample with A_=5 um, when it is
acted on, at normal incidence, by a green laser probe (low
power, solid state laser).

8 Conclusions

In conclusion to this review, we have the belief that, in
the field of electrically switchable optical devices exploit-
ing liquid crystalline composite materials, the POLIC-
RYPS structure is very promising for several kinds of

application. Both ‘single-step’ and ‘multi-step’ processes
enable fabrication of a rigid, stable, and sharp polymeric
frame of ‘channels’, which can be filled with uniform films
of different kinds of LC; all optical applications are based
on this distinctive characteristics. As a matter of fact,
sharpness of the structure and uniformity of the LC films
allow to minimize light scattering losses, while a suitable
application of an electric field by means of an external
voltage determines a reorientation of the LC director that
is exploited to obtain a spatial modulation of the refrac-
tive index of the sample. Possible applications in optical
technologies depend on the way a light beam propagates
through the POLICRYPS while undergoing this modula-
tion. For light impinging at a given angle with the surface
of the sample, a POLICRYPS structure, realized with a
single-step fabrication process and filled with NLC, has
its main application as a switchable diffraction grating, a
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beam splitter, a switchable optical phase modulator (if the
light beam impinges almost perpendicularly), or a tunable
Bragg filter for a light beam impinging parallel to the
structure and perpendicular to the channels. A multi-step
fabrication process enables the realization of a POLICR-
YPS-based soft matter template, to align different kinds of
liquid crystalline materials or to create an array of tunable
microlasers (if filled with a mixture of dye-doped CLC and
the system is optically pumped). Finally, a new fabrication
setup enables to realize POLICRYPS with a polar symme-
try, a structure that opens the possibility to be designed to
operate as a g-plate. The performances exhibited in all the
above optical devices are very interesting and stimulate
further investigations in the different fields.
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