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Abstract: Direct laser writing (DLW) in liquid crystals (LCs) enables a range of new stimuli-responsive
functionality to be realized. Here, a method of fabricating mechanically tunable diffraction gratings
in stretchable LC gels is demonstrated using a combination of two-photon polymerization direct
laser writing (TPP-DLW) and ultraviolet (UV) irradiation. Results are presented that demonstrate
the fabrication of a diffraction grating that is written using TPP-DLW in the presence of an electric
field in order to align and lock-in the LC director in a homeotropic configuration. The electric field is
subsequently removed and the surrounding regions of the LC layer are then exposed to UV light
to freeze-in a different alignment so as to ensure that there is a phase difference between the laser
written and UV illuminated polymerized regions. It is found that there is a change in the period
of the diffraction grating when observed on a polarizing optical microscope as well as a change in
the far-field diffraction pattern when the film is stretched or contracted. These experimental results
are then compared with the results from simulations. The paper concludes with a demonstration of
tuning of the far-field diffraction pattern of a 2-dimensional diffraction grating.

Keywords: direct laser writing; diffraction gratings; stretchability; liquid crystals

1. Introduction

Diffraction gratings are optical components with precisely defined periodic structures
that are designed to manipulate the spatial distribution of light [1]. For example, they can
split a beam of light into a number of diffracted beams or direct a beam into one specific
order. Diffraction gratings play an important role in a number of applications including
monochromators, spectrometers, augmented reality (AR)/virtual reality (VR) displays,
wavefront measurements, beam steering, structured light and optical encoders for high
precision motion control [2-8]. The development of switchable and tunable diffraction
gratings is also of considerable interest for potential future wearable technologies [9].

Tuning a diffraction grating often relies on applying some form of external stimuli
to alter the optical properties of the material or the architecture of the grating. This
external stimulus might be, for example, in the form of an electric field, a change in the
temperature, or a change in the humidity conditions [10,11]. With the advent of wearable
and conformable photonics technologies, there is a particular interest in using strain or
mechanical deformation to tune photonic devices [9,12-17]. Towards this end, there are
a range of materials that exhibit a reversible elastic response to mechanical strain [18-33],
such as polydimethylsiloxane (PDMS), polyethylene terephthalate (PET), polyimide and
Parylene-C, which would potentially enable the grating to be deformed by introducing
external tensile strain leading to tuning of the optical diffraction pattern [16,34-39].

Two-photon direct laser writing (TPP-DLW) is a popular microfabrication technique
as it enables small structures (of the order of microns and less) to be fabricated in a range of
materials and has proved to be a particularly powerful fabrication tool for the development
of a range of different metamaterial and nanophotonic platforms [40-42]. Liquid crystal
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(LC) gels are a material that exhibit both elasticity and long range orientational order of the
molecules (characterized by a unit vector referred to as the director). Using laser writing
to structure and impart new functionality in polymerizable LC gels and elastomers has
also attracted considerable interest in recent years [7,9,43-45]. For example, combining
TPP-DLW with LC gels has enabled the development of a wide range of tunable stimuli-
responsive components whose optical properties change when the material is subjected to
an external stimulus, for example, LC microactuators, micro-soft robotic systems and LC
sensors [46—49].

An advantage of using an LC gel compared with isotropic materials, such as pho-
tocurable polymer resins, is that these materials combine birefringence with the mechanical
stretchability. Polymer-stabilized LCs also have the advantage of being able to lock-in
and maintain any desired phase profile with the use of an external electric field and/or
surface alignment [50]. By applying a voltage during fabrication, TPP-DLW can be used to
lock-in different alignments of the director through photopolymerization so as to create
a sculptured polymer network. After removing the voltage, and depending upon the
relative lengthscales involved, the LCs in the non-polymerized regions tend to relax back
to the initial alignment conditions leading to a spatially varying phase profile across the
device [43]. Furthermore, compared with Si photolithography, TPP-DLW has the capability
to build structures in three dimensions leading to more sophisticated architectures and
multi-functional optical components [51-54]. Figure 1 shows examples of the functionality
that can be unlocked using TPP-DLW in LC devices when an electric field is applied during
fabrication. This includes the ability to hide features such as quick response codes [55],
transport microparticles and generate microfluidics-inspired flow of boundaries between
different topologically distinct states [56], fabricate tuneable diffractive optics elements
in the form of diffraction gratings and computer-generated holograms [43,57], and the
development of stretchable optical elements, which is the subject of this paper.
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Diffractive Optic Elements Diffraction Gratings

Figure 1. The range of functionality that our group has demonstrated using TPP-DLW in LC devices
when an electric field is applied during fabrication [43,55-57]. This includes the development of
switchable QR codes [55], microparticle transport and microfluidics inspired flow of defect walls [56],
and diffractive optic elements in the form of one-dimensional diffraction gratings, Dammann gratings,
and computer-generated holograms [43,57]. The focus of this paper is to demonstrate how this
technique can be used to develop mechanically tuneable diffractive optic elements.
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In this paper, we present a strategy to fabricate a mechanically tunable phase grating
using a combination of laser writing and ultraviolet (UV) illumination to trigger polymer-
ization in a photopolymerizable LC gel. After describing the laser writing process and
demonstrating how the laser writing conditions influence the morphology of the polymer-
ized structures, the fabrication process employed to manufacture stretchable diffraction
gratings in LC gels is demonstrated. Results are then presented that show tuning of the
period of the diffraction grating and it is shown how the diffraction pattern in the far-field is
changed when the LC gel is extended or contracted. The degree of tuning is discussed and,
where possible, results from simulations are presented to compare with our experimental
findings. To conclude, a mechanically tunable 2-dimensional phase grating is demonstrated,
and the pros and cons of the approach presented herein are discussed.

2. Materials and Methods
2.1. Laser Writing Conditions

In both this work and our previous work on TPP-DLW laser writing in LCs, we
have used a custom-built system which is shown in Supplementary Materials, Figure S1.
The laser source was a Titanium: Sapphire femtosecond laser (Spectra-Physics Tsunami)
emitting at A = 780 nm that was excited by a diode-pumped solid-state CW laser (Spectra-
Physics Millennia V) emitting at A = 532 nm. The laser pulse width was 100 fs by mode-
locking at a repetition of 80 MHz.

Before fabricating the gratings into the LC gels, we considered the impact of the
laser writing conditions (i.e., power, scan speed, and fabrication voltage) on the resulting
polymerized structures. Results from these characterizations are presented in Figure 2
(different fabrication voltages and laser intensity) and Figure 3 (different laser powers and
scanning speeds for different orientations of the laser polarization relative to the rubbing
direction of the LC device). The LC mixture that was used consisted of three elements:
69 wt.% of the nematic LC mixture, E7 (Synthon Chemicals Ltd.), 30 wt.% of the reactive
mesogen RM257 (1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene (Syn-
thon Chemicals Ltd.)), and 1 wt.% of the Photoinitiator Irgacure 819 (Ciba-Geigy). The
components were then added to an empty vial and left in an oven at 70-75 °C overnight to
mix the components via thermal diffusion. In both characterization tests, the structures
were fabricated in a glass cell with anti-parallel rubbed polyimide alignment layers and
indium tin oxide (ITO) electrodes on the inner surfaces of both substrates (Instec-LC5.0).
The cell gap was measured to be 4.9 um from the interference fringes recorded on a UV-Vis
spectrometer (Agilent 8454). The ITO transparent electrodes enable a uniform electric
field to be applied to the sample during laser microfabrication and the rubbed polyimide
alignment layers ensure that, in the absence of an external electric field, the LC director
would be homogeneously (planar) aligned in the plane of the device with a pre-tilt angle
of approximately 4°. The filled glass cells were then loaded into the TPP-DLW system
for fabrication.

In the laser writing process, a high energy ultrafast pulse train was focused into the
bulk of LC sample through an objective lens with a 0.45 NA so that two-photon absorption
only occurred within a relatively small volume (voxel size: 1 pm in the lateral dimension
and 7 um in the axial direction) in order to cross-link the reactive mesogens via a free-radical
polymerization reaction that freezes-in the LC alignment permanently. By moving the
translation stage with respect to the laser focus, a 3-dimensional polymer network structure
can be constructed in the LC film [32,33]. Diffusion of the polymer network means that the
resulting polymer structures are often slightly larger than the voxel sizes quoted above.
Our experience is that if there is overlap between the focal volume and the substrate, the
polymer walls are strongly tethered to the substrate.
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Figure 2. Laser written polymer walls in a polymerizable LC mixture for different fabrication laser
powers and voltages applied to the LC during fabrication. The scale bar in the figure is 200 pm. The
laser polarization was set to be perpendicular to the rubbing direction of the LC device. Images were
recorded on a polarizing optical microscope when the rubbing direction was aligned at 45° to the
transmission axes of the polarizer and analyzer pair, and with the aid of a narrow bandpass filter to
remove all wavelengths beyond 640 nm—660 nm to avoid any further polymerization post-fabrication.

For the laser written polymerized structures shown in Figure 2, the voltage applied
during the fabrication was varied (left to right on each subfigure) as was the laser power
while the polarization was kept at an orientation that was perpendicular to the rubbing
direction. Applying a voltage during fabrication causes a rotation out-of-plane of the LC
director towards a homeotropic alignment at high voltages. Writing in the presence of
a fabrication voltage causes the LC director alignment to be preserved at the moment of
exposure to the laser writer. If, for example, the laser writing takes place with a large
voltage applied, this results in a homeotropic alignment of the nematic LC being retained.
The sample was translated at 100 um/second during the fabrication process. Polarizing
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optical microscope (POM) images of the structure were then taken with the device between
a pair of crossed polarizers and the rubbing direction of the cell oriented at 45° to the
transmission axes of the polarizers. Between each of the subfigures, the voltage applied
during imaging (the read voltage) was varied. In the case when the read voltageis V =0,
there is a clear increase in the thickness of the lines as the writing voltage was increased.
This is due to the elastic distortion of the LC. Away from the polymerized region, the
director orientation is dictated by the alignment layers; within the polymerized region,
the director orientation is determined by the writing voltage. The distance over which the
director profile relaxes from the polymerized to the surface aligned orientation is dictated
by the elastic constant of the LC and the orientation in the polymerized region. Hence,
while changing the writing voltage does not impact the width of the polymerized lines,
the lines appear wider due to the additional relaxation distance. Considering again the
case where the read voltage was zero, we see that changing the writing voltage changes
the intensity in the centre of the lines; this is a result of the retardance being fixed to a
given value in the polymerized region. Increasing the writing power increased the contrast
when the read voltage matched the write voltage. It also caused a slight increase in the line
thickness when the read voltage did not match the write voltage.
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Figure 3. Laser written polymer walls in a polymerizable LC mixture for different fabrication laser
powers and fabrication stage speeds when no voltage was applied to the LC during fabrication.
Images were recorded on a polarizing optical microscope with an illumination source at 650 nm when
the polarization of the writing laser was aligned at 90° (top), 45° (middle), or 0° (bottom) relative to
the rubbing direction of the LC device. For these images, the rubbing direction was aligned at 45° to
the transmission axes of the polarizer and analyzer pair and the scale bar in each image represents a
length of 200 pum.
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In Figure 3, the voltage applied during the writing process was fixed at 30 Vrms to
ensure the LC was homeotropically aligned. Within each subfigure, the writing speed
was then varied, and the laser power increased. The polarization of the writing laser
relative to the rubbing direction was varied between each of the subfigures. The images
were all taken with the LC glass cell between crossed polarizers, with a narrow bandpass
filter at 650 nm after the illumination source to avoid any unwanted polymerization post-
fabrication and with no voltage applied during inspection. Theoretically, if the laser is
polarized perpendicular to the director, it only encounters the ordinary component of the
refractive index. Otherwise, the laser should encounter a combination of the ordinary
and extraordinary indices, which can cause a serious focal splitting aberration at a high
numerical aperture [58]. However, according to the comparison in Figure 3, the polymer
walls fabricated with different writing polarizations look qualitatively similar, primarily
because the device is switched at a high voltage so it is effectively homeotropic and the
aberration should be the same for all incident orientations of the laser linear polarizations.
Furthermore, as the device here is quite thin (4.9 pm), the birefringent medium is contained
purely within the laser focal intensity distribution, reducing the effect of the aberration.
There is a noticeable increase in the linewidth when the laser power was increased, and
when the writing speed was reduced, as both cause a greater exposure of the laser to the
LC, which results in more polymerization. As the writing speed increases, we first see a
reduction in the linewidth and then a breakup of the lines into discrete dots. These dots are
smaller and more circular when the polarization is perpendicular to the rubbing direction
which is again a result of the optical aberrations.

In practice, we tend to fabricate polymer structures at the maximum voltage that can
safely be applied to the cell, as this always results in almost no in-plane retardance and
hence shows some contrast at any voltage below this. We use a write speed of 0.1 mm/s
as this is slow enough to allow smooth lines even at low powers, while not being so slow
that the resolution suffers. Laser powers are typically chosen to be around 50 mW as this
ensures that the polymer structures are fabricated consistently while again not causing
a significant loss in resolution. These parameters are used herein for the fabrication of
the diffractive optic elements in the stretchable LC gels. In the following, we describe the
strategy employed in this work to fabricate phase gratings in LC gels using TPP-DLW
and describe the steps taken to form a transparent stretchable free-standing film that
preserves the phase grating once the LC film has been delaminated from glass substrates.
Finally, the two experimental methods used in this work to characterize and analyze
the stretchable gratings in the LC gel are discussed. Specifically, these two methods are:
(1) direct observation of the grating on a POM and (2) observation of the diffraction pattern
in the far-field.

2.2. Design and Fabrication of the Phase Grating

The configuration of our one-dimensional diffraction grating is illustrated in Figure 4.
In this case, the low refractive index regions are defined by polymer walls of nematic
LC that are homeotropically aligned and that have been frozen-in using the laser writing
process in the presence of an electric field. The high refractive index regions, on the other
hand, are defined by nematic LC regions between the homeotropic polymer walls that are
then locked-in by subjecting the sample to UV illumination. To ensure that there is a phase
difference between the high and low refractive index regions, the transmission as a function
of voltage for the LC mixture was recorded (see Supplementary Figure S2) where it was
found that the transmission reaches saturation at around 60 Vrms. Therefore, 100 Vrms was
deemed more than sufficient to align the LC director homeotropically. After locking-in the
low refractive index regions with the laser written localized polymer walls at 100 Vrms, the
remaining LC-polymer mixture was then polymerized with UV light without a voltage to
ensure that the polymer walls have a phase difference with the non-laser written regions.
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Figure 4. The one-dimensional phase grating fabricated using a combination of laser writing and

ultraviolet (UV) illumination. (a) The nematic LC was homogeneously aligned such that the director
lay in the plane of the glass cell with a pre-tilt at the substrate surfaces of 4°; (b) The illustration
of the LC director switching to a homeotropic alignment with a voltage amplitude of 100 Vrms;
(c) The laser writer scanned across the LC sample to form thin walls of polymer network along the
x-direction that locked-in the homeotropic state; (d) After laser fabrication, the voltage was then
removed and the sample was exposed to UV illumination to polymerize the remaining LC so as to
freeze-in the alignment of the director between the polymer walls after the electric field had been
removed. (a—c) show a side view of the LC between glass substrates while (d) shows a top view
after UV polymerization where the pink regions correspond to the polymer walls for which the LC
director was homeotropically aligned whereas the blue regions correspond to the bulk regions that
have been polymerized using UV illumination and that consist of an LC director that was gradually
relaxed from homeotropic alignment. The gratings were polarization dependent, which means that a
diffraction pattern was only observed when the polarization of the incident light source was aligned
parallel to the rubbing direction.

For the stretchable films, a 20 um-thick glass cell (Instec-LC20.0) was used because
the diffusion in the axial direction is sufficient to tether the polymer walls to the glass
substrate. Here, the airgap represents not just the thickness of the LC layer between the
glass substrates but also represents an approximate thickness for the free-standing film
after the photopolymerization and delamination processes. The other properties of the
glass cell (e.g., ITO layers, alignment layers etc.) were the same as that used in the previous
section. The fabrication process for the stretchable phase gratings is illustrated in Figure 5.
After capillary filling of the LC mixture (Figure 5a(ii)), the glass cells were then placed on a
hotplate at 70 °C for several minutes to ensure that the LC mixture filled the cell uniformly.
Finally, wires were attached to the glass cells using indium shot so that an electric field
could be applied to the LC layer.

For this work, the TPP-DLW system was used to write a phase grating consisting of
65 parallel polymer walls with a 12 pm spacing between each polymer wall. Here, the
laser written region was defined to be within the bulk of the LC layer, which then results
in a polymer network that is denser in the center of the layer, but weaker close to the
glass substrates. This leads to polymer structures that are tethered to the substrates and
ensures that they do not drift or move even when the LC layer is subjected to an applied
voltage. The fabrication accuracy in the x-y plane is less than 100 nm. Each polymer wall
was written in the presence of a relatively high voltage (100 Vrms) with a power of 48 mW
(Figure 5a(iii)) to ensure that a homeotropic alignment of the nematic LC had been obtained.
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The reason why these parameters were chosen was that 65 polymer walls that are spaced
at 12 pm intervals results in a grating with a total width of 768 um, which is slightly larger
than the laser diode spot diameter used to generate and inspect the diffraction patterns. A
power of 48 mW was used for the laser writing process as this had been demonstrated to
result in high fidelity polymer structures. A full list of the fabrication parameters used in
this study is provided in Table S1 in the Supplementary Information.
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Figure 5. A stretchable one-dimensional diffraction grating in a liquid crystal (LC) gel. (a) Illustration
of the fabrication and measurement process used to construct and characterize the mechanically
stretchable grating: (i) mixture preparation, (ii) capillary filling of glass cell, (iii) fabrication of a
1-D diffraction grating with a voltage applied to the LC cell, (iv) bulk photo-polymerization of
the film using ultraviolet illumination, (v) delamination of the cell to form a free-standing LC
film that is approximately 20 um thick, (vi) extraction of the flexible film, (vii) polarising optical
microscope (POM) observation of the film, (viii) far (Replay) field observation of the diffraction
pattern. (b) The POM (top) and far (replay)-field (bottom) images of the phase grating before (i) and
after (ii) delamination. (c) Photographs of the LC free-standing film: (i) after delamination and
(if) mounted on an adjustable slit for stretchability and reversibility measurements.

After the formation of the phase grating, the samples were then illuminated with
UV light to trigger polymerization in the remaining unreacted regions of the sample
(Figure 5a(iv)). The samples were photopolymerized with UV light (peak wavelength
of A = 365 nm) with a power density of 10 mWcm 2 for 10 min. Once the film had been
fully cross-linked, a scalpel was used to detach one of the four corners of the sample
(Figure 5a(v)). After removing the top glass substrate of the sample, the free-standing
film was then extracted from the bottom glass layer with a razor blade and tweezers.
An example of a free-standing film is presented in Figure 5a(vi). Figure 5c(i) shows a
photograph of the LC free-standing film captured with a digital single lens reflex (SLR)
camera. The films were first attached to a glass substrate for an initial observation on
a POM before being removed and then transferred to a mechanically adjustable slit for
further characterization.

2.3. Characterization of the Stretchable Phase Gratings

To observe the phase gratings directly, the patterned free-standing film was positioned
on a glass substrate (Figure 5a(vii)) and placed on a POM. An image of the phase grating
can be seen in Figure 5b. Figure 5b(i),(ii) show the grating before and after the delimitation,
respectively. It can be seen that the overall width of each grating shrinks a little bit from
the initial value (768 pm), which indicates that the film contracts during the delamination
process and therefore might be slightly thicker than 20 pm. The reason for this is that the
detachment of the film decreases the internal pressure within the LC gel forcing it to shrink
and become thicker to compensate for this pressure decrease.
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In order to determine the mechanical tunability of the stretchable phase grating after
bulk UV curing and delamination, the patterned film was placed across an adjustable
mechanical slit consisting of two metallic plates whose separation could be altered using a
micrometer (Thorlabs), as shown in Figure 5c(ii). By adjusting the micrometer setting, the
separation between the metallic plates could be varied resulting in either an extension or
relaxation of the LC film. The slit was initially set to have a separation of 1.30 mm, which
was then increased in step sizes of 0.05 mm until the film was eventually broken so that
the full tunable range could be determined [59,60]. To test the reversibility in terms of
successive extensions and contractions of the film, the free-standing films were stretched
to an extent that would not lead to the films being broken. By comparing the tunable
characteristics of the film before and after relaxation, the reversibility could be determined.

To complement the direct observations of the grating on a POM, measurements of the
diffraction patterns observed in the far-field were also recorded in replay imaging system,
which is shown in Supplementary Figures S3 and S4. In this case, the separation of the
metallic plates on which the film was placed was varied and a laser diode operating at
A = 635 nm was incident on the diffraction grating. A white screen placed at 23 cm from
the sample in the far-field allowed us to observe the diffraction pattern and a full-color
Thorlabs CCD camera (DCC1240C) was used to record images of the diffraction pattern
in order to determine the relative intensities in each diffraction order. By measuring the
spatial separation between the zeroth and 1st order spots, r, the grating period, d, can be

estimated from N
i=2 (1)

r

where a represents the distance between the diffraction grating and the screen in the replay
field. Here, we have used the standard grating equation, dsin6,, = mA, (m is an integer
representing the diffraction order of interest) and employed the small angle approximation,
sinf ~ tan® = I). By tracking the change in the separation r as the film is either extended
or contracted, we can determine the change in the grating period and compare this with
our observations on the microscope.

3. Results and Discussion
3.1. Demonstration of a Laser-Written Diffraction Grating in a Free-Standing LC Gel

As mentioned previously, the grating contains 65 polymer walls spaced at 12 pm,
which results in a total grating width of 768 um after the laser writing process. However, a
film formulation of 30 wt.%-RM257 would typically shrink to around 94% of the original
size after delamination, as can be seen in Figure 6a, which shows that the grating is now
723 um in length. From the enlarged image, the dark stripes show the laser written polymer
walls which have locked-in a homeotropic alignment of the LC director. The remaining
non-laser written regions, on the other hand, have been exposed to UV illumination for
bulk polymerization. Figure 6b represents the corresponding diffraction pattern of the
phase grating in the far field. Results for the intensities in the different diffraction orders
are shown in Figure 6c.

Simulations were conducted to predict the intensity profile of the different orders in
the diffraction pattern and to compare the results from simulations with the results from
the experiments [55,61-63]. To model the phase grating, the tilt angle of the LC director
was determined from simulations for both the laser written regions that have frozen-
in a homeotropic alignment due to the application of a high voltage (100 Vrms) during
fabrication and the regions in between the laser written walls that have been stabilized by
UV illumination with no voltage applied (0 Vrms). For the simulations, we have assumed
that the thickness of the film was 20 um, the initial pre-tilt angle to be 4°, the grating
period to be 12 pm, and the birefringence of the LC mixture to be An = 0.17 (n. = 1.71,
1, = 1.54). We also applied the one-constant approximation for the elastic constants (i.e.,
K11 = Kpp = K33 = K=11.6 pN). By determining the director orientation in both the laser
written and UV aligned regions this enables the periodic optical phase difference after the
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grating to be simulated so that the diffraction pattern in the far-field can be determined
using a fast Fourier transform (FFT) as shown in Figure 6d.
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Figure 6. Characteristics of a laser-written diffraction grating in a free-standing LC film. (a) Polarizing
optical microscope (POM) and (b) replay field images after delamination of the film. The white
arrows labelled P and A refer to the orientations of the polarizer and analyzer, respectively, and
the red arrow labelled R represents the rubbing direction of the alignment layers in the glass cell.
(c) Experimental results of the intensity profile for the different diffraction orders. The results have
been normalized to the value of the intensity of the zeroth order. (d) Simulated normalized intensity
distribution for the free-standing film in the replay field after delamination.

For the phase grating in the free-standing film, the intensity profile predicted by simu-
lation does agree, to some extent, qualitatively with the experimental intensity distribution
recorded by the CCD camera as shown in Figure 6c. However, the experimental intensity
distribution shows some degree of asymmetry that is not replicated in the simulations.
One potential reason for this is that the LC director is biased in one direction because of
the pre-tilt at the substrate surfaces. This biasing of the LC director could result in the
asymmetry observed in the intensities recorded in the far-field diffraction pattern. In the
experiments, the sample is relatively thick (20 pm); however, for the simulations, the sample
is considered to be thin in accordance with Raman-Nath diffraction, which assumes that
the propagation path is straight across the bulk of the film and any variation in direction is
ignored. Supplementary Figure S5a shows the director tilt as a function of both the position
throughout the bulk and the position within each grating period, while (b) represents the
retardance distribution induced by the laser written grating with a period of 12 um without
and with a voltage of 100 Vrms applied, respectively. It confirms the LC phase grating can
be fabricated by the TPP-DLW system not only from the perspective of simulations but also
from that of polarization measurements. The images in Figure S5b were captured using a
Mueller matrix microscope [64—66].
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3.2. Tuning the Grating Period

Figure 7a shows POM images of the two extreme cases in terms of stretching: the
initial unperturbed grating and the grating when the film was stretched. The film was
stretched from a length of 724 &+ 3 pum to 825 £ 3 pum, resulting in a change in grating period
from 11.31 £ 0.05 um to 12.89 4+ 0.05 wum, which indicates that the film can be stretched
by 114% of its initial length. Figure 7b shows the change in the diffraction pattern in the
far-field as the film is stretched resulting in a decrease in the spacing between successive
orders. From these images, the intensities of each diffraction order were tracked by the
CCD camera and are shown in the plot presented in Figure 7c as the film was stretched.
During the stretching process, the separation between the zeroth order and either of the
first orders decreases from 13.0 mm to 11.4 mm, which corresponds to a change in the
grating period from 11.3 £ 0.2 pm to 12.9 £ 0.2 um. This result is in very good agreement
with the results obtained from the POM images for the change in grating period for the
same extension of the film. It was found that as the film was extended, the intensity in the
zeroth order decreased dramatically while the intensity in the first order increased.
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Figure 7. Mechanically tuning the 1D diffraction grating. (a) Polarization optical microscope (POM)
images which show the grating in the undistorted state and the grating after the film has been
extended by the maximum amount. (b) Replay field images which show the change in the diffraction
pattern observed in the far-field as the grating is extended and contracted. (c) Intensity of each
diffraction order as a function of slit separation. The dashed lines between the measured values
are to guide the eye only and the estimated error in these relative intensity measurements is +4%.
(d) Grating period as a function of the separation between the metal plates (the slit) on which the
samples were placed and which triggered either an extension or contraction of the film. The values
for the grating period were obtained from POM images. Solid squares represent an extension of the
film while open circles indicate a contraction of the film.

The film was stretched by varying the opening of the slit in step sizes of 0.05 mm upon
increasing the separation and step sizes of 0.02 mm upon decreasing the separation of the
slit. This process was repeated three times until the film was stretched to the point that it
was broken. Figure 7d presents results of the grating period determined from the POM
images as a function of the separation of the slit on the adjustable mount (which in turn
causes an extension of the film). The results show that the grating period can be returned
to its original size before being stretched again, demonstrating the elastic behavior and
reversibility of the free-standing film. Specifically, the grating period returns to the same
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value (between 11.10 pm and 11.30 pm). As shown in Supplementary Figure S6, the results
for the stretchability and reversibility obtained from the far-field measurements appear to
be in good agreement with the results obtained from the POM images.

The dependence of the grating period on the slit separation follows a roughly linear
dependence. In Figure 7d, the gradients for each of these lines of best fit appear to be
approximately the same, which means the film can contract back to its previous size for the
same slit separation as before. Therefore, it indicates that the film did not slide too much
during the stretching and contraction processes. According to the experimental data, the
film only slid on the slit by 0.05 mm during the whole process. The replay field images ob-
tained for the stretching and contraction process can be found in Supplementary Figure S6.
Supplementary Figure S7 shows two extremes in terms of stretching.

3.3. Comparison of the Laser Written and UV Polymerization Regions

In order to investigate the difference in the mechanical stretchability between the laser
written diffraction grating and the surrounding UV-polymerized regions that had not been
subjected to laser writing, the locations of the 20-micron spacer beads trapped in the film
were tracked during the stretching process. It was noticed that whenever the film was
contracted, the gratings appeared to shrink more than the regions of the polymerized LC
that did not consist of laser written gratings. This indicated that the polymer network
formed in the laser-written regions appeared to be more rigid than those in the non-written
UV-illuminated regions. By tracking the positions of the spacer beads at various locations in
the film during the stretching process, the different ‘stretchability” for the different regions
could be evaluated.

Figure 8 presents the results obtained when six spacer beads randomly distributed
through the film were monitored during the stretching process. A-F represent the six spacer
beads (Figure 8a) that were tracked with image processing while the film was subjected
to a mechanical strain to elongate the film in a direction parallel to the grating period.
Since the gradient of the straight line fit in Figure 8b is smaller than unity, under the same
force, the strain of AB is larger than that of EF, which verifies the assumption that the pure
polymer film is ‘softer” than the high-voltage laser written region. Therefore, the stiffness of
polymer network fabricated with the laser writing at a high voltage is a bit larger than that
observed for UV bulk curing, which indicates that the elasticity of the film in the different
regions is not the same. In Figure 8c, the distance between C and D remains the same
while the film was subjected to a mechanical stress. This means that the film does not show
any deformation along an axis perpendicular to the direction in which the film is being
extended. Therefore, the stretchable LC film only elongates in the direction parallel to the
applied force. This would allow one to deform the sample in two dimensions separately,
providing a potential route to the development of sophisticated 2D-gratings that exhibit
different tuning characteristics if elongated along different directions. In order to ensure
that the volume remain unchanged, the film thickness must reduce.

3.4. A Stretchable 2D Diffraction Grating

To conclude, we also demonstrate the feasibility of mechanically tuning more complex
2-dimensional diffraction gratings. Dammann gratings play a key role as optical array gen-
erators as they can uniformly distribute the optical energy among the designed diffraction
orders. Conventional Dammann gratings are binary-phase gratings that generate equal-
intensity spot arrays. Generally speaking, they cannot be tuned continuously. However,
the mechano-optical approach presented here could potentially lead to analogue tuning of
the grating. As an example, the laser written pattern in Figure 9a was designed to have a
specific phase profile such that it leads to a diffraction pattern consisting of a 2-d array of
6 X 6 spots in the form of a rhombus shape. Based upon the stretchability achieved demon-
strated herein, the initial angles of the rhombus in Figure 9a were set to be 84° and 96°.
When the film was subjected to a mechanical stress, the rhombus shape in Figure 9a then
gradually transformed into a square with angles of 90° and 90°, respectively, at maximum
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strain. Similarly, the diffraction pattern altered from a diamond shape to a square array
during stretching (Figure 9b shows the diffraction pattern before and after stretching). It
can be seen that the separation between each laser spot in the horizontal direction contracts
resulting in the array of spots forming a square arrangement. The repeatability of this
specific device was not investigated in detail. However, we believe that as the formulation
and the fabrication process are the same as that used for the film presented in Figure 7d
(with the exception that this one is a more sophisticated grating) we would expect this 2-D
stretchable grating film to display a similar level of repeatability in terms of an extension
and contraction of the film. Mechanically tuning complex 2D diffraction elements is of
potential importance for tunable AR/VR devices, tunable multiple imaging processes,
mechanical beam steering and next generation optical sensors.
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Figure 8. Comparison of the stiffness of the polymer network in either the laser written or UV
polymerized regions in the stretchable films. (a) Photograph of the stretchable film when illuminated
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with a 635 nm laser diode and captured with the CCD camera. The six spacer beads are labelled
A-F. By tracking the separation between A & B and E & F as the film is stretched, the relationship
between the strain for the region occupied by the (laser written) grating and that of the surrounding
(UV polymerized) film can be determined. (b) The strain for the region between E and F as a function
of the strain experienced for the region between A and B. The red line represents a line of best fit.
(c) Separation between spacer beads C and D as a function of the slit separation. The red line is to
guide the eye.

Unstretched Film

»
10.65cm

Stretched Film

10.15¢cm

(b)

Figure 9. Demonstration of mechanical stretching of a free-standing laser written film with a 2D
diffraction pattern in the far-field. (a) a POM image of a film (20 um) with a laser written 6 x 6 2D
Dammann grating in a rhombus shape. The dark regions correspond to the homeotropic aligned
director locked-in using TPP-DLW at a voltage of 100 Vrms, while the bright regions correspond to the
domains of the LC gel photopolymierzed using UV exposure without an electric field; (b) Far-field
images of the change in the diffraction pattern in the replay field before stretching and when the film
was stretched.

4. Conclusions

In summary, we have proposed and demonstrated tunable one- and two-dimensional
phase gratings written in thin (20 pm-thick) LC gels that have been patterned with a combi-
nation of TPP-DLW and bulk UV illumination. These phase gratings can be mechanically
tuned by subjecting the gels to an external tensile strain along the grating period. Results
are also presented that show the mechanical tuning of the far-field diffraction pattern of a
2D Dammann grating which gradually changes from a rhombus shape to a square shape.
These results confirm that the mechanical tunability could be applied to other tunable
diffractive optical elements; for example, continuously tunable holograms. It was shown
that a patterned free-standing LC gel consisting of a mixture of 30 wt.% RM257 and the
nematic LC E7 can be stretched by 14% of its initial size leading to a change in the grating
period of approximately 2 microns. This tuning of the grating period was verified both
by observing changes in the diffraction grating directly on a POM and by tracking the
change in the separation of the diffraction orders in the far-field. In addition, results were
obtained that indicated there was a difference in the mechanical strength between the laser
written and non-written regions by tracking the movement of the spacer beads that were
trapped in the LC gel. The results indicated that the UV-illuminated polymerized regions
were softer than the laser-written regions within the gratings, and that the film did not
deform along an axis orthogonal to the direction in which the films were stretched. These
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results demonstrate the important potential of mechano-optical diffractive optic elements
that have been fabricated in LC gels using both laser writing and UV to form polymer
networks. Improvements in the mixture formulation will ensure that larger tuning ranges
can be achieved in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12101340/s1, Figure S1. Schematic of the optical layout of
the two-photon polymerisation direct laser writing system. The main subsystems are highlighted by
dashed rectangular frames. The red lines refer to the path of excitation for the two-photon absorption
(TPA) process at A = 780 nm as the beam from the Ti:Sapphire laser propagates to the LC samples.
The yellow path represents the illumination of the sample and image capture with the CCD camera.
Figure S2. (a) Schematic of the experimental setup used to record the transmission of monochromatic
light through the polymerizable LC when sandwiched between crossed polarisers. ND: neutral
density filter; PD: photodiode. The light from the laser first travels through a polarizer used to
provide linear polarised light before the beam is attenuated by a variable neutral density (ND) filter
(Thorlabs NDC-50C-4). The beam then propagates to the LC sample and through an analyzer that is
crossed with respect to the first polariser before the intensity is then recorded by a photodiode. The
LC sample was positioned at 45° respect to each one of the polarizers. (b) Normalized transmission
as a function of voltage for the LC mixture. The transmission decreases to zero when the sample is
subjected to a voltage amplitude of 100 Vrms corresponding to a homeotropic alignment of the LC
director. Figure S3. Schematic of the optical setup for characterizing the diffractive optical elements.
The red solid line in the optical path represents the emission from the laser diode (A = 635 nm),
while the purple dashed line indicates the illumination path from the LED light source with a central
wavelength of A = 660 nm. Figure 54. (a) An example photograph showing the diffraction gratings
in the LC when observed using the system presented in Figure S3 with the LED source turned on.
(b) An example photograph of the sample when the LED was switched off and the laser diode (used
to observe the diffraction pattern) was turned on. (c) An example photograph showing the LC sample
when both the LED and the laser diode were switched on. This enables the position of the laser beam
relative to the laser-written diffraction grating to be determined. (d) A photograph of the experiment
whereby the far-field diffraction pattern can be seen on a white screen. Figure S5. (a) The tilt in the LC
director as a function of position within the cross section of a grating period. This shows that the LC
director is tilted at 71/2 within the laser written regions but relaxes to a non-homeotropic alignment
within the regions intended to be polymerized using UV illumination. (b) The retardance distribution
of a laser written grating in an LC sample before UV polymerization and delamination. The image
on the left represents the phase retardance induced by the grating with a period of 12 um without an
applied voltage while the image on the right shows the retardance when a voltage of 100 Vrms is
applied to the LC. According to the comparison of the retardance distribution without and with a
voltage, it’s notable that the laser writing process locked-in a periodic phase profile which functions
as a phase grating when no voltage is applied but that the grating vanishes when a large voltage was
applied. Figure S6. Photographs of the polarizing optical microscope (a) and the replay field (b) for
all the extremes in terms of stretching and contracting the film for the three separate cycles. In (a), the
fourth order spots are linked by solid white lines to highlight the tuning and reversibility of the film.
(b) represents the polarizing optical microscope images which are correspond to relevant far field
images. In both methods, it can be observed that the diffraction grating is stretched further after each
contraction. Figure S7. Comparison between the initial diffraction pattern and the final extreme in
terms of stretching. Table S1. Fabrication parameters in the laser written gratings test.
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