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We demonstrate a fast optical modulator capable of switching large amount of optical retardation (a few microns) in 
less than 1 ms. The result is achieved by employing a dual frequency nematic in cells with high pre-tilt alignment and by 
providing a special addressing scheme that features amplitude and frequency modulated voltage. We explore the effect 
of time delay and dielectric heating in process of the optical retardation switching. 
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1. Introduction 
Many electronic imaging devices require a scanning motion system with a “flying” light spot, derived typically from a 
laser source. Usually the scanning process is executed by rotating mirrors, acousto-optic deflectors, mirrors with 
piezoelectric actuators or by gradient (electro-optic) prisms [1]. One of the most promising non-mechanical approaches 
is the so-called Optical Phased Array (OPA) based on birefringent liquid crystal gratings formed in electrically driven 
flat cells with a system of striped electrodes [2, 3]. The maximum deflection angle of the OPA is determined by the 
thickness of the cell d, optical anisotropy of the LC material oe nnn −=∆ , and an aperture D: 
 

D
Lmax

max
∆≈δ ,       (2) 

 
where dnL ⋅∆=∆ max  is the maximum optical retardation shift achieved at one electrode, en  and on  are the 
extraordinary and ordinary indices of refraction respectively. A convenient way to increase the deflection angle is to 
enlarge the maximum optical retardation by increasing the thickness of LC cell. Unfortunately, a larger d leads to a slow 
response with the characteristic times [4]: 
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Here K is the effective elastic constant, g1 is the characteristic rotational viscosity, ||ε ε ε⊥∆ = −  is the dielectric 

anisotropy, ||ε  and ε⊥  are the dielectric permittivity components measured along and perpendicular to the director, 

respectively; 0ε  is the permittivity of free space, Uc is the threshold voltage of Frederiks transition in a cell with planar 
or homeotropic alignment, and Urms > Uc is the actual applied voltage. The relevant Figure of Merit that depends on the 
switch-off time and characterizes the trade-off for the optical modulators, 
 

FoM=DLmax
2/p2toff,      (5) 

 
can be re-expressed exclusively in terms of the material parameters [5]: 
 

FoMm=K (ne-no)2/g1.      (6) 
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The latest expression inspired many researchers to seek for the improvement of optical retarders by synthesizing new 
materials with a higher optical birefringence, lower viscosity and larger Frank constants. Recently, our group has 
demonstrated that FoM can be improved by two orders of magnitude by exploring a different method of switching 
rather than synthesizing new materials [6]. The idea is to use dual frequency nematic (DFN) in cells with high pre-tilt 
angle alignment and a special addressing scheme that features amplitude and frequency modulated voltage. In DFN, 

ε∆ >0 for cff <  and ε∆ <0 for cff > where cf  is the so-called crossover frequency at which ε∆ =0. The 
corresponding FoM (5) can be represented in terms of materials parameters and the applied voltage U [6]: 
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where ( )00 /2 εε ⋅∆= KU . Applying a high voltage to switch the state of the cell, one can increase FoM 
significantly, by orders of magnitude [6]. Note that the value of U determines also the value of phase retardation gained 
within the LC cell. For example, when ε∆ >0 and ∞→U the director realigns perpendicularly to the bounding plates 
and 0→∆L  . Therefore, it is necessary to address the cell with a modulated voltage, namely, a high-amplitude pulse 

SSPUU =  of short duration (called Special Short Pulses, or SSP [6]), to speed up the process of director reorientation, 

followed by a holding- amplitude pulse holdUU =  (usually SSPhold UU << ) that maintains the desired level of phase 
retardation. 
The driving scheme with a frequency and amplitude modulated voltage described in [6] poses a number of interesting 
questions. First of all, the high amplitude pulses can heat the cell; temperature changes might shift the value of the 
critical frequency and thus change the value of ε∆ . Second, as the value of ε∆  is strongly dependent on the frequency 
of the applied voltage, it would be sensitive to the shape of the pulses and to their duration. 
In this paper, we address these issues of fast switching DFN. We develop the model and test dielectric heating of the 
cells and explore the delay between the front of the voltage pulses and optical (director-mediated) response of the cell. 
 

2. Fast modulation of optical retardation 

According to Eqs.(3), (4), one can decrease onτ  by increasing the applied voltage. However, in usual nematics the 

switch-off time offτ  depends only on the material parameters and is proportional to 2d , so that it cannot be shortened 
by a higher electric field. In contrast, a DFN cell can be driven by a high-amplitude voltage in both directions, 
depending on the frequency of the applied voltage, because the dielectric anisotropy ε∆  changes the sign at crossover 
frequency. For example, the nematic material MLC-2048 has ε∆ =3.22 at frequency 1 kHz and ε∆ =-3.08 at 50 kHz 
at the room temperature, as it shown in Fig.1. Using that feature one can control the switching dynamics of DFN cell in 
both directions by the applied voltage. 
In our experiments we used the nematic cells which were assembled in an anti-parallel fashion from glass plates coated 
with a conducting Indium Tin Oxide (ITO) and obliquely deposited thin SiO layers (≈20 nm). The latter yield a high 
pre-tilt angle bα  the director n  makes with the substrate. In what follows, we describe cells with o

b 45≈α , although 
the results were similar for a much broader range of angles o

b
o 8010 ≤≤ α . Electric voltage aligns n  perpendicularly to 

the plates (the so-called homeotropic state) when cf f< , and parallel to the plates when cf f> . Here a high value 
of pre-tilt angle has several advantages. First, the dielectric torque of the applied field is maximized when the angle 
between the director and the field is about 45 degrees; second, there is no threshold for director reorientation; third, the 
high pre-tilt guaranties strong restoring surface torques that facilitates reorientation from both the homeotropic and the 
planar states. 
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Fig. 1. Frequency (logarithmic scale) dependent dielectric permittivities ΙΙε  and ⊥ε  at 200C, 300C, and 400C. 

 
 
 
 
 

 

 
a b 

Fig.2. Optical setup: a) He-Ne laser ( ≈λ 633nm), P is polarizer, C is LC cell, A is analyzer, D is photodiode; b) 
photodiode signal (top) vs. amplitude and frequency of the applied voltage (bottom). 
 
We carried out the experiments at elevated temperature 32 0C, where cf =31 kHz. This allowed us to decrease the 
rotational viscosity and also to use a relatively high frequency of 7 kHz to drive the cell in the “low-frequency” regime. 
The high-frequency driving voltage was applied at 50 kHz. The voltage dependence of phase retardation was measured 
in a standard fashion, with the DFN cell of thickness d=14.5 µ m placed between two crossed polarizer prisms, Fig.2. 
In the optical setup we tested the switching time of DFN cell. In that case, the projection of director n onto the cell 
substrates makes an angle 45o with the axes of polarizer and the analyzer, so the intensity of transmitted light follows 

the rule: ( )




 ∆⋅=

λ
π ULII 2

0 sin , where 0I  is the intensity of incident light (we neglect small corrections caused by 

reflection at interfaces, scattering at director fluctuations, etc.) and λ  is the wavelength of light [7] and ( )UL∆  is the 
voltage-dependent retardation acquired in the birefringent LC cell. Figure 2 shows I  (top trace) vs. applied voltage 
Urms at frequencies 7 and 50 kHz (bottom trace). The variation of I  between the two neighboring minima (e.g., A and B 
in Fig.2) corresponds to the retardation shift nmLAB 633=∆ . 
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We optimized the driving scheme for DFN cell by including SSPs of high-amplitude (at both driving frequencies) to 
initiate fast director reorientation, followed by a relatively low voltage to keep the retardation at the desired level. The 
oscilloscope pictures of fast switching at relatively small ( mLOA µ3.0≈∆ ) and large ( mLCD µ5.2=∆ ) optical 
retardations are demonstrated in Fig.2 and 3, respectively. In Fig.2, the first SSP (duration 100ms, Urms= 50 V) triggers a 
fast reorientation towards the homeotropic state. A square-wave holding voltage Urms= 2 V at 7 kHz follows to hold the 
cell in the state A (the states are labeled as in Fig.1). The A state is switched back into the initial O state by a second 
SSP (duration 120 µ s, Urms= 25 V at 50 kHz); the holding voltage is zero for the state O. 
Figure 3 shows C↔D transition, switched with SSPs of 100 V amplitude. The switching times are ~0.5 ms. Some 
features of fast switching are worth mentioning. First, there is a small time delay (30-50 ms) between the initial front of 
an SSP and the corresponding front of the photodiode signal (Figs.2, 3), we explore this feature in the section 3. Second, 
the transient maxima and minima seen in Fig.3 are relatively small (meaning that the modulation of light intensity is not 
complete). There are few possible reasons of this effect: (a) in-plane non-homogeneity of pre-tilt angle, anchoring 
energy, surface viscosity, etc.; (b) the structural transition can be accompanied by an in-plane flow, which in turn may 
cause director dynamics. 
Let us briefly discuss the advantages of the high pre-tilt cells over the regular planar or homeotropic cells. As seen from 
Eq.(3) and (7), the response time depends on the elastic constant K, and one can expect that the homeotropic cell might 
have a faster response than a cell with either planar or high pre-tilt alignment, as the corresponding splay constant is 
generally smaller than that of bend. The homeotropic cell is indeed capable of the fastest response, but there is a 
drawback as it is hard to achieve a uniform director reorientation. Even in the cells with rubbed homeotropic alignment 
layers, the director experiences in-plane distortions upon reorientation from the homeotropic to planar (or tilted) state. 
As the result, the cells with a high pre-tilt angle such as described in this work are the best overall choice. 
 
 

(a) 

(b)  
(c) 

Fig.2. Fast phase shift on mL µ3.0=∆ by driven holding voltage 7 kHz and two SSPs; a) 25ms/sqr; b,c) 100 µ s/sqr. 
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Fig.3. Fast switching on mL µ5.2=∆  during τ ≈ 0.5 ms. 

 

3. Time delay 
In experiments with a fast switched dual frequency nematic cell, we observed a small time delay (about 30-60 µ s) 
between the beginning of the SSP and optical response signal from photodiode (Figs.2 and 3). 
To verify whether the time delay in dual-frequency material is related to the degeneracy of the phase retardation vs. 
voltage when the switching is performed between the extremal states with maxima and minima of the transmitted light 
intensity, we studied switching between the states in which the slope of the retardation-voltage curve is maximum. 
Figure 4a shows such a phase shift in DFN cell, when the amplitude of applied voltage was varied slowly. Figure 4b 
shows the fast shift by mL µ3.0≈∆  under the applied voltage with the SSP and holding voltage at the frequency 7 
kHz. The time delay is sµτ 25≈∆ . Therefore, the time delay is a general feature of DFN cells not related to particular 
regions in which the retardation vs. voltage curve has an extremum. 
We compared the dynamics of relaxation of DFN MLC2048 to that one in two regular nematics E7 and 5CB. We found 
that the delay is noticeably smaller in regular nematics. For example, Figs.5 shows that the time delay is smaller than 10 

sµ  (the accuracy limit of our measurements) in switching of the nematic cell with gap thickness 10 µ m filled with 
5CB. 
 

  
a) 250ms/sqr b)50 µs/square 

Fig.4. Optical retardation switching on ∆L≈0.3 µ m (b) between two non-extremal points in transmitted signal of the 
optical setup. 
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a) 250ms/sqr b)50 µs/square 

Fig.5. Phase shift by 10 µ m thick 5CB cell with high pretilt angle (α≈37o). 
 
We also checked the Fourier spectrum of the initial wavefront of high and low frequency SSP’s, because the dielectric 
anisotropy of DFN material is frequency-dependent. The sharp front of the applied voltage pulse corresponds to a broad 
frequency range of the Fourier spectrum with a decrease of the effective dielectric anisotropy; this might cause the delay 
in the cell’s response. We checked the Fourier spectrum of SSP’s wave-front, by using the built-in Fast Fourier 
Transformation (FFT) function of Tektronix oscilloscope TDS2014 in the amplification mode of spectral components 
with frequencies lower than 20 MHz. For example, oscilloscope pictures in Fig.6a and 7a show the initial wavefronts of 
low and high frequencies SSP with amplitude Urms=50V, oscilloscope pictures in Fig.6b and 7b show the corresponding 
spectra of FFT. The spectra of the initial wavefronts of high frequency SSP with amplitude Urms=50V (Fig.8b, 9b, 10b) 
are shown in Fig.8d, 9d, 10d. 
Two possible scenarios of time delay could appear depending on the spectral distribution of the FFT spectrum of the 
initial wavefront of SSP according to Figs. 6, 7. One scenario has a broad first FFT harmonic (>50 kHz), where the 
maximum of the spectral density is close to crossover frequency fc, as shown in Fig.6. In that case, the square waveform 
of high frequency applied voltage does not change the phase retardation of transmitted light during the first ∼ 50 µ s 
because within this time range ε∆ is effectively zero. After that time the spectrum of high frequency applied voltage 
becomes narrower with the maximum amplitude of spectral density at 50 kHz and thus the director of DFN cell reorients 
perpendicularly to the applied electric field. 
 

 
a) 5 µs/square b) 250 kHz/square 

Fig.6. Initial wavefront of the Special Short Pulse at high frequency (a); and corresponding Fast Fourier Transform 
spectrum (b), where two vertical markers show the spectral interval of width 50 kHz. 
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a) 10 µs/square b) 125 kHz/square 

Fig.7. Initial wavefront of the Special Short Pulse at low frequency(a); and corresponding Fast Fourier Transform 
spectrum (b), where two vertical markers show the spectral interval of width 50 kHz. 
 
Another scenario is shown in Fig.7, where the square waveform applied voltage at low frequency has approximately 
equal amplitudes of FFT harmonics at f<fc and at f>fc. In that case the square waveform pulse of low frequency applied 
voltage activates positive and negative signs of the dielectric anisotropy simultaneously during first 30 µ s. During this 
time the resulting phase retardation of the transmitted light is close to zero. After this time the spectrum of low 
frequency applied voltage changes the distribution of spectral amplitudes and it becomes narrower with maximum at 1 
kHz. Thus the director of DFN cell reorients parallel to applied electric field. 
Features of DFN material mentioned above help to reduce further the switching time in the dual-frequency nematic cell. 
For example, the profile of the SSP could be modified with a special waveform, as shown in Fig.8. The initial front of 
the SSP contains short pulses with decreasing amplitudes and the main part of the pulse is a half-period sinusoidal 
wave. Short pulses influence both parts of dielectric anisotropy and increase the time delay up to 50 µ s. The main 
pulse affects the positive part of dielectric anisotropy only. The level of transmitted signal starts to change in the 
moment of minimum amplitude of high frequency pulses of applied voltage and maximum amplitude of low-frequency 
applied voltage. The high amplitude of the half-period sinusoidal SSP stimulates the fast phase shift. The holding 
voltage completes the process of reorientation. The total time of optical retardation switching at ∆L≈0.3 µ m is about τ 
≈100 µ s. 
 

 

 
 
 
 
Fig.8. Switching of the optical retardation mL µ3.0≈∆  
during τ≈100 µ s by the applied voltage with special 
form SSP (50 µ s/square). 
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4. Dielectric Heating 
The presented results ( e.g. Fig.1) show that material parameters that control the optical switching of a DFN cell 
strongly depend on the cell temperature. Electric field induced heating thus might affect the performance of DFN cells. 
The temperature raise of the LC film is controlled by the heat transfer from the cell and can be presented as a sum of 
two terms. The first term is the temperature difference between the LC and the external surfaces of cell substrates. It is 
determined by the thickness and thermal conductivity of the substrates. The second term is the temperature raise at the 
external surfaces of cell substrates. It depends mostly on air convection outside the cell and can vary significantly for 
different experimental conditions. Our goal is to study the temperature gradient inside the cell because the contributions 
of two terms are independent for permanent heating and the temperature at the external surfaces of cell substrates can be 
easily measured during the experiment. 
To detect the temperature gradient inside a cell we used the LC film of the thickness 25d mµ=  covered with glass 
substrates of the thickness 1.1l mm= . The E-type thermocouple CHCO-0005 (Omega Inc.); which has high accuracy 
(~0.050C), fast response (<10 ms) and small size (~25 mm), was placed inside the cell. The dielectric layer (AT720) is 
spin-coated on the ITO (indium tin oxide) electrodes at the glass surfaces to insulate them from the thermocouple. The 
cell was initially thermally stabilized in a Linkam hot stage and then heating voltage was applied.  
The glass substrates are usually much thicker than the LC film, thus the heat losses in the LC film are negligibly small 
and its temperature is controlled by the temperature gradient in the substrates. The kinetics of the temperature field 

( , )T x t  in the glass substrates with density ρ, heat capacity cp and heat conductivity G is determined by the heat 
conduction equation: 
 

c
T
t

G
T

xp ρ
∂
∂

∂
∂

=
2

2
      (8) 

 
We assume that before heating ( 0)t =  the whole substrate has the temperature 0( ,0)T x T=  of the hot stage and that this 
temperature remains constant at the outer surface ( )0x =  of the substrate, 0(0, )T t T= . The boundary condition at the 

inner surface of the glass substrate ( )x l=  is determined by the heat transfer from the LC film 
 

2x L

T Pdg
x G

∂
∂ =

  = = 
 

      (9) 

 
where P  is the power density absorbed by the cell: 
 

22 ( ) /rmsP U f f dπ ε′′=       (9a) 
 
and ( )fε ′′  is the imaginary part of the dielectric permittivity component along the applied field. 
The solution of Eq. (8) reads: 
 

( ) 2

0 2 2
0

1 8 (2 1) (2 1)( , ) exp sin
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π
π τ
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where 
2

2

4 pl c

G

ρ
τ

π
= . The 0th term in the sum is dominating, so the LC film temperature ( )LCT t  may be approximated 

with: 
 

[ ]0( ) 1 exp( / )LCT t T T t τ= + ∆ − − ,     (11) 
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where T∆  is the stationary LC film temperature raise: 
 

2 ( ) /rmsT gl U f f l Gπ ε′′∆ = = ,     (12) 
 
The temperature response for applying the voltage of different amplitudes (Fig.9) and frequencies (Fig.10) of the cell 
placed in the thermally stabilized hot stages at temperature 40o C shows rather good agreement with presented model. 
All curves have approximately the same relaxation time 10sτ ≈ , however it is several times larger than expected. The 
discrepancy can be attributed to the thermocouple influence on the temperature response and to the insufficient thermal 
stabilization of the outer surface of the top substrate.  
 

 
Fig.9. Temperature changes of DFN cell placed in the hot 
stages with stabilized temperature at 40o C after the 
different voltages Urms = 5, 7.5, 10, 12.5 15,17.5 and 20 V 
were applied at frequency 1 MHz. 

Fig.10. Temperature response of DFN cell placed in the 
hot stage with stabilized temperature at 40o C after the 
voltage Urms = 20 V were applied at frequencies: f = 1, 
20, 50, 100, 250, 500, 750 kHz and 1 MHz. 

 

  
Fig.11. Stationary temperature change ∆T is proportional 
to 2

rmsU , f=1MHz. 
Fig.12. Temperature response of DFN cell exposed to air 
after the voltage Urms = 20 V were applied. 
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The stationary value of temperature raise T∆  of the LC film fits the model very well.  Figure 11 demonstrate an 

excellent agreement with 
2
rmsT U∆ ∝ . The frequency dependence ( )T f fε ′′∆ ∝  under the constant amplitude of 

applied voltage, Fig.10, shows that the dispersion of dielectric permittivity of LC can be satisfactory described by the 

standard Debye-type relaxation process with a Debye relaxation time Dτ  [9]: 
 

( )
2 2( )

1

L H
D

D

f
f

f

ε ε τ
ε

τ

−
′′ =

+
     (13) 

 
where Hε  and Lε  are the asymptotic values of ε  above and below the characteristic frequency 1

D Df τ −= , 
respectively. All frequencies except the lowest one (f = 1 kHz) are above the threshold frequency, thus Eq.(13) should 
be used for perpendicular component of dielectric permittivity tensor. The presented results show that the temperature 
change of DFN cell with outside thermal stabilization is less than 3o C. 
The DFN cell exposed to air showed a wider range of the temperature change and a slower temperature response 
because of low heat conductivity of air, G~0.02 W/m.0C at room temperature [11], see Fig.12. 

5. Conclusion 
We demonstrated the scheme of fast liquid crystal display based on dual frequency nematic cells. We observed time 
delay, which accompanied the fast optical retardation switching in dual frequency nematic cell driven by square 
waveform applied voltage. We analyzed the dielectric heating phenomenon, and demonstrated that this effect can be 
controlled to maintain the operating temperature of the cell constant. 
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