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Abstract

Recently, it has been shown (Popov et al, Sci. Rep, 2017, 7, 1603) that chiral nematic liquid crystal
films adopt biconvex lens shapes under water, which may explain the formation of insect eyes, but
restricts their practical application. Here we demonstrate that chiral ferroelectric nematic liquid
crystals, where the ferroelectric polarization aligns parallel to the air interface, can spontaneously
form biconvex lens arrays in air when suspended in submillimeter-size grids. Using Digital
Holographic Microscopy, we show that the lens has a paraboloid shape and the curvature radius
at the center decreases with increasing chiral dopant concentration, i.e., with decreasing helical
pitch. Simultaneous measurements of the imaging properties of the lenses show the focal length
depends on the pitch, thus offering tunability. The physical mechanism of formation of the self-
assembled ferroelectric nematic microlenses is also discussed.
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1. Introduction

Flat liquid crystal microlens arrays (LC-MLAs) [1-3] can capture the depth of field by tuning
their focal length by applying non-uniform electric field via patterned electrodes. However, the
non-uniform electric field leads to formation of disclination lines, which reduces image quality.
Toric focal conic domains (TFCDs) formed in patterned surfaces in SmA liquid crystals have been
shown to also function as MLAs [4,5]. They can be polymer stabilized even in their nematic phase
where they can be electrically tuned with uniform field applied between ITO coated substrates [6].

All the above examples used flat liquid crystals.



Liquid crystal lenses with curved surfaces were observed recently when it was found that chiral
nematic liquid crystals suspended in submillimeter size hexagonal grid arrays spontaneously form
biconvex lens arrays when immersed in water [7,8]. Similar to the insects’ compound eyes, the
focal lengths of such lenses depend on the polarization state of the light. This observation implies
that the compound eyes of insects such as bees, dragonflies, and certain beetles [9—12] which
made up of chiral chitin, have a structure analogous to that of chiral nematic liquid crystals [13].
Additionally, it was found that such self-assembled lenses require that the liquid crystal director
should be parallel to the interface, as is true in water. Since in most nematic liquid crystals the
director aligns perpendicular to the air interface, lens formation of chiral nematic liquid crystals is
generally not possible in air. This motivated us to find a way to develop self-assembled biconvex
liquid crystals lens arrays in air. As a first step, we recently demonstrated that polarization-
dependent plano-concave lens arrays of polymer stabilized chiral nematic liquid crystals can be
produced in air [14] and could be even tuned by in-plane electric fields [15] when such lenses were
made from chiral ferroelectric nematic (Ng) liquid crystals [16-20]. The advantage of the recently
discovered ferroelectric nematic (Ng) liquid crystals [21-26] is the sensitivity to low fields due
to their large ferroelectric polarization (P,~50 mC/m?) [22,24,27], and possibly large dielectric
anisotropy [17-19]. An additional important feature of the Ng materials is that they align parallel

=

to the liquid crystal air interface [28] due to the depolarization field Edep = — i that exerts a

torque on the director until it turns parallel to the insulating surface. The effect of chirality in
ferroelectric nematic liquid crystals (Ng), obtained wusing either via slight chiral
modifications [16,20] or through doping by non-polar chiral compounds [17,18,29], have been
also studied recently [16-20]. The resulting structure is twisted, just as in ordinary cholesterics,

but with locally polar order.

Motivated by the above results, here we present studies on spontaneously formed bi-convex
lens arrays of ferroelectric nematic liquid crystals when suspended in submillimeter size grids. We
show that, while the pure ferroelectric nematic material forms a biconvex lens with a dent in their
center, chiral ferroelectric nematic materials form paraboloid shape biconvex lenses without a
dent. The shape and the focal length of these Ny lenses depend on the concentration of the chiral

dopant and are independent of the polarization of the incoming light.



2. Experimental Results

For our studies we have used a room temperature ferroelectric liquid crystal mixture, FNLC
919 from Merck. On cooling it has two nematic phases N and N; above the Np phase with the
phase sequence I 80°C N 44°C N;32°C N 8°C Cr. FNLC 919 was studied by Yu et al [30] and
Mathé et al [31,32]. It has a ferroelectric polarization at room temperature of P, = 4.7

10~2C/m? [32].
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Figure 1: Properties of FNLC 919 in films and suspended in grids. (a-c): POM images of a 10.3
um FNLC 919 film between unidirectionally rubbed planar cell. (a): Nr phase at 26°C, (b): N;
phase at 35°C, (c): N phase at 65°C (c). (d-f): FNLC 919 suspended in a TEM grid at the same
temperatures as in (a-c), respectively. White crosses show the direction of the crossed polarizers
and white arrow indicates the rubbing direction. (g): Schematic illustration of the TEM
grid.(h):2D surface profile of the cross-section cut through the center of one grid, measured by
Digital Holographic Microscopy (DHM) from Lyncée Tec. Inset shows the 3D surface profile.



The textures in the different liquid crystal phases of a 10.3 um FNLC 919 film between
unidirectionally rubbed planar cell are shown in Figure 1(a-c). In the Ng, and the high temperature
N phase, the textures are uniform. The intermediate N; phase, similar to twist-bend nematic
phases [33], shows stripes along the rubbing direction (see Figure 1(b)) with a periodicity of
p~5 pum.

Typical textures are shown in Figure 1(d-f) for FNLC 919 suspended in 50/100 mesh nickel
double grids from Ted Pella, Inc. with mesh size of 200 pm and thickness of d = 20 pm (see
schematics in Figure 1(g)) designed for transmission electron microscopy (TEM) measurements.
The texture in the higher temperature range of the N phase (Figure 1(f)) is completely dark between
crossed polarizers, marking homeotropic alignment with the director uniformly normal to the
substrates. This is typical for most rod-shaped nematic materials at the air interface. Cooling the
material to the N; phase (Figure 1(e)), the texture brightens, and concentric stripes are seen,
showing tangential director structure. These tangential stripes indicate that the N phase is locally
polar, so that in adjacent stripes the polarization is likely opposite such as in the splay nematic
phase proposed by Mertelj et al [34] and in the antiferroelectric smectic Za phase found by Chen
et al [35]. In the Nr phase (see Figure 1(d)) a defect, similar to that which has been reported both
in sessile droplets [36] and in FNLC droplets in their isotropic melt [37,38], is seen at the center.
Around the defect line running perpendicular to the film surface, the director profile is tangential
to avoid the creation of a depolarization field [28,39]. Additionally, we can see faint (bluish)

circular interference fringes indicating curved surfaces.

Figure 1(h) shows the shape measured with Digital Holographic Microscopy (DHM) of FNLC
919 suspended in a hexagonal TEM grid at room temperature. The main pane shows the shape of
cross-section cut through the center of the grid. One can see that the film has increasing height
toward the center, until, at about 50 um from the center, the thickness decreases with an indentation
at the middle. The dent is ~1.75 pm deep and ~100 pm wide. Its shape could be fitted by a
parabola as shown by dotted blue line. The equation of the best fit is shown in the legend. The
outer areas could be also fitted by a downward parabola (red dotted lines) with equation also shown
in the legend. We note that the outer areas could also be fitted with circular segment of R~1.3 mm

radius, but that fit was slightly worse than for the parabola. The inset in Figure 1(g) is the 3D



rendering of the surface profile, showing radial symmetry of the top view, corresponding to
paraboloid shapes of both the rim and the dent areas.

Next, we studied the effect of chiral dopant and the addition of a conventional non-
ferroelectric nematic material pentyl cyano biphenyl (5CB) on the director alignment and of the
shape of FNLC 919 films suspended in hexagonal grids. Figure 2(a-c) shows typical textures of
FNLC 919 doped with 2wt% S 811 from Merck at 26 °C, 35 °C and 65 °C, respectively.
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Figure 2: Summary of the results on FNLC 919 mixed with 2wt % chiral dopant S 811 and mixtures
MO (FNLC 919 + 10wt % 5CB) and MX* (M0 +Xwt% S 811). (a-c): POM images of chiral FNLC
919 suspended in a TEM grid at 26 °C, 35 °C and 65 °C, respectively. White cross in (a) shows
the direction of the crossed polarizers. (d): POM image of a 10.3um contact cell filled with M0
from the bottom left and with M3* (FNLC 919+3 wt.% S811) from the top right corner. The bands
with different colors correspond to varying helical pitch that decreases from infinity at 0% S811
to p=2d/9=2.3um at 3 wt.% S811. (e): Temperature dependence of the spontaneous polarization
of M0 measured using in-plane 80 Hz triangle wave voltages in 10.9 ym thick planar cell with
0.5 mm electrode gap. Inset: time dependence of the polarization current and of the applied
voltage. (f-h): POM images of MO (f), M1* (g) and M4* (h) suspended in grids at 23 °C.



In the Ni and N [17,18] phases oily streak defects appear in Figure 2(a,b) similar to those in
short-pitch chiral nematic (cholesteric) phases while in the N phase, Figure 2(c) the chiral mixture
shows fingerprint texture corresponding to homeotropic surface alignment. Importantly, in the N
phase the central defect seen in the N disappeared. In the high-temperature range of the N* phase
the birefringence color indicates basically uniform thickness. The textures in the Nj phase, and
even more in the N phase, show systematic radial variation of the birefringence color from the
edge to the center, indicating a radial biconvex lens-shape variation in the thickness. The
underlying assembly mechanism is very similar to that Popov et al reported for N* under water [7].
Basically, it is related to the decrease of the free energy by reducing the contact area with the side
walls of the grid where the helical structure unwinds. The material self-assembles into a lens shape
to minimize the free energy of the system. Unfortunately, unlike in normal N* materials under
water, the oily streaks do not disappear quickly but stay for a long time (hours) and lead to light
scattering that would reduce the image quality of such lenses. The oily streaks persist even under
slower (0.5 °C/min) cooling rate, indicating high viscosity.

In order to decrease the viscosity while preserving the planar alignment, we added 10 wt% of
commercially available LC, 4'-Pentyl-4-biphenylcarbonitrile (5CB) (4n ~0.2, As ~ 10, Merck)
to FNLC 919 and denote the mixture as M0. Two chiral mixtures M1* and M4* were prepared by
adding 1 wt% and 4 wt% chiral dopant S811 to MO, respectively. To measure the pitch, we
prepared d = 10.3wm thick contact cell between M0 and M3* as shown in Figure 2(d). One can
see 9 bands corresponding to regions with decreasing pitch from infinite at MO to p = 2d/9 =

2.3um at M3*. From this we can calculate that the helical twisting power (HTP) of S811 in MO is

1 1
HTP = — = —————
cp 0.03-2.3 um

= 14.5 um~!. Knowing the HTP of S811, we calculate the pitch of M1*
and M4* as p~ 6.9 um and p~ 1.7um, respectively.

Figure 2(e) shows the temperature dependence of the polarization measured for MO applying
80 Hz in-plane triangle wave voltages in a 10.9 um thick planar cell with 0.5 mm electrode gap.
The value of the ferroelectric polarization P was calculated from the integral area of the current

. . . . )pd . .
Qp above the dotted red line shown in the inset as P = %, where A is the cross sectional area

normal to the polarization vector and Qp = P - A is the polarization charge accumulated at the in-

plane electrodes [27,40].



At 23°C where MO transitions to the Nr phase, the value of the polarization was found to be
P~ 0.6 uC/cm™2. This value is 7 times smaller than the value we measured for FNLC 919 [32].

In accordance with the ferroelectric nature of M0 at room temperature, Figure 2(f) shows that
MO has planar anchoring, but without any defect in the center. The POM textures of M1* and M4*
in Figure 2(g, h) show concentric interference rings with simultaneous radially increasing optical
path difference (I' = An - D(r), where An is the birefringence and D () is the thickness of the lens)
toward the center of the grid. The concentric rings are due to the interference between the liquid
crystal film and the air [41], the number of fringes m that separate areas with a thickness difference
of one wavelength A can be also used to estimate the variation of the film thickness as AD~m - A,
where AD = D(0) — D(a) is the difference of the film thickness at the center and at the periphery
of the film. As can be seen in Figure 2(g, h), m = 4 for M1* and m = 8 for M4*, indicating that

film thickness variation is larger for higher chiral dopant concentration.

(@

(b)

h (um)

r(um)

Figure 3: The height profile as a function of distance from the center of lenses using M1* and M4*
mixtures. (a) 3D profile of M1*. (b) The radial dependence of the height at the cross-section
through the center. Inset: top view of M 1%



To quantify the top surface profile of the microlens, we measured the surface profile of the
microlens using DHM. The height profile of the lenses as a function of distance measured from
the center r using M1* and M4* mixtures are shown in Figure 3. Figure 3(a) shows the 3D
rendering of the height profile of M1*. The radial dependence of the height at the cross-section
through the center of M1* and M4* are shown in Figure 3(b) with the top view of M1* in the inset.
It is found that the top surface has a parabolic profile with h(r) = h(0)(1 —r?/a?) function,

where a > h(0) is the radius of the lens aperture. The radius of the curvature at the center of the

a?

h(O) a? .
2(npc-Dh(0)

ta r(0)  2-h(0)

lens can be calculated as R = and the focal length f =

R
(npc-1)

the radii of curvature for the M1* and M4* lenses are R(1) ~ 2.03mm and R(4) ~ 0.97 mm.

[42]. Best fits gave h(0) = 2.46 pum for M1* and h(0) = 5.18 pm for M4*. From these

Approximating the birefringence as An =n; —n,; = 0.2 and n, = n, = 1.52, due to the planar

alignment n;; ~ n;~1.72, which give f~2.8 mm and f~1.34 mm for the M1* and M4* lenses,
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Figure 4: Optical setup and polarized optical microscopy (POM) image of the microlens array
fabricated with M1* viewed between crossed polarizers. (a): Optical setup to measure the image
and object distances. (b): Microlens array created with MI1* (c): Object “30” written on the
microscope calibration glass slide. (d): Image created by one of the microlenses using left
circularly polarized light (LCP). (e) Image created by one of the microlenses using right circularly
polarized light (RCP).



We also determined the focal lengths of the microlenses directly by measuring the object
and image distances (o0 and i, respectively) of the lenses that give f = % For this, we used an

Olympus CK40 inverted polarizing optical microscope (POM) equipped with A QICAM Fast1394

CCD camera as illustrated in Figure 4(a), and focused first on the lenses (Figure 4(b)), then on the
Object “30” (Figure 4(c)) and finally, on the inverted image (Figure 4(d,e)).

Independently, for M1* we measured i = 4.8 mm and o = 8.9 mm, which provides

f = 3.1 mm, regardless of the polarization state of the incoming light. This is close to the value

calculated from the measured shape. For the M4* mixture, the same object distance provided i =

1.8 mm image distance giving f = 1.5 mm, which is also close to the calculated values based

on the shape.
3. Discussion

The main goal of this work was to obtain self-assembled bi-convex liquid crystals microlens
array in air by using ferroelectric nematic liquid crystals that provide planar alignment at the LC-
air interface. During the process of this development, we have observed unforeseen shape with a
central dent of the pure ferroelectric nematic liquid crystal mixture, FNLC 919. Before discussing
the main focus of the paper, we attempt to explain the formation of this shape. As shown in Figure
1(g), the self-assembled shape of the Nr material can be best fitted by an outside convex and an
inside concave paraboloid shape. The dent in the center of the film is likely related to the central
defect line that connects positive and negative bound charges near the surface of the film as was
discussed for pancake shaped Nr domains in their isotropic melt [39]. The depression may be
explained by the equilibrium between the attractive electrostatic force Fr between the bound

charges and the capillary force F. acting on the defect that ends at the surface. The electrostatic

force can be written as F = —4°_ where q=[[[V-BdV ~V -|V-B|~|V-P|: 3~PI?. Here we

ame, L2’
approximated the volume V of the polarization splay as I3, where [ is the diameter of the defect
line. As the depth of the depression is much smaller than the thickness D = 20 pm of the grid, we

also use the approximation that the distance between of the polarization charges is L~D = 20 pm.
The capillary pressure can be written as p; = 2?;/’ where y~3 - 1072N /m is the surface tension of

the liquid crystal, and R is the curvature radius of the depression at the center. For parabolas we



2
can write that R = :—g, where b~50 pum is the radius and g~1.25 pm is the depth of the depression.

Since the depression is shallow (b > g), the capillary force can be approximated as F, = %y-

b?m.

2
. ey . Pi? .
With these, at equilibrium we can write % ~ ygm,and we can express the unknown diameter
o

1
4 |4ygn2e,D? 4-3-1072-1.25-10"°72-8.85-10712-4-10710\2 _ ..
of the defect as | ~ ’ re "~ ( — ) ~107®m~1 pm. Thisisa

reasonable diameter for a +1 disclination that escape to the third dimension by twist. In spite of

this reasonable estimate, this model should be tested with respect to the screening effect of free
ions, which is out of the scope of this paper.

We note that depressions near defects of liquid crystal films with free surfaces have been
known and understood for nematic [43—45] and smectic [46] liquid crystals, and for liquid crystal
elastomers [47]. Typically, the dents are sharp when the defect lines cross the surface and
shallower (just in our case), when they end inside the film [45] indicating that in FNLC free-
standing films the defect is also confined inside the film. In all the above examples, however the
free surface is flat far away from the defect. In contrast to this, in our case we find that the film
has a convex paraboloid shape outside the defect area. This might indicate a spontaneous chiral
structure of the ferroelectric nematic materials between degenerate planar anchoring as has indeed
been observed for other ferroelectric nematic liquid crystals between planar and degenerate planar
substrates [48].

The biconvex shape observed in the Ng phases of FNLC 919 and its diluted mixtures is
similar to those observed by Popov et al in N* materials under water [7]. This is because the Nr
material has planar alignment at the air-LC interface. In spite of this similarity, we have two
notable features that require explanation.

(1) In contract to the spontaneously chiral Nr material without chiral dopant, we do not see the
depression in the center. This is either due the absence of the defect line, or because the defect line
is thinner than can be optically resolved in the POM textures in Figure 2 (a and f-g) and does not
lead to depression of the surface. This latter situation could be the result of the almost one order
of magnitude lower ferroelectric polarization of MO that of the pure FNLC 919. Such a small
polarization splay charge could be screened by free ions present in the sample, thus avoiding

electrostatic attraction.
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(i1) In contrast to the observations by Popov et al in N* materials under water [7] and to self-
assembled plano-convex lenses [14], the focal length of the N lens is independent of the
polarization state of the incoming light. This indicates that the ferroelectric nematic liquid crystal
lens does not have Panchnarathnam-Berry (PB) phase properties. In the previous N* samples PB
phase properties originated in the varying film thickness and the uniform pitch which resulted in a
radially varying director structure at the surfaces. The absence of the radially varying director
profile on our Ny materials can be understood as a result on the tangential director profile at the
surface and the addition of the spontaneous chirality to chiral dopant dictated uniform chirality.

In summary, we showed that, similarly to our previous studies of chiral nematic
microlenses formed under water [7], the addition of chiral dopants to ferroelectric nematic liquid
crystals leads to the formation of microlenses when suspended in sub-millimeter size grids in air.
This verifies that the combination of chirality and planar alignment of the liquid crystal at its
surfaces leads to lens formation. Therefore, we can fabricate chiral ferroelectric nematic
microlenses in air, enabling their use in a wide range of optical applications such collimation of
lasers diodes, illumination systems, imaging systems and sensors. These results represent a
significant improvement compared to the biconvex microlens arrays formed in the presence of
water as our lenses work in air. This advance is thanks to the newly discovered ferroelectric
nematic liquid crystals that have planar alignment at air interfaces.

Additionally, our results reveal a self-assembled paraboloid shape with a central depression
of the non-chiral ferroelectric nematic film suspended in a grid, which is likely related to a

spontaneously chiral polar structure.
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