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Abstract. We propose and demonstrate a fast-response liquid crystal
(LC) variable optical retarder or attenuator with several transmission lev-
els. The fast-response LC optical device consists of dual π-cells. The
device is designed so that the transition between any two states is con-
trolled by the application of an increased voltage level rather than by apply-
ing a lower level. This design offers transition times in the range of tens of
microseconds between any transmission states. A limitation of the device
is that the time between transitions cannot be arbitrarily short and is typ-
ically milliseconds. © The Authors. Published by SPIE under a Creative Commons
Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.OE.52
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1 Introduction
A fast-response liquid crystal (LC) optical retarder or an
attenuator with multilevel transmission is needed for many
applications, where LC devices are considered to be too
slow [e.g., in the field of optical communications or for
field sequential three-dimensional (3-D) displays of the
future].

The response time of conventional nematic LC devices is
usually in the range of milliseconds. Methods have been
developed for faster response including polymer-stabilized
LC,1–3 polymer-dispersed LC,4 and π-cells.5–8 However,
the transition time of all of these devices are still in the
range of several milliseconds and not sufficient for the
high-frame rates needed for multifield sequential displays.

To understand why many previous approaches have not
been sufficient in decreasing the response time of LC devi-
ces, it is helpful to consider what governs that time. In most
LC devices, the director orientation results from the compe-
tition between torques exerted by an applied electric field,
and the elastic torques resulting from the director are not
being uniformly aligned with the surface-imposed orienta-
tion. The response time of the device is different for the
case of the transition to a more distorted director field
with the application of a higher voltage (call this, the volt-
age-applied transition) than it is to the less distorted director
field with the application of a lower voltage (call this, the
voltage-removed transition). If we would like to decrease
the response time for the first case, an approach is just to
apply a higher voltage during the transition, but the response
time of the second case is limited by the material properties
of the LC material that cannot be chosen at will. Therefore, it
is typical that the total response time of a LC device is limited
by the time required for transition to the less distorted state
when the applied voltage is lowered (or removed).

Therefore, it has been the focus of a great deal of research
to modify the material properties of LC materials to decrease
the response time. But for many applications, the results of
this work have not been sufficient.

Haven9 has suggested a device modification that solves
the problem of having the response time controlled by the
voltage-removed transition. He has shown that in a device
that consists of two crossed LC cells, that it is possible to
have both the optical transition between a state of increased
light transmission, and to a state of decreased light transmis-
sion be controlled by the response time of the voltage-
applied liquid crystal director transition. This is made pos-
sible by “optically hiding” the voltage-removed transition by
configuring the device, so that it is possible that while the
two cells are relaxing together, the net retardation of the
device stays zero by having the two cells have the same retar-
dation at each time point during the relaxation.

In this article, we show that it is possible to extend that
concept to a device that has grayscale. A device design is pre-
sented, where the switching between retardation states of the
device is accomplishedby increasing thevoltages ononeof the
two paired LC cells. This approach allows for a much faster
response than when switching between states is controlled
by the elastic relaxation of the LC director field. The device
can be used directly as a variable retarder or with polarizers
to provide a high-speed multilevel optical attenuator.

2 Multilevel LC Device Design and Driving Method
Our multilevel device is based on the shutter device concept
of Haven.9,10 In this section, it is shown that the design of
Haven can be extended to a fast-switching retarder and a
grayscale LC attenuator. The structure of our fast-response
multilevel LC shutter is illustrated in Fig. 1(a). The fast-
response multilevel LC attenuator consists of two LC π-
cells with their rubbing directions orthogonal to each
other. For an attenuator application, the two π-cells are sand-
wiched between crossed polarizers with rubbing direction of
each π-cell at 45 deg to the polarizer absorption axis. For cell
A, the rubbing direction of the two substrates is in þx direc-
tion. For cell B, the rubbing direction is in þy direction. The
total phase retardation of two π-cells, φTotal, is equal to
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φA − φB, where φA and φB are the phase retardation values of
cells A and B, respectively.

The driving scheme of our fast-response multilevel LC
attenuator is in Fig. 1(b). The “frame time” is equal to “tran-
sition time” plus “active time.” The transition time is the
switching time between different levels. The active time is
the time that the net retardation level (φTotal) is constant.
The states of LC π-cells in the beginning and at the end
of the active time are called initial state and final state.
We will show that, during the active time, the LC director
field relaxes to its initial state, so the active time must be
longer than the cell relaxation time to allow this to occur.
In our method, the transition time is limited by the response
time of the LC cell when a voltage is applied, and the active
time (relaxation time) is limited by the response time of the
LC cell when an applied voltage is removed.

In this article, we use an attenuator with five gray levels of
transmission as an example. We define the level 1 state as the
lowest phase retardation state, and the level 5 state as the
state with the highest phase retardation, as shown in
Fig. 1(b).

In the design of an appropriate drive scheme, we use a few
basic considerations here: First, we always use a rising volt-
age to change the state of the π-cells from the final state of
previous frame to the initial state of the current frame. So, we
always let cell A relax back to the level 5 state, the highest
phase retardation state, at the end of each frame. This con-
dition guarantees that we can tune total phase retardation to
any level in the next frame by lowering the phase retardation
of cell A (by increasing the voltage). Second, in the active
time, we need to keep total phase retardation of the two π-
cells at a constant value, which is equal to target phase retar-
dation for each frame. And third, to ensure cell B will be able
to compensate for cell A during its relaxation to its highest
retardation state, we stipulate that cell B is at its lowest
retardation value in the beginning of each active time
interval.

Equations (1) to (3) are from the above three conditions.

φi
B ¼ φlevel1 (1)

φf
A ¼ φlevel5 (2)

φA − φB ¼ φTarget of frame ¼ constant; in active time; (3)

where the superscript i designates the initial state, and super-
script f is for the final state.

We now would like to show the method for finding the
drive voltages versus time. We can know the level of
phase retardation of cell A at the initial state as shown in
Eq. (4) by combining Eqs. (1) and (3).

Fig. 1 (a) Structure of grayscale LC attenuator and (b) driving idea of grayscale LC attenuator.

Fig. 2 Voltage and phase retardation of π-cells for illustration of the
idea of inserting and holding voltages to keep total phase retardation
constant. The total phase retardation (blue curve) is equal to phase
retardation of cell A (green curve at third graph) and substrate phase
retardation of cell B (red curve at fourth graph).
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φi
A ¼ φTarget of frame þ φlevel1: (4)

From Eqs. (2) and (3), we can also know phase retardation
level of cell B at its final state, as shown in Eq. (5). Knowing
the phase retardation levels for two π-cells at initial and final
states, we can find out corresponding voltages to drive them.

φf
B ¼ φlevel5 − φTarget of frame: (5)

We use one frame with a target phase retardation of gray
level 2 as an example shown in Frame 2 of Fig. 1(b).
For simplicity, we can assume that phase retardation of
the lowest phase retardation state, φlevel1, equal to 0 and

phase retardation difference between any two adjacent levels
is equal to Δφ; so φlevel1 ¼ 0, φlevel2 ¼ Δφ, φlevel3 ¼ 2Δφ,
φlevel4 ¼ 3Δφ, and φlevel5 ¼ 4Δφ. The target phase retarda-
tion, φTarget of frame, is set up equal to φlevel2 and by plugging
into Eqs. (4) and (5) we can get

φi
A ¼ φlevel2 þ φlevel1 ¼ Δφ ¼ φlevel2 (6)

φf
B ¼ φlevel5 − φlevel2 ¼ 4Δφ − Δφ ¼ φlevel4. (7)

However, in relaxation process with overshoot method,
speed of relaxation of the different π-cells is different.

Fig. 3 Simulation result of total phase retardation and applied voltage for cells A and B during relaxation process at different gray level frames. In
the upper graphs, the green dots and lines are voltage for cell A, and the red dots and lines are voltage for cell B. In the lower graphs, we show total
phase retardation (a) for dark frame; (b) for level 2 frame; (c) for level 3 frame; (d) for level 4 frame; and (e) for bright frame. The simulation is used
red light (633 nm), and maximum phase retardation can be larger than π for wavelength of blue light (480 nm).
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Relaxation time of cell A is always slower than or equal to
cell B, so the total phase retardation will not be constant. To
solve this problem, we need to insert voltage points to be
applied to cell B to slow down the relaxation speed during
relaxation process. The idea is illustrated in Fig. 2.

As a result, we can keep total phase retardation constant
during the relaxation process in the active time.

3 Simulation and Experiment Approach

3.1 Simulation Approach

By minimizing free energy, we can know equilibrium state of
π-cell at different voltages, so we use the Frank free energy
[Eq. (8)] and the Euler–Lagrange equation [Eq. (9)] to cal-
culate the director distribution of the π-cells.11

fTotal ¼ 1∕2fK11ð∇ · nÞ2 þ K22½n · ð∇ × nÞ − q0�2

þ K33½n × ð∇ × nÞ�2g þ ð−1∕2~D · ~Eþ constantÞ
(8)

− γ
δθ

δt
¼ δfTotal

δθ
−

d

dz
ðδf∕δθ0 Þ ¼ 0;θ

0 ¼ δθ

δz
;

− γðsin θÞ2 δϕ
δt

¼ δf

δϕ
−

d

dz
ðδfTotal∕δϕ0 Þ ¼ 0;ϕ

0 ¼ δϕ

δz
; (9)

where q0 ¼ 2π∕p0 is spontaneous twist, K11, K22, and K33

are the splay, twist, and bend elastic constants, D is electric
displacement, E is electric field,γ is viscosity, θ is polar
angle, ϕ is azimuthal angle, and z is the position in the

Fig. 4 Normalized transmission intensity at different viewing angle for dark frame at initial and final states; (a) without compensators; and (b) with
Fuji films as compensators; where α is angle of transmission direction with respect to z axis in x − z plane and β is angle of transmission direction
with respect to z axis in y − z plane.

Fig. 5 Simulation result of maximum normalized transmission with different birefringence of Fuji films as compensator at different range of viewing
angle for dark frame. Maximum transmission of bright state is 1.
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layer (between 0 and d, where d is the layer thickness). We
set up the initial condition of our π-cell in twist state and
separate our LC π-cell to 201 layers.

The LC we used in the experiments is MLC 6080, and the
parameters we use in the simulation are: cell thickness is
4.95 μm; wavelength of light λ ¼ 633 nm; ε0 ¼ 8.85×
10−12 C2∕Nm2; dielectric anisotropy Δε ¼ 7.4; viscosity
γ¼0.0397Pa ·S; K11¼14.4×10−12N; K22 ¼ 7.1 × 10−12 N;
K33 ¼ 19.1 × 10−12 N; ordinary refractive index12 no ¼
1.50027; birefringence12 Δn ¼ 0.18633; pretilt angle is
4.4 deg; and operation voltage is 0 to 10 V.

The steps of our simulation are: First, we pick five retar-
dation levels for our simulation and the corresponding
voltage for these five levels. Then, we calculate the phase
retardation, φ, of π-cell from director distribution at different
voltages by Eqs. (10) and (11).

ΔneffðzÞ ¼
nenoffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2esin2½θðzÞ� þ n2ocos2½θðzÞ�
p − no (10)

φ ¼
Zd

0

2π

λ
ΔneffðzÞdz; (11)

where neff is effective birefringence.
Second, we apply voltages to set the director distribution

of the π-cells to provide the phase retardation needed for the
initial state. Third, we simulate relaxation process of cell A
with overshoot method to know how much time we need for
relaxation process. Next, we simulate relaxation process of
cell B in 10 equal time-length steps. In each step of the relax-
ation process of cell B, we find the voltage that keeps the
total phase retardation constant.

3.2 Experiment Approach

We made two π-cells with 5-μm spacers and filled with the
LC, MLC 6080, from Merck. We measure transmission
intensity of π-cells at different voltages under crossed and
parallel polarizers to acquire voltage versus phase retardation
data by Eqs. (12) and (13).13

I⊥ ¼ I0 sin2ðφ∕2Þ (12)

I∕∕ ¼ I0 cos2ðφ∕2Þ; (13)

where I0 is incident light intensity, φ is phase retardation, I⊥
and I∕∕ are transmission intensity under crossed and parallel
polarizers, respectively.

We measure rising time from level 5 state to level 1 state
and relaxation time from level 1 state to level 5 state with
overshoot method to determine the maximum transition
time and active time of our device.

We modify the value of applied voltage for cell B
obtained from the simulation result to minimize divergence
of transmission intensity from desired transmission during
relaxation process for different gray level frames.

4 Results and Discussion

4.1 Simulation Result

An issue with our fast retarder design is the ability for the
retarder to hold the desired value as the cell’s director con-
figurations are changing. Figure 3 shows the total phase

Fig. 7 Phase response of 5.8-μm π-cell, which is used for fast-response multilevel liquid crystal (LC) shutter that is optimized for 633 nm (red light)
application.

Fig. 6 Transmission and applying voltages for our fast-response dis-
play when it shows different gray level frames sequentially. The upper
graph is applied voltage for cells A and B. The lower graph is trans-
mission intensity at different times.
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retardation and value of applied voltage for cells A and B
during relaxation process. The maximum phase retardation
for bright state could be larger than π for blue light
(480 nm) application. For the case of the variable retarder
being used as an optical shutter, it is the variation in trans-
mission as defined by Eq. (13) that is an issue. We quantify
the deviation from the desired transmission in an active time
interval by the quantity ηerror. The definition of ηerror is shown
in Eq. (14).

ηerror ¼ Imax deviation∕Itarget × 100%; (14)

where Imax deviation is the maximum transmission difference
between the target transmission (Itarget) for the frame and
the actual transmission. We calculate divergence of transmis-
sion intensity ηerror for gray level 2 to gray level 4 is not larger
than 8.78%.

Another issue with this device is the effect of the angle of
illumination on the retardation. If the retarder is used as a
high-speed optical shutter, this issue becomes most signifi-
cant when considering the dark state transmission. The trans-
mission of the dark frame in the initial state (both cells at
retardation level 1) and final state (both cells at retardation
level 5) for different light transmission angles is shown in
Fig. 4(a).

Figure 4(a) shows a significant amount of light leakage
for light angles larger than 30 deg from the cell normal. It
has been shown14 that passive optical compensators that
are a multilayer negative C plate with optic-axis direction
corresponding to the LC director in the lowest retardation
state of the device can be used to reduce this leakage.
However in this case, unlike that previously discussed, we
expect the optimum value of the compensator chosen will
be different for the initial and final states of the device,
and we need to search for the a compromise design of the
compensator.

In Fig. 5, we summarize the information of graphs like
that shown in Fig. 4(b), for different values of the material
birefringence of the splayed compensator design of Mori and
Bos.14 We used four compensators in the simulation, where
the thickness of each film is equal to half thickness of the LC
π-cells. The graphs in Fig. 5 show the maximum transmis-
sion of the dark state frame in the initial and final states with
the compensator films. We show three different ranges for
the angle of transmission direction with respect to the cell
normal. The maximum transmission in the dark frame
means the highest transmission observed in graphs, as
shown in Fig. 4, within the polar angles given. It can be
seen that to have the best dark state within 45 deg, we
can use the splayed compensator films with material birefrin-
gence equal to −0.1263, because it provides the minimum
transmission of the final state, which is the state of the great-
est leakage. The transmission at different detecting angles of
the LC optical retarder for the dark frame at initial and final
states with splayed compensation films whose birefringence
is −0.1263 is shown in Fig. 4(b). The off-axis light leakage is
shown to be considerably improved over the case of no
compensators.

4.2 Experimental Result

In Fig. 6, we show applied voltages of cells A and B and
transmission at different times for our fast-response

multilevel optical attenuator when it operates with eight dif-
ferent frames sequentially. For this example, we choose eight
target levels to be: white (level 5), black (level 1), level 3,
level 4, black (level 1), level 2, white (level 5), and black
(level 1) sequentially. The transmission is almost constant
during the active times, even though the cells are relaxing
during these times. The active time in this example is
1.8 ms, and transition time is 0.65 ms. In the example sim-
ulation result, by using three steps in the relaxation for level 4
frame, the ηerror is about 3.5%.

4.3 High-Speed Multilevel Retarder

Because the transition time between retardation levels, or
transmission levels, is controlled by the electric field term
of Eq. (8), they are approximately proportional to the square
of the applied voltage. So while 10 V was used in the above
example, a 50-V drive would be expected to reduce the tran-
sition time by a factor of 25.

Figure 7 shows the phase response for rising and relaxing
voltages for 5.8-μm π-cell, which is used for LC retarder
optimized for red light (633 nm). In this case, we see
that the voltage-applied transition time is approximately
28 ms.

5 Conclusion
We have shown a design for a fast-response multilevel LC
retarder whose switching time is only about 28 μs
with 50 V operation voltage, while using obtainable LC
materials. The fast-response multilevel LC retarder has a
minimum active time that is equal to the relaxation time
of the used LC cells that was shown in an example to be
2.20 ms. The device has the potential to be used as intensity
modulator in optical communications or field sequential 3-D
displays.
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