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Abstract: Polarization independent liquid crystal (LC) microlens arrays based on
controlling the spatial distribution of the Kerr constants of blue phase LC are simulated.
Each sub-lens with a parabolic distribution of Kerr constants results in a parabolic phase
profile when a homogeneous electric field is applied. We evaluate the phase distribution
under different applied voltages, and the focusing properties of the microlens arrays are
simulated. We also calculate polarization dependency of the microlenses arrays at oblique
incidence of light. The impact of this study is to provide polarizer-free, electrically tunable
focusing microlens arrays with simple electrode design based on the Kerr effect.
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1. Introduction

Liquid crystal (LC) microlens arrays are important in applications of 2D/3D switching, fiber
coupling, and sensors [1-3]. Most of proposed structures of LC microlens arrays require at least one
polarizer. To remove the usage of a polarizer, polarization independent LC phase modulations are
developed. Three types of polarization independent LC phase modulations have been proposed: the type
of the double-layered structure, the type of the residual phase structure, and the mixed type [4—10].
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However, the structures were relatively complicated and the response times were slow. In 2010, we
proposed a polarization independent polymer stabilized blue phase liquid crystal (PSBP-LC) microlens
arrays based on the electric-field-induced Kerr effect, the field-induced birefringence is proportional to
the electric field squared [11]. The Kerr effect exists in many LC materials, such as polymer stabilized
isotropic phase liquid crystals, nematic liquid crystals, blue phase liquid crystals, and even ferroelectric
liquid crystals [12—14]. In this paper, we proposed polarization independent LC microlens arrays based
on controlling the distribution of the Kerr constants of blue phase LC (BPLC). The simulated results
indicate the distribution of the Kerr constants of BPLC results in a parabolic optical phase shift and the
proposed microlens arrays are capable of imaging. The polarization dependency of the LC microlens
arrays is also discussed. The purpose of this study is mainly to provide a way to achieve polarizer-free,
electrically tunable focusing microlens arrays with simple electrode design based on the Kerr effect.

2. Operating Principle and Lens Design

The Kerr medium, such as BPLC and PSBP-LC, is optically isotropic without an external electric
field [11]. Under an external electric field (£), the optical axis of the field-induced birefringence is
parallel to the electric field. The field-induced birefringence ( An) is written as [15]:

An=n(E)-n(E)=A-K-E’ (D)

where 7o is ordinary refractive index, e is extraordinary refractive index, K is the Kerr constant of the
LC materials, and A is wavelength of the incident light. Regarding the local orientations of LC
molecules of BPLC under external electric field, no(E) and ne(E) can be further expressed in
Equations (2) and (3):

A K-E?
nO (E) = nave _T (2)
_ 2 2
ne(E)—nave+§-X-K-E (3)

where nave represents the average refractive index without any applied electric field (ie.,
n,.=(n,+2n)/3). As a result, polarization independent phase modulation based on the Kerr effect

of LC materials can be achieved. To generate a corresponding polarization independent phase profile
of a lens, an inhomogeneous electric field is a way to be adopted [11]. However, the patterned
electrodes are required. Instead of patterned electrodes, we proposed a spatially-distributed Kerr
constant to achieve polarization independent microlens arrays. The structure and operating principles
are depicted in Figure la,b. The structure primary consists of LC materials and two glass substrates
coated with a layer of indium-tin-oxide (ITO). Without an applied voltage (), an incident unpolarized
light propagating along z-direction sees the average refractive index of nmave because the effective
optical index-ellipsoids are spherical which means the LC material is optically isotropic due to the
cubic symmetry of the lattice structure, as depicted in Figure 1a [11,16]. With an applied voltage, an
incident unpolarized light sees a spatial optical phase difference originating from a spatial distribution
of Kerr constants, as depicted in Figure 1b. Assume the Kerr constant is spatially distributed in a
parabolic form which can be expressed as:
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K,—-K
K(r)=K,———=—=2-r’ (4)

N

where 7o is the radius of aperture of a sub-lens, 7 is position, Kc is the Kerr constant at the center of the

aperture, and Kb is the Kerr constant around the peripheral region. Optical phase difference (OPD) under an
applied voltage (8(r))is 2n/A-[n,(E)-d], where d is the cell gap. From Equations (2) and (4), OPD is:

2 —
S(r):%xdx{nave—kxfz X(KC—KC—ZKbrzj} (5)

To

#* term in Equation (4) is related to the focal length (f), inverse of lens power (P) [17,18]. Lens power
is the degree that a lens converges or diverges light. The unit of lens power is diopter (D or m™}).
Thereafter, the lens power is written as:

P(E) = 2xAXdXE*X(K,—K,) = 2xAxdXE>xAK
- 3xr - 3xr ©)

where AK is defined as (K, — K, ). Thus, we can realize microlens arrays based on spatially- distributed

Kerr constants whose lens power is electrically tunable. The lens power of the mocrolens arrays is
larger as both the applied electric field and AK are larger.

Figure 1. The structure and operating principles of the LC (liquid crystal) microlens arrays
(a) without an applied voltage and (b) with an applied voltage.
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3. Simulation Results and Discussion

Here we simulate LC microlens arrays with spatially-distributed Kerr constants. The designed
aperture size and the spacing between adjacent sub-lenses are 100 um. The cell gap of the LC lenses is
25 um. Usually Kerr constant is in a range between 10 and 107!° V?/m [19-21]. To demonstrate
microlens arrays with a positive focal length, we design the Kerr constant in the center of a sub-lens
(Kc) is 107® V2/m while the Kerr constant at the peripheral region of a sub-lens (Kb) is 10~ V¥/m.
Figure 2 plots the parabolic distribution of Kerr constants of the microlens arrays based on the
parameters we designed. We defined the phase shift as the difference between OPD at an applied
voltage (V) and at V' = 0. From Figure 2a and Equation (5), the phase shift as a function of position is
shown in Figure 2b. The curve of phase shift in Figure 2b exhibits a periodically parabolic form at V"> 0
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due to the parabolic distribution of Kerr constant of the LC layer. The phase shift increases with an
applied voltage. Based on Equation (6) and the parabolic distribution we designed, the simulated
voltage-dependent lens power is depicted in Figure 2c. The lens power increases with an applied

voltage. The lens power at ¥ = 100 Vims is around 650 m™!, which is corresponding to the focal length
of ~1.54 mm.

Figure 2. (a) The spatial distribution of Kerr constants of the LC microlens arrays based
on the parameters we designed; (b) the corresponding spatial phase shift of the LC
microlens arrays at V' = 0 (red line), 50 Vims (green line), and 100 Vims (blue line); and
(¢) the simulated voltage- dependent lens power.
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To simulate the focusing properties of the microlens arrays at the focal plane, we adopted the
Fresnel approximation [22]. Figure 3a,b shows the spatial phase shift and corresponding intensity
distribution at the focal plane of the micolens arrays. As we can see, the parabolic phase shift (red line
in Figure 3a results in sharp peaks at the focal plane (red line in Figure 3b). In contrast, the
trapezoid-like phase shift (blue dotted line in Figure 3a) results in relatively broad peaks at the focal
plane (blue dotted line in Figure 3b). Therefore, the parabolic phase distribution is necessary to realize
good imaging quality which also means the distribution of Kerr constants should be parabolic. In 2011,
Wu et al. proposed an Eiffel-Tower-like ITO electrode to generate an ideal phase distribution in
BPLC [23]. However, the Eiffel-Tower-like ITO electrode is difficult to fabricate. The method of the
spatial distribution of Kerr constants that we proposed is more practical because our method does not
require complex electrodes.

Figure 3. (a) The simulated spatial phase shifts of the LC microlens arrays. Blue dotted
line stands for periodically trapezoid-like phase shift and red line stands for periodically
parabolic phase shift; (b) the corresponding intensity distribution at the focal plane for the
periodically trapezoid-like phase shift (dotted blue line) and the periodically parabolic
phase shift (red line).
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The LC microlens arrays as incident light is at the oblique angle (i.e., off-axis) is also important in
applications. Assume the incident angle is 0i with respect to z-direction and the light propagates in LC
cell with an angle of OLc. Because the change of the refractive index of the Kerr medium is very small
(normally < 0.05), we can assume the incident light propagates in a straight way in the medium and OLc
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is able to be deduced from Snell’s law (i.e., n,, Xsin0, =n__Xxsin0,.). Two eigenmodes propagating

in the LC medium are defined as e-mode and the o-mode. The polarization of e-mode lies in the plane
of x-z plane and that of o-mode is perpendicular to x-z plane. Thereafter, we can calculate the phase
shift of the e-mode as:

2n 2n
8ot (E:) === [ 1o (B0, ) e = — [ 1o (B,0,c, %) 0500, - dx )
where the effective extraordinary refractive index (7, ) can be expressed as:

no(E,x) 1o (E,x) s
E’e X) = .e > 4o > .
ne’eff( es ) (Sln2(9Lc) Cosz(eLc) (8)

The phase shift of the o-mode can also be expressed as:

2n 2n
8o—modc(l;:x) = TInO(E,X) -dk = TJUO(E,X) : CSCOLC -dx (9)

To simplify the discussion, a single sub-lens is considered in the following discussions. The
diameter of the sub-lens and the cell gap are 100 and 25 pum, respectively. The simulated phase shifts
as incident light is at the oblique angle are shown in Figure 4. The dotted line represents the phase shift
of e-mode while the solid line represents the o-mode at = 100 Vims. The blue and the red represent
OLc of ~+10° and —10°, respectively. From Snell’s law, 0i is ~£15.7° when corresponding Orc 1s £10°
and nave is around 1.56. From the simulation results, the phase shift between the center and the
peripheral region for the e-mode is around 37 radians. As to the o-mode, the phase shift between the
center and the peripheral region is around ~2.8m. This also indicates the micorlens arrays are
polarization dependent at the oblique incidence because the refractive index changes more for o-ray
than that for e-ray. To reduce the polarization dependency of the phase shift at oblique incidence, we
can use other electrically tunable LC cells for phase compensation.

To experimentally realize the spatial distribution of the Kerr constants of the LC materials, one can
produce the spatial distribution of Kerr constants of the Kerr medium, such as BPLC, in terms of
fabrication method of spatial temperature gradient. Based on previous research results, the Kerr
constant is proportional to the coherent length squared (&), inversely proportional to 7—7%*, where T is
temperature and 7* represents the temperature as the coherent length of the LC become infinite
(ie., Koc & o 1/ T—T") [19-21]. As a result, the Kerr constant of BPLC strongly depends on the
temperature. Therefore, the spatial distribution of the Kerr constant can be controlled by means of
temperature gradient, and then we can use photo-polymerization to stabilize BPLC in order to regulate
the distribution of phase separation and further to generate spatially-distributed Kerr constants. To
demonstrate the proposed idea, we step-controlled the curing temperatures of the PSBP-LC materials,
and we realized the Kerr constant difference check by phase retardation measurement three times.
However, due to the limit of the temperature gradient controlling instrument, we are not able to put
such a big Kerr constant difference within this small aperture region. For further implementation of
this concept, one might need step masks or more precision thermal controlling machines to get steep
phase distribution within the aperture.



Micromachines 2014, 5 865

Figure 4. The simulated phase shift at the oblique angle. The dotted line represents the
phase shift of o-mode and the solid line represents the phase shift of e-mode. The blue and
red represent the incident angle 6i is +15.7° and —15.7°, respectively.
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4. Conclusions

We proposed a polarization independent LC microlens arrays based on spatially distributed Kerr
constants of the LC material. The mechanism and simulated performance are discussed. In addition,
we also evaluate the polarization dependency of the microlens arrays at oblique angle of incidence.
This study provides a method to realize polarizer-free and electrically tunable microlens arrays with
simple electrodes based on the Kerr effect.
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