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 Abstract 

 
Lenses with tunable focal lengths play important roles in nature as well as modern 

technologies. In recent years, the demand for electrically tunable lenses and lens arrays has grown, 

driven by the increasing interest in augmented and virtual reality, as well as sensing applications. In 

this paper, we present a novel type of electrically tunable microlens utilizing polymer-stabilized chiral 

ferroelectric nematic liquid crystal. The lens offers a fast response time (5ms) and the focal length can 

be tuned by applying an in-plane electric field.  The electrically induced change in the lens shape, 

facilitated by the remarkable sensitivity of the chiral ferroelectric nematic to electric fields, enables 

the tunable focal length capability. The achieved performance of this lens represents a significant 

advancement compared to electrowetting-based liquid lenses and opens exciting prospects in various 

fields, including biomimetic optics, security printing, solar energy concentration, and AR/VR devices. 

 

 

I. Introduction 

Microlens arrays based on liquid crystals (LC-MLAs) have found diverse applications in 

technologies such as optic fiber switches1,2, display systems3,4, holographic imaging5,6, and more. 

In recent years, several fabrication methods have been explored for manufacturing microlens 

arrays, including hole-patterned electrodes7,8, inkjet printing9, photoalignment10, optically hidden 

dielectric structures11,12, and polymer stabilized liquid crystal systems 13–15. LC lenses with tunable 

properties can be achieved through various methods16–22. The GRIN (Gradient Refractive Index) 

LC lens utilizes a specific electrode arrangement to create a non-uniform electric field within the 

LC medium23. This non-uniform electric field induces a polarization-dependent spatial profile of 



the refractive index. As a result, GRIN LC lenses offer electrically controlled focal length 

tunability and adaptability.  

The LC lenses designed with fixed curved shapes, incorporate an electric field that induces director 

realignment, leading to a change in the effective refractive index24. However, unlike other tunable 

LC lenses, the electric field does not alter the curved shape of these lenses. On the other hand, 

electric tuning of the lens shape is the defining feature of the isotropic liquid lenses controlled by 

the phenomenon of electrowetting.  

Recently, we have introduced an electrically tunable LC lens with distinct advantages over 

electrowetting lenses, such as our LC lens exhibits faster tuning capabilities and operates at lower 

voltages25 using a room temperature ferroelectric nematic liquid crystal mixture FNLC 919 from 

Merck. Here we present the results on another room temperature ferroelectric nematic liquid 

crystals, FNLC1571. We find very similar behavior with slightly faster switching time and larger 

focal distance tunability in a wider applied field range. These results show that this novel 

polarization independent tuning of the focal length of ferroelectric nematic liquid crystal 

containing microlenses have potential for further improvements. 

 

 

II. Materials and Methods 

The precursor comprises of 60 wt.% ferroelectric nematic LC host abbreviated FNLC 1571 

and synthesized by Merck, (clearing point Tc = 88.0°C), 17wt.% nematic liquid crystal 5CB, 7 

wt.% chiral dopant BDH1281 (HTP~100 m-1), 15 wt.% photocurable monomers (5wt.% 

TMPTA, 5wt.% RM 257, and 5wt.% EHA,  see Figure 1(a) for the chemical structures) and 1 

wt.% photoinitiator, Irgacure 651. FNLC 1571 has two nematic phases 𝑁1 and 𝑁2 above the 𝑁𝐹 

phase. The phase sequence in cooling is 𝐼 88°𝐶 𝑁1 62°𝐶 𝑁2 48°𝐶 𝑁𝐹 8°𝐶 𝐶𝑟. The monomer ratios 

were carefully adjusted to balance the operation voltage and response time. BDH1281 is employed 

due to its high helical twisting power. To test the electro-optical properties, the precursor was 

heated to 90°𝐶, stirred using a magnetic stirrer and then capillary filled into an in-plane switching 

(IPS) cell. The 9.8 µm thick IPS cell consisted of interdigitated electrodes on the bottom substrate 

(IPS 15/15- electrode width 𝑤 = 15𝜇𝑚, spacing between electrode 𝑙 = 15𝜇𝑚). The cell was 

photopolymerized for 30 𝑚𝑖𝑛 at room temperature using UV light (Black-Ray, Model B-100AP/R 

intensity  75 𝑚𝑊/𝑐𝑚2) to achieve an optically isotropic polymer stabilized material. 



To fabricate the lens, we spin-coated 10 𝑛𝑚 thick layer of UV curable adhesive Norland 

(NOA) on IPS10/10 substrates and UV cured it for 30 min. Nickel Ted Pella TEM grids were 

cleaned in methanol with an ultrasonic cleaner (Branson B200) before use. Each cell in the double 

mesh is 20 μ𝑚 thick and has a side length of 𝑎 = 100 μ𝑚. The grid arrays were glued to NOA-

coated glass substrates by applying a thin layer of adhesive on the bottom of the grid cell walls 

and placing the grid carefully on top of the glass, avoiding any spreading of the glue on the glass 

and the glue was cured using 365 𝑛𝑚 UV light (Black-Ray, Model B-100AP/R) for 10 minutes to 

permanently settle the grids on top of the NOA coated glass. About 1 μ𝐿 of LC mixture was put 

on top of the grid using a micropipette and compressed air with a pressure of 2 𝑘𝑃𝑎 was applied 

to the grid for 2𝑠 at ~45° to push a fraction of the LC out from the cells to make an underfilled 

state to form the Plano-concave microlenses. Then the sample was partially photopolymerized at 

room temperature in open air for 5 𝑚𝑖𝑛 using a 365 𝑛𝑚 wavelength f 5𝑚𝑊/𝑐𝑚2 intensity UV light 

source. The top protective cover glass was assembled with 20 µ𝑚 spacers to protect the lens array 

from dust. 

 

 

 
Figure 1: (a) Chemical structure of the materials used to engineer polymer stabilizes ferroelectric 

nematic mixture. (b): Polarized Optical Microscopy (POM) images of  a 9.8 µ𝑚 thick IPS cell 

under crossed polarizers with different applied electric fields.  



 

II. Results 

The polymer-stabilized LC mixture is optically isotropic, i.e., dark under crossed polarizers as 

shown in Figure 1 (b). When applying an electric field, the picture brightens due to the in-plane 

field-induced birefringence 𝛿𝑛(𝑉). The film shows low saturation voltage (5.5V/m) in IPS 

mode, large electric field induced birefringence 0.08 @ 10V/m for 550nm green light. The haze 

of the films was measured using an integrated sphere of a UV-3600 Plus Shimadzu UV-Vis-NIR 

Spectrophotometer and shows minimal haze <1% at 550nm. We measured the response time of 

the film using 1kHz square pulse with 60Vpp. The rise (decay) time is usually defined as the time 

taken for switching between 10% and 90% (90% and 10%) of the maximum transmittance was 

300 s and the falling time was 240s.   

 

 
 

Figure 2(a): Schematic of the fabricated lens and sketch of the side-view of a single grid with 

interdigitated electrodes and the Plano-concave lens of the polymer-stabilized liquid crystal 

covered with a glass slide before and after applying field indicating changes in the height in the 

center due to electric filed induced shape changed. (b)The top-right picture shows a focused array 

of the images of letters “DIV” at 0 V/μm field and bottom-right picture shows how these images 

become defocused when 2.5Vpp/μm 1 kHz field is applied between the interdigitated electrodes.  

 



The Schematics of the fabricated lens and the optical imaging properties of the plano-concave 

lenses are illustrated in Figure 2(b). The top-right picture shows the focused images of the object 

(letters DIV) created by the microlenses at zero electric field. Multiple images of the object were 

get defocused after applying an electric field between the interdigitated electrodes as shown in the 

bottom-right picture in Figure 2(b).  

 

 
Figure 3: Focal length as a function of electric field and the response time of the microlens array. 

(a) Electric field dependence of the absolute value of focal length measured experimentally. (b) 

The time dependence of the defocusing and refocusing due to 1 kHz, 60Vpp square wave field 

pulse. 

 

Figure 3(a) shows the electric field dependence of the focal length determined from the 

lens equation 𝑓 =
𝑑𝑜×𝑑𝑖

𝑑𝑖−𝑑𝑜
, where 𝑑𝑜 and 𝑑𝑖 are the measured object and virtual image distances. The 

fabricated microlenses have a focal length −0.73 𝑚𝑚 before applying the field. The focal length 

can be tuned to −1.9 𝑚𝑚 at 7.5𝑉/µ𝑚. Figure 3(b) shows the response of the lens to 1 𝑘𝐻𝑧, 60𝑉𝑝𝑝 

square wave pulse (defocusing) takes 2.4 𝑚𝑠 , while the refocusing (relaxation back to the original 

shape) happens in 5𝑚𝑠. 

 

Figure 4 shows that the height of the lens measured from the bottom as a function of the 

distance from the center of the hexagonal opening. The LC-air interface profile is measured using 

a digital holographic microscope (DHM). The curvature is decreasing with increasing in-plane 

electric field in the 0 − 2.7 𝑉/𝜇𝑚 field range. The lower inset shows the 3D rendering of the side 

view of the lens while the upper inset with color coding shows the top view at 2𝑉/μ𝑚 in-plane 



field. One can see that the lens profile is axially symmetric and not biased by the electric field, i.e., 

the cross sections are the same when taken along different directions. 

 

Figure 4 Height profile of the lens measured from the bottom as a function of the distance from 

the center of the lens. The height profile data were obtained with a Digital Holographic 

Microscope (DHM); dotted lines are the best fits using quadratic function. The top inset shows the 

3D rendering of the shape and shows that the lens shape remains axially symmetric when acted 

upon by a 2𝑉/μ𝑚 in-plane field. The bottom image shows the side view of the recreated using 

DHM data. 

 

III. Discussion 

The electric field dependence of the focal length 𝑓(𝐸) of a parabolic-shaped microlens can be 

expressed as16 𝑓(𝐸) ≈
𝑎2

2(𝑛(𝐸)−1)∙(ℎ𝑐(𝐸)−ℎ𝑏(𝐸))
. In this equation ℎ𝑏(𝐸) and ℎ𝑐(𝐸) are the field 

dependent thickness at the grid boundary (aperture) and at the center, respectively. The field-

dependent refractive index 𝑛(𝐸) can be written as 𝑛(𝐸)=𝑛𝑖+𝛿𝑛(𝐸), where 𝑛𝑖 =
𝑛∥+2𝑛⊥

3
 is the 

refractive index in the optically isotropic state at zero field applied; 𝑛∥ and 𝑛⊥are the refractive 

indices of the liquid crystal along and perpendicular to the director, respectively. Taking 𝑛⊥ ≈



1.53 and 𝑛∥ = 1.75 for FNLC 919 26 , we get 𝑛𝑖 ≈ 1.60.  With this, from the measured 𝑓(𝐸) (see 

Figure 3a), we get 𝑛(𝐸)1.61, i.e., 𝑛 = 0.01 at 2.7𝑉/µ𝑚.  

 

IV. Summary  

In this paper we have demonstrated an array of electrically tunable polymer stabilized chiral 

ferroelectric nematic liquid crystal microlenses. The focal length of the microlenses can be tuned 

with a few 𝑉/μ𝑚 in-plane electric fields within about 5 𝑚𝑠. This remarkable performance was 

achieved by the field-induced shape variation of the lens, which is a result of the electric field-

induced stresses in the polymer-stabilized chiral ferroelectric nematic. These results represent a 

significant leap compared to the electrowetting-induced tuning of liquid lenses and open new 

realms in various applications such as biomimetic optics, security printing, solar concentration, 

and AR/VR devices. 
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