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Using UV light to expose a homogeneous cell containing liquid crystal (LC)/monomer mixture

through a patterned photomask, we prepared a polymer network liquid crystal (PNLC) microlens

array. In each microlens, the formed polymer network presents a central-symmetrical

inhomogeneous morphology and LC exhibits a gradient refractive index distribution. By applying

an external voltage to the cell, the gradient of the LC refractive index is changed. As a result, the

focal length of the microlens can be tuned. Our PNLC microlens array has the advantages of low

operating voltage, easy fabrication, and good stability. This kind of microlens array has potential

applications in image processing, optical communications, and switchable 2D/3D displays. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4790303]

I. INTRODUCTION

Tunable-focus liquid crystal (LC) microlens arrays have

been studied intensively in the past years.1–9 Applications of

these microlenses are widely found in image processing,

wavefront sensors, optical communications, and switchable

2D/3D displays. Several approaches, such as patterned elec-

trode,1,6 surface relief profile,2–5,10–14 polymer network liq-

uid crystal (PNLC),7,8 polymer dispersed liquid crystal

(PDLC),9,15 and blue phase,16,17 were demonstrated. Among

them, PNLC is much attractive due to the advantages of sim-

ple fabrication, low operating voltage, improved phase shift,

and reasonable response time. In a PNLC microlens, LC usu-

ally presents homogeneous alignment in the formed polymer

network. With an externally applied voltage, a gradient re-

fractive index distribution is induced. As a result, the focal

length of the PNLC microlens can be tuned.

To obtain a PNLC microlens, a convenient way is to use

a UV light to expose a homogeneous cell containing LC/

monomer mixture. The UV light intensity distribution, which

plays an important role for forming the PNLC, is non-

uniform. Two types of UV light have been employed: a laser

beam with Gaussian-shaped intensity profile7 and a uniform

UV light passing through a hole-array patterned photomask.8

The latter method is much simple and suitable to obtain a

microlens array. When a UV light passes through a tiny hole,

the diffracted light intensity presents a Gaussian-shaped pro-

file. When such a light is used to expose the mixture of LC/

monomer, the photo-polymerization only occurs in the UV

exposed region. Monomers in the cell will shift to the UV

exposed region. As a result, the monomer concentration in

the UV exposed area is enhanced and the formed polymer

network becomes dense. Due to this reason, the external

voltage for driving the PNLC microlens is increased and it is

rather limited to increase the gradient of the PNLC

microlens.

In this paper, we report a tunable-focus PNLC microlens

array which was prepared using UV light to expose a homo-

geneous LC/monomer mixture through a photomask. The

photomask was made by patterning a chromium layer with a

circular spot array on a glass plate surface. When a uniform

UV light passes through the photomask, the diffracted light

intensity by each circular spot is inhomogeneous. Such a UV

light can polymerize the monomers with gradient polymer

network and the formed PNLC exhibits a lens-like character.

When a voltage is applied to the PNLC, the focal length of

the lens is changed. In comparison with previous results, our

PNLC microlens has the advantages of wide focal-length

tunability, low operating voltage, and good stability.

II. MECHANISM OF FORMING GRADIENT PNLC

A. Basic diffraction theory

When a laser beam meets a circular obstruction, diffrac-

tion takes place. In the center of the shadow cast by the

obstruction, a Poisson spot as well as surrounding annuli are

generated. According to Fresnel’s diffraction, the intensity

profile of this spot can be expressed by18,19

I / J2
o

pDr

kb

� �
; (1)

where J0 is the Bessel function of the zeroth order, D is the

diameter of the circular disk, r is the radial position on the

viewing screen from the optical axis, k is the wavelength,

and b is the distance between black disk and screen. Such a

diffraction pattern has been proved by numerous simulations

and experimental results.19–21 In comparison to the formed

bright rings, most of light energy concentrates on the Poisson

spot (also called 0th order ring). The intensity distribution of

the Poisson spot presents a parabolic-like profile. Similarly,

when an incoherent UV light is used to illuminate the black

disk, it is diffracted too. Close to the optical axis position of

the received screen, the UV light intensity is the highest.

Away from the optical axis, the light intensity has a tendencya)Email: hongwen@jbnu.ac.kr.
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to decrease. Due to incoherence and broadband spectrum,

the diffracted UV light intensity behind each circular disk

will change smoothly with a gradient.

B. Phase separation mechanism

When an inhomogeneous UV light is used to expose a

homogeneous cell containing LC and monomer mixture,

phase separation and kinetic diffusion take place in the mix-

ture. The phase separation mechanism is depicted in Fig. 1.

Before UV exposure, the monomer concentration in the LC

bulk is uniform and LC presents homogeneous alignment.

When an inhomogeneous UV light is used to expose the mix-

ture (Fig. 1(a)), the polymerization preferentially starts in the

stronger UV region. The consumption of monomers in this

region lowers their chemical potential. To balance the

decreased potential, the uncured monomers in the weaker

UV region have to diffuse towards the stronger UV region.

On the other hand, LC molecules are UV stable and not con-

sumed. They shift to the weaker UV region because of

higher chemical potential.22 Due to this kinetic diffusion, the

density of monomer is richer in higher UV intensity region

and LC is richer in weaker UV region. After polymerization,

a denser (looser) polymer network is formed in the stronger

(weaker) UV intensity region. Since the intensity of UV light

changes continuously, the formed PNLC presents a gradient

density distribution (Fig. 1(b)). If the morphology of the

PNLC is central symmetrical, then the PNLC behaves a lens

character. Based on this mechanism, various photonic devi-

ces, such as composite LC film,23 surface profile LC lens,24

and holographic LC grating have been developed.22,25

III. DEVICE FABRICATION

To fabricate a gradient PNLC as depicted in Fig. 1(b),

the material system consisting of 97 wt. % of nematic LC

MLC-2140 (Dn¼ 0.253, no¼ 1.516, De¼ 47.6, Merck) and

3 wt. % of monomer RM-257 (diacrylate monomer mixed

with �1 wt. % photoinitiator) was prepared. The monomer

RM-257 is a rod-like structure with reactive double bonds

at both sides, as shown below.

Similar to a nematic LC, RM-257 is a LC monomer and

it exhibits high reorientation order in the LC host.

The mixture was injected into a homogeneous empty

cell in the isotropic state. The inner glass substrate surfaces

of the cell are overcoated with indium-tin-oxide (ITO) elec-

trode, followed by polyimide (PI) alignment layers. The PI

layers were buffed in antiparallel directions. The cell gap

and the thickness of the glass substrate are �15 lm and

1.1 mm, respectively. After the cell was cooled slowly to

room temperature, LC and the monomer present a homoge-

neous alignment due to PI surface anchoring.

To obtain a UV light with inhomogeneous intensity distri-

bution, a photomask with a chromium-spot array pattern on a

glass plate surface was chosen as the obstruction. Figure 2(a)

shows the arrangement of the patterned photomask taken

using an optical microscope. The diameter of each circular-

spot is 150 lm. The LC cell was attached to the photomask

and a uniform UV light (�12.5 mw/cm2 Model SP-9, Korea)

is used to expose the cell from the left side, as shown in Fig.

2(b). Because the thickness of the glass substrate is much

larger than the diameter of the black disk (over �7.3�), the

shadow area of the disk can be occupied by the left glass sub-

strate of the cell and the UV Poisson spot can reach the LC/

monomer layer. As we described above, the UV light can

cause the LC/monomer to form an inhomogeneous PNLC. In

this experiment, the cell was cured for �20 min.

IV. RESULTS AND DISCUSSION

To evaluate the cured cell, a convenient way is to

inspect the cell using the optical microscope. First, we

observed the color change of the cell with different voltages.

The cell was placed between crossed polarizers. The rubbing

direction of the cell was oriented at 45� with respect to the

axis of the linear polarizer and the analyzer. Five photo-

graphs at different voltages were taken, as shown in Fig. 3.

At V¼ 0, a circle array can be observed clearly (Fig.

3(a)). These circles are the regions formed behind the black

spots of the photomask after UV exposure. The area of each

circle presents almost a uniform (greenish) color. This

implies that LC exhibits homogeneous alignment. The diam-

eter of each circle is �200 lm. The distance of the adjacent

circles is 60 lm. When an external voltage is applied to the

cell and increased slowly, the cured spots become noticeable.

Meanwhile the color change starts from the borders and

gradually moves to the center. This indicates that the thresh-

old voltage in the spot center is higher than that at the bor-

ders. The threshold is mainly dependent on the formed

polymer network. In the central region of each spot, the

formed polymer network is denser. At the borders, the

formed polymer network is looser. At V¼ 1.5 Vrms, the color

change is obvious (Fig. 3(b)). Such a result confirms the

expected gradient of the PNLC shown in Fig. 1(b). At

V¼ 3 Vrms, the color change of each spot is much noticeable

(Fig. 3(c)). As the voltage is increased continuously, the

color change becomes dull. This is because most LC

FIG. 1. Mechanism of forming a gradient PNLC: (a)

diffusion of LC and monomers during UV exposure

and (b) the formed polymer network after UV

exposure.
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directors in the polymer network are reoriented perpendicu-

lar to the substrates. Under such a circumstance, the refrac-

tive index profile is much flattened. The color changes at

V¼ 5 Vrms (Fig. 3(d)) and V¼ 6 Vrms (Fig. 3(e)) confirm

such a result. To visually observe the dynamic color change,

a video showing the color change with different voltages is

given in Fig. 3(e) as well. The voltage applied to the cell is

gradually increased (decreased) from 0 (10) to 10 (0) Vrms.

Two cycles are given. The response time impacted by 10-V

squared voltage pulse was estimated to be �30 ms. Our cell

has been cyclically driven for hundred times, it could recover

to its original alignment state well after removing the volt-

age. Such a result implies that the formed PNLC is stable at

low driving voltage.

To clearly observe the phase separation morphology of

the LC cell, we magnified one of the circular spot in the

V¼ 10 Vrms state and focused on the surface of LC layer.

Owing to the external voltage, most LC molecules are reor-

iented along the electric field direction. The LC molecules

only strongly anchored by the polymer network surface will

not be affected. The surface-anchored LC molecules still

generate some phase retardation. Due to this reason, the re-

sidual color can easily help us to inspect the formed poly-

mer network. Fig. 3(f) shows the observed morphology.

Polymer is rich in the center and LC is rich at the border.

Compared to the expected morphology shown in Fig. 1(b),

indeed, a gradient polymer network (or LC) has been

obtained.

Since the formed polymer network is fixed, only LC can

be reoriented by the applied voltage. Theoretically, the phase

shift and the refractive index change are expressed by26

Du ¼ 2p d dn

k
; (2)

where d is the LC layer thickness, dn is the refractive index

difference between the lens center and the border, and k is

the light wavelength. Figure 4 shows the phase profiles of

the homogeneous PNLC operated at V¼ 0, 2, and 6 Vrms,

respectively. The phase profile is due to the refractive index

change of the LC. At V¼ 0, the phase profile is almost flat

because LC in the polymer network presents quasi-

homogeneous alignment. The effect of LC concentration

fluctuation on the phase shift is negligible. At V¼ 2 Vrms,

the phase profile presents a bell shape. At V¼ 6 Vrms, the

phase loss is severe and the phase profile becomes much flat.

From the changed phase profile, each circular spot

behaves as an adaptive microlens. To evaluate the lens per-

formance and measure the focal length, we use a laser beam

profiler (BGS-USB-SP503, Newport) to analyze the beam

focusing of the PNLC cell. The experimental setup is

sketched in Fig. 5. The sample was mounted on a linear met-

ric stage. A collimated linearly-polarized He–Ne laser beam

(k¼ 633 nm) was used to illuminate the sample. The beam

intensity was controlled by a neutral density filter (DF) and

the transmitted light was collected by an imaging lens (L2)

FIG. 2. (a) The photomask taken using an optical

microscope. The black circular spot (diameter-

¼ 150 lm) is the chromium layer patterned on a glass

plate surface. (b) Experimental setup for preparing a

PNLC microlens array. The thickness of the glass sub-

strate and the diameter of the disk are not drawn in

scale.

FIG. 3. Photographs of the PNLC cell at

different voltages (a) V¼ 0, (b) V¼ 1.5

Vrms, (c) V¼ 3 Vrms, (d) V¼ 4 Vrms, (e)

V¼ 6 Vrms, and (f) the magnified morphol-

ogy at V¼ 10 Vrms. A video (media-1)

showing the color change with voltage is

given in Fig. 3(e) (enhanced online) [URL:

http://dx.doi.org/10.1063/1.4790303.1].
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and detected by the beam profiler. The cell was driven by a

computer controlled LABVIEW data acquisition system.

To characterize the light focusing properties of the

PNLC microlens array, we measured the 3D profiles of the

outgoing beams. The intensity profiles were measured at

V¼ 0, 1.5, 2.2, and 10 Vrms, and results are shown in Fig. 6.

At V¼ 0, there is no light focusing effect for each microlens

except a little noisy background (Fig. 6(a)). At null voltage

state, LC in the polymer network exhibits a quasi-

homogeneous alignment and the gradient of refractive index

distribution in each microlens is very small. In comparison

to the microlens size, the focal length of each microlens is

at infinity. As the voltage is increased to V¼ 1.5 Vrms

(Fig. 6(b)), an array of intensity profile is clearly observed.

Because the incident laser beam presents the Gaussian-

shaped intensity distribution, the peak intensities are not uni-

form. Here, we choose one microlens (indicated by letter p)

for measurement. For light passing through this microlens,

the measured intensity of the peak reaches �2300 cnts. The

increased intensity implies that the focal length of the micro-

lens is decreased due to the increased gradient refractive

index of LC in the polymer network. At V¼ 2.2 Vrms, the fo-

cusing effect of this microlens manifests (Fig. 6(c)). The

measured intensity of the peak exceeds �4100 cnts. As the

voltage is further increased, the peak intensity of the out-

going beam tends to decrease. At V¼ 10 Vrms, the peak in-

tensity (�2370 cnts) drops largely (Fig. 6(d)). This is

because the LC directors in the polymer-rich are highly reor-

iented along the electric field direction. The gradient of the

refractive index distribution is much flattened. As a result,

the focal length of the microlens increases and the measured

light intensity at the beam profiler focal plane decreases.

The voltage-dependent focal length of the microlens is

plotted in Fig. 7. At a given voltage, each microlens in the

array gives the same focal length due to the same PNLC

morphology. Here, we still choose the microlens (indicated

by p) for measurement. At V¼ 0, the focal length is very

long (f�1 in comparison to its size) due to the very small

gradient of refractive index profile. When the applied voltage

increases to V¼ 1 Vrms, the focal length decreases largely.

At V¼ 2 Vrms, the focal length becomes the shortest

(f� 3.55 mm). Such result implies that the gradient of the

PNLC microlens is the largest. When the applied voltage is

increased continuously, the focal length of the microlens has

a tendency to increase. This is due to the LC directors inside

the polymer network are reoriented by the electric field so

that the gradient of the PNLC decreases. The error bars

shown in Fig. 7 result from the uncertainty in determining

the beam waist. From Fig. 7, the focal length can be widely

tuned by a low voltage.

Theoretically, the focal length of the LC microlens can

be calculated using the below expressed by27

f ¼ r2

2ddn
; (3)

where r is the radius of lens aperture. From Eq. (3), dn can

be changed by the external voltage, so that the focal length f

is tuned. According to the phase profile given in Fig. 4, the

focal length of the microlens could be calculated using

Eq. (3) as well. The calculated focal length should match

the focal length measured in Fig. 7. According to Eq. (3), the

shortest focal length of the microlens is dependent on the

FIG. 7. Voltage-dependent focal length of a PNLC microlens.

FIG. 4. Phase profiles of one pixel at V¼ 0, 2, and 6 Vrms, respectively.

FIG. 5. Experimental setup for characterizing the PNLC microlens array.

ND¼ neutral density filter, L1¼ the lens system for beam expending, and

L2¼ imaging lens.

FIG. 6. Images of the laser beam intensity profile passing through the PNLC

microlens array at (a) V¼ 0, (b) V¼ 1.5 Vrms, (c) V¼ 2.2 Vrms, and

(d) V¼ 10 Vrms, respectively.
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cell gap, the birefringence of LC, and the radius of the lens

aperture. For the microlens with a fixed aperture, several

ways can be used to enhance the focal power of the micro-

lens (P¼ 1/f), for example, increase the cell gap, use a high

birefringence LC material, and optimize the UV intensity

profile for curing the cell.

From Fig. 7, the focal length of the microlens was meas-

ured at room temperature. According to Haller’s approxima-

tion, as the temperature increases, the birefringence of LC

decreases gradually.28 There is no doubt that the effective

birefringence (dn) of our LC microlens obeys such an

approximation. From Eq. (3), the focal length of the micro-

lens will have a tendency to increase as dn decreases. As the

temperature is increased to the LC clear point, dn¼ 0. As a

result, the focal length is calculated to be f�1. For practi-

cal applications, the temperature effect on the stability of the

PNLC should be evaluated. To study the stability of the

PNLC over temperature, the cell was heated at 80 �C in an

oven for 3 h. Such a high temperature is close to the LC

clearing point. After heating, the PNLC microlens array was

analyzed using the optical microscope. Figure 8 shows the

color change of the microlenses at three different driving

voltages. In comparison with the results shown in Fig. 3, the

performance of the PNLC microlens array does not become

worse. After removing the voltage, the PNLC could fully

return to its original state. Our results show that the formed

PNLC is still stable even after impacting at 80 �C for 3 h.

From Eqs. (2) and (3), the phase retardation or the bire-

fringence of LC is dependent on the wavelength of the inci-

dent light. For different wavelengths, the focal length will be

different. Therefore, chromatic (or spherical chromatic) ab-

erration should be the main shortcoming of a LC lens. Due

to this reason, a LC lens or microlens array is suitable for fo-

cusing monochromatic light or laser light. Especially, a LC

microlens array is suitable for switchable 2D/3D displays

without the concern of chromatic aberration. This is because

color filters imbedded in the display device provide mono-

chromatic light to these lenses.

From Figs. 2 and 3, the distance of the neighboring mi-

crolenses can be affected by two factors: the pattern of the

photomask and the distance from the photomask to the LC

layer. According to optical diffraction theory, the size of

each black disk should be controlled in micro scale, so that

light diffraction can occur behind each disk. A circular disk

with macro-sized aperture could not effectively diffract light.

Although the Poisson spot (like a beam waist) exhibits a

parabolic-like intensity profile with the highest gradient, its

size is too small. To increase the aperture size of each micro-

lens during UV exposure, the distance from the disk to the

LC layer should be fairly optimized. Normally the aperture

of the formed PNLC microlens is smaller than that of its cir-

cular disk (depicted in Fig. 2(b)), the distance of the neigh-

boring microlens is smaller than the gap of the adjacent

disks.

Depending on the patterns of the photomask, other adapt-

ive photonic devices, such as Fresnel-zone lens or lenticular

microlenses, can be prepared as well. The latter is suitable for

switchable 2D/3D displays.29,30 Comparing with conventional

PNLC microlens, the focal length of our PNLC microlens can

be widely tuned with low driving voltage. Although only

�3 wt. % diacrylate monomer is used in the LC mixture, the

formed PNLC microlens array presents good stability, reason-

ably response time, and negligible light scattering.

V. CONCLUSION

We demonstrated a PNLC microlens array. The micro-

lens array was prepared using UV light to expose a homoge-

neous cell containing the mixture of LC/diacrylate monomer

through a patterned photomask. The fabrication process is

simple and the microlens array can be easily prepared. Due

to the non-uniform polymer network distribution, each

PNLC microlens has a gradient refractive index distribution

called gradient PNLC. When an external voltage is applied

to the cell, the gradient of the PNLC microlens is changed.

As a result, the focal length of the microlens is tuned. Low

operating voltage, reasonable dynamic response, and good

stability are the advantages of our PNLC microlenses. To

enhance the gradient of PNLC microlenses, two simple

methods can be considered: increase the cell gap and choose

a LC with larger birefringence. This PNLC microlens array

has attractive applications in image processing, optical com-

munications, and switchable 2D/3D displays.
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