Liquid Crystals

ISSN: 0267-8292 (Print) 1366-5855 (Online) Journal homepage: https://www.tandfonline.com/loi/tlct20

Switchable polarisation-independent blue phase
liquid crystal Fresnel lens based on phase-
separated composite films

Nejmettin Avci, Yuan-Han Lee & Shung-June Hwang

To cite this article: Nejmettin Avci, Yuan-Han Lee & Shung-June Hwang (2017) Switchable
polarisation-independent blue phase liquid crystal Fresnel lens based on phase-separated
composite films, Liquid Crystals, 44:7, 1078-1085, DOI: 10.1080/02678292.2016.1262070

To link to this article: https://doi.org/10.1080/02678292.2016.1262070

Published online: 28 Nov 2016.

Submit your article to this journal &

Article views: 252

View related articles &

View Crossmark data &'

Citing articles: 8 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tlct20


https://www.tandfonline.com/action/journalInformation?journalCode=tlct20
https://www.tandfonline.com/loi/tlct20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/02678292.2016.1262070
https://doi.org/10.1080/02678292.2016.1262070
https://www.tandfonline.com/action/authorSubmission?journalCode=tlct20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tlct20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/02678292.2016.1262070
https://www.tandfonline.com/doi/mlt/10.1080/02678292.2016.1262070
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2016.1262070&domain=pdf&date_stamp=2016-11-28
http://crossmark.crossref.org/dialog/?doi=10.1080/02678292.2016.1262070&domain=pdf&date_stamp=2016-11-28
https://www.tandfonline.com/doi/citedby/10.1080/02678292.2016.1262070#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/02678292.2016.1262070#tabModule

LIQUID CRYSTALS, 2017
VOL. 44, NO. 7, 1078-1085
https://doi.org/10.1080/02678292.2016.1262070

Taylor & Francis
Taylor &Francis Group

W) Check for updates

Switchable polarisation-independent blue phase liquid crystal Fresnel lens
based on phase-separated composite films

Nejmettin Avci®?, Yuan-Han Lee® and Shung-June HwangP<

Faculty of Science, Department of Physics, Mugla Sitki Kocman University, Kotekli, Mugla, Turkey; *College of Optics and Photonics,
University of Central Florida, Orlando, FL, USA; “Department of Electro-Optical Engineering, National United University, Miao-Li, Taiwan

ABSTRACT

A simple method for fabricating a polarisation independent blue-phase liquid crystal Fresnel lens
(BPLCFL) is demonstrated by utilising the photo-polymerisation-induced phase separation. The
BPLC/polymer binary Fresnel zones is obtained well by periodic UV illumination with phase
separation of the BPLC molecules and UV-curable pre-polymer mixture. The diffraction efficiency
can be controlled when applying a uniform electric field which modulates the phase difference
between even and odd Fresnel zones. Experimental results show that the maximum diffraction
efficiency reaches 24.3%, which is close to the measured diffraction efficiency of the used Fresnel
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zone-plate mask of 25%. We also characterise the tunable lens performance at different applied

voltages.

1. Introduction

Fresnel lenses have been widely implemented for long
distance optical communication, millimetre-wave
devices, optical interconnection, optical information
processing, variable optical data storage system, three-
dimensional display systems and space navigation [1-
5]. Due to the electrically controllable orientation and
the refractive index of liquid crystal (LC) molecules,
switchable liquid crystal Fresnel lens (LCFL) without

mechanical moving parts has attracted considerable
research attention. The unique properties of LCs,
such as field-induced reorientation and low operating
voltage, make LC a very good candidate for electrically
switchable lens devices. Significant efforts have been
made into making such electrically switchable LCFs
[6-12] by using polymer-dispersed liquid crystals [6],
polymer-stabilised liquid crystals [7], dye-doped
nematic liquid crystals [8], polymer-separated
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composite film [9], hybrid aligned liquid crystals [10]
and so on. However, because of the intrinsic uniaxial
anisotropy of LCs, the focusing properties of the LC
Fresnel lens depend strongly on the polarisation state
of the incident light. As a result, numerous methods
have been demonstrated to eliminate the polarisation-
dependency of LCFL device [11-13], such as the ortho-
gonal alignment of LC molecules in adjacent zones
[11], surface-mode switching of 90° twisted-nematic
LCs [12] and circularly symmetric hybrid-aligned
liquid-crystal film [13]. While these devices are polar-
isation-independent, they necessitate particular align-
ment processes such as a multi-rubbing, circular
rubbing or masking photolithographic process, limiting
the range of practical applications of such an LC
Fresnel lens.

Recently, blue-phase liquid crystal (BPLC) materials
have received intense interest due to its several attrac-
tive features including fast response time, alignment-
free fabrication and optical isotropy at voltage off state.
Therefore, BPLC serves as a good candidate for polar-
isation-independent switchable lens with potentially
fast response time and easy processing. Recently,
some groups have explored its potential for Fresnel
lenses [14-18]. By using patterned electrodes, Lin
et al. [14] demonstrated a high-efficiency BP Fresnel
lens; however, the fringing field effect in this method
results in a non-uniform distortion on the polymer
network around the boundaries of the electrode. Tan
et al. [15] showed that using holographic exposure
technique, one can eliminate the need for a photomask;
however, delicate fabrication processes of washing out
LCs in the cell and refilling BPLC mixture must be
performed.

In this work, an alternative method is proposed for
fabricating an electrically switchable BPLC Fresnel lens
(BPLCFL) based on phase-separated composite film
(PSCOF) where the BPLC and polymer are separated
completely to form binary zones. In this case, a photo-
mask is exploited to define the even and odd Fresnel
zones, and a BPLC/polymer binary Fresnel zone lens is
effectively generated by using photo-polymerisation-
induced phase separation (PIPS) technique [19,20].
The phase difference between the neighbouring zones
can be changed electrically, so that the diffraction effi-
ciency of the proposed BPLCFL is continuously tunable
through an external electric field. The diffraction inten-
sity increases as the uniformly applied electrical field
induces the phase difference in the hybrid PSBP.
Besides, the field-induced focusing properties of the
proposed BPLCFL is independent of polarisation state
of the incident light. Comparing with other methods,
this PSCOF-based BPLCFL is fabricated easily by only
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one-step exposure process and is thus suitable for
practical applications.

2. Experimental
2.1. Fabrication of BPLCFL

The PIPS technique was applied to fabricate a switch-
able BPLCFL. Based on the spatially modulated ultra-
violet (UV) light intensity by using a photomask, a
binary BPLCFL can be easily achieved, as shown in
the fabrication process in Figure 1. The critical element
used here is the chromium oxide photomask, which is
used for defining the Fresnel zone pattern. The inner-
most zone has a radius of r; = 0.5 mm and the n'" zone
has radius r,, which satisfies r,,> = nr,%, with n indicat-
ing the zone number. Our zone plate consists of 80
concentric rings approximately within 1-cm diameter.

To form an electrically controllable BPLCFL with
uniform binary layers of the BPLC and polymer,
phase-separated composite film is carried out by expos-
ing the LC cell to UV light. Upon UV exposure, the
monomer concentration reduced in the unmasked area
due to the UV-induced polymerisation, this concentra-
tion change led to diffusion and further aggregation of
polymer which gradually expelled LC to the masked
area. As a result, polymer walls were formed in the
even zones, and the BPLC was formed in the odd zones
to form an electro-optically-responding BPLCFL as
shown in Figure 1(b). It is well known that two pro-
cesses of spatially non-uniform polymerisation and
diffusion of small molecules play important roles in

(€ UV Light

Photomask

BPL C/monomer mixture ITO substrates

(b)

Figure 1. (colour online) Schematic demonstration of (a) the
fabrication process of BPLC Fresnel lens by (b) the photo-
polymerisation-induced phase separation of the LC/polymer.
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determining a specific PSCOF polymer structure dur-
ing phase separation. The variations in UV irradiation
intensity critically influence these two processes and
can impact the resultant PSCOF bilayer structure. To
achieve complete phase separation of BPLC and poly-
mer, a low-intensity exposure is absolutely required to
ensure sufficient diffusion.

To fabricate a BPLC Fresnel zone plate based on
PSCOF structure, we prepared a BPLC precursor com-
prising of 44 wt% HTG135200-100 (a positive-dielec-
tric-anisotropy (Ae > 0) nematic liquid crystal (HCCH,
China), 6 wt% a high twisting power and photo-stable
chiral dopant R-5011 (HCCH), and 50 wt% photo-
curable monomers [(30% RM257 (Merck) and 20%
TMPTA (Sigma Aldrich)]. The concentration of mono-
mer is chosen to be 50% since in a typical Fresnel zone
plate the even and odd zones have the same area. The
physical properties of the nematic host are as follows:
An =0.205 at A = 632.8 nm, Ae = 85 at 1 kHz and 21°C,
and the clearing temperature is 90°C. The BPLC/
monomers mixture was filled into an empty cell with
indium-tin-oxide-coated glass substrates by means of
capillary flow. The cell was heated to a temperature
above the isotropic phase of the LC/monomer mixture
during the infiltration in order to avoid separation
caused by the viscosity difference between the LC and
monomer. The «cell gap was measured to be
d = 11.5 um. Subsequently, the cell was illuminated
by a uniform UV light with a central wavelength of
365 nm through the photo-mask in isotropic phase.
During UV-light (Loctite model 98016) exposure, the
photomask was in proximity contact with the LC cell.
Since the odd zones were blocked by the photo-mask
while even zones were transparent, polymerisation pro-
cess would first take place in the even zones resulting
in the formation of PSCOFs corresponding to the
photomask pattern.

Since the residual monomers left in the masked
region will hinder the reorientation and thus degrade
the electro-optical response of LC molecules, sufficient
exposure must be applied. After the PIPS process, the
sample was cooled down to room temperature and
then re-illuminated by uniform UV light with higher
intensity without the photo-mask for 30 minutes to
photo-polymerise the remaining monomers. Then the
polymer stabilised BPLC layer was formed in the odd
rings and was completely separated from the polymer
layer defined in the even rings. A binary-phase
BPLCFL was thus successfully formed. With the
BPLC, the refractive index distribution of the Fresnel
lens can be tuned by the electric field which induces
the birefringence of BPLC according to the extended
Kerr model [21].

In the absence of an external electric field, the BPLC
in the odd zones is nearly optically isotropic with an
index n;. When external electric field applies, the direc-
tor of LC molecules tends to align parallel to electric
field direction, thus the BPLCs will be optically aniso-
tropic following the Kerr effect. Based on the extended
Kerr model [21], the induced birefringence in a BPLC
An(E) can be described by

E 2
Aning(E) = Ang [1 - exp(—(E—) } , (1)
S
where An, stands for the saturated induced birefrin-
gence and E; is the saturation electric field. The
induced ordinary index #,(E) and extraordinary refrac-
tive index n.(E) can be represented as

no(E) = ny — Aning(E) /3, (2a)
ne(E) = nj + 2An;ng(E) /3. (2b)

However, the electrically induced birefringence in
more rigid polymer layer is much smaller in the even
zones. As a result, the phase difference between the odd
zones and the even zones can be practically controlled
by the Kerr effect of BPLCs under a uniform vertical
electric field. For normally incident light, both s and p
waves experience the same index n,(E), so that the
Fresnel lens functions independently of the polarisation
state and the phase difference between odd and even
regions could be expressed as I'(E) = 2 [n,(E) — n,)d,
which varies with the strength of external electric field.
Here d is the cell gap and n,, is the refractive index of
polymer layer.

2.2. Voltage-dependent focusing properties of
BPLCFL

Figure 2 shows the experimental set-up for characteris-
ing the focusing properties of the BPLC Fresnel zone
plate. The voltage-dependent diffraction efficiency and
image quality were also measured through this set-up.
A He-Ne laser (632.8 nm) was used as a probing light
source and was filtered and collimated. The output
beam of the laser was expanded by a beam expander
and a diaphragm was used to adjust the aperture area
such that the collimated laser beam filled the entire
zone plate of the Fresnel lens. The voltage-dependent
diffraction efficiency and spatial profile at primary
focal point were measured by a photo-diode detector
(New Focus Model 2031) and a charge-coupled device
(CCD) camera placed at the primary focal point
(~50 cm) after the BPLCFL, respectively. Due to the
higher-order Fourier components, Fresnel zone lens
typically has multiple foci, e.g., at f, /3, f/5..., but
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Figure 2. (colour online) Experimental set-up for measuring the focusing properties of the BPLCFL. A CCD/detector is set at the
focus point of the BPLCFL to measure the focusing profile/diffraction efficiency.

most power of incident light is diffracted to the pri-
mary focus. The optical diffraction efficiency (#,) of
these foci can be described by sinc®(n/2) = [sin(nn/2)/
(nm/2)]?, n =+ 1, +3, £5 .. .. Hence, a small pinhole was
placed in front of the photo-diode to block light with
higher-order focal points.

3. Results and discussion

Figure 3 shows the optical microscopic photograph of
BPLCFL formed with PIPS process at different UV
curing intensities. The PSCOF-based Fresnel zone
structure was observed under crossed polarisation
microscope. We found the phase separation of BPLC
and polymer cannot be successfully achieved when the
UV curing intensity is higher than 1 mW/cm?® as
shown in Figures 3(b,c). To efficiently achieve a good
phase separation between BPLC and UV-curable
monomer, the UV intensity irradiated on the cell
should be as weak as possible. The UV light intensity
of 0.5 mW/cm” at A ~ 365 nm is suitable for realising
good PSCOF-based Fresnel lens structure.

Figure 4 demonstrates the optical microscopic
photograph of a portion of Fresnel BPLC zone plate
at V.= 0, 80, 120, and 180 Vs with frequency of 1
kHz, respectively. In the absence of electric field, the
sample exhibits BPLC/polymer composite Fresnel zone

structure. The odd and even zones show different col-
ours. When the applied voltage exceeded a threshold
voltage (30 V,,), the appearance in the odd zones
(with BPLC) changed as shown in Figures 4(b-d).
The appearances in the even zones were kept
unchanged, indicating there is no BPLC in that region.
The change in appearance is due to the electric-field-
induced lattice distortion, which is known as the elec-
trostriction effect [22]. When external voltage was
applied, the electric field-induced Kerr effect resulted
in the change in refractive index of PS-BPLC in the odd
region, while the refractive index of the polymer region
was kept unchanged, and thus the phase difference
between these two regions changed and the diffraction
efficiency changed gradually with increased electric
field.

To measure the primary focal length, a photodiode
detector was placed at near the focal point (50 cm), and
then its relative position with respect to the Fresnel
lens was adjusted until a sharp focal point was
achieved. At this point, the distance between the
Fresnel lens and the photodiode detector equals to
the primary focal length. Given the PSCOFs between
odd and even zones, which makes the effective refrac-
tive indices slightly different between adjacent zones,
the focusing effect of the BPLCFL occurs. Figure 5
plots the measured first-order diffraction efficiency as

Figure 3. (colour online) The microscopic images of PSCOF Fresnel structure constructed under UV intensities of (a) 0.5 mW/cm?

and (b, ¢) T mW/cm?.
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Figure 4. Microscope images of the BPLC cell at (a) V =0, (b) 80 V s, () 120 Vs, and (d) 180 V,,s. The LC cell was placed between

crossed polarisers.

Figure 5. The voltage-dependent diffraction efficiency of the
Fresnel lens at different voltage and polarisation angles with
respect to X-axis.

a function of the applied voltage under different polar-
isation angle of the incident linearly polarised laser
beam at room temperature. The diffraction efficiency
is defined as the ratio of the diffracted light intensity at
the primary focal point to the total light intensity
passing through the sample. The experimental results
show that the initial diffraction efficiency at V = 0 is
12.3%. This is due to the slight difference of effective
refractive indices between the odd and even zones. For
some applications, such an initial state is undesirable,
and this can be avoided if an optimum cell gap or a
BPLC material with refractive index matching the poly-
mer zones at voltage off state is carefully chosen. When

an external voltage beyond the critical value of approxi-
mately 80 V., was applied, the LC directors in the odd
rings began to realign in the direction of the electric
field, and the effective refractive index is then induced
according to Kerr effect; on the other hand, the poly-
mer in the odd rings remained basically unchanged. As
the voltage increases, the phase difference between the
two neighbouring zones increases, and so does the
optical diffraction efficiency. When the voltage
increases to 180 V.., the diffraction efficiency reaches
the maximum value of ~24.3%. The measured value is
very close to the measured diffraction efficiency of the
used Fresnel-zone-plate mask (~25.6%). The slightly
lower diffraction efficiency might be a result of weak
light scattering occurred at the zone edges. The trans-
mittance fluctuates slightly because of interference of
multiple beams between two glass substrates. Through
proper control of the polymerisation time and tem-
perature, an optimised phase separation should be
achievable with lower operation voltage and improved
performance.

Due to the high driving voltage, hysteresis may occur.
Some possible methods to reduce hysteresis at high
voltage including better selection of polymer composi-
tion and alternative curing method are discussed in
[23,24]. It can be also seen that the diffraction efficiency
does not change with the polarisation angle, confirming
that the BPLC Fresnel lens is independent of the inci-
dent light polarisation. Based on these experimental
results, the sample can be used as a switchable lens. In
addition, chromatism always causes great quality degra-
dation of the diffraction imaging system. The chromatic
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Figure 6. Imaging and focusing properties of the BPLC Fresnel lens recorded by a CCD camera at (a) 0 V, (b) 70 Vs, (€) 140 Vs

and (d) 180 V.

Figure 7. Spot intensity profiles measured by the CCD camera
under applying voltages. (a) V=0, and (b) V = 180 V.

dispersion of the proposed BPLC Fresnel lens is caused
by its nature more significant comparing to a typical
biconvex lens. This is a result of exploiting phase mod-
ulation instead of refraction. Although this is largely
forgiven for laser applications, the compensation meth-
ods to overcome chromatism for light source with wider
band should be critically exploited such as the previous
works [25,26].

Figure 6 shows the focusing properties of the
BPLCFL captured by a digital CCD camera. When
the sample was present with no voltage applied, the
LC lens slightly focused light to the centre as seen in
Figure 6(a), which was due to the refractive index
mismatch between LC-rich and isotropic polymer

domain layers. Diffraction rings were observed due to
higher diffraction orders. As the applied voltage
increased, the BPLC lens achieved higher efficiency as
shown in Figure 6(b-d). The surrounding area became
darker, indicating more light focusing to the centre. In
addition, the optical diffraction efficiency was almost
steady at the applied voltages beyond 180 V .

Figures 7(a-b) show the measured three-dimen-
sional intensity distribution at the primary focal point
of BPLC Fresnel lens with different voltages. A weak
focusing effect was observed at zero-voltage state and
the peak intensity is obtained at 180 V ;.

Moreover, to illustrate the imaging and focusing
qualities of the LC Fresnel lens, a piece of black card-
board with a transparent letter U was placed in front
of the LC sample as an object. Figure 8 shows the
recorded images as the CCD camera is located in
front of, at or behind the focal point (near 45, 50 and
55 cm, respectively) from the LC lens which operated
at V = 180 V.. As the CCD camera was put at a
distance of 45 cm from the LC Fresnel zone plate
(5 cm in front of the focal plane), two images were
observed simultaneously as shown in Figure 8(a). The
bigger ‘U’ image represents the projected images of the
U pattern without being diffracted, and smaller ‘U’
image corresponds to the first focus order. As the
CCD was just in focal point position (at 50 cm), the
observed first order focus ‘U’ image was focused to a
bright spot as shown in Figure 8(b). When the

Figure 8. Image properties of the BPLC Fresnel lens recorded by a CCD camera placed (a) 5 cm before the focal point, (b) at the

focal point and (c) 5 cm after focal point.
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distance of CCD from the LC Fresnel lens was
adjusted to 55 cm, the smaller ‘U’ image is reversed
as illustrated in Figure 8(c). Therefore, proper focus-
ing and imaging can be performed with the proposed
polymer/BPLC composite Fresnel zone plate.

4. Conclusion

We have demonstrated an electrically switchable
polarisation-independent binary-phase Fresnel lens
using the photo-polymerisation-induced phase
separation technique. This proposed method is sim-
ple for fabricating BPLC-based optical devices
because only one photo-mask exposure is required
to realise the binary phase-separated composite
films. The focusing behaviour of the BPLCFL with
high diffraction efficiency can be controlled continu-
ously by a uniform electric field. With the merit of
simple fabrication, polarisation-independency and
continuous modulation, we believe the proposed
BPLC Fresnel lens has wide potential applications.
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