
Nanophotonics 2024; 13(12): 2127–2139

Research Article

Rasna Maruthiyodan Veetil*, Xuewu Xu, Jayasri Dontabhaktuni, Xinan Liang, Arseniy I. Kuznetsov*

and Ramon Paniagua-Dominguez*

Nanoantenna induced liquid crystal alignment
for high performance tunable metasurface

https://doi.org/10.1515/nanoph-2023-0446

Received July 17, 2023; accepted September 13, 2023;

published online September 26, 2023

Abstract: Liquid crystal (LC) based spatial light modulators

(SLMs) are a type of versatile device capable of arbitrar-

ily reconfiguring the wavefront of light. For current com-

mercial LC-SLM devices, the large pixel size limits their

application to diffractive optics and 3Dholographic displays.

Pixel miniaturization of these devices is challenging due to

emerging inter-pixel crosstalk, ultimately linked to the thick

LC layer necessary for full phase (or amplitude) control.

Integration of metasurfaces, i.e., 2D arrangements of reso-

nant nanoantennas, with thin LC has emerged as a promis-

ing platform to boost light modulation, enabling realization

of sub-wavelength pixel size SLMswith full phase (or ampli-

tude) control. In most devices realized so far, however, the

presence of an alignment layer, necessary to induce a pref-

erential initial LC orientation, increases the voltage require-

ment for resonance tuning and reduces the efficiency of

light modulation, something that accentuates for an ultra-

thin (e.g., submicron) metasurface-LC cell. Here, we present

an alternative strategy bywhich theLCmolecular alignment

is purely controlled by the periodicity and geometry of the

nanoantenna without any additional alignment layer. The
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nanoantennas are specifically designed for the double pur-

pose of sustaining optical resonances that are used for light

modulation and to, simultaneously, induce the required LC

pre-alignment. The proposed device structure allows lower

voltage and reduced switching times (sub-millisecond) com-

pared to devices including the alignment layer. This novel

strategy thus helps to improve the performance of these

miniaturized-pixel devices, which have emerged as one of

the potential candidates for the next generation of products

in a wide range of applications, from virtual/augmented

reality (VR/AR) and solid-state light detection and ranging

(LiDAR), to 3D holographic displays and beyond.

Keywords: liquid crystals; spatial lightmodulators; nanoan-

tenna; metasurface; resonance; response time

1 Introduction

Liquid crystal (LC) based spatial light modulator (SLM) is

one of the most prevalent technologies for reconfiguring

the wavefront of light. LC-SLMs consist of a one- or two-

dimensional array of pixels which are capable of locally

and arbitrarily manipulating the wavefront of light. They

use the birefringent properties of LC to modulate the ampli-

tude, phase, or polarization of light on top of each pixel via

application of electrical biases [1, 2]. They have been widely

used for 2D projection displays and optical communication.

However, their great potential for applications to large field

diffractive optics and 3D holographic displays has not been

unleasheddue to their large pixel size,which limits the high-

est achievable diffraction angle and field of view (FOV). The

large pixel size also causes high order diffraction, which,

most of the time, deteriorates the performance of the device,

and extra optics are needed to filter it out. Therefore, LC-

SLM with smaller pixel size is preferred for these applica-

tions. However, pixel sizeminiaturization of LC-SLMdevices

is challenging due to emerging inter-pixel crosstalk,which is

the unwanted light modulation in the adjacent pixels to any

given one that is purposedly addressed, and which arises

due to the spreading of the applied electric field [3–6]. For
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phase modulating SLMs, the phase delay is accomplished

by the orientation of LC molecules at individual pixel level,

which thus changes the refractive index experienced by the

light along the propagation path and, in turn, controls the

phase shift (or retardation). The phase coverage is propor-

tional to the thickness of the LC medium. For transmissive

and reflective SLMs the LC thickness should be at least 𝜆/Δ
n and 𝜆/2Δn, respectively, to achieve 2𝜋 phase modulation,

where Δn is the birefringence of the LC (defined as the

difference between the real part of its extraordinary and

ordinary refractive indices) and 𝜆 the operational wave-

length. The response speed of the device is proportional to

the square of the LC thickness under the strong anchoring

condition and varies linearly with LC thickness for weak

anchoring [7, 8]. The inter pixel cross talk sets a limit to

the minimum pixel size of the device and is in turn also

determined by the LC thickness. The LC thickness is thus a

critical parameter in these devices, as it constrains the pixel

size and response speed, which subsequently define their

FOV and refresh rate. Therefore, reducing the LC thickness

turns out to be crucial for some of the versatile applications

of SLMs, such as light detection and ranging (LIDAR), aug-

mented/virtual reality (AR/VR), and holographic displays, to

name a few, where both FOV and speed are critical.

Metasurfaces, i.e., 2D arrangements of subwavelength

elements (also known as nanoantennas) able to locallymod-

ify the properties of light, have emerged as a promising plat-

form for nanophotonic applications for wavefront manipu-

lation [9–19]. Different types ofmaterials, includingmetallic

[19–23], dielectric and semiconductor [24–29] or even phase

change materials can be used to fabricate the nanoanten-

nas. Among them, all-dielectric and semiconductor meta-

surfaces are those shown to manipulate electromagnetic

wavefronts most efficiently due to their negligible losses.

These can be achieved either non-resonantly, via waveg-

uiding or using the geometric phase, or by the excitation

of localized (Mie-type) or collective (non-local) resonances

[24–28, 30–35]. In the resonant case, the wavefront mod-

ulation properties of a metasurface can be changed from

static to dynamic using external stimuli, either to modify

the material properties of the nanoantennas themselves

[36–41] or their immediate environment [42–48]. For the

latter case, LC is a promising candidate due to its wide

range tunability of permittivity, its transparency at optical

frequencies, and the possibility to address it using elec-

tric fields, magnetic fields, or by thermal phase transition

[30–35, 45–48]. In the arguablymost practical case of electri-

cal biasing, the reorientation of LCmolecules either parallel

or perpendicular to the applied electric field (depending

on the addressing scheme) locally modifies the near-field

environment of the nanoantennas, enabling highly efficient

spectral tuning of their resonances and the associated phase

modulation.

In the past few years, it has been shown that

all-dielectric metasurfaces integrated with traditional

LC device architectures allow pixel size miniaturization

[30–35]. This is because, unlike in conventional SLMs,

abrupt optical phase shifts in these devices are introduced

by the resonant character of the nanoantennas, thus

uncoupling the phase modulation from the LC thickness.

Ideally, one would like to use localized, Mie-like resonances,

minimizing lattice coupling effects, and which can be made

to interfere or couple with each other to provide different

degrees of freedom for the wavefront modulation [30–35].

LC can then be used for high efficiency spectral tuning of

these resonances and the associated phase modulation

at the individual pixel level. Since only the near-field of

the nanoantennas needs to be modified (which typically

extends only a few hundreds of nanometers at optical

frequencies), their presence allows to reduce the thickness

of the tunable medium (LC) significantly, and thus the

crosstalk between the neighboring electrodes, allowing

pixel miniaturization [32–35].

Thus, an ideal LC-tunable meta-device would consist of

a miniaturized LC cell, with thickness as small as possible

as to minimize the crosstalk (in practice, this should imply

LC cells of less than 1 μm). For such thin cells, however,

several problems arise if one uses the common strategy

to induce the pre-alignment of the LC, consisting of using

an alignment layer (which is typically either a polyimide

or a photoalignment layer). First, for ultra-thin cells, the

dielectric shielding effect would be apparent even with a

thin alignment layer and the effective phase shift would be

reduced. Second, the strong anchoring from the alignment

layer for an ultra-thin LC cell significantly slows down the

electric field response of the LC and increases the range

of voltages required for switching, which might increase

again the crosstalk, ultimately hindering the benefit of using

thinner cells [49–51]. Thus, for ultra-thin LC cell devices,

new LC alignment strategies need to be developed.

Here, we report one such strategy, in which the meta-

surface (or nanoantennas) are specifically designed for the

double purpose of sustaining optical resonances that are

used for light modulation and to, simultaneously, induce

the required LC pre-alignment. In this scenario, the LC

molecular alignment is purely controlled by the periodic-

ity and geometry of the nanoantennas, without any addi-

tional alignment layer, thus helping to solve the high driving

voltage and the long response time issues mentioned above.

This is in line with previous works that showed the impact
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of the presence of nanoantennas on the alignment of the

LC [30, 52, 53] and/or how micro or nanopatterning can be

used to induce the LC pre-alignment in some applications

[22, 54–60], but done here judiciously to create nanoanten-

nas that serve the double purpose of providing a strong

optical resonant response and inducing the required LC ori-

entation. Therefore, the resulting LC-tunable metasurfaces

without an alignment layer display lower threshold and sat-

uration voltages, and much faster (sub-millisecond) switch-

ing speeds of the LC compared to their counterparts with

an alignment layer. As will be shown, such nanoantenna-

induced LC alignment is only possible due to the miniatur-

ization of the cell thickness.

2 Results and discussions

Figure 1(a)–(c) show the schematic view of a metasurface-

LC (MS-LC) cell with different cell thickness range and

anchoring conditions. Figure 1(a) is a “standard” (i.e., as pre-

viously reported in the literature [1–3, 30–35]) transmissive

MS-LC cell in which the metasurface consists of nanoanten-

nas with equal x:y aspect ratio (xy-AR= 1:1) and contains an

alignment layer on the top electrode, whose function is to

induce a preferential pre-alignment of the LC in the absence

of bias [11, 22–24, 30–35, 44–48, 51–53, 61–63]. As reported

in previous studies [30], this nanoantenna geometry induces

an angular orientation for the LC that differs from that of the

alignment layer. In the MS-LC cell as shown in Figure 1(b)

and (c), the alignment layer is absent, and the nanoanten-

nas have an aspect ratio in the xy-plane departing from 1:1

(xy-AR>1:1), which allows controlling the LC alignment in

their vicinity. However, in Figure 1(b) the cell thickness is

“large” (d > 1000 nm) and the absence of alignment layer

results in nonuniform LC alignment across the cell height.

As will be shown later and is schematically depicted in

Figure 1(c), reducing the cell thickness (d< 1000 nm) allows

maintaining the LC alignment induced by the nanoantenna

geometry and periodicity across the cell, resulting in a uni-

form LC alignment. In all three cases, the device comprises

a substrate and superstrate made of glass and coated with

a thin (≈23 nm) transparent indium tin oxide (ITO) to form

the electrodes and assembled to form the cell. As already

mentioned, in the “standard” case the top electrode is coated

with an alignment layer, which is typically either a polymer

or a monomer, and which is from now on assumed to be

treated to induce a preferential pre-alignment of the LC

along the x-axis. There are two usual ways of controlling

the direction of the alignment layer, which in turn control

the pre-alignment direction of the LC director (n̂, the aver-

age orientation of LC molecules). The first method is by

irradiating a photosensitive material (for example azo-dye)

with a polarized light source (typically in the UV spectral

range), and hence known as photo-induced alignment. The

Figure 1: Metasurface-LC cell. (a) Schematic of the standard metasurface-liquid crystal (MS-LC) cell with alignment layer. The nanoantenna aspect

ratio (AR) is 1:1 and the cell thickness is above 1000 nm. (b) Schematic of MS-LC cell with nanoantenna AR>1:1, cell thickness is above 1000 nm without

an alignment layer. (c) Proposed MS-LC cell with nanoantenna AR>1:1 and cell thickness less than 1000 nm. Here, the LC alignment can be uniform and

controlled by the nanoantenna geometry and periodicity without external alignment layer.
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second method is the mechanical rubbing of polyimide or

polystyrene. The alignment direction is definedby the polar-

ization of light in the first method and by the direction of

rubbing in the second. For our “standard” devices (i.e., con-

taining the alignment layer) we use the rubbing method for

pre-alignment, as it is known to give more reliability than

the photo-induced one (the full details on device fabrication

are provided in the Supplementary Information).

In the nematic phase, the long axes of the LC mole-

cules tend to align parallel to each other in a certain direc-

tion, the so-called director, which is apolar. The LC refrac-

tive indices parallel and perpendicular to the director

are called the extraordinary refractive index (ne) and

the ordinary refractive index (no), respectively. The

difference Δn = ne – no gives the birefringence (Δn).
The LC orientation is specified by two parameters:

the polar angle (𝜃), and the azimuthal angle (𝜙) (see

Figure S1 in the Supplementary Information). In the

absence of electric field, the molecules are aligned in a

specific direction defined by 𝜃 (measured with respect to

the substrate normal) and 𝜙 (the in-plane rotation angle)

defined by the anchoring conditions [3]. For the LC cell

structure in Figure 1(a)–(c), the polar angle 𝜃 can vary from

its initial, un-biased state 𝜃 = 90◦ (i.e., in-plane oriented,

parallel to the substrate) to 𝜃 = 0◦ (i.e., out-of-plane

oriented, perpendicular to the substrate) through electrical

tuning. The azimuthal angle 𝜙 is usually controlled by the

alignment layer.

To study the effect of the nanoantenna geometry and

the cell thickness on the alignment performance of the LC

in the metasurface, three different nanoantenna structures

and three LC-cell thickness ranges are used. A cell thickness

(d) in the range of d≈ 500 nm is considered as ultra-thin, d≈
750 nm is a thin cell and d≈ 1000 nm is considered as a thick

cell. In all cases, themetasurfaces consist of a periodic array

of nanoantennas made of TiO2, selected for its high refrac-

tive index (n ≈ 2.5) and low losses (k ≈ 0) across the visible

spectrum. The geometrical parameters of the nanoanten-

nas are such that they support optical resonances in this

wavelength range, with both electric dipole (ED) and mag-

netic dipole (MD) modes excited. In previous studies, it has

been shown that such nanoantennas can be used to induce

controlled local phase and/or amplitude shifts to an incom-

ing beam, and thus to dynamically manipulate its wave-

front [30–35]. A commercial dual frequency liquid crystal

(DFLC) DP002-016 (PhiChem-HCCH) with birefringence Δn
= 0.268 (ne = 1.779, no = 1.511 at 𝜆 ≈ 589 nm and 20 ◦C, with

negligible absorption) is used in our experiments. For the

temperature range −20 ◦C–104 ◦C the DP002-016 LC is in

nematic phase and exhibit dual frequency character (the

experimental results described here are similar for other

nematic LCs). The DFLC, which is infiltrated in the cell gap

by capillary forces, is a LC mixture which exhibits positive

dielectric anisotropy (Δ𝜖 > 0) at lower driving bias fre-

quency and a negative one (Δ𝜖 < 0) above the cross over

driving bias frequency (≈60 KHz). This allows the reori-

entation of its optical axis parallel to the electric field at

low frequencies (<60 KHz) and perpendicular to it at high

(>60 KHz) ones, for an applied voltage above the thresh-

old [63]. The experiments are done for various anchoring

strengths for comparison, a parameter that is controlled

by the alignment layer rubbing, when it is present. All the

measurements are done at room temperature.

Figure 2(a) shows the scanning electron microscopy

(SEM) image of the fabricated metasurface with the first

geometry for the nanoantennas, namely, disc shaped par-

ticles with a diameter D = 270 nm, height H = 200 nm and

periodicity (square lattice) P= 360 nm. This geometry, thus,

has a 1:1 aspect ratio in the xy-plane (xy-AR). Due to the

symmetric shape the ED and MD resonances excited by

these nanoantennas are independent of the incident light

polarization [32]. The optical transmission spectra of the fab-

ricated bare metasurface (i.e. without LC) are provided in

the Supplementary Information Figure S2(a) and associated

discussion. Figure 2(b) shows the simulated transmission

spectra of nano-disc MS-LC cell with thickness 750 nm for

light polarization along the x-axis (P-0) and forming 45◦

with respect to the x-axis (P-45). The alignment is assumed

in-plane, with the director along the x-axis (𝜃 = 90◦ and

𝜙 = 0◦). For P-0, the ED (at 𝜆 ≈ 646 nm) and the MD (at 𝜆 ≈
657 nm) resonances are seen as partially overlapped dips,

while the small narrow dip at𝜆 ≈ 605 nm is an opticalmode

formed in the LC slab. For P-45, an additional resonance

appears at≈ 640 nm. Figure 2(c) and (d) show, respectively,

the measured resonance spectra for MS-LC cells with poly-

imide alignment layer and for the puremetasurface induced

alignment (i.e. without an alignment layer), for incident

wave polarizations P-0 and P-45. The resonance spectra are

measured using a customized inverted micro-spectrometry

setup [30] (the details are described in the Materials and

Methods section of the Supplementary Information). Upon

close inspection and comparisonwith the simulation results

of Figure 2(b), two things are noted. First, the resonance

spectra measured from the cells with and without align-

ment layer show good correspondence with each other. This

clearly indicates that the periodic arrangement of nanoan-

tennas can, by itself and without the need of an align-

ment layer, induce a uniform alignment of the LC in the

metasurface region for such thin cells. Second, the spec-

trum measured for the cells having an alignment layer and
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Figure 2: Nano-discs induced LC alignment. (a) The SEM image of the fabricated metasurface, the scale bar is 400 nm. (b) The calculated

transmittance spectra of LC infiltrated nano-disc metasurface for LC layer thickness 750 nm for the incident polarization along x-axis (P-0) and 45◦ to

the x-axis (P-45). (c), (d) The measured transmission spectra for nano-disc metasurface in a 750 nm thick LC cell for (c) with alignment layer and (d)

pure nanoantenna induced alignment for incident light polarization P-0 and P-45. (e), (f) The images of LC infiltrated nano-disc metasurface array

under crossed polarizer (Px) and analyzer (Ay ) for parallel and 45
◦ orientations of array with respect to the x-axis. The metasurface array size is 100 ×

100 μm. The red arrow indicates the LC alignment direction within the metasurface.

illuminatedwith an incident lightwith polarization 45◦with

respect to the x-axis (P-45) is matching with the simulation

results for P-0. Vice versa, the measurement with P-0 is

equivalent to the simulation for P-45. This seems to indi-

cate that the metasurface induces an angular alignment

with respect to the x-axis, even in the presence of an x-

rubbed alignment layer. This stems from the symmetric

structure of the nanoantennas and is in good agreement

with previously reported results [30]. This angular align-

ment further indicates the strong anchoring influence of the

nanostructure.

Figure 2(e) and (f) show the images of the LC infiltrated

metasurface array with and without an alignment layer,

respectively. The images are recorded under crossed

polarizer (Px) and analyzer (Ay) for the parallel and 45◦

orientation of the array with respect to the x-axis. The red

arrow here indicates the deduced LC alignment direction

within the metasurface. Indeed, in Figure 2(e), for the

parallel orientation of the array, the background LC is

dark (as the optical axis induced by the alignment layer

is parallel to the polarizer), but the metasurface appears

bright due to the nanoantenna induced 45◦ LC alignment.

For the 45◦ orientation of metasurface array with respect

to the x-axis, the background LC becomes bright, and the

array turns dark. Similar alignment behavior is observed

in Figure 2(f) for the cell without alignment layer (here

the background LC does not follow any specific alignment

due to the absence of alignment layer). The images confirm

the uniform alignment of LC in the metasurface array

for thin cells and the angular nature of this alignment.

Figure S3 in the Supplementary Information gives the

detailed comparison of simulated and measured spectra

for three different conditions of LC infiltrated nano-disc

metasurface without an alignment layer. For thick MS-LC

cells a clear deviation is observed in the resonance

spectra for cells with and without alignment, as shown

in the Supplementary Information Figure S2. Indeed, for

1500 nm thick MS-LC cell, by looking at the spectra with
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(Figure S2(c)) and without alignment (Figure S2(d)), no

apparent correlation exists between measured spectra.

The microscope images for this “thick” LC cell corroborate

the random alignment of LC within the metasurface in

the absence of the alignment layer and the angular one,

preferentially at 45◦ (or, equivalently, 135◦) for the one

having it.

The metasurface induced LC alignment for nanoanten-

nas with xy-AR 1:1 is further tested using square shaped

nanoantennas. The simulation and experimental results for

this case are provided in the Supplementary Information

(see Figure S4 and the corresponding discussion). For a thin

LC cell (d < 1000 nm), this metasurface can, similarly to

the nano-disc-shaped, induce a uniform LCmolecular align-

mentwithout theneed of any alignment layer. Also similarly,

themetasurface induces an alignmentwith azimuthal angle

(𝜙) of 45◦ (or 135◦), as seen by the transmission spectrum

measurement. This follows from the fact that, for the nanos-

tructure with xy-AR 1:1 the anchoring energy is the same

along x and y direction and thus the free energy minimiza-

tion gives 𝜙 ≠ 0 LC alignment [30]. In this situation, the

incident light polarization would need to be adjusted based

on the initial orientation angle of LC, i.e., along the extraor-

dinary refractive index, to achieve the maximum modula-

tion upon application of electrical bias. As further seen in

the experiments, for devices with symmetric nanoanten-

nas, even the strong anchoring from the alignment layer

on the top electrode does not help to remove the angular

alignment. Instead, this might induce a hybrid alignment of

LC in the metasurface LC cell as well as an increase in the

threshold and switching voltages.

Two things can be concluded from these results. First,

ultra-thin MS-LC cells can induce a homogeneous LC align-

ment without the need for standard LC alignment layers.

Second, with nanoantennas with xy-AR ≈ 1:1 (and square

lattices), only angular LC alignment is possible. This might

be an issue or unwanted for certain applications that aim

to maximize the modulation depth, since an azimuthal or

hybrid alignment reduces the maximum effective refrac-

tive index tunability. In the following, we show that it

is possible to overcome the angular alignment by using

other nanoantenna designs, capable of inducing LC align-

ment along a designated direction, including 𝜙 = 0, while

keeping the desired optical resonances necessary for light

modulation.

Our hypothesis is that, in an MS-LC device, to induce

a parallel alignment of LC along designated direction, the

nanoantennas must have a larger aspect ratio in the direc-

tion in which alignment is desired. In other words, the

size of the nanostructures along the direction in which LC

alignment is desired should be larger than its size along any

other direction (e.g., if x-orientation is desired, an xy-AR: 2:1,

3:1, etc. would be necessary). For this purpose, one can use,

e.g., a rectangular block or a cylinder with elliptical cross-

section, among others. Here,weusedmetasurfaces compris-

ing rectangular-shaped block nanoantennas. An additional

means to induce LC alignment along a certain direction is by

using periodic lattices with a longer lattice vector along the

desired alignment direction. This canbe achieved, e.g., using

a rectangular lattice instead of a square one. Figure 3(a)

shows an SEM image of a characteristic fabricated sam-

ple, where the long axis of the rectangular block nanoan-

tenna is along the x-axis and has a length L = 360 nm.

The width (length along the y-axis) is W = 200 nm, the

height H = 200 nm and the lattice periods Px = 420 nm and

Py = 280 nm.

Two cells, with thickness 1000 nm (“thick”) and 500 nm

(“ultra-thin”), are fabricated without an alignment layer for

the measurements. Their simulated transmission spectra,

assuming a homogeneous (𝜃 = 90, 𝜙 = 0) LC alignment,

are shown in Figure 3(b) and (e), respectively, for incident

polarizations P-0 and P-90. For the P-0 case, the MD and

ED coincide at 𝜆 ≈ 770 nm, while the nanoantennas have

higher ordermodes at𝜆 ≈ 540 nm.When the polarization is

P-90, one can see that the main mode at longer wavelengths

blue-shifts. The dip at 𝜆 ≈ 620 nm is from an optical reso-

nance in the LC slab. Figure 3(c) and (f) show the measured

spectra for both MS-LC cells (the cells are fabricated with-

out any alignment layer). Comparing the measured spec-

trum with the simulation, one can immediately see that

metasurface can indeed provide homogeneous LC align-

ment along the desired direction, i.e., with angle 𝜙 nearly

zero, as determined by the aspect ratio of the nanoantennas

(namely its longest dimension) and the lattice periodicity.

This is confirmed in Figure 3(d) and (g) showing the images

of LC infiltrated nano-rectangle metasurface under crossed

polarizer and analyzer for the thick and ultra-thin cells,

respectively. Since the alignment inducedby the rectangular

nanoantenna is along the long dimension of the rectangle

(along x-axis) the metasurface array appears dark for the

x-axis orientation (LC director parallel to the polarizer) and

bright (LC director 45◦ to the polarizer) for 45◦ rotation

of the array with respect to the x-axis for both cells. The

red arrow schematically indicates the deduced LC align-

ment direction within the metasurface. These images show

the uniform parallel alignment of LC without any angular

orientation. To further justify the experimental observa-

tions, Figure 3(h) shows the calculated director profile for

the nano-rectangle metasurface-LC cell in a weak anchor-

ing condition from the top substrate (corresponding to the
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Figure 3: Nano-rectangle induced LC alignment. (a) SEM image of the fabricated nano-rectangle metasurface, the scale bar is 400 nm, and the

schematic indicates the nano-rectangle orientation. The inset sketch shows the orientation of the nano-rectangle with respect to the xy coordinates.

(b) Calculated and (c) measured transmittance spectra of the LC infiltrated nano-rectangle metasurface for a 1000 nm thick LC cell without alignment

layer for incident light polarized along the x-axis (P-0, blue curve) and y-axis (P-90, red curve). (d) Microscope images of the LC infiltrated metasurface

without top electrode alignment layer under crossed polarizer (Px) and analyzer (Ay ) for parallel and 45
◦ orientation of metasurface array with respect

to the x-axis. The metasurface is 100 × 100 μm in size. The red arrow indicates the LC director. (e) Calculated and (f) measured transmittance spectra of

the nano-rectangle metasurface after LC infiltration for 500 nm thick cell for the incident light polarized in-plane along x-axis (P-0, green curve) and

y-axis (P-90, black curve). (g) Microscope images of the LC infiltrated metasurface. (h) Simulated LC director profile in a nano-rectangle metasurface-LC

cell. The director field is represented by the vectors in white. (i) Calculated layer-wise azimuthal (𝜙) and polar (𝜃) angles of LC in the nano-rectangle

metasurface.
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absence of an alignment layer) for a unit cell with 3 nano-

rectangles with periodicity in both x- and y-directions. The

details of the LCdirector simulation andmodelling are given

in the Materials and Methods section of the Supplemen-

tary Information. Figure 3(i) is the calculated layer wise LC

director angles 𝜃 and 𝜙 across the cell thickness, corrob-

orating the planar alignment of LC across the cell, further

confirming our experimental results. Transmission spectra

of the nano-rectangle metasurface with the 500 nm-thick LC

cell (without an alignment layer) under electrical biasing

are shown in Figure S6 in the Supplementary Information.

The results demonstrate that, under the applied electrical

voltage, for the incident polarization P-0 the resonances

have large displacement, while for P-90 case it is negligible.

This further confirms the parallel alignment of LC director

along the long axis of the rectangular nanoantenna without

an alignment layer.

We should note at this point that the geometry of

the nanoantennas can still be modified to generate differ-

ent spectral responses (and resonances), as required for

wavefront modulation, either based on amplitude and/or

phase (including the commonly used Huygens’ condition

for transmissive devices [64], while keeping an xy aspect

ratio suitable for the desired LC alignment. Figure 4 shows

that this is the case by analyzing the resulting LC align-

ment for different nanoantenna aspect ratios without an

alignment layer. Figure 4(a–c) show the SEM images of the

fabricatedmetasurfaceswith different xy-ARs, ranging from

square cross section (Figure 4(a)) with L =W = 270 nm, Px
= Py = 360 nm to rectangular shapes (L = 290 nm, W =
250 nm, Px = Py = 360 nm for Figure 4(d), and L = 290 nm,

W = 180 nm, Px = 360 nm, Py = 280 nm for Figure 4(g)).

Figure 4(b), (e), (h) are the optical microscope images of the

three sets of metasurface arrays under crossed polarizers

with LC infiltration. All these nine metasurface arrays are

fabricated on a single substrate with nanoantenna height

H = 200 nm, and the LC cell is fabricated with thickness of

500 nm without an alignment layer. In Figure 4(e) and (h)

the long axis of the nano-rectangles is oriented along the

x-axis. The background LC alignment is nonuniform since

there is no alignment layer. For the metasurface in Figure

4(a)–(c) both nanoantenna aspect ratio and the periodicity

are symmetric, which leads to angular alignment, so the

arrays in Figure 4(b) appear bright when they are parallel

to the polarizer (LC director 45◦ to the polarizer as indi-

cated by the red arrow). In Figure 4(d)–(f) the nanoan-

tenna aspect ratio xy-AR> 1:1, but the metasurface main-

tains the lattice symmetry, while in Figure 4(g–i) both the

antenna dimensions and the periodicity are asymmetric. In

both cases, the arrays appear dark when they are parallel

Figure 4: LC alignment for different nanoantenna aspect ratios. (a), (d),

(g) SEM images of the fabricated nanoantenna metasurface. The scale

bar is 400 nm. Optical microscope images of LC infiltrated metasurfaces

consisting of (b) nano-squares with L=W = 260 nm, H = 200 nm,

Px = Py = 360 nm, (e) nano-rectangle with L= 290 nm,W = 250 nm,

H = 200 nm, Px = Py = 360 nm and (h) nano-rectangles with L= 290 nm,

W = 180 nm, H = 200 nm, Px = 360 nm, Py = 280 nm in a 500 nm LC cell

without an alignment layer. The images are recorded under crossed

polarizer (Px) along the x-axis and analyzer (Ay ) along the y-axis. The

metasurface array size is 100 × 100 μm. The red arrow indicates the LC

director orientation in the metasurface. Figure S7 in the Supplementary

Information shows the images of the same metasurfaces for different

orientations of array with respect to the polarizer. The schematic shows

the top view for the LC alignment within metasurface consisting of (c)

square shaped symmetric nanoantenna with x:y-AR= 1:1 and (f), (i)

asymmetric nanoantenna with AR> 1:1.

to the polarizer since the LC director is also parallel to

the polarizer. Thus, these nanoantenna with aspect ratio

xy-AR> 1:1 allow controlled LC alignment in the desired

direction, which is along the long axis of the nano-rectangle

here. Figure S8 in the Supplementary Information shows

the simulated transmission spectrum and the correspond-

ing phase shift for one of the rectangular nano-blocks (L

= 290 nm, W = 250 nm, Px = Py = 360 nm), in a 500 nm

thick LC cell, for homogeneous and homeotropic alignment

of LC. For the homogeneous LC alignment at𝜆 ≈ 670 nm, the

ED and MD resonance are overlapped with an associated

≈2𝜋 phase modulation. The simulation and experimental

observations confirm that for the miniature MS-LC devices,

the nanoantennas can be designed for desired wavefront

control, while acting as alignment layer for the LC.
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Since the ultra-thin MS-LC cell with nanoantenna

induced alignment does not include any additional align-

ment layer, which is known to strongly affect the LC behav-

ior in its surrounding, the voltage level required for light

modulation is expected to be reduced and the response

speed (and thus potentially the refresh rate) increased com-

pared to a device with the alignment layer. To demon-

strate that we first focus on the voltage characteristics.

Figure 5(a) shows the calculated transmission spectra of the

LC-infiltrated nano-rectangle metasurface (L = 360 nm, W

= 200 nm, H = 200 nm, Px = 420 nm and Py = 280 nm)

for homogeneous (𝜃 = 90◦) and homeotropic (𝜃 = 0◦) LC

alignment. Figure 5(b) and (c) show the electrical tuning

of rectangular nanoantenna resonances for MS-LC cells

with the same (500 nm) cell thickness in two cases: a cell

with top electrode alignment layer (Figure 5(b)) and for

metasurface induced alignment (Figure 5(c)). Comparing

the resonance shift with respect to the applied voltage, it

becomes apparent that the cell with metasurface-induced

alignment requires lower voltage than the cell with the

alignment layer. Indeed, for the latter case (Figure 5(c)), the

spectral position of the resonances is already saturated for

3.5V rms, (no further shift is observed upon applying voltage

above 3.5V rms), which is not the case for the cell containing

the alignment layer (Figure 5(b)), where the resonance at

≈530 nm is still far from its saturation position for 3.5V rms.

This is further corroborated by the optical images of the

samples under crossed polarizer and analyzer for different

applied voltage, as shown in Figure S9 (the metasurfaces

here are oriented at 45◦ with respect to the polarizer). The

threshold voltage required for the LC switching in the cell

withmetasurface induced alignment is in the range of 0.6 to

0.8V rms, while that of the cell with the alignment layer needs

a minimum of 1.7V rms. Thus, for the cell with pure meta-

surface induced alignment the threshold voltage is reduced

to less than a half, and the saturation voltage is reduced by

30 % (from 5V rms to a value of 3.5V rms).

Another driving parameter, the response time, also

depends on the anchoring strength and the cell thick-

ness. The total response time is usually referred to the

sum of the rise and decay time [23, 24]. We measured

the response time (see Materials and Methods in the Sup-

plementary Information) of two different thin-LC (d =
750 nm) cell configurations (with andwithout the alignment

layer) for the nano-rectangle (L = 360 nm, W = 200 nm,

H = 200 nm, Px = 420 nm and Py = 280 nm) metasur-

face. For that, a dual-frequency control pulse is applied

to the DFLC infiltrated device. The measurement results

Figure 5: Nano-rectangle metasurface resonance tuning. (a) Calculated transmission spectra for the LC infiltrated nano-rectangle MS for

homogeneous (𝜃 = 90, blue curve) and homeotropic (𝜃 = 0, red curve) LC alignment. The incident light polarization is along the x-axis (P-0). The

measured transmission spectra of the MS-LC cell (b) with top electrode alignment layer and (c) with pure metasurface induced alignment for the

applied voltages of 0 V rms (blue curve), 3.5 V rms (red curve) and 5 V rms (green dotted curve) for the incident light polarization along the x-axis (P-0).
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Figure 6: Response time Ton and Toff for nano-rectangle MS-LC cell. The switching performance of the sample (voltage dependent transmitted

intensity-black curve) and the applied signals (gray) for a 750 nm cell (a) with top electrode alignment layer (Ton = 695 μs, Toff = 888 μs) and (b)
without the alignment layer (Ton = 110 μs, Toff = 800 μs). The dual-frequency pulse is switched between flow = 20 KHz and fhigh = 200 KHz for applied

voltage 10Vpp.

are shown in Figure 6. The low (20 KHz) and the high

(200 KHz) frequency signal sections have the same dura-

tion. For the MS-LC cell without alignment, the switch-on

speed is much faster than that for the cell with the align-

ment layer (110 μs vs 695 μs, respectively), which results in
≈6× increase in speed. On the other hand, the ‘off’ time is

almost the same for both types of the cells (800 μs), mak-
ing the total response time of the cell without the align-

ment layer below 1 ms. Compared with the DC balanced

driving method, the total response time is shortened for

dual frequency (DF) switching method, since both “on” and

“off” responses are voltage driven. The difference between

the “on” and “off” times is due to the difference in the

dielectric anisotropy at 20 kHz (Δ𝜖 = 4.7) and 200 kHz (Δ𝜖
= −2.7). They can be further equalized to a few hundred

microseconds each by optimizing the voltage and frequency

combination of the applied signal. For completeness, we

show in Figure S10 in the Supplementary Information the

switching performance of the same cells under DC balanced

driving for an applied peak to peak voltage of 10Vpp at 1 KHz

(Δ𝜖 = 9.8). Here, only switch-on time is controlled by the

voltage, while the switch-off time depends on the relaxation

of the LC molecules, which is slower.

3 Conclusions

We propose a new LC alignment strategy for LC-tunable

metasurfaces and spatial light modulator devices. In the

proposed method, the metasurface, consisting of sub-wave-

length resonant nanoantennas, serves the double purpose

of, first, in combination with ultra-thin LC cells, creating a

uniform LC alignment without the need of any alignment

layers and, second, serving asmeans for efficient light inten-

sity and/orwavefrontmodulation.We further show that, for

commonly used square nanoantenna lattices with nanoan-

tenna xy aspect ratios 1:1, the resulting induced alignment,

despite homogeneous, is diagonal to the array, even in the

presence of an alignment layer. This indicates the strong

anchoring induced by the nanoantenna structural geome-

try. To solve this issue, we introduce here a solution consist-

ing of increasing the aspect ratio of the nanoantenna/lattice

along the desired alignment direction. We show that this

nanoantenna geometry induces homogeneous alignment of

LCmolecules along the long axis of the nanoantenna/period,

even without an alignment layer. The absence of alignment

layer allows to bring the threshold voltage down to less than

half compared to the case with alignment layer (to a value

of only 0.6 V rms), to reduce the saturation voltage by 30 % (to

a value of 3.5V rms) and to reduce the total response time by

≈ 2× (with > 6× reduction of the switch-on time, bringing

the total time to less than 1 ms using dual frequency driv-

ing). Also, the removal of the alignment layer simplifies the

device fabrication and may help to increase the device life-

time by eliminating the light and heat induced degradation

of alignment layer, and hence the LC quality. The proposed

method thus allows light-modulating devices with low volt-

age, sub-millisecond switching, and pixel-size miniaturiza-

tion by reducing the LC thickness, with wide applications

in augmented and virtual reality displays, solid-state light

detection and ranging (LiDAR), and 3D holographic displays,

to mention some. While studied here in detail using TiO2

as the material platform, preliminary results not shown

in this work seem to indicate that this strategy might also

be effective for another commonly used material, namely

silicon. Nevertheless, its broader applicability to othermate-

rials will certainly require additional exploration. Similarly,

extending this concept to other, more complex, metasur-

face geometries (e.g.metalenses), while in principle possible
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will not be straightforward and possibly demand additional

developments of the method.
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