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HIGH SPEED NEMATIC LIQUID CRYSTAL MODULATORS 

SHIN-TSON WU and CHIUNG-SHENG WU 
Hughes Research Laboratories, 3011 Malibu Canyon Road 
Malibu, California 90265 

Abstract Nematic liquid crystal modulators with fast response 
time, high contrast ratio and low operation voltage are 
demonstrated. The transient nematic effect, together with 
reflective mode operation, is responsible for the observed fast 
response times. The use of a tunable liquid crystal phase 
compensator results in excellent contrast at a reasonably low 
operation voltage. 

1. INTRODUCTION 

Nematic liquid crystals (LCs) have been used widely for displays, light 
modulators, tunable phase retardation plates and so on. In display 
application, perpendicular alignment1 in which the LC directors are 
aligned to be nearly perpendicular to  the substrate surfaces offers an 
excellent contrast ratio at the normal incident angle. Its dark state is 
independent of wavelength, as demonstrated in Fig.1. Fig.l shows the 
voltage dependent optical transmission of a 4-pm-thick, perpendicular 
aligned ZLI-4330 in reflective mode operation. In addition to  the 
excellent dark state, the first transmission peak is not sensitive to  
wavelength. This feature is particularly important for obtaining true 
color display. A drawback associated with perpendicular alignment is 
in its relatively slow response time. Normally, the device is operated 
between a dark state (with a bias voltage Vb below the Fredeerisckz 
transition threshold, Vth) and the first transmission maximum. Under 
this operation condition, the LC director's decay time (zd) is related to 
Vb as? 

and 
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2 S.-T. WU AND C.-S. W U  

100 

8 80 

Li 

s Z 60 

u) 2 4 0 -  

a z 

F 20 

0 

I I 

R = 6328 A 
- G=5145A 

B = 4880 A 
- 

- 

I I 

VOLTAGE, Vrms 

FIGURE 1. Voltage-dependent transmission of a perpendicular- 
aligned, 4-pm-thick, ZLI-4330 LC cell at T=23"C. The 
experimental apparatus is similar to that shown in Fig. 3 
except no LC compensator. The frequency of the applied 
voltage is lOKHz sinusoidal waves. The Vn is 3.35 Vms. 

is the free relaxation time of the LC directors where y1 is the rotational 
viscosity, d is the LC layer thickness and K33 is the bend elastic 
constant. IfVb is close to Vfi, the rise time is fast but a prolonged decay 
time is observed. Lowering the bias voltage improves the decay time; 
however, an undesirable delay time appears in the turn-on process. A 
typical value of zd is about 20-40 ms for a 4-pm-thick LC layer. This 
relatively slow response is owing to the use of the central layers of a LC 
cell. The dynamic response of central layers can be described by the 
lowest order Fourier component which has slower response time than 
the higher order modes.3 

A twist alignment495 has been widely employed in active-matrix 
type LC displays. When the Mauguin's criterion is satisfied 

dLWh >>1 (2) 

where An is the birefringence and h is wavelength, the incoming 
linearly polarized light follows closely the twist of the LC directors. Two 
thresholds exist in a twist LC cell: 1. the Freederiskz transition 
threshold, where LC directors start to  reorient, and 2. the optical 
threshold, where the waveguiding effect begins to fail and light 
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HIGH SPEED MODULATORS 3 
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FIGURE 2 Similar to  Fig.1 except the LC cell is a 4-pm-thick, 
45"-aligned E-7. The directors of the front surface are 
parallel to  the polarization axis of the incoming light. 

leaks through the analyzer. An example is shown in Fig. 2 for a 4 - p -  
thick, 45" twist E-7 LC cell operated at the reflective mode The 
Freedericksz transition threshold voltage of the cell at T = 23°C is 
calculated to be 0.93 Vrms, independent of wavelength. However, the 
optical threshold is sensitive to wavelength. As h increases, the optical 
threshold decreases. This is because for a given LC thickness, the 
Mauguin's criterion is more difficult to satisfy by a longer h. For a 
longer wavelength, A d h  decreases. Generally, An declines with 
increasing wavelength in the visible spectral region and gradually 
saturates in the infrared region.6 As a result, the waveguiding effect of 
the LC fails at an earlier stage for a longer h and light leaks at a lower 
voltage, as shown in Fig. 2. Thus for a twist cell, a high contrast can 
only be achieved by a narrow band light source. The Vb for a twist cell 
is usually set at the last minimum right before the major transmission 
starts. Its magnitude is about two times higher than Vth, as shown in 
Fig. 2. Thus, its decay time is about three times faster than the 
corresponding free relaxation time, as described in Eq. 1 (here, K33 is 
replaced by K22 for a twist cell). A typical response time of a 4-p-thick 
E-7 cell is about 10-20 ms. 

To achieve a sub-millisecond response time, we have to utilize the 
higher order Fourier components - for instance, to operate a parallel- 
aligned LC cell at its last transmission cycle. To overcome the poor 
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4 S.-T. WU AND C.-S. WU 

contrast as encountered in a parallel-aligned cell, a tunable LC phase 
retardation plate' is added to work as a phase compensator. In Sec. 2, 
the physical mechanisms and unique features of the transient nematic 
effect are briefly reviewed. In Sec. 3, molecular parameters affecting 
the response times of a LC modulator are analyzed. The operation of 
the transient nematic effect in a Fabry-Perot cell is described. Finally, 
in Sec. 4 the idea of using a liquid crystal cell as a tunable phase 
compensator is introduced and experimental results are presented. 

2. TRANSJENTNEMATICEFFECT 
Parallel alignment is a preferred alignment for demonstrating the 
transient nematic effect.8-10 The experimentd apparatus is depicted in 
Fig. 3 for the reflective mode operation. We first discuss the configura- 

DETECTOR 

FIGURE 3 Experimental apparatus for demonstrating high speed, 
high-contrast and low operation voltage LC modulators. 
B/S represents beam splitting polarizer. The laser beam is 
normal to both LC compensator, cell and mirror. 
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HIGH SPEED MODULATORS 5 

tion without a compensator. The LC cell is oriented at  45O to the 
incoming linearly polarized light in order to obtain the maximum 
birefringence effect. The voltage-dependent transmission of a parallel- 
aligned, 4-p-thick ZLI-1780-000 LC cell without a phase compensator 
is shown in Fig. 4. Please note that the choice of ZLI-1780-000 is 
arbitrary; there are many high performance commercial LC mixtures 
available. As voltage exceeds the threshold, transmission oscillates for 
several cycles and finally decreases to zero in the high voltage regime. 
Due to the LC birefringence dispersion, these transmission curves are 
generally very sensitive to  wavelength in the low voltage regime as 
shown in Fig.4. 

100 

8 80 
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.....___ ..._.. ...... 
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0 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  
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FIGURE 4 Voltage dependent optical transmission of a parallel- 
aligned LC cell situated as shown in Fig.3 except no LC 
compensator. The LC used for this illustration is 4-pm- 
thick ZLI-1780-000. Vth=0.9 V,,, at  f = lOKHz and 
T = 23OC. 

A. PhysicalMechanisms 

The transient nematic effect operates at the last transmission cycle, as 
shown in Fig.4. The LC directors are initially driven to nearly 
perpendicular to surfaces (except boundary layers) by the root-mean- 
square voltage of the applied voltage bursts. During the relaxation 
period, the applied voltage is in its null state for a short period of time so 
that the maximum restoring torque is achieved. Once the bright state 
is reached, the LC directors are reactivated by the next voItage burst to 
their dark state. The dynamic response of the LC directors under this 
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6 S.-T. WU AND C.-S. WU 

operation condition is calculated numerically, using the Ericksen- 
Leslie equation, by neglecting the back-flow and inertia effects: 

2 
-[(Kllcos2$+K3&n a 2 %  $)-]-(KQ~ -Kll)sin$ cos$(*] 

+(a2 sin2 @-a3cos 2 a v  $) -+~ ,~~s in+c t~$  =yl-+l- a$ a2+ 
a Z  aZ aZ 

(3) 

az at at2 

where $ is the deformation angle of the LC directors, K11 and K33 

represent the splay and bend elastic constants, E,(=E,,-E~) is the 

dielectric anisotropy, E(z)=D, /[~Nsin~++~,cos~$] is the electric field in 

the LC medium, D, is the z component of the electric displacement, v is 
the flow velocity, a2 and a3 are the Leslie viscosity coefficients, 
y1 = a2 - a3 is the rotational viscosity, and I is the inertia of the LC 
director, which is so small that it  can be neglected. 

Results on the LC director's spatial distribution are shown in Fig. 5. 
The example illustrated in Fig. 5 is a parallel-aligned, 15.5-pm-thick 
E-7 LC cell driven at VNth = 14. The total phase change of this cell at  
T = 23°C and X = 632.8 nm is llx for a single pass. However the required 
voltage for obtaining the full amount of phase change is very high, 
because the boundary layers are strongly anchored with surfaces and 
difficult to reorient by the electric field. At VNth=14, the achievable 
phase change is 10.6%. Fig. 5 shows the director's redistribution 
corresponding to a phase change from 10.6 to lox. T w o  cases on 10n are 
possible, depending on whether a constant bias voltage is present or  not. 
These two cases result in slightly different director configurations. 
From our computer simulations, the one with a constant bias voltage 
(bias voltage effect) involves more bulk LC layers (dotted line) than the 
transient nematic effect (solid line). A constantly present bias voltage 
leads to  a long relaxation tail and a slower response time.10 In the 
transient nematic effect, only the surface LC layers (or high order 
Fourier components) are involved in the dynamic response; the bulk 
remains basically unchanged. The higher order Fourier components 
exhibit faster response times than the corresponding lower orders.3 As 
a result, fast response times are achieved. 
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HIGH SPEED MODULATORS 
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FIGURE 5 Dynamic response of LC directors under transient 
nematic effect and bias voltage effect. The LC cell used for 
this study is a 15.5-pm-thick, parallel-aligned E-7. 
h. = 632.8 nm. T = 23OC. The switching ratio ( VNth) is 14 
and the total phase change is 10.6~. The director's 
distribution before the voltage is removed is shown as the 
dashed lines. The solid line and dotted lines are computer 
results corresponding to 6 = 10% without and with a 
constant bias voltage, respectively. 

B. UniqueFeaturas 

The optical decay time, to, (from a bright state to 0%) of the transient 
nematic effect has been derived as follows:9 

where A is the phase change between the light ON and OFF states, p is 
a materid constant (e.g., p = 0.6 for E-7 at T = 23"C), and V (V B Vth) is 
the rms voltage applied to the cell. 

From Eq.(4), the transient nematic effect exhibits several 
interesting features: (1) decay time to is insensitive to  LC layer 
thickness provided that the total phase 6 of the cell is much greater 
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8 S.-T. WU AND C.-S. WU 

than 1 ~ .  Nevertheless, the use of a thicker LC layer would result in a 
higher operation voltage, which is undesirable. At a given wavelength, 
the required voltage is linearly proportional to the LC layer thickness. 
A typical thickness for realizing the transient nematic effect is about 
5 pn for the reflective mode operation. At this thickness, the back-flow 
takes place at  a much later time than the transient nematic effect and 
does not interfere with the optical signal. (2) to is insensitive to the 
applied voltage in the V>>Vth regime; but from the standpoint of 
lowering the operation voltage, LCs with low Vth are highly desirable. 
(3) to is inversely proportional to KllAn2/ylh2, which are intrinsic LC 
material parameters. This merit factor is dependent on temperature, 
because each parameter is temperature sensitive; in particular, the 
viscosity decreases exponentially with increasing temperature. High 
temperature operation makes a significant improvement in the 
response time of a LC modulator. A 30ps frame time nematic LC 
modulator has been demonstrated at  - 100°C using a commercial LC.11 
For a given LC, this merit factor exhibits a maximum at an optimal 
operation temperature12 which is about 20 degrees below the clearing 
point. (4) to is proportional to A2, which indicates the reflective mode 
operation is four times faster than the transmissive mode, at the 
expense of about two times higher operation voltage. 

The controllability of the durations of the ON and OFF states of a LC 
modulator is an important issue. In the transient nematic effect, the 
light OFF state is manipulated by the pulse width of the activating 
voltage, as demonstrated in Fig.G(a) for a 5-pm E-44 LC cell operated at 
reflective mode and h = 514.5 nm. Although the measurement was 
performed at room temperature, the actual cell temperature reached 
40°C after a few minutes operation due to the dielectric heating effect of 
E-44 through the applied high frequency (50 KHz sinusoidal waves) 
electric field. If the voltage-off state is too long, the optical signal climbs 
over the first maximum and approaches the next minimum (Fig.Ga), 
causing a non-uniform intensity output. One way to maintain a 
constant output is to apply a holding voltage at a pre-determined time 
after the free relaxation starts, as shown in Fig.(Gb). This small 
holding voltage serves three purposes:13 1) It controls the duration of 
thelight ON state; 2) it leads to a constant optical output, and 3) it 
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HIGH SPEED MODULATORS 9 

FIGURE 6 (a). Response times of a 5-p.m-thick, E-44 LC cell 
configured as shown in Fig. 3 except no compensator. 
h = 514.5 nm. T = 23"C, but the cell was heated up to 40°C 
after -10 minutes operation due to the dielectric heating 
effect. The voltage scale is fiOV/div. (b). A small holding 
voltage is applied to maintain the output at  a constant level 
and shorten the response time. The transmission shown 
here is truncated at  - 66% due to the early application of 
the holding voltage. 
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10 S.-T. W U  AND C.-S. WU 

shortens the response time, at the price of sacrificing some 
transmission efficiency, when the holding voltage is applied at an 
earlier time (Fig.6b) before the optical signal reaches its maximum. 

3. HIGH SPEED LC MODULATORS 

From Eq. (41, the response time of a LC modulator employing the 
transient nematic effect is determined by the visco-elastic coefficient, 
birefringence and wavelength. Moreover, from Fig. 4, sharpening the 
transmission curve of the last cycle would reduce the operation voltage 
and response time. In this section, molecular parameters affecting the 
performance of the LC modulators are briefly analyzed. The 
combination of the transient nematic effect and the Fabry-Perot effect to  
steepen the transmission curve is discussed. 

A. MolecularTailorjng 

LCs with high birefringence and small visco-elastic coefficient are 
essential for achieving fast response times. Based on the 
phenomenological birefringence dispersion theories,6J* a LC molecule 
with long resonance absorption wavelength, large oscillator strength 
and large dichroic ratio would exhibit a large birefringence. Also, from 
the statistical viscosity theories,W16 LCs with linear shape, low 
activation energy, low molecular association or no dimer formation, 
small inertia moment and elevated temperature operation would 
exhibit small rotational viscosity. 

A highly conjugated but linear LC molecule would satisfy most of 
the above mentioned criteria. For example, diphenyl-diacetylenic LCs 
are not only highly conjugated but rather linear along the principal 
molecular axis. Thus, the homologues of diacetylenes should be very 
useful. Indeed, these LC molecules are found to exhibit both high An 
and reasonably low viscosity.17 However, some problems associated 
with these LCs are found: (1)These LCs are symmetric in shape, so 
their dielectric anisotropy is relatively small. As a result, the required 
operation voltage is too high. Asymmetric diacetylenic LCs should have 
a large dielectric anisotropy, but they are harder to synthesize; (2) The 
melting points for highly conjugated LCs are usually high; and (3) The 
photo-stability of highly conjugated LCs is a concern when they are 
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HIGH SPEED MODULATORS 11 

exposed to W irradiation due to  their long absorption wavelengths and 
strong absorption.18 Using a HRL-formulated LC mixture, a nematic 
LC modulator with a frame time of about 50 ps has been demonstrated 
at room temperature and h = 514.5 nm.13 

R F a b r y - m W  

To demonstrate the transient nematic effect in a Fabry-Perot cell, we 
use the transmissive mode operation. The LC director's axis is oriented 
to be parallel to the polarization of the incoming light. No analyzer is 
needed because the Fabry-Perot effect is based on the phase modulation. 
The reflectivity of each substrate is about 90% throughout the visible 
spectral region by depositing a two-pair SUSi02 dielectric mirror onto 
the substrates. After the mirror deposition, a thin SiO, alignment layer 
was evaporated to produce a good LC alignment. Voltage dependent 
transmission of a 6ym, parallel-aligned E-44 LC cell at h = 632.8 nm 
and T = 23°C is shown in Fig. 7. 

wa-1442 
I I I I I I I I I 1 I 

0 2 4 6 8 1 0 1 2 1 4  

Vrms, f = 30 KHZ 

FIGURE 7 Voltage-dependent optical transmission of a Fabry-Perot 
LC cell in a single pass. The director's axis is parallel to  
the incoming light polarization. No analyzer is needed. 
The LC used is a 6 pm E-44. h = 632.8nm. The reflectivity 
of each surface is - 90% at visible wavelengths. 

Indeed, each transmission cycle is much sharper than a normal 
parallel-aligned cell. The optical response of such a LC cell is shown in 
Fig. 8 for the last cycle operation. If the second last cycle is selected, 
the response times are somewhat slower but the required voltage is also 
lower. Rectangular (30KHz frequency) voltage bursts as shown in the 
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12 S.-T. WU AND C.-S. WU 

lower traces of Fig. 8 were used. The upper traces are the 
corresponding optical responses. Compared to a 6-pm-thick E-44 cell at  
the normal transmission mode and a t  the same wavelength, the 
response time of the Fabry-Perot cell is about 5 times improved. 
However, a common drawback for the Fabry-Perot LC cell is in its low 
contrast. The overcoated alignment layer on the mirror may degrade 
the finesse of the cavity and result in poor contrast. 

FIGURE 8 Response times of the 6-pm E-44 Fabry-Perot cell operated 
at the last transmission cycle as shown in Fig.7. Square 
voltage bursts with 30 KHz frequency are used to drive the 
cell. 

4. "SIENT NEMATIC WlTH A COMPENSATOR 

The idea of adding a fixed phase compensator for lowering the 
operation voltage and improving contrast was discussed previously.19~20 
Here, we use a tunable phase compensator which is made from a LC 
cell. This LC compensator is made as identical as possible to  the LC 
cell used for measurement. The experimental configuration is shown 
in Fig. 3. The planes of the LC compensator and the cell are parallel. 
The axis of the compensator is oriented at  45' to  the incoming light 
polarization. The directors of the LC compensator and the cell are 
orthogonal so that the phase change experienced by the ordinary and 
extraordinary rays after propagating through these two cells 
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HIGH SPEED MODULATORS 13 

compensates each other. By adjusting the voltage of the LC 
compensator, an excellent dark state was obtained at  V = 15 Vrmg, as 
shown in Fig. 9. This dark state is insensitive to wavelength in a quite 
broad voltage region. Furthermore, this dark state can be manipulated 
by the voltage of the compensator. Evidence is shown in Fig. 10. The 
only difference between Figs. 9 and 10 is in the applied voltage of the 
compensator; the compensator voltages for Figs. 9 and 10 are Vo E 9 and 
8.5 Vrms, respectively. 

9029-1443 

100 

8 80 ..... 

I I 1 1 I I I I I I 

i R = 6328 A 
G = 5145 A 
B = 4880 A 

.......... -- ....... I I J 
0 1 2  3 4 5 6 7 8 9 1 0 1 1  12 1 3 1 4 1 5  

FIGURE 9 Same as Fig.4 except the LC compensator is inserted as 
shown in Fig.3. The compensator is nearly identical to the 
LC cell. The voltage applied to the compensator is - 9.0 
Vrms- 

100 

60 - 
v) 
u, 5 40 
2 a 
F 20 

0 

9029-1439 

I I I I I 1 I I I I 1 

R = 6328 A 
G = 5145 A 
B=4880A 

I 1 4  ........ * ..... ’” 
0 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

VOLTAGE, VrmS 

FIGURE 10 Same as Fig. 9 except the compensator’s voltage is 
reduced to - 8.5 Vms. 
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14 S.-T. WU AND C.4 .  WU 

Two features in the compensator-LC cell system are noticed: (1) An 
excellent contrast is obtained at a relatively low voltage. The contrast 
ratio was measured to  be about 1000 at HeNe laser wavelength, 
h = 632.8 nm and spot size of 2 mm diameter. Without this 
compensator, a modest contrast can only be obtained at the price of very 
high voltage. (2) The voltages corresponding to the last transmission 
peaks of each wavelength decrease, resulting in a slightly slower 
response time. 

6. CONCLUSION 

A LC modulator with fast response time, high contrast ratio and low 
operation voltage employing the transient nematic effect was 
demonstrated. The response time using a commercial LC mixture is 
comparable to  that of a typical ferroelectric LC modulator. The 
operation voltage is reduced and contrast ratio improved significantly 
by adding a tunable LC compensator in the system. Potential 
applications of these LC modulators are foreseeable. 
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