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Sub-Micron Diffractive Optical Elements Facilitated by
Intrinsic Deswelling of Auxetic Liquid Crystal Elastomers

Thomas Moorhouse and Thomas Raistrick*

Diffractive optical elements (DOEs) enable precise control over the direction
and filtering of light, making them common components in spectrometers,
waveguides, and sensors. There is great interest in tunable and sub-micron
diffractive optical elements in flexible photonics and for responsive structural
colors. Here this study presents sub-micron tunable diffraction gratings
produced by patterning a liquid crystal elastomer (LCE). The intrinsic
anisotropic deswelling of the liquid crystal elastomer enables sub-micron
(707 nm) pitch structures to be produced from a micron-scale (1040 nm)
surface relief grating. Using atomic force microscopy (AFM) and diffraction
measurements, a thermal pitch tunability is demonstrated of +212 nm
(+31%) or −322 nm (−33%) over a temperature range of 215 °C depending
on grating orientation. A mechanical pitch tunability is demonstrate of
+1110 nm by applying strains of up to 157% to the liquid crystal elastomer.
The height of the diffraction grating is preserved over strain due to the
negative Poisson-ratio, or “auxetic”, behavior exhibited by this chosen family
of the liquid crystal elastomers. This report opens the possibility of using
LCEs to facilitate flexible sub-micron diffractive optical elements, with a high
degree of tunability for sensing and structural color applications.

1. Introduction

The recent growing interest in elastomeric optical elements, over
their solid counterparts, has been driven by an increased de-
mand for device tunability and biocompatibility, and the con-
tinued development of flexible electronics and photonics.[1–5]

Many optical devices rely on the production of soft diffractive
optical elements (DOEs) with sub-micrometer features, such as
soft grating couplers[6,7] and grating-enhanced solar cells.[8] The
phenomenon of responsive “structural color”, which has far-
reaching implications in display devices,[9] chemical-free textile
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production,[10] and biomedical
technology,[11] similarly requires the
production of structures with sub-micron
periodicity. Here we present an approach
which uses the intrinsic deswelling of
liquid crystal elastomers (LCEs) to produce
sub-micron DOEs with a high degree of
tunability and stimuli responsiveness.
Soft lithography offers a lower cost and
more accessible means of surface pat-
terning relative to traditional techniques
such photo- and electron beam- lithogra-
phy, which rely on expensive systems and
complex multistep processes.[12–14] Minia-
turization of surface features with shape-
memory polymers provides a feasible ap-
proach to sub-micron scale patterning via
soft lithography.[15,16] Subtractive pattern-
ing of shape-memory polymers with dry-
etch processes introduces an inherent sur-
face roughness that results in a loss of
fidelity in a little as one miniaturiza-
tion cycle.[15] Achieving high-fidelity sub-
micron embedded relief structures using
this technique is therefore limited without

additional steps in the process. Solvent-assisted nanoscale em-
bossing instead uses additive patterning of shape-memory poly-
mers and solvent swelling,[16] providing an alternative miniatur-
ization framework for variable nanostructured surfaces.

The use of LCEs, presented herein, provides another layer of
tunability to existing miniaturization frameworks due to their
inherent anisotropic deswelling properties[17,18] and stimuli re-
sponsiveness (thermal, mechanical, photo and chemical). LCEs
are lightly cross-linked polymeric materials containing, typically
rod-like, mesogenic units within their network (Figure 1a). The
coupling between liquid crystal order and the macroscopic shape
of an LCE leads to stimuli-induced shape actuation.[19] Further,
the formation of the LCE network in the presence of a solvent
and its subsequent removal results in a controllable anisotropic
deswelling of the network.

Intrinsic anisotropic deswelling has been leveraged to pro-
duce chiral nematic LCEs with structural color by physically re-
straining the sample whilst deswelling[18]; the simplicity of this
technique allows for easy scalability to industry relevant sizes.
In this report, we leverage the facile anisotropic deswelling of
LCEs to produce sub-micron scale DOEs using alignment tech-
niques common and relevant to the liquid crystal display in-
dustry. As the alignment of the LCE can be tailored with re-
spect to the grating, the use of nematic LCEs and a nematic sol-
vent allows for responsiveness to be optimized for the desired
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Figure 1. Fabrication method for producing nematic LCEs with micron and sub-micron features, labelled as μLCEs. a) Chemical structures of constituent
chemicals used to synthesize nematic LCEs. The non-reactive mesogen, 6OCB, is removed after polymerization by washing the LCE in solvent, resulting
in anisotropic deswelling. b-i) A linear SRG film is embossed in to UV curable resin on a glass backing. ii) A polydimethylsiloxane (PDMS) working stamp
is made via replica molding. iii) A spin coated layer of polyimide is imprinted with a PDMS working stamp. iv) The imprinted polyimide (IPI) surface
is mechanically rubbed using a cotton roller. v) A LCE mixture fills the 100 μm thick cavity, between a rubbed IPI surface and a rubbed, PVA coated
Melinex® film. The polymerized LCE is demolded, washed and dried, forming a μLCE film. c) Device construction used in μLCE fabrication, indicating
IPI and PVA rubbing directions (RDIPI, RDPVA) and IPI SRG groove orientation (g) for i) director perpendicular to g and ii) director parallel to g. d) Image
of nematic μLCE film.

response, i.e., pitch reduction upon increasing temperature and
vice-versa.

Due to their stimuli-responsive nature, LCEs are ideal can-
didates for sensor applications enabled by their highly-tunable
optical and mechanical properties.[5,19–22] LCEs have previously
been used to form stimuli-responsive diffraction gratings,[23,24]

however these previous reports did not explore the production
of gratings on the sub-micron length scale. In these earlier re-
ports, the diffractive effect is induced via refractive index mod-
ulation across a sample by exploiting cis-trans isomerization of
azo-benzene mesogenic units.[23,24] These refractive index mod-
ulated diffractive LCEs show high sensitivity to changes in tem-
peratures, but given the micron-scale grating dimensions, the
achieved diffraction angles were small, limiting the applicabil-
ity of these materials. Similarly, Zhang et al. recently reported
a soft lithographic approach to produce periodic topographical
features on an LCE by imprinting a partially cross-linked LCE
gel with a 6.7 micron pitch surface relief grating (SRG).[25] A
second cross-linking step was performed under strain to pro-
duce a macroscopically aligned, and therefore stimuli shape-
responsive, LCE with a 11.7 micron pitch grating. Upon heating
to 84 °C, the imprinted pitch contracted to 7.8 micron (−33%).
Whilst Zhang et al. demonstrates the stimuli-responsiveness of
imprinted LCE gratings, a pitch smaller than the initial SRG
was not reported and miniaturization of surface features was not
achieved.

In this work, we report a new method for realizing LCE DOEs
with sub-micron scale features, via solvent mediated miniaturiza-

tion. Molds are constructed with an imprinted polyimide (IPI)
SRG alignment layer (1040 nm pitch). The use of a polyimide
substrate allows for conventional rubbed alignment to be ap-
plied to the grating structures, overriding their inherent topo-
graphic influence on the director orientation.[26] This rubbed
grating technique, used previously for characterizing polyimide
anchoring strengths in low molar mass liquid crystal devices, is
applied to LCE device fabrication for the first time, allowing the
swollen LCEs to be formed with an arbitrary director alignment
relative to the grating orientation (outlined in Figure 1b,c).

Our approach has been to use a class of all-acrylate LCEs
which are synthesized in the presence of non-reactive liquid
crystalline components, producing an inherently swollen net-
work upon polymerization[27,28] (chemical components shown in
Figure 1a). Removal of the non-reactive liquid crystalline compo-
nent causes a controllable anisotropic deswelling of the network
enabling miniaturization of surface features. The LCEs used here
are unique as they deform via a “mechanical Fréedericksz tran-
sition” and they display a negative Poisson ratio (or “auxetic”) re-
sponse under mechanical deformation.[28–30] Using atomic force
microscopy (AFM), we observed an auxetic response when mea-
suring the height of the grating on the LCE., i.e., the grating
features increase in height as the films are subjected to tensile
strains. Thus, these LCEs may overcome the diffraction efficiency
losses associated with surface feature height reduction under
strain, which is a fundamental issue with elastomeric DOEs.[12]

Other more conventional LCEs deform via a different mecha-
nism, known as semi-soft elasticity and is characterized by the

Adv. Optical Mater. 2024, 12, 2400866 2400866 (2 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2024, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202400866 by T
est, W

iley O
nline L

ibrary on [21/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 2. AFM surface profilometry of nematic μLCE films at 20 °C. The plots in (a,c) include AFM surface profiles of the IPI SRG molds (yellow) used
during fabrication (pitch = 1040 ± 5 nm, height = 130 ± 5 nm), highlighting the reduced dimensions of the μLCEs (cyan). a,b) n̂∥ μLCE fabricated on an
IPI surface with the nematic director (n̂) aligned parallel to the SRG grooves (g) (pitch = 707 ± 10 nm, height = 53 ± 3 nm). (c, d) n̂⊥ μLCE fabricated
on an IPI surface with n̂ aligned perpendicular to g (pitch = 1010 ± 5 nm, height = 68 ± 3 nm).

appearance of “stripe domains”, which involves counter-rotating
domains that strongly scatter light[31,32] and thus limit their appli-
cations as stretchable DOEs. By comparison, these LCEs, which
deform via the so called mechanical Fréedericksz transition, re-
main optically clear under strain and with affine deformations.[27]

Here, we demonstrate that the imprinted LCEs have a pitch
tunability of 1110 nm over a strain range 157% making them
ideal candidates for mechanical beam steering applications.

In addition to their response under strain, the all-acrylate LCEs
display a highly super-critical response to temperature, display-
ing near-linear changes in birefringence upon heating when
compared to the highly non-linear response of conventional
semi-soft elastic LCEs.[27,33] Here, we demonstrate a temperature-
responsiveness of +211 or −322 nm (depending on direc-
tor orientation with respect to grating grooves) of the LCEs
over a temperature range of 215 °C. This report is therefore
the first demonstration of sub-micron DOEs produced using
LCEs with a high degree of chemical, thermal, and mechanical
tunability.

2. Results and Discussion

2.1. LCE DOEs with Sub-Micron Features via Anisotropic
Deswelling

The LCEs patterned with micro-scale SRGs, labelled as μLCEs
from here onward, are produced as outlined in the introduction
and Figure 1. The use of an imprinted polyimide (IPI) alignment
layer allows for the nematic director orientation (n̂) to be aligned
at an arbitrary angle with respect to the grating. Here, the effect
of director orientation on the topographical features of the μLCE
is demonstrated by synthesizing two LCEs with n̂ either paral-
lel (n̂∥) or perpendicular (n̂⊥) to the grooves of the IPI SRG (g).
Figure 2 shows the topographical features of these LCEs mea-
sured with AFM. The anisotropic nature of the deswelling causes

contrasting reductions in pitch for the n̂∥ or n̂⊥ cases. In the n̂∥
case the pitch is reduced by 32% to 707 nm. This 333 nm pitch
reduction, investigated in detail in the following section, demon-
strates the ability for sub-micron surface features to be pro-
duced from micron-scale SRGs, through the intrinsic anisotropic
deswelling of the LCEs (Figure 2a,b). In contrast, minimal pitch
reduction is observed in the n̂⊥ case which contracts by only 3%
(Figure 2c,d). This demonstrates the simplest facet of μLCE tun-
ability, which is controlling the pitch of the surface features using
the rubbing-defined orientation of n̂ relative to g, which can vary
the resulting pitch, by up to 30%. Rubbing at intermediate angles
between parallel and perpendicular to g, may offer incremental
control over the deswelling, if calibrated and proven robust. In
the vertical (height) dimension, a 59% and 48% reduction in grat-
ing height (h) is observed in n̂∥ and n̂⊥ cases respectively. Both
varieties result in surface profiles bearing a close resemblance to
that of the IPI molds used during fabrication, but with an altered
grating pitch and height.

2.2. Composition-Driven Grating Tunability

Alongside director orientation, the concentration of the non-
reactive mesogen, 6OCB, provides further dimensional tunability
by varying the amount of deswelling that occurs upon its removal
post-polymerization. Four μLCE compositions (chemical compo-
sitions outlined in the experimental section) are produced with
varying concentrations of 6OCB content and used to fabricate
μLCEs in the n̂∥ configuration (Figure 1c–ii). The LCE marked
with an asterisk (*) is the composition used in Section 2.1 and
the remainder of this report. Figure 3 shows the pitch and height
(measured by AFM) of the μLCEs with varying 6OCB concentra-
tions.

AFM profile scans of the μLCEs with varying 6OCB concen-
tration are shown in Figure 3a, where both the pitch and height
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Figure 3. Compositional dependence of n̂∥ μLCEs on the concentration of 6OCB present in the LCE precursor mixture. a) AFM surface profilometry of
the n̂∥ μLCEs with i) 45.7 mol.%, ii) 54.6 mol.%, iii) 64.4 mol.% and iv) 70.7 mol.% of 6OCB in the precursor mixture. b) Compositional dependence of
i) pitch and ii) height on concentration of 6OCB in precursor mixture as measured by AFM. Chemical composition used in the previous and subsequent
sections of this report is marked with an asterisk. c) Diffraction patterns of the n̂∥ μLCEs upon increasing concentration of 6OCB.

of the resulting μLCE gratings display an inverse non-linear re-
lationship with 6OCB concentration (Figure 3b), showing that
compositional changes impact both lateral and vertical feature
dimensions simultaneously. For example, the 64.4 mol% 6OCB
sample has a 38% and 52% decrease in pitch and height respec-
tively, whereas the 45.7% 6OCB sample displays a 32% and 65%
decrease in pitch and height respectively, when compared to the
IPI SRG mold. The diffraction patterns of the μLCEs for the var-
ious compositions is shown in Figure 3c.

Previously, anisotropic deswelling has been used to form chi-
ral nematic and smectic LCEs, where a partially cross-linked
isotropic gel was synthesized in toluene and mechanical fields
are then applied.[17,18,34] During evaporation of the toluene, align-
ment is achieved by deswelling combined with the final cross-
linking step. Here, instead we use a non-polymerizable nematic
component, 6OCB, in the LCE precursor mixture. The presence
of 6OCB allows for the monomer mixture to be a nematic liq-
uid at room temperature, which means surface alignment can
be achieved before polymerization. The aligned LCE precursor
produces monodomain nematic LCE films upon UV irradiation.
As such, there is a requirement for the LCE precursor mixture to
be sufficiently deep within the nematic phase, to allow for high
quality monodomain alignment, and sufficiently far away from
the point at which crystallization/solid formation occurs. These
two requirements set the range for the amount of 6OCB that
can be included in the LCE precursor mixture and the extent of
anisotropic deswelling that can be currently achieved.

The nematic-to-isotropic transition temperature, Tni, of the
precursor mixtures were determined via differential scanning
calorimetry (DSC) on cooling at a rate of 10 °C min−1. The
45.7 mol% 6OCB precursor mixture has a Tni of 30.4 °C whilst
the 70.7 mol.% 6OCB precursor mixture has a Tni of 49.5 °C
(Figure S1, Supporting Information). UV polymerization is per-
formed at room temperature (25 °C) which is 5.4 °C and 24.5 °C
below Tni for the 45.7 mol% and 70.7 mol% 6OCB precursor mix-
ture respectively. For the 45.7 mol% 6OCB precursor mixture, the
polymerization temperature may not be sufficiently below Tni to
allow for the high quality monodomain alignment required for
surface features with uniform pitch and amplitude (Figure 3a,b)
to be achieved. During μLCE production, the LCE precursor mix-
ture is left to surface align for 20 min. The 70.7 mol% 6OCB
sample was also found to be spatially inhomogeneous (Figure 3b
plots the average of the measured pitch values, 664 ± 15 and 597
± 13 nm, for different areas of the 70.7 mol% 6OCB sample).
Whilst the 70.7 mol% 6OCB precursor mixture is polymerized
deep within the nematic phase, the precursor mixture is prone
to phase separation and partial crystallization as evidenced by a
cold-crystallization and melting peak on DSC traces (Figure S1,
Supporting Information). The spatially inhomogeneous pitch ob-
served in the sample with 70.7 mol% 6OCB (Figure 3a,b) is there-
fore related to partial crystallization during polymerization. Thus,
the nematic-to-isotropic transition temperature and the stability
of the precursor mixture limits the range of pitches which are
practically attainable via anisotropic deswelling.

Adv. Optical Mater. 2024, 12, 2400866 2400866 (4 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Thermal response of the n̂∥ and n̂⊥ μLCE via optical diffraction measurements. a,b) Diffraction patterns showing the opposing thermal re-
sponses of n̂∥ and n̂⊥ μLCEs, where n̂∥ exhibits pitch expansion (a) and n̂⊥ exhibits pitch contraction (b) respectively upon heating. c) The relative thermal
change in grating pitch of n̂∥ (blue triangles) and n̂⊥ (orange diamonds) nematic μLCE films determined from diffraction measurements. The gray circles
in (c) are the relative thermal changes in pitch for an isotropic sample of the same composition.

2.3. Thermal Response of μLCEs

The thermal response of the μLCEs is investigated by diffraction
angle measurements over a temperature range of 20–235 °C us-
ing a 404 nm laser with a 1.5 mm spot size. The n̂∥ μLCE ex-
hibits pitch expansion upon heating (Figure 4a), indicated by a
decrease in diffraction angle (Δ𝜃 < 0) of up to 10° over the full
temperature range, corresponding to a 212 nm increase (+31%)
in pitch relative the sample at 20 °C. Conversely, the n̂⊥ μLCE
exhibits pitch contraction upon heating (Figure 4b), indicated by
an increase in diffraction angle (Δ𝜃 > 0) of up to 14° over the
full temperature range. This corresponds to a 322 nm reduction
(−33%) in pitch relative to the sample at 20 °C. The n̂∥ and n̂⊥

μLCEs both exhibit broad, near-linear regimes in their thermal
response due to the supercritical nature of this class of LCEs.[27]

Figure 4c shows linear fits over selected temperature ranges for
the μLCEs where the response is most linear; the slopes of which
indicate thermal sensitivity. The pitch of the n̂∥ sample has a ther-
mal sensitivity of 1.2 ± 0.1 nm °C−1 (taken from a linear fit over
40–185 °C) whereas the pitch of the n̂⊥ sample exhibits a higher
thermal sensitivity of −2.2 ± 0.1 nm °C−1 (taken from a linear fit
over 60–160 °C). Figure 4c also shows data for an isotropic μLCE,
which has as an identical chemical composition to its nematic
counterpart, but is instead polymerized in the isotropic phase, as
described previously.[20] The isotropic μLCE does not shape ac-
tuate and has a thermal sensitivity of 0.21 nm °C−1, which can
be attributed to the general thermal expansion of isotropic mate-
rials. This demonstrates the importance of, and uniqueness of-
fered by, anisotropy in the thermal actuation response of the ne-
matic μLCE diffraction gratings.

2.4. Strain Response of μLCEs

Application of tensile strain changes the macroscopic dimen-
sions of the μLCE and thus the dimensions of the grating struc-
ture embedded in the surface. Mechanical tests are performed on
the n̂∥ μLCE with strains applied perpendicular to n̂ and g. A linear
increase in pitch of up to 1110 nm (167% as measured by diffrac-
tion) is observed as the LCE is stretched by a factor of 156%. We
also characterized the surface topography of the strained μLCE
via AFM, imaged at multiple strain levels over the range tested

during diffraction measurements. Figure 5a shows good agree-
ment between the pitch values obtained via diffraction and AFM.

In contrast to diffraction measurements, AFM enables the
grating depth/height (h) to be directly measured. AFM results
therefore reveal the consequences of the selected LCE’s auxetic
nature on the μLCE grating, in the form of nanoscale growth
in feature height at large strains. At a moderate 41% strain, h
is reduced by 10% relative to the initial unstrained height (h0).
This height reduction in the grating is consistent with the ini-
tially positive Poisson’s ratio (i.e., non-auxetic) tensile response
of this LCE.[28,30] However, upon further straining to 82% and
146% strain, the feature height increases and exceeds it’s ini-
tial, unstrained height by 10% and 26% respectively. This behav-
ior is attributed to the onset of the auxetic response (Figure 5b).
We add that the measured auxetic growth of 13 nm between 0%
and 146% strain, is significantly larger than the ±3 nm error in
the average height of unstrained μLCE, thus the measured effect
is not due to spatial variation in feature height but a real phe-
nomenon and manifestation of the bulk material’s auxetic re-
sponse. Curiously, the auxetic response in grating height, mea-
sured via AFM, exceeds the height of the original grating. This
is a distinctly different response to that seen in the bulk dimen-
sions of auxetic LCEs, where the samples never exceed their orig-
inal thickness.[28–30] Therefore this suggests that the auxetic re-
sponse of the LCE is enhanced at the surface, on the nanometer
scale, when compared to the bulk response. The AFM surface
profiles plotted in Figure 5c emphasize this unique topographic
response, showing the linear increase in pitch and non-linear
variation in height as the fractional length is increased.

2.5. Diffraction Efficiency of μLCEs

The 1st order diffraction efficiency of the μLCEs is investigated
under heating and the application of strain, as shown in Figure 6.
The grey dashed line on each subfigure is the theoretically pre-
dicted efficiency for a sinusoidal grating profile, described by Me-
shalkin et al.[35] and provided in Equations (1) and (2).

Δ𝜙 = 2𝜋
𝜆

(h (n − 1)) (1)
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Figure 5. Tensile strain testing on n̂∥ nematic μLCE. a) Relationship between grating pitch (d) and strain. Pitch measurements are taken using optical
diffraction patterns (diamonds) and AFM (triangles). b) Relative height (h) of the μLCE surface relief grating as a function of strain, measured via AFM.
Dashed horizontal lines denote the static height (h0). c) Cross-sectional line profiles from AFM scans of the μLCE i) at rest, ii) at 41% strain and iii) at
146% strain.

𝜂1 =
4
𝜋2

sin2
(
𝜋

2

)
sin2 (Δ𝜙) (2)

where Δϕ is the phase difference, h is the grating depth and n
is the refractive index of the material. Here, circularly polarized
light is used and we use the average refractive index, n, which is
taken to be a single value 1.57[36] in the theoretical prediction. The
agreement between theoretical predictions and measured values
validates this approach. The measured diffraction efficiency is
comparable to the previously reported diffraction efficiency of re-
fractive index modulated diffraction gratings on LCEs (0.7% at
room temperature, 1.2% peak efficiency).[23]

The diffraction efficiency upon heating of the n∥ and n⊥ μLCE
is shown in Figure 6a,b respectively where either an increase (n∥)
or decrease (n⊥) in diffraction efficiency is observed. The changes
in diffraction efficiency cannot be solely related to changes in re-
fractive index upon heating as in both cases the refractive index
decreases.[36] The result may be understood in part due to the
changes in pitch observed in Figure 4. Very low modulation grat-
ings have a peak efficiency at 𝜆P = 3.4 × 𝛼d where 𝛼 = h/d is the
modulation, h is the grating depth and d is the groove spacing.[37]

Substituting values into this, 𝜆P is 180 nm and 231 nm for the n∥

and n⊥ μLCE respectively at room temperature. The diffraction
efficiency measurements are performed using a 404 nm laser.
Upon heating the pitch increases for n∥, therefore, 𝜆P shifts closer

Figure 6. 1st order diffraction efficiency (DE) of the μLCEs under various conditions. a,b) n∥ and n⊥ μLCE upon heating, c) n∥ μLCE under strain. The
grey dotted line is the theoretical predicted efficiency for the given grating depth and laser wavelength.

Adv. Optical Mater. 2024, 12, 2400866 2400866 (6 of 10) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. AFM surface profilometry of nematic μLCE films. a) n∥ μLCE pre- (cyan) and post- (red) heating to 240 °C. b) n⊥ μLCE pre- (cyan) and post-
(red) heating to 240 °C. c) n∥ μLCE pre- (cyan) and post- (red) straining to 156%.

toward 404 nm and an increase in efficiency is observed. Con-
versely, the pitch decreases for n⊥, and 𝜆P shifts away from 404 nm
and a decrease in efficiency is observed. It is noteworthy that this is
an optically anisotropic system and that the diffraction efficiency
also depends on refractive index which in this case would be ac-
cessed by the two linear modes that make up circulalry polarised
light.[38]

The diffraction efficiency of the n∥ μLCE under strain was also
investigated and shown in Figure 6c. The application of strain
increases the pitch and an increase in diffraction efficiency is ob-
served due to the shift of 𝜆P toward 404 nm. The change in pitch is
linear with respect to the applied strain. Fitting the efficiency with
a linear fit, a cross-over in behavior is observed at strains close to
100%, where a change in gradient is observed (gradient= 0.67 for
strains below 100% and 1.79 for strains above 100%). The change
in gradient may be associated with the auxetic response in these
materials causing an increase in feature height upon strain and
thus an increase in Δϕ and 𝜂1. Any possible effect of auxeticity
is hard to deconvolute from changes in measured efficiency due
to strain induced changes in 𝜆P, however it is interesting to note
that the change in gradient occurs near the onset of the auxetic
response.

2.6. Durability Testing

In Sections 2.5 and 2.6 the μLCEs are subjected to temperatures
of 240 °C and strains of 157%. The upper limit of stability of
the samples was investigated via Thermogravimetric analysis by
performing a temperature ramp at a rate of 10 °C min−1. The
onset of thermal decomposition of the samples were found to
be 382 °C (Figure S2, Supporting Information). The effect of
high temperature and high strains on the surface topography of
the grating was assessed via AFM. Figure 7 shows AFM profile
scans of the μLCEs pre- (cyan) and post- (red) test conditions.
Figure 7a,b shows the grating periodicity of a n∥ (Figure 7a) and
n⊥ (Figure 7b) sample that has been heated to 240 °C and allowed
to cool back to room temperature. The post-heating pitch and am-
plitude were 702 ± 10 and 53 ± 2 nm for the n∥ μLCE which is
in agreement with the pre-heating pitch and amplitude of the
sample (707 ± 10 and 53 ± 3 nm). The post-heating 1st order
diffraction efficiency of the device (i.e., subjected to 240 °C and
taken back to room temperature) was 1.97 ± 0.2% which is agree-
ment with the pre-heating diffraction efficiency (1.95± 0.2%) and

theoretical predictions for the pristine sample (1.97%). The post-
heating pitch and amplitude were 989 ± 10 and 61 ± 2 nm for
the n⊥ μLCE meaning a reduction in both pitch and amplitude
has been found when compared to the original sample (1010 ± 5
and 68 ± 3 nm). The post-heating 1st order diffraction efficiency
of the device (i.e., subjected to 240 °C and taken back to room
temperature) was 2.5 ± 0.2% which is lower than the pre-heating
diffraction efficiency (3.76 ± 0.2%). Therefore, subjection to tem-
peratures of 240 °C may lead to damage to the μLCE samples.
Figure 7c shows the AFM profile scan of the n∥ pre- (cyan) and
post- (red) straining to 156%. The pitch and amplitude of the post-
strain (i.e., strained to 156%, strain then removed and allowed
to relax back to unstrained state) was 696 ± 10 nm and 50 ± 2
which is in agreement with the pre-strain values (707 ± 10 and
53 ± 3 nm).

We assessed the dimensional stability of the μLCE gratings un-
der repeated thermal and mechanical actuation by measuring the
pitch of the n̂∥ μLCE over 50 cycles. The post-cycled SRG pitch (d)
compared with the original pitch ( d0 = 707 ± 10 nm) of the n̂∥
μLCE, measured directly after fabrication and prior to any actua-
tion. After 50 cycles between 20 and 100 °C the thermally actuated
μLCE was found to have a pitch of 711± 15 nm (<1% change), rel-
ative to the original pre-cycled μLCE dimensions. Similarly, after
50 cycles between 0% and 30%, the mechanically actuated μLCE
had a pitch of 713 ± 17 nm (<1% change).

3. Conclusion

We report tunable LCEs with sub-micron features achieved via in-
trinsic anisotropic deswelling. These μLCEs were well suited as
optical diffraction gratings with a high sensitivity to external ther-
mal and mechanical stimuli. By utilizing the intrinsic anisotropic
deswelling of these LCEs, a pitch anisotropy of 303 nm (1010
vs 707 nm) in a chemically identical sample was found. A pitch
tunability range of 130 nm was found by altering the amount
of the non-polymerizable mesogenic component of the LCE dur-
ing synthesis; the lower and upper bounds being limited by the
nematic-to-isotropic transition temperature, and phase separa-
tion and crystallization respectively. With further investigation
this range could likely be extended by introducing other non-
polymerizable mesogenic components/mixtures that suppress
crystallization but have a wide temperature range in the nematic
phase.
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The sensitivity of the μLCEs to thermal stimuli was investi-
gated showing a −322 and +212 nm change in initial pitch for
the n̂⊥ and n̂∥ respectively over a 215 °C temperature range. The
sensitivity of the μLCEs to mechanical stimuli was investigated
for n̂∥ μLCE, showing a 167% (1110 nm) increase in pitch over
its operational strain range. Diffraction efficiency measurements
reveal an increase in 1st order diffraction efficiency for the n∥

μLCE and a decrease in 1st order diffraction efficiency for the n⊥

μLCE. This change is related to a change in the peak efficiency
wavelength due to temperature driven changes in pitch.

The auxetic response, a known behavior in these systems, is
also observed in the μLCE gratings as confirmed by AFM, where
a growth in grating height of+26%, relative to the initial height, is
observed at a strain of 146%. An increase in diffraction efficiency
is observed with applied strain related to the change in the peak
efficiency wavelength due to strain-driven changes in pitch. A
cross-over in diffraction efficiency behavior is observed at a strain
of 100% which may be associated with the auxetic response in-
creasing the depth of the surface features. For deformable diffrac-
tion gratings, a reduction in peak diffraction efficiency is ob-
served due to a reduction in surface feature height[12,39] Thus, the
observed auxetic response in the all-acrylate μLCEs may provide
a fundamental benefit to their use as mechano-optical diffractive
devices. Additionally, we expect this response will provide addi-
tional functionality to strain-tunable micro-textures in general,
for example, controlling surface hydrophobicity.[40]

Preliminary durability tests confirm the fidelity of the grating
profile to thermal and mechanical stimuli up to 50 cycles. Evi-
dence of a reduction in surface feature height is present in sam-
ples taken to 240 °C which may guide the operational range of
the μLCE for device applications.

4. Experimental Section
Fabrication of Imprinted Polyimide Grating Molds: A film-backed, linear

SRG serves as the master structure for fabricating the μLCEs in this work;
the methodology is outlined in Figure 1a. The SRG film was embossed
at a pressure of 3.5 MPa in to a UV-curable resin (MINS-311RM, Min-
uta Technology Co.) on a glass backing substrate.[41,42] Polydimethylsilox-
ane (Sylgard-184, Dow Corning Inc.) with a 10:1 prepolymer-crosslinker
ratio was cast and cured upon the embossed SRG, forming a soft work-
ing stamp for fabricating imprinted polyimide (IPI) LC alignment layers. A
planar polyimide, SE-130 (Nissan Chemical), was spin coated at 2000 rpm
for 45 s, imprinted at 75 °C for 2 mins and baked at 200 °C for 30 min.
Mechanical rubbing with a cotton rubbing cloth, defines the axes of pref-
erential director orientation on the IPI alignment layers (RDPI) and the
PVA (Polyvinyl alcohol, MW = 13000, Sigma Aldrich) coated Melinex 401
(DuPont Teijin) films (RDPVA). Cells are assembled as shown in Figure 1b.
To ensure that samples were chemically identical to compare the effect of
grating orientation, a cell was constructed with a IPI surface patterned with
two mutually-orthogonal SRG regions, which are homogeneously rubbed
to define a global, uniform director orientation across the whole surface
shown in Figure S3 (Supporting Information). Confirmation of the rubbed
surface alignment dominating[26] over any potential grating alignment of
the IPI SRG,[43] is also shown in Figure S3 (Supporting Information).

μLCE Synthesis: Using these micro-imprinted cells, the LCEs are syn-
thesized using the method described previously.[29,30] The constituent
chemicals of the LCEs are shown in Figure 1c, the mol.% of the
chemicals were shown in Table 1. 6-(4-cyano-biphenyl-4′-yloxy)hexyl acry-
late (A6OCB) was a monofunctional reactive mesogenic, 1,4-bis-[4-(6-
acryloyloxyhexyloxy)benzoyloxy]−2-methylbenzene (RM82) was a meso-
genic crosslinker, 2-ethylhexyl acrylate (EHA) was a monofunctional plas-

Table 1. Chemical composition of the LCE used throughout.

Chemical name Monomer mixture [mol.%] Final LCE film (post wash) [mol.%]

RM82 3.5 8.0

A6OCB 24.4 55.6

6OCB 54.6 –

EHA 16.0 36.4

MBF 1.5 –

ticizer, methyl benzoylformate (MBF) was a UV-photoinitiator, and 4′-
hexyloxy-4-cyanobiphenyl (6OCB) was a nonreactive mesogen that was
added to broaden the nematic phase of the precursor mixture and pro-
duces a swollen LCE network. The 100 μm thick cavity was capillary filled
with the LCE precursor mixture and left to align for 20 min. The filled
cell was irradiated with 370 nm UV light at 15 mW cm−2 for 2 h to en-
sure complete polymerization. To form LCEs in the nematic phase, the UV
polymerization step was performed at room temperature. A chemically
identical isotropic LCE was synthesized using the composition in Table 1
whilst performing the polymerization step at 60 °C, which was above the
nematic-to-isotropic transition of the monomer mixture (37.1 °C via DSC
on cooling at a rate of 10 °C min−1, Figure S4, Supporting Information),
as described previously.[20,44] After curing, the cells were opened by care-
fully peeling the Melinex substrate away using a scalpel. The spacers were
then removed from the cell and the swollen LCEs was removed from the
glass slide using flat-tipped tweezers. The swollen LCE was washed with a
70:30 methanol:dichloromethane solution. First the swollen film was sub-
merged in a petri dish filled with methanol. Dichloromethane is slowly
added step-wise until a 30% concentration was reached. The LCE was left
in the methanol:dichloromethane solution for 24 h to remove the 6OCB.
After 24 h the LCE films were removed from the solution and dried for 4 h
at 40 °C in a fume hood to remove the excess methanol:dichloromethane
solution.[20,44]

In Section 2.2 μLCEs with varying concentrations of 6OCB were synthe-
sized, these are outlined in Table 2.

AFM Measurements: The surface topography of the IPI grating molds
and the μLCE films was characterized using atomic force microscopy
(AFM), with a Veeco Dimension 3100 AFM in tapping mode. AFM scans
accompanying Figures 2, 3, and 5 are provided in the Supporting Infor-
mation.

Differential Scanning Calorimetry: Differential scanning calorimetry
(DSC) was performed using a TA Instruments Q20 DSC to determine
phase transitions in the precursor mixture. 10 mg of LCE precursor mix-
ture was pipetted into a TZero Aluminum pan and an empty pan was used
as a reference. DSC cycles were performed from 100 to −20 °C at a rate of
10 °C min−1.

Diffraction Measurements: A 404 nm 0.5 mW laser was shone upon
the μLCEs at normal incidence with a spot size of 1.5 mm. The diffraction
patterns were projected on to a screen with a millimeter scale (experimen-
tal set-up shown in Figure S8, Supporting Information). Direct measure-
ment of the distance (x), between zeroth (m = 0) and first (m = ±1) order

Table 2. Pre-wash chemical composition of the LCE used in Section 2.2.
The LCE marked with an asterisk is the composition used in the majority
of the report.

Chemical name LCE-1 [mol%] LCE-2(*) [mol.%] LCE-3 [mol.%] LCE-4 [mol.%]

RM82 4.2 3.5 2.8 2.3

A6OCB 29.2 24.4 19.2 15.8

6OCB 45.7 54.6 64.4 70.7

EHA 19.1 16.0 12.5 10.3

MBF 1.8 1.5 1.1 0.9
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diffraction modes, along with the sample-screen separation (L), allows the
diffraction angle (𝜃) and thus the grating pitch/period (d) to be calculated
using Equation (3) and (4).[37] This provides a means of optically tracking
microscopic changes in μLCE surface topography. Plotted in Figure 5b is
the relative change in grating pitch (d) for both μLCE varieties.

m𝜆 = d sin (𝜃) (3)

𝜃 = tan−1
( x

L

)
(4)

Using the diffraction setup shown in Figure S8 (Supporting Informa-
tion), with the hot stage removed and the μLCE mounted in a bespoke
strain rig, the change in diffraction angle (𝜃) was measured as a function
of applied strain. The initial length of the sample (L0) and the strained
length (L) are measured with digital callipers, from which the fractional
length (L/L0) was calculated. The grating pitch (d) was then inferred from
Equation (1) using the measured values of 𝜃.

The 1st order diffraction efficiency was calculated using a Thorlabs
PM100D power meter console with a S120VC sensor. The 0th order and
1st order diffraction powers were determined and the 1st order diffraction
efficiency was calculated using Equation (5).[4,23]

DE1st (%) =
P1st

P0th + P1st
∗ 100 (5)

where P1st is the power of the 1st order diffraction spot and P0th is the
power of 0th order diffraction spot. The nematic μLCEs were birefringent
materials thus, to remove the dependence of diffraction efficiency on the
director orientation, circularly polarized laser light was used.

Thermogravimetric Analysis: Thermogravimetric analysis (TGA) was
performed using a TA Instruments Q50 TGA to determine the decompo-
sition temperature of the μLCE. The μLCE film (2 mg) was loaded into the
TGA and a temperature ramp from 20 to 500 °C at a rate 10 °C min−1 was
performed. The degradation temperature, Tdeg, was defined as the tem-
perature in which 5% mass loss has occurred.

Cycle Tests: AFM and diffraction measurements were performed after
thermal and mechanical cycles on the μLCEs were performed. Thermal
cycles of 20 to 100 °C at 10 °C min−1 were performed on a TA Q20 DSC
and the mechanical cycles were performed using a TA DMA 850 cycling
between 0% and 30% strain at a rate of 3% min−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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