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ABSTRACT: Polymer network liquid crystal (PNLC) spatial light

modulators are attractive for display and photonic applications

because they can achieve submillisecond response time while

keeping a large phase change. However, their on-state scatter-

ing caused by the grain boundary of LC multidomains hinders

their applications. In this article, we review recent progress on

the development of scattering-free PNLCs extending from

short-wavelength infrared to visible region by reducing the

domain sizes to �200 nm through low temperature curing pro-

cess. To reduce operation voltage, both transmissive and

reflective modes, LC material properties (birefringence and

dielectric anisotropy), polymer composition and concentration,

and pretilt angle effect are analyzed. VC 2013 Wiley Periodicals,

Inc. J. Polym. Sci., Part B: Polym. Phys. 2013, 00, 000–000

KEYWORDS: fast switching; LCOS; light scattering; liquid-crystal-

line polymers (LCP); optics; polymer; spatial light modulator

INTRODUCTION Amplitude, phase, wavelength, and polariza-

tion are four major characteristics of a light wave. Liquid

crystal (LC) spatial light modulator (SLM) is a useful electro-

optic device for modulating the intensity, phase, and polar-

ization state of an incident light because of its relatively low

operation voltage, high birefringence, and broad bandwidth.1

SLM has been widely used in display and photonic areas,

such as digital hologram generation for three-dimensional

display,2–4 dynamic scanning films for time-multiplexed

autostereoscopic display,5 optical phased array for laser

beam steering,6 adaptive optics for wavefront correction,7,8

and diffractive optical element for spectral filtering.9 In most

of these applications, fast response time and large phase

modulation depth (�2p) are required.

The response time of a nematic LC device is governed by

several factors, such as cell gap, visco-elastic coefficient and

applied voltage.10 For a typical nematic LC device, the rise

time can be greatly shortened by applying an overdrive

voltage;11 however, the decay time is still determined by

the restoring elastic torque. This problem gets worse as the

wavelength increases, for example, IR region, due to the

need of a thicker cell gap for compensating the longer

wavelength and lower birefringence.12 A typical LC decay

time for a 10-lm E7 LC cell (for 2p phase change) is �200

ms. There is an urgent need to reduce the LC response

time to submillisecond range while keeping a 2p phase

change.

To improve the response time of a SLM, several approaches

have been proposed. Dual frequency LC exhibits a positive

dielectric anisotropy (De) at low frequencies and negative De at

high frequencies, so it can speed up both rise and decay times

of a LC device by controlling the applied frequency.13–15 But, it

requires a complicated driving scheme. Moreover, operating at a

high frequency would cause dielectric heating which would shift

the crossover frequency and result in performance instability.16

Polymer-stabilized blue phase LC exhibits optical isotropy and

fast response time due to its self-assembled nanostructure.17–19

It is quite promising for next-generation information display,

but difficult to achieve 2p phase change because its phase

dynamic range is only one third of a nematic LC. Surface-

stabilized ferroelectric LC can achieve 10-ls response time.20,21

But because of its bistability, it requires sophisticated optical

configuration to generate continuous phase modulation.

In comparison to the abovementioned approaches, polymer

network LC (PNLC) can achieve submillisecond response

time while maintaining a large phase shift.22–27 It can also

generate continuous phase change with a relatively simple

driving scheme. In contrast to polymer-dispersed LC (PDLC)

which consists of LC droplets embedded in a polymer

matrix,9 PNLC can be used for phase modulation and has a

large phase dynamic range because of the high LC concentra-

tion and surface alignment. The major issue which hinders

the widespread application of PNLC as a phase-only modula-

tor is the power-on light scattering caused by LC

VC 2013 Wiley Periodicals, Inc.
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multidomains. Although it has been reported that high poly-

mer ratio (60–70%) can result in scattering-free holographic

PDLC with nanoscale droplet sizes, the required operating

voltage is relatively high (15–20 V/lm).9

In this review article, we describe the physical mechanisms

for achieving submillisecond-response scattering-free PNLC

SLMs from k 5 1.55 lm, 1.06 lm, to a visible wavelength.

To reduce voltage, we analyze the effects of LC birefringence

(Dn) and DE, and polymer concentration and diffusion rate,

and pretilt angle in both transmissive and reflective modes.

Fabrication Procedure

PNLC (also known as anisotropic LC gel) has been studied

extensively as an electrically tunable scattering device.22,28–30

Although a scattering-free PNLC requires smaller domain

sizes, the fabrication procedure is quite similar. LC host is first

mixed with a small amount of photoreactive difunctional

monomer and some photoinitiator. This photo-polymerizable

precursor is then filled into a LC cell with homogeneous align-

ment. After that, a UV curing process is carried out to induce

the polymer network crosslinking. A schematic illustration of

the fabrication procedure of PNLC is shown in Figure 1.

Response Time

For a nematic device, the dynamic response of LC director reor-

ientation can be described by Ericksen-Leslie equation.31 By

solving this equation under single elastic constant and small

angle approximations, the rise time and free relaxation time of

a homogeneous alignment cell can be expressed as follows:

srise5
s0

ðV=VthÞ
2
21

(1)

sdecay5
c1d

2

K11p2
(2)

where sdecay is the free relaxation time, V is the applied

voltage, Vth is the threshold voltage, c1 is the rotational vis-

cosity, K11 is the splay elastic constant, and d is the cell gap.

Overdrive and undershoot method can be used to accelerate

the rise time and decay time.11 However, to improve the free

relaxation time s0, a small visco-elastic coefficient (c1/K11)

LC material or thinner cell gap is required.

In a PNLC device, LC molecules are electrically switchable

but with a faster response time and a higher operating volt-

age. Without considering light scattering, the operation mode

of a PNLC device is quite similar to its nematic counterpart.

Thus, eq 2 can be extended to PNLC devices. Therefore, the

fast response time of PNLC device can be explained in the

following two ways as Figure 2 illustrates:

FIGURE 1 Fabrication procedure of a PNLC device. Upper: The

mixture of LC host and photo-polymerizable monomer is filled

into a homogeneous LC cell. Lower: Polymer network forms

across the LC cell after UV exposure.
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Macroscopic View: Large Elastic Constant

This model is convenient to use for device simulation since

it treats a PNLC device with the same configuration as a

nematic LC. According to ref. 24, the rotational viscosity c1
of a PNLC material remains the same as its nematic host

after UV polymerization. Due to the strong anchoring of poly-

mer network, the LC directors in a scattering-free PNLC

require a larger electric field to deform, corresponding to a

�500–1000X larger splay elastic K11 value and faster

response time.23,24

Microscopic View: Small Cell Gap

Microscopically speaking, a PNLC is completely different

from nematic LC. In a PNLC device, LC molecules are parti-

tioned into numerous nanoscale or micron-sized LC domains.

The restoring force of the deformed LC directors no longer

depends on the two LC substrates. Instead, the LC/polymer

network interface plays the primary role in bringing LC mol-

ecules back during decay process. Therefore, the free relaxa-

tion time of PNLC can be written as:

s05
c1D

2

K11p2
(3)

where D is the average domain size. This equation is useful

to estimate the PNLC domainsize. The domain size of a typi-

cal scattering-free PNLC is in the order of �200 nm.

Electro-Optical Properties

In the voltage-off state, PNLC device is highly transparent

since LC molecules align well with the surface treatment.

But after a voltage is applied, the LC molecules constrained

by polymer network start to form multidomains, which scat-

ter light if the domain sizes are comparable to the wave-

length. As Figure 3 shows, the power-on scattering of PNLC

device is highly polarization dependent. This is because LC

molecules mainly rotate in the plane formed by the rubbing

direction and the substrate normal direction. The effective

refractive index for the extraordinary ray (polarization paral-

lel to alignment direction) can be written as31

ne2eff5
none

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2osin
2h1n2ecos

2h
p (4)

where no and ne are the ordinary and extraordinary refrac-

tive indices of the PNLC, and h is the effective tilt angle as

indicated in Figure 3. For an o-ray, the incident polarization

is perpendicular to the LC alignment direction. Thus, no
almost does not change with voltage; the power-on scatter-

ing of PNLC is mainly caused by the e-ray.

Although light scattering can be used for some display appli-

cations, it is very undesirable for SLM. To better understand

the light scattering property of PNLC, a model based on Ray-

leigh–Gans–Debye approximation26,32,33 has been proposed.

To fulfill this approximation, the phase shift caused by the

scattering domain should satisfy Ddneff<<2pkm; here D is

the average LC domain size, dneff is the refractive index dif-

ference at the grain boundary and km is the wavelength in

the medium, that is, km 5 k0/n. According to this model, the

scattering cross section can be written as:

rs �
dneff

n

� �2
D4

k2m
5ðdneff Þ

2 D
4

k20
(5)

We can obtain the extinction coefficient of PNLC by taking

D23 as the density of scattering center:

FIGURE 3 On-state scattering of PNLC is highly polarization

dependent. The o-ray (polarization perpendicular to rubbing)

has almost no scattering, but e-ray (polarization parallel to rub-

bing) has strong scattering.

FIGURE 2 Two possible explanations for the fast response

time of a PNLC device: a) large elastic constant, and b) small

cell gap.
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As the refractive index difference at the grain boundary is

supposed to be proportional to theLC birefringence in PNLC,

we can rewrite the extinction ratio as

a5ðDnÞ2
C

k20
(7)

where C�DB2, 0<B<1. If a voltage Vmax leading to maximum

scattering loss is applied to the PNLC cell, the refractive

index difference dneff �Dn. Then, C becomes a domain size

parameter proportional to D only. Without considering the

reflection at interfaces, the transmittance of PNLC for a ran-

domly polarized light at Vmax can be written as:
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k20
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k20
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(8)

where Ce and Co represent the domain size parameters for e-

ray and o-ray, respectively (Co<<Ce). For a low birefringence

LC, it requires a thick LC layer to achieve a certain phase

change, which may cause alignment issue and high operating

voltage. Therefore, small domain size plays the key role in

suppressing the scattering loss of a PNLC.

We used the experimental setup sketched in Figure 4 to evalu-

ate the electro-optical properties of PNLC. For convenience, we

used a laser as the probing light source. In transmissive mode,

PNLC sample was sandwiched between two crossed polarizers

with rubbing direction oriented at 45� with the polarization

direction. In reflective mode, a mirror was placed behind the

sample to double the optical path length. The angle between

incident beam and reflected beam is below 5�. A computer

controlled LabVIEW system was used to scan voltage to the

PNLC sample and to record the detected light transmittance.

Monomer Effect

In order to shrink domain sizes and eliminate scattering for

a PNLC device, several factors should be taken into consider-

ation, such as monomer, LC host, UV intensity, and photoini-

tiator concentration.9,34 Here, we concentrate on the

monomer and LC host effects.

Monomer plays an essential role in determining the PNLC

domain sizes and operating voltage. A typical LC gel (scatter-

ing mode PNLC) contains 6–8 wt % di-functional monomer.

Figure 5 lists some examples of difunctional monomers used

in PNLC. As the monomer ratio increases, LC domain size

decreases, leading to reduced scattering loss but increased

operating voltage. By increasing the monomer ratio to 10%,

a scattering-free PNLC (PNLC-A) was developed at k 5 1.55

lm.23 The cell gap of PNLC-A is 12 lm. However, if we oper-

ate this PNLC at k 5 1.06 lm its scattering loss exceeds

20% because the scattering loss is strongly wavelength

dependent according to eq 8. To suppress scattering, we

increased the monomer ratio to 12% (PNLC-B).24 Figure 6

FIGURE 4 Experimental setup for characterizing the PNLC sam-

ples: (a) transmissive mode, and (b) reflective mode.

FIGURE 5 Examples of di-functional monomers used in PNLC.

FIGURE 6 Measured VT curves of PNLC-A and PNLC-B at k 5

1.06 lm.
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depicts the measured voltage-dependent transmittance (VT)

curves of PNLC-A and PNLC-B at 1.06 lm. Note that the

peak transmittance of PNLC-B is comparable to that of a 12-

lm nematic LC host cell, which means PNLC-B is free from

scattering at k 5 1.06 lm. Due to the strong anchoring effect

of polymer network and large elastic constant, both PNLCs

exhibit submillisecond response time.

In PNLC-A and PNLC-B, we used a nonmesogenic monomer

(M1, Fig. 5) to help reduce voltage. Although M1 helps lower

the operating voltage, it disturbs the LC alignment. As a

result, it causes nonuniform phase profile spatially, which is

problematic for SLM. Figure 7 shows the photographs of two

PNLC samples sandwiched between two crossed polarizers

on a white light table. The left one containing both nonmeso-

genic monomer M1 and mesogenic monomer RM257 exhibits

nonuniform color distribution due to the poor LC alignment

while the right one (RM257 only) shows a uniform color.

The problem is if we use 10–12% RM257 in a PNLC, the

operating voltage would be quite high because M1 helps to

create a large pretilt angle, which in turn weakens the

anchoring force between polymer network and LC molecules.

Therefore, new strategy is needed in order to use a minimal

amount of polymer for reducing operation voltage while

keeping stable networks and negligible scattering.

LC Host Effect

In a PNLC, nematic host occupies �90% by weight, which

plays the key role to determine the final performance.

Recently, we found that the domain sizes also highly depend

on the employed nematic LC host.26 To verify this, we pre-

pared a series of PNLC samples based on five different

nematic hosts, whose physical properties are listed in Table

1. The power-on transmission spectra at Vmax for these

PNLCs were measured and results are shown in Figure 8(a).

The following parameters are kept the same to all the sam-

ples: 6 wt % polymer (RM257), 0.5 wt % photoinitiator

(Irgacure 819), curing temperature 22 �C, and cell gap 12

lm. All the spectra in Figure 8(a) are normalized to a 12-lm

cell filled with BK7 matching liquid. Wavelength-dependent

birefringence of these five LC host was measured and plotted

in Figure 8(b). Through eq 8, we are able to extract the

domain size parameters Co and Ce from the transmission

spectra of each PNLC sample. As Co << Ce, we only plot Ce
against 1/c1 in Figure 9(a). It is found that the domain size

of PNLCs is inversely proportional to the viscosity of the LC

host.

According to eq 3, the PNLC response time is mainly deter-

mined by the average domain size. Thus, the free relaxation

time should be inversely proportional to c1K11. This implies

that a high viscosity LC host would result in a fast-response

PNLC. This prediction is against our intuition, but is vali-

dated by our experimental results shown in Figure 9(b). A

simple explanation is given as follows: A higher viscosity LC

leads to slower diffusion rate during UV curing. Thus, the

domain size is smaller, which in turn results in a faster

response time.

Scattering-Free PNLC at 1.06 and 1.55 lm

The rotational viscosity follows the modified Arrhenius

model: 35

FIGURE 7 Photographs of two PNLCs containing different types of monomers.

TABLE 1 Physical Properties of Five LC Hosts Used in PNLC 1-5 Measured at 22 �C

PNLC LC Host c1/K11 (ms/lm2 c1 (Pa s) K11 (pN) De (1 kHz) Dn at 1.06 lm Dn at 633 nm

1 MLC14200

(Merck)

27.3 0.27 9.9 25 0.15 0.16

2 E44 (Merck) 27.3 0.33 12.1 16 0.22 0.24

3 BL038 (Merck) 40.7 0.56 13.8 16 0.23 0.25

4 HTG135200

(HCCH)

119.6 1.20 10.0 86 0.19 0.21

5 BP1 (HCCH) 153 1.52 9.9 50 0.15 0.15
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c15b � S � exp ðEa=kBTÞ (9)

where b is a proportionality constant, Ea is the activation

energy due to the interaction potential resulting from micro-

scopic friction between LC molecules, S is the order parame-

ter, and KB is the Boltzmann constant. From eq 9, the

rotational viscosity of a nematic LC increases exponentially

as the temperature decreases. With HTG 135200 as the LC

host, we further shrink the PNLC domain size by reducing

the curing temperature to 11 �C. The power-on transmission

spectrum of this PNLC sample (PNLC-6) is included in Figure

8(a). Its scattering loss is <3% at k 5 1.06 lm and �0% at

k 5 1.55 lm. Please note that only 6 wt % polymer is

employed in this sample.26

Figure 10 depicts the measured VT curve of PNLC 6 at k 5

1.06 lm. The 2p phase change voltage is 70 V, as indicated

by the vertical dashed lines.

We also tested PNLC 6 at k 5 1.55 lm for both transmissive

and reflective modes. Figure 11 shows the voltage-

dependent phase shift. The required voltage for 2p phase

change is V2p 5 100 V for transmissive mode and 53 V for

reflective mode, respectively. Response time of this PNLC

SLM is around 200 ls at 22 �C.

Scattering-Free PNLC at Visible Wavelengths

To extend the scattering-free feature to a visible wavelength,

we have to reduce the PNLC domain size. A straightforward

way is to increase the polymer concentration from 6 to 10

wt %.27 To demonstrate the effectiveness of this approach,

we prepared two PNLC samples based on two different LC

hosts. Each sample contains 89.5 wt % LC host, 10 wt %

RM257, and 0.5% photoinitiator (BAPO). The LC host for

PNLC–vis is HTG-135200 (HCCH, China) and the LC host for

PNLC-ref is MLC-14200 (Merck). Two homogeneous LC cells

with d 5 5 lm were used in this experiment. UV curing was

conducted at 11 �C for both PNLC cells. A too-low curing

temperature may cause fog on the substrate surfaces, which

would truncate some UV light and cause nonuniform

exposure.

Figure 12(a) shows the measured transmission spectra of

PNLC–vis and PNLC-ref with unpolarized light. To present

the worst scenario of light scattering, we applied a biased

FIGURE 8 (a) Transmission spectra of PNLC 1–6 with Vmax applied. Solid lines: experimental results; dashed lines: fitting results

with eq 8. (b) Wavelength-dependent Dn of the five LC hosts.

FIGURE 9 (a) Domain size parameter versus 1/c1 for PNLC 1–5. (b) Free relaxation time versus (c1K11)
21 for PNLC 1-5. Straight lines

are for visual guide.
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voltage (Vmax) to the PNLC cell where maximum scattering

occurs. The sample was placed at 20 cm from the detector

whose aperture is 9 mm, corresponding to �3� collection

angle. Such a small collection angle is to ensure that only

transmitted light can reach the detector. If the PNLC cell has

strong scattering, then the received transmittance at detector

would be significantly reduced.

For benchmarking purpose, we also include the transmission

spectrum of a control nematic LC cell (HTG-135200). The

observed small oscillation in transmission originates from

Fabry-Perot effect at the ITO/LC interfaces. From Figure

12(a), we find that the scattering loss of PNLC–vis in the

power-on state is negligible at k 5 633 nm (and �3% at

k 5 480 nm) in reference to the nematic LC host. In con-

trast, the scattering loss of PNLC-ref in the visible region is

much stronger (between 8 and 15%).

According to eq 8, small Dn, small domain size, and thinner

cell gap help reduce scattering loss. However, to obtain 2p

phase change, we need to maintain a certain dDn value. Know-

ing that MLC-14200 used in PNLC-ref has a lower birefrin-

gence than HTG-135200, we conclude that PNLC–vis should

have much smaller domain sizes than PNLC-ref in order to

explain why PNLC–vis has a negligible scattering loss.

To compare the scattering characteristics visually, we used a

polarized green laser (k 5 514 nm) to illuminate these two

PNLCs at a power-on state. The polarization axis of the green

laser beam is parallel to the rubbing direction of the LC cells.

Figure 12(b) show the observed scattering phenomena for

PNLC-ref and PNLC–vis, respectively. PNLC–vis is almost

transparent to the laser beam while PNLC-ref scatters light

heavily. This scattering-free PNLC opens a new gateway for

photonic devices in the visible region.

Figure 13 depicts the VT curves of PNLC–vis at two visible

wavelengths: k 5 633 and 488 nm and at room temperature

(22 �C). Also included for comparison is a nematic LC cell

(green curve). The transmission peak of PNLC–vis at red and

blue wavelengths is about the same as that of nematic cell,

indicating the scattering loss is indeed negligible.

From Figure 13, we can calculate the voltage-dependent

phase change of PNLC–vis. Results are shown in Figure 14

for k 5 633 nm. Here, the blue curve is for transmissive

mode and red is for reflective mode.

Figure 15 depicts the measured temperature-dependent

response time of PNLC–vis at reflective mode. At 22 �C, the

FIGURE 10 Measured VT curve of PNLC 6 at k 5 1.06 lm. Ver-

tical dashed lines indicate 2p phase shift.

FIGURE 11 Measured voltage-dependent phase shift for PNLC

6 at k 5 1.55 lm.

FIGURE 12 (a) Measured transmission spectra of PNLC–vis

(red symbols) and PNLC-ref (blue symbols) at the maximum

scattering states (with Vmax applied). For comparison, the

transmission spectrum of a nematic LC cell is included (black

symbols). (b) Light scattering of PNLC–vis and PNLC-ref illumi-

nated with a green laser (k 5 514 nm).

JOURNAL OF

POLYMER SCIENCE WWW.POLYMERPHYSICS.ORG REVIEW

WWW.MATERIALSVIEWS.COM JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2013, 00, 000–000 7



decay time (90–10% phase change) is 78 ls. Such a fast

response time results from submicron domain sizes. As the

temperature increases, the decay time decreases accordingly.

At 65 �C, the decay time is 9.2 ls due to the dramatically

decreased viscosity.

DISCUSSION

Our current PNLC–vis requires V2p�49 V to obtain 2p phase

change in reflective mode at k 5 633 nm. However, the com-

monly used reflective SLM, liquid-crystal-on-silicon

(LCOS),36–39 has a maximum voltage of 24 V. To reduce oper-

ating voltage, a simple approach is to use a high De LC host.

Nematic LC host with De greater than 100 has already been

adopted in polymer-stabilized blue phase LC devices.40–42 A

major concern of this approach is that the dielectric relaxa-

tion frequency of such a huge De LC is relatively low (�1

kHz).18,43

In addition to high De, anchoring energy, pretilt angle, and

Dn also play important roles affecting the operation volt-

age.44,45 From Figure 14, the on-state voltage consists of two

parts: threshold voltage (Vth) and swing voltage (DV 5 V2p
2 Vth). The threshold voltage is governed by the pretilt angle

and square root of K11/DE. On the other hand, the swing

voltage is mainly determined by Dn and k.

Figure 16 shows the simulated birefringence effect on the

operation voltage of a reflective PNLC at k 5 633 nm. As Dn

increases, V2p gradually decreases. If Dn 5 0.3, then V2p �

35 V and DV < 20 V, assuming DE remains the same as that

shown in Figure 14.

Figure 17 shows the simulated pretilt angle effect on the

phase change and operating voltage of a PNLC at k 5 633

nm. As pretilt angle increases from 5� to 45�, the threshold

behavior is gradually smeared. However, the total phase

change gets smaller because of the decreased effective bire-

fringence. Therefore, there exists an optimal pretilt angle. To

FIGURE 13 Measured VT curves of scattering-free PNLC–vis

cell at k 5 633 nm and 488 nm and RT 5 22 �C. The green

curve is for the nematic cell. Cell gap d 5 5 lm, and pretilt

angle�3�.

FIGURE 14 Measured voltage-dependent phase change of

PNLC–vis at k 5 633 nm and RT for T-mode (blue) and R-mode

(red) operations. Cell gap d 5 5 lm and pretilt angle�3�.

FIGURE 15 Measured temperature-dependent decay time of

PNLC–vis for a 2p phase change at reflective mode. k 5 633

nm, d 5 5 lm, and pretilt angle�3�.

FIGURE 16 Birefringence effects on V2p of a reflective PNLC at

k 5 633 nm. Here, the pretilt angle is assumed to be 3�.
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obtain 2p phase change for LCOS, the lowest on-state voltage

can achieve 24 V when the pretilt angle is � 25� (red line).

Next, we fix the phase change at 2p for a reflective mode

and then calculate which pretilt angle would lead to the low-

est on-state voltage. Results are plotted in Figure 18. For 2p

phase change, the lowest Von can achieve 24 V with pretilt

angle �25�. The results are basically consistent with those

shown in Figure 17.

CONCLUSIONS

We have reviewed recent progress on the development of

submillisecond-response and scattering-free PNLC SLMs

from k 5 1.55, 1.06 lm, to �0.5 lm. The 2p operation volt-

age of our current PNLC is �49 V in reflective mode at k 5

633 nm. By considering the birefringence and pretilt angle

effects, a LCOS with V2p below 24 V can be achieved accord-

ing to our device simulation.
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