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Dynamically Tunable Optical Cavities with Embedded
Nematic Liquid Crystalline Networks

Irina Zubritskaya,* Rafael Cichelero, Ihar Faniayeu, Daniele Martella, Sara Nocentini,
Per Rudquist, Diederik Sybolt Wiersma, and Mark L. Brongersma

Tunable metal-insulator-metal (MIM) Fabry—Pérot (FP) cavities that can
dynamically control light enable novel sensing, imaging and display applica-
tions. However, the realization of dynamic cavities incorporating stimuli-
responsive materials poses a significant engineering challenge. Current
approaches rely on refractive index modulation and suffer from low dynamic
tunability, high losses, and limited spectral ranges, and require liquid and
hazardous materials for operation. To overcome these challenges, a new
tuning mechanism employing reversible mechanical adaptations of a polymer
network is proposed, and dynamic tuning of optical resonances is demon-
strated. Solid-state temperature-responsive optical coatings are developed by
preparing a monodomain nematic liquid crystalline network (LCN) and are
incorporated between metallic mirrors to form active optical microcavities.
LCN microcavities offer large, reversible and highly linear spectral tuning of
FP resonances reaching wavelength-shifts up to 40 nm via thermomechanical
actuation while featuring outstanding repeatability and precision over more
than 100 heating—cooling cycles. This degree of tunability allows for reversible
switching between the reflective and the absorbing states of the device over
the entire visible and near-infrared spectral regions, reaching large changes in

reflectance with modulation efficiency AR = 79%.

1. Introduction

The metal-insulator-metal (MIM) geometry finds a wide range
of applications in optics and enables everything from subwave-
length waveguides'* and perfect absorbers* to color filters!®*!
and spectrometers.'”) The growing need for devices capable
of dynamically controlling optical responses in real time has

prompted a renewed interest in asymmetric
Fabry—Pérot (FP) cavities, also termed
Gires-Tournois resonators. They are com-
prised of one optically thick and one opti-
cally thin metallic mirror through which
light can enter the structure. These optical
elements are known for their ease of fab-
rication and effectiveness in resonating
and enhancing light-matter interaction
at selected wavelengths.*®7l The general
strategy to achieve dynamic tuning in FP
resonators is to replace the passive insulator
that commonly sits between the mirrors by
dynamically tunable materials such as gra-
phene, "Bl phase-change magnesium,™l
electro-optical polymers,™® liquid crystals
(LCs)1e 18 and conducting oxides!*-21l
via the field-effect.??! Several works showed
that electrical gating of indium-tin-oxide
incorporated in the cavity facilitates con-
trol over light absorption>" and its
reflection phase in mid-infrared?” and
near-infrared.?!! Other research exploited
electrochromic oxide?3! and polymersl?+-2¢]
with nanostructures to tune the resulting
reflected color. Researchers showed that optical pumping of
gallium-doped zinc oxidel*”) and aluminal®®! allows for ultrafast
modulation of cavity resonances in a sub-picosecond regime.
Tuning can also be achieved in non-conventional ways by light
pressure,?’l directed self-assembly of nanoparticles in a liquid
electrolytel®% and by phase-tunable meta-mirrors.?¥ To reduce
fabrication complexity, a large variety of responsive materials
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with tunable optical properties such as phase-change vanadium
dioxide,?2 Zn-sodium vanadium oxide,** electrochromic poly-
mersP*% and hydrogel®® were proposed in lithography-free FP
cavities. As new approaches continue to emerge, the vast majority
of works still solely rely on modulation of refractive index and
suffer from limited tunability, operation across a small spectral
range and a need for liquid environments, making them unprac-
tical for many applications. As an alternative, thickness-tunable
polymeric materials and gels offer improved tunability but
require liquids to swell and deswell, which reduces their applica-
tion space.3*3 Broad tuning of FP resonances was also achieved
with nano-electromechanical (NEMS) devices, >4 but these tend
to require quite sophisticated and thus costly fabrication.

In this work, we show that broad, dynamic tuning of FP
resonances can be achieved mechanically without the need for
liquids or NEMS processing by using a thermally responsive,
nematic liquid crystalline network (LCN)*2* as the active
layer of an MIM cavity. LCNs are elastic polymers with the
molecular order of liquid crystals. They exhibit large and revers-
ible mechanical deformation in response to different external
stimuli such as temperature*#! and light, /8] making them
attractive for soft actuators,®->1 sensors,P? artificial mus-
cles,*>%3 soft robotics®**>°l and responsive coatings.*®*’1 In
addition, LCNs offer remarkable optical transparency at visible
and near-infrared frequencies, and tunable birefringence.l®>
The nematic LCN in our work is a stimuli-responsive material
that displays the nematic liquid-crystalline phase within a cross-
linked elastic polymer network. This nematic network is formed
by acrylate-based mesogens (the LC molecules with rod-like
structure) that are first aligned in the nematic phase and then
simultaneously polymerized and cross-linked via photoacti-
vated free radical polymerization.[®¥) Molecular interactions and
perturbation in the orientational order of the mesogenic moie-
ties stretch the polymer chains and can be harnessed to drive
anisotropic mechanical deformation.*?#* Dynamic tuning of
our metal-LCN-metal FP cavities exploits temperature-induced
reversible mechanical actuation of the LCN. When the tem-
perature increases, the LCN undergoes a continuous transition
from the ordered nematic to a less ordered paranematic state
leading to a different polymer conformation and this results
in fully reversible shape-adaptations via mechanical actua-
tion.[#24%5961 The original shape is fully recovered when the
thermal stimulus is removed. In contrast to other mechanically
responsive materials, for example, shape-memory polymers and
gels, the mechanical deformation of our LCN is anisotropic and
depends on the molecular alignment and internal strain in the
polymer network. In the following sections, the synthesis and
dynamic optical properties of LCN cavities will be discussed in
detail and their large spectral tuning will be highlighted.

2. Results and Discussion

2.1. Preparation of Liquid Crystalline Network Optical Coatings
and Cavities

Herein, we demonstrate the previously unexplored optical and
mechanical properties of nematic LCN optical coatings and cav-
ities prepared on metallic substrates. We obtain LCN of excel-
lent optical quality by adopting general approaches to prepare
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macroscale films and cells for photolithography.®2-%¢ Our
synthetic strategy relies on photopolymerization of mesogens
bearing acrylate groups using the photoinitiator Irgacure 369
(Figure 1a). To prepare LCN optical coatings and microcavities,
we combine low molecular weight LC monoacrylate monomer
1 (C6BP) and diacrylate monomer 2 (RM257) acting as a cross-
linker (Figure 1a). The nematic-isotropic phase transition tem-
perature of the LC monomers is around 65 °C, and the nematic
phase remains stable in the temperature range 2245 °C in thin
films. The mixture is first infiltrated in its isotropic phase at
120 °C in a cell made from aluminum (Al)—coated glass and
bare glass substrates, then aligned in the liquid crystalline
nematic phase at 45 °C by using a slow cooling and annealing.
Finally, the mixture is polymerized by ultraviolet (UV) irradia-
tion at room temperature (RT) to form a solid polymer network
that retains the initially established liquid crystalline nematic
order (Figure 1b and Figure S1, Supporting Information). This
LCN layer serves as the active medium in a planar AI-LCN-Al
cavity that is formed by removing the top glass and depositing a
top Al mirror (Figure 1b). One of the Al layers in the AI-LCN—
Al cavity is made sufficiently thick to be fully reflective and the
other is thinner and semi-transparent. It is crucial to establish
a uniform molecular orientation in the LCN in order to achieve
a well-defined and reproducible optical response under stimuli.
Whereas polydomain LCN coatings can still produce some level
of mechanical transformations,””] the presence of multiple
domains in films results in unwanted scattering losses and
non-uniform optical properties. This can be seen in optical and
cross-polarized optical images in Figure 1c (top panel). In this
work, we maximize the mechanical and optical responses by
establishing monodomain homeotropic molecular alignment
(molecules oriented perpendicular to the surface) leading to
out-of-plane optical and mechanical anisotropy of the films.

The optical and cross-polarized optical microscopy images
of nematic monodomain LCN coatings on an Al substrate are
shown in Figure 1c (central panel). In contrast to the polydomain
LCN, the aligned monodomain LCN coating displays uniform
optical properties and is transparent® thanks to a suppression
of fluctuations in the LC director (Figure S2, Supporting Infor-
mation).*?l The AI-LCN-AIl cavity shows how multiple colors
can be achieved through the thin film interference effects with
a varying cavity thickness across the sample (Figure 1c [bottom
panel], and Figures S3 and S4, Supporting Information). Given
the small lateral gradient in the cavity thickness of 0.2 pm mm™,
each region can be viewed as an independent cavity with a well-
defined mirror spacing. As such, the cavity behavior can be con-
veniently analyzed for different mirror spacings. Homeotropic
alignment and out-of-plane optical anisotropy in the coating
and cavity is verified by taking cross-polarized reflection images
(Figure 1c (central and bottom panels), and Figures S2-S4, Sup-
porting Information), which remain dark upon rotating the
sample by 45°. We obtain the ordinary and extraordinary refrac-
tive indices by fitting the spectroscopic ellipsometry data taken
from a LCN layer (Figure S8 and S9, Supporting Information)
to a birefringent Cauchy model (Figure S7, Supporting Infor-
mation).%! For the ellipsometry, we prepare homeotropic LCN
coatings on a silicon substrate (Figure S5, Supporting Informa-
tion) and measure the thickness of the homeotropic region used
in the ellipsometry analysis by atomic force microscopy (AFM)
(Figure S6, Supporting Information).
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Figure 1. Correlation between the molecular structure and optical properties of the prepared liquid crystalline network (LCN) optical coatings and cavi-
ties. a) Components of the LCN and their molecular structure. b) Main preparation steps of optical layers in an Al-nematic LCN-AI cavity. c) Optical
(left) and cross-polarized (right) optical microscopy images of obtained polydomain (top panel) and monodomain homeotropic (central panel) LCN
layer on an Al substrate. The bottom panel shows such images of an AI-LCN-AI cavity with homeotropic alignment. The arrows indicate the orientation

of the polarizer and analyzer in the cross-polarized images.

2.2. Optical Response of LCN Microcavities and Effect of
Mechanical Actuation on Their Resonant Properties

We investigate the resonant behavior of optical microcavities
made of aluminum (Al) mirrors and vertically aligned nematic
LCN (Figure 2a,b) illuminated at normal light incidence. In
the following discussion, we will refer to these cavities as thin
and thick where the LCN thickness is, respectively, 830 and
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2630 nm. We chose these thicknesses to conveniently analyze
how thermomechanical actuation of LCN modifies the resonant
optical properties of FP cavity devices with different numbers
of supported modes and Q-factors. Optical reflectance spectra
in the visible and near-infrared ranges obtained at RT before
actuation are presented in Figures 2a (top) and 2b (top) in
dark blue. The observed reflectance minima (near-zero reflec-
tion) at selected wavelengths can only be obtained if the sum
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Figure 2. a,b) Experimental (top) and calculated (bottom) reflectance spectra of AI-LCN—-AI cavities with a thin (830 nm) (a) and a thick (2630 nm)
(b) LCN layer obtained for different temperatures and thicknesses, respectively. ¢) Calculated relative thickness change at 140 °C in thin and thick cavi-
ties. d) The experimental and calculated effect of thermal actuation on the resonant wavelength of two spectrally close resonances in thin and thick
cavities. e) Experimental and calculated spectral shifts of cavity resonances resulting from a temperature change from room temperature to 140 °C in
the thin and thick cavities. f) Mechanism of tuning of resonant optical properties in optical Fabry—Pérot cavity with integrated active LCN layer showing
the molecular structure of our nematic LCN and thermally induced changes in the molecular order and thickness. Insets illustrate reversible changes
in cavity thickness and the resonant wavelength with temperature.
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of reflected waves rg, ry, ... 1, approaches zero, where r, is the
reflection amplitude of the directly reflected wave and r, 15, ... 1,,
are the partially reflected light waves resulting after travelling
one, two, ... n round-trips in the cavity.") The condition for
destructive interference in an asymmetric FP resonator can be
derived from Airy formula for the reflection coefficient:®!

2ifhy
_ rTop ~ TBottom € o (1)
Trotal = eZiﬂthN

— FropBottom

where rp,, is the reflection from the top mirror, rgeyem is the
reflection from the bottom mirror, and f = (27/A)n ¢y is the
longitudinal wavenumber in the cavity, and hicy and nicy
are the thickness and the ordinary refractive index of the
homeotropically aligned LCN layer. The condition is met
when the numerator in the Equation (1) vanishesl® such that
Trop — Totom€” <" =0. The cavity in Figure 2a (top) reveals fewer
resonant orders (dips) as compared to the cavity in Figure 2b
(top), indicating a smaller thickness. To retrieve thicknesses
of the LCN in the thin and thick cavities and the orders of
supported resonant modes, we numerically model the reflec-
tance at normal incidence to reproduce the experimental
spectra by using a finite element method to solve Maxwell's
equation”® (COMSOL Multiphysics, Wave Optics module).
The resulting calculated spectra are shown in Figure 2a,b
(bottom), where the retrieved thicknesses are given in dark
blue on the right, and the resonance orders are shown on the
top. We show the full reflectance spectra including the zeroth-
order FP mode spanning from the visible to the mid-infrared
of the thin and thick cavities in Figure S10a,b, Supporting
Information.

In the next step, we investigate the effect of thermome-
chanical actuation of LCN on the resonant properties of these
Al-LCN-Al optical cavities. In Figures 2a (top) and 2b (top),
we show the experimental spectra of the thin and thick cavities
recorded as the temperature is increased from RT to 140 °C with
10 °C incremental steps. In both optical cavities, we observe a
redshift of the resonant peaks, revealing an increase in the
optical thickness hycynicn, where the magnitude of the shift is
proportional to the actuation temperature, resulting in =40 nm
spectral shifts at 140 °C. It is generally non-trivial to distinguish
the relative contributions from the actual thickness change
Ahycy and the refractive index change An;cy to the change in
optical thickness A(hcnnicy). To elucidate this behavior, we
first analyze how changes in the LCN thickness affect the reflec-
tance spectra of the thin and thick cavities. We perform a para-
metric scan for different thicknesses (Figure S1la,b, Supporting
Information) to reproduce the experimental spectra at each
temperature as shown in Figures 2a (bottom) and 2b (bottom).
By matching the experiment and simulation, we establish that
the observed redshifts of the resonant peaks are associated with
a linear increase in thickness from 830 to 883 nm in the thin
cavity, and from 2630 to 2735 nm in the thick cavity.

In Figure 2d, we highlight the effect of actuation for two
selected resonant modes that are spectrally close but have dif-
ferent orders in the thin and thick cavities. We show by experi-
ment and simulation how the resonant modes with m = 4 in the
thin cavity (Figure 2a) and m = 10 in the thick cavity (Figure 2b)
evolve with temperature. First and foremost, we notice a clear
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linear dependence in the resonant peak shift with temperature.
Both cavities show comparable peak shifts at 140 °C regardless
of the LCN thickness. This indicates that the thermomechanical
response is critically linked to the initial LCN layer thickness.
In Figure le, we show the experimental spectral shift of cavity
resonances A4 = 4, (140 °C) — 4,, (RT), where 4,, (RT) and 4,,
(140 °C) are the spectral positions of the resonance m at RT
and 140 °C, followed by their respective numerical simulations.
Both experiment and simulation show a clear and expected
trend, where low-order resonances exhibit larger spectral shifts.
This can be explained by the quadratic wavelength dependence
of the free spectral range Aldpsy (spectral separation between
the resonant wavelengths), as shown in Equation (2):7!

x 2)

A/IFSR =
2hientien

The maximal shifts are obtained for the fundamental cavity
resonance at longer wavelengths, whereas for the high-order
resonances at shorter wavelengths the shifts become smaller.

2.2.1. The Actuation Mechanism for Tuning of the Resonant
Properties of LCN Microcavities

We directly probe the thermally induced mechanical change
in LCN thickness with AFM by performing scans at RT and
at 130 °C by considering a homeotropically aligned LCN film
with a 1 um thickness on an Al-coated substrate with a 3 nm
Cr adhesion layer as in the cavities (Figure S14, Supporting
Information). We find that there is a 10% increase in the thick-
ness at 130 °C, which is consistent with our optical measure-
ments. Due to a less constrained geometry and the absence
of the top mirror, the mechanical actuation generated at the
edge of this LCN film can be larger compared to the regions
away from the edge. To gain insight into the contribution of
the refractive index, we analyze how its variation can affect
the resonant optical properties. For the vertically aligned
LCN with out-of-plane optical anisotropy that we have cre-
ated, the normally incident light only senses the ordinary (in-
plane) refractive index n,. We numerically model the spectral
response of AI-LCN-Al cavities assuming that only n, varies
with increasing temperature while the cavity thickness remains
constant (Figure S12, Supporting Information). We find that
in order to achieve same cavity resonance shifts at 140 °C,
the change in the ordinary refractive index n, must reach the
values of An, = 0.095 and An, = 0.06 (or 6% and 4% for the
thin and thick cavities). These values are rather unrealistic for
our cross-linked LCN. The small effect of thermal actuation on
the refractive index of acrylate-based LCNs was previously dis-
cussed in the literature.>¢172 Martella et al. showed that a sig-
nificant amount of optical anisotropy can be maintained by our
cross-linked LCN after heating to at least 150 °C and a complete
nematic—isotropic phase transition is not observed by heating
up to 200 °C.[%] Previous work of De Bellis et al. reported a
small non-linear decrease in optical anisotropy upon heating to
130 °C accompanied by a 0.3% increase in the ordinary refrac-
tive index at telecom wavelengths in our LCN.* Our obser-
vations are consistent with these works, where the increasing
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temperature decreases the nematic order in the network and
reduces the optical anisotropy. We note that a small refractive
index variation An, = 0.005 (0.3%) has a negligible effect on the
resonant properties of the cavities (Figure S12a,c, Supporting
Information). Even for An, = 0.019 or 1.22%, and An, = 0.012 or
0.8% changes (higher than the reported values), we obtain peak
shifts of 7 and 4 nm at the resonant orders of 4 and 10 in the
thin and thick cavities (Figure S12a,c, Supporting Information)
that are too small to explain the experimentally observed shifts.
By varying the thickness h and the refractive index simultane-
ously, we find that matching the experiment requires unreal-
istic values of An, = 0.04 or 2.6%, and that the thickness change
is non-consistent with our AFM measurements (Figures S12e,f
and S14, Supporting Information). If An, = 0.005, similar
thickness variation as shown in lower panels of Figure 2a,b is
obtained. The linear dependence of resonant peak shifts with
temperature (Figure 2c) further suggests that the refractive
index that varies non-linearly with temperature in this tem-
perature rangel® has a minor contribution to tuning. These
findings indicate that the dominant tuning mechanism of the
optical FP microcavities can be attributed to the thermome-
chanical response of the LCN, which is linear with tempera-
ture.”3] We note that the refractive-index changes only have a
minor contribution to the tuning of the spectral responses in
low-Q optical cavities, while more notable contributions can be
expected in high-Q microcavities."

Having shown that the thermomechanical response of LCN
provides the dominant contribution to the observed changes
in the resonant properties of optical cavities, we evaluate the
effect of mechanical actuation on the calculated changes in
LCN thickness (Figure 2a,b [bottom]), reflecting an outstanding
linear response to temperature (Figure 2c). At 140 °C, the rela-
tive thickness change defined as (hy4 — hpt)/hgr X 100%, where
hrr and hyyg are the thicknesses at RT and 140 °C, reaches the
values 6.5% and 4% in the thin and thick cavities, respectively,
that are consistent with previous studiesl®! if the confinement
by the substrate is taken into account. The reported values for
linear thermal expansion coefficients of isotropic acrylate-based
nematic networks are below 2 x 107 °C™, or 2% at 140 °C,737°]
indicating that the thickness change in Al-LCN-Al cavities
is attributed to mechanical actuation of aligned LCN rather
than ordinary thermal expansion. Because the linear thermal
expansion coefficient of borosilicate glass”® is two orders of
magnitude lower than that of LCN, the contribution of sub-
strate is negligible.

The working mechanism of the dynamic optical cavity
with a nematic LCN active layer incorporated between Al mir-
rors is presented in Figure 2f. The thermally induced loss of
molecular order results in mechanical actuation of the LCN
and a thickness-change, which in turn modifies the resonance
condition of the AI-LCN-Al cavity and spectrally shifts the
resonances. The increase in thickness in our vertically aligned
nematic network is rather unusual because LCN formed by
similar mesogens typically display a contraction along their
molecular director,”>”778 suggesting a prolate conformation of
their polymer backbone.l*! However, the increase in thickness
can be explained by an oblate conformation due to the presence
of strain in the as-synthesized films and thin-film geometry.
The majority of works study free-standing macroscopic LCN
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and little is known about thermomechanical behavior of opti-
cally thin monodomain nematic LCN coatings. In multidomain
coatings where the lateral deformation is restricted by a rigid
substrate, the anisotropic deformations act simultaneously in
the vertical direction.’””?l Since our LC monomer coats the
substrate at high temperature by capillary action followed by
cooling to the nematic phase and cross-linking, the resulting
LCN coating is pre-strained. Moreover, previously discussed
anisotropic shrinkage®?l and photopolymerization tempera-
ture®% of nematic networks could lead to additional internal
strain in our thin, vertically aligned LCN coatings. Because of
in-plane (i.e., tensile) strain, polymer chains tend to align par-
allel to the substrate in thin films.BY A significantly different
interaction of LC mesogens and the polymer backbone can be
expected in the thin film configuration. In our case, the tensile
strain forces the polymer chains to align parallel to the sub-
strate while the mesogens are aligned homeotropically due to
the strong anchoring conditions. Homeotropic nematic order
and strain in the polymer chains lead to an LCN with an oblate
chain conformation!”! where the polymer backbone lies in
plane perpendicular to the mesogens (Figure 2f). In this situa-
tion, the increasing temperature releases the internal strain and
decreases the nematic order in LCN, leading to an out-of-plain
deformation and an increase in thickness. Previous works dem-
onstrated that our mesogens can form a LCN with an oblate
conformation of polymer chains(®?! that expands along the LC
director upon heating. It is clear that tensile strain relaxation
and the loss of nematic order upon heating both contribute to
the observed expansion in our vertically aligned elastic network.
Whereas our explanation is consistent with the observation of
film expansion, future studies can benefit from further mate-
rials characterization that directly probes the structural changes
in the LCN.

2.2.2. Dynamic Tuning of Resonant Wavelength of Optical
Microcavity

We evaluate in detail the dynamic optical properties offered by
our Al-LCN-Al cavities, specifically focusing on the parameters
such as amplitude modulation, reproducibility, linear response
and precision that are relevant for tunable device applica-
tions. Based on Figure 2b, we particularly investigate dynamic
changes in the reflectance R at selected wavelengths and obtain
absolute modulation efficiency AR = Ry4 — Ry =78% at 850 nm
(m=06), 79% at 770 nm (m =7), 74% at 705 nm (m = 8), 68% at
650 nm (m =9), 61% at 603 nm (m = 10) and 56% at 563 nm
(m = 11), where Ry and Rgr are the reflectances at 140 °C and
at RT. The presented cavities maintain sizable tunability and
modulation efficiencies at oblique angles of incidence but
become polarization-sensitive (Figures S11, S13, and S17, Sup-
porting Information). Consequently, the near-zero reflectance
cannot be achieved because the efficiency of coupling to the
FP resonant modes decreases at oblique incidence. We observe
a linear redshift with increasing thickness in the reflectance
spectra for s- and p-polarized light at oblique angles of inci-
dence (Figures S11 and S17, Supporting Information). For the
same cavity thickness, the reflectance for the s- and p-polarized
light behaves similarly at small incidence angles below 30° but
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Figure 3. The evolution, reproducibility and linearity of the spectral tuning of thermally activated Al-LCN-AI cavity. a) Evolution of the heater tempera-
ture (left y-axis) and the resulting cavity resonance shift AA (T) (nm) (right y-axis) during a full thermal cycle, in which the temperature is raised from
RT to 110 °C and lowered back to RT. Inset: switching between the states with the lowest and highest reflectance at the wavelength of 698 nm. b) Cavity
resonance shift A4 (T) obtained during 150 thermoelastic cycles. c) Temperature dependence of the cavity resonance shift (red dashed line—linear fit).
d) Cavity resonance shifts AA (T) obtained at different set temperatures during 100 cycles. The background color in (b) and (d) reflects the temperature

scale as quantified on the right y-axes.

diverges dramatically under oblique incidence angles above 40°
(Figure S13, Supporting Information). We also observe that the
resonant modes blueshift as the incidence angle increases and
that polarization conversion is not present (Figure S18, Sup-
porting Information).

Finally, we demonstrate the dynamic response of our cavities,
highlighting their significant thermoelastic response and repro-
ducibility in Figure 3. To highlight these features, we select the
spectral region from (680-740 nm) of the cavity in Figure 1b
showing the resonance with m = 8 at a wavelength of 698 nm at
RT (inset in Figure 3a). In Figure 3a, we simultaneously track
how the position of the resonance (in orange) evolves with tem-
perature and time along with the applied temperature (in blue).
A full thermal cycle consists of heating from RT to 110 °C (ini-
tial 60 s) and passive cooling down to RT (time interval from 60
to 300 s). We use the operation temperature of 110 °C, which
is sufficient for switching between the states with lowest and
highest reflectance at a wavelength of 698 nm as presented
in the inset to Figure 3a. Figure 3c features a strikingly linear
response of the spectral shift to temperature, thus making
Al-LCN-AI cavities ideal for tunable device applications. We
emphasize that the thermomechanical response of the optical
cavity strictly follows the temperature. The response time of
LCN in the present work is only limited by the response time
of the hotplate and heat sinking capabilities; thus, improving
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these parameters can result in a faster response. For instance,
using light as a local stimulus allows one to reach response
time on a scale of a few milliseconds.”! Alternatively, a faster
response and active tuning can be achieved with voltage-con-
trolled microheaters. (83

We subject the thermomechanically active AI-LCN-AI cavity
to over 150 thermomechanical cycles with similar parameters
as presented in Figure 3a. The spectral behavior of the eighth-
order resonance (m = 8) with respect to temperature over time
is presented in Figure 3b, where the background color reflects
the temperature scale. The first three thermal cycles are shown
in the left panel, while the right panel shows the fully reversible
thermal response after 720 min of continuous thermomechan-
ical actuation and relaxation, resulting in a highly reproducible
behavior with no signs of degradation of the LCN and no signif-
icant changes in the surface morphology. After 130 thermome-
chanical cycles, no cracking or delamination was observed but
surface graininess slightly increased (Figure S15, Supporting
Information). The resonant optical properties of the AI-LCN-
Al cavity were fully preserved after 130 cycles, which serves as
an excellent marker of the device stability. This shows that the
top Al was not oxidized and, in fact, may contain a few nanom-
eters of protective alumina.

Furthermore, we investigate the precision of spectral tuning
by plotting the spectral shift A4 of the eighth-order resonance
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at chosen temperatures over 100 cycles as shown in Figure 3d.
We notice that the dynamic mechanical changes in the cavity at
RT, 50, 70, 82 and 110 °C can controllably tune the resonances
with sub-nanometer precision to 698, 703, 708, 711 and 718 nm,
respectively, which is fully consistent over 100 cycles of actua-
tion and relaxation, as indicated by the dashed lines. Similar
linear response, reproducibility and stability of thermomechan-
ical tuning is achieved for over 130 thermomechanical cycles
at 60° angle of incidence as shown in Figure S16, Supporting
Information.

3. Conclusions

We have developed thermomechanically responsive optical
coatings with a nematic LCN that we further incorporated in
the most fundamental photonic structure—a MIM FP optical
cavity—as an active cavity layer. By sandwiching the nematic
network between two Al mirrors, we demonstrate a new way
to dynamically tune optical resonances in a solid-state optical
microcavity device that operates via thermomechanical trans-
formations in the nematic network. Importantly, due to the
solid-state operation and outstanding optical quality, LCN
microcavities offer improved levels of tuning via large ther-
mally induced thickness changes, adding to the spectrum of
previously reported dynamic cavities based on phase-change
materials, electrochromic polymers and hydrogels. Particu-
larly, large reflection modulation A R can be achieved for
several-micrometer-thick cavities due to the high optical
transparency of the LCN. The active microcavities exhibit
large reversible and continuous spectral tuning of the FP
resonances across the entire visible and near-infrared spec-
tral ranges, reaching shifts up to 40 nm and absolute modu-
lation efficiencies AR up to 79%. The linear dependence of
the resonant reflectance with temperature can be desirable
for a variety of applications, including, for example, tunable
filters, laser cavities and display. The presented devices offer
thermoelastic response times on the order of a few tens of
seconds, while maintaining outstanding mechanical sta-
bility and reproducibility of placing cavity resonance with
sub-nanometer accuracy over at least 100 thermoelastic actu-
ation-relaxation cycles. We emphasize that stability and repro-
ducibility of that level have not been previously reported in
dynamic FP cavities based on soft materials. Comparing with
the reported non-thermal FP cavities, the primary advantages
of LCN cavities are their solid nature, large absolute modula-
tion AR, broad range of operation wavelengths spanning over
the entire visible and near-infrared, and stability and preci-
sion of dynamic tuning. The limiting factor of LCN, compared
with ultrafast all-optically and gate-tunable nano-cavities, is
their relatively slow response due to the intrinsic dynamics of
thermal relaxation. Further improvements of LCN-activated
optical cavities can be achieved by precisely controlling the
LCN thickness, for instance using laser writing and grayscale
lithography. Phase-gradient novel dynamic coatings and cavi-
ties can be obtained by exploiting more complex alignment of
mesogens, including spatially varying the birefringence axis
using photoalignment.
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4. Experimental Section

Preparation of LC Monomer Mixtures: LC monomers were
purchased from Synthon Chemical, while the photoinitiator Irgacure
396 was purchased from Sigma-Aldrich and used as received. The
monomer mixture was prepared by mixing the monoacrylate liquid
crystal  C6BP  (4-methoxybenzoic  acid  4-(6-acryloyloxyhexyloxy)
phenyl ester, 89% mol mol™), the cross-linker RM257 (4-bis-[4-(3-
acryloyloxypropyloxy)-benzoyloxy]-2-methylbenzene, 10% mol mol™) and
the photoinitiator Irgacure 369 (1% mol mol™). All components were
homogeneously mixed in dichloromethane, followed by evaporation of
the solvent.

Preparation of Optical LCN Coatings and AI-LCN-Al Cavities: The
fabrication process flow is shown in Figure S1, Supporting Information.
A polymerization cell that consisted of a metallic substrate and
a top borosilicate glass promoting homeotropic alignment were
exploited. Borosilicate glass substrates (Menzel Gliser) were cleaned
by ultrasonication for 5 min in acetone, 5 min in isopropanol, and
5 min in DI water. Next, 100 nm of aluminum was deposited followed
by 3 nm of chromium at a rate 2 A s™. It was found that 3 nm of
chromium significantly improved adhesion and wettability of the LCN
on aluminum. The subsequent preparation steps were carried out in
yellow light to avoid unwanted UV exposure. The metallic substrate
was heated and annealed for 5 min at 120 °C; the LC monomer mixture
was dispensed and it was let to fully melt. After melting, a cell was
assembled by placing the borosilicate glass atop the monomer and it
was let to uniformly coat the substrate by capillary tension. Next, the LC
monomer was cooled down to 45 °C at a rate of 1 °C min~' and annealed
for 30 min to produce a monodomain nematic phase. The low surface
energy of hydrophobic borosilicate glass that required no additional
treatment to impose homeotropic alignment was taken advantage
of. The homeotropic alignment was confirmed by polarized optical
microscopy and then the monomer was exposed to UV light from a
fluorescent lamp (365 nm, 80 mW cm™2) for 10 min at RT to induce the
photopolymerization. After that, the cell was soaked in deionized water
for 1 h to facilitate detachment of the top glass. Next, the top glass was
removed by opening the cell with a surgical blade and the resulting
optical coating was dried in a nitrogen flow. Finally, the metal-LCN—
metal FP cavities were constructed® by placing the LCN between two
Al mirrors. For operation in reflection, the top mirror was made semi-
transparent by depositing 10 nm of Al, which allowed for light circulation
in the cavity loaded with the LCN. Importantly, previous studies showed
that coating of LCNs with thin metallic layers did not compromise the
actuation.l®4

Characterization of Optical Properties of the Liquid Crystalline Network:
In order to obtain the birefringent optical constants of the LCN, the
LCN was fabricated with homeotropic alignment on a silicon substrate
(Figure S5, Supporting Information). Silicon was chosen as a substrate
due to the well-known and consistent optical properties and smooth
surface. The thickness was measured by AFM (Figure S6, Supporting
Information) and was used in the ellipsometry model. The anisotropic
optical properties of LCN were characterized by variable angle
spectroscopic ellipsometry in the spectral region from 350 nm to 1 um
using the ellipsometer M2000 and software V-VASE (J.A. Woollam). The
experimental ellipsometry data was collected by using three different
angles of incidence, namely 65°, 70°, and 75°. The ordinary and
extraordinary refractive indices were obtained by fitting the experimental
ellipsometry data (Figure S8, Supporting Information) to a uniaxial,
birefringent Cauchy model (Figure S7, Supporting Information) and
using the measured AFM thickness (Figure S6, Supporting Information).

Finite Element Method Modeling: Full-wave numerical simulation of the
reflectance spectra was carried out using commercial software (COMSOL
Multiphysics, Wave Optics module). A 2D model with periodic boundary
conditions and two ports as a source of plane wave illumination under
normal and oblique incidence was used. The wavelength-dependent
reflectance was calculated using the S-parameters. The square-mesh
size used was set at 2 X 2 nmZ. To ensure realistic simulation results, the
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previously reported refractive index for Al was used,’®% in which ultrathin
films of Al were characterized. For the LCN, the experimentally obtained
refractive index measured by spectroscopic ellipsometry was used (see
Supporting Information).

Spectral Characterization of Optical Cavities: Reflectance spectra of
optical cavities were acquired using a home-built set-up consisting of
a fiber-coupled UV-visible-NIR halogen light source (HL2000, Ocean
Optics), a high-OH UV-vis optical fiber with 600 um core diameter
(Ocean Insight). The light in all experiments was unpolarized. The
collimated light beam was gently focused on the cavity by a 10x objective
with a numerical aperture (Olympus Plan Fluorite Objective, 0.3 NA,
10 mm WD) producing a spot size of 300 um. To precisely position the
beam spot in different regions of cavities and collect reflectance spectra
at different thicknesses, a 25.0 mm XYZ Translation Stage with Standard
Micrometers was used. The spectra were collected at normal incidence
for all temperatures starting from RT and increasing the temperature
with a 10 °C step up to 130-140 °C. For a reference measurement of
the reflectance, an Al mirror and an Ag mirror were used. For temperature
measurements, a metal ceramic heater, a 100 Q platinum resistance
temperature detector (TH100PT, Thorlabs) and a PID temperature controller
(TC200-EC, Thorlabs) were used. Thermally conductive adhesive tape
was used to fix the sample on the ceramic heater. The optical spectra
were recorded by a visible-NIR spectrometer (Ocean optics FLAME-
VIS-NIR-ES) using an acquisition time of 3 ms and 50 accumulations.
All spectral measurements and automated temperature measurements
were performed using home-built software (LabView).

Supporting Information

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