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Electrically controlled birefringence colours in deformed helix ferroelectric liquid crystals

Gurumurthy Hegdea, Peizhi Xua, Eugene Pozhidaevab, Vladimir Chigrinova* and Hoi Sing Kwoka

aThe Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong; bP.N. Lebedev Physical

Institute, Leninsky pr.53, Moscow 119991, Russia

(Received 19 July 2008; accepted 8 August 2008)

A short helix pitch (p050.45 mm) ferroelectric liquid crystal (FLC) mixture was found to provide four electrically
switched birefringence colours: blue, green, yellow and red. The contrast ratios of the birefringence colours were
measured as functions of both driving voltage amplitude and frequency. The FLC mixture, which had a relatively
high birefringence, Dn>0.2, was controlled by a voltage less than 5 V. A simple model is proposed, which was
confirmed by experiments. A possible application is discussed in field-sequential colour displays, where fast
switching times are required.
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1. Introduction

Recently, colour-sequential liquid crystal displays

(LCDs) have become a hot topic of research (1–5)

since they require no colour filter; thus, display

primary colours are applied in a temporal sequence.

Colour-sequential LCDs provide the potential to

realise high-definition displays based on the current

level of semiconductor technology, which are difficult

to achieve using traditional colour filter LCD

technology since each single pixel consists of three

sub-pixels. Furthermore, the brightness of colour-

sequential LCDs is much higher than that of

conventional LCDs with colour filters. To achieve

this, very fast response times are necessary to avoid

the flicker phenomenon (6). An obvious contender

for this application are ferroelectric liquid crystals

(FLCs) since they have fast response times in ths sub-

millisecond range (7, 8). Recently, Xu et al. demon-

strated a colour-sequential display based on stacked

bistable ferroelectric LCDs (9). In this configuration,

they used three stacked FLC cells to produce colours.

Here, we improve the present technology by elim-

inating two cells. In other words, our device is

constructed with one FLC cell and birefringence

colour is controlled by a relatively small voltage.

Application of an external electric field to a FLC

results in deformation of the FLC helix and is

manifest in an electro-optical response that was first

reported by Meyer et al. in 1975 (10). This special

type of electro-optical effect in FLCs with a short

helix pitch, p0,1 mm, and rather large tilt angle

(h.30u) was designated the deformed helix ferro-

electric (DHF) effect (11). In a surface-stabilised FLC

cell, the helix pitch of the FLC mixture is typically

greater than the thickness of the cell, which results in

an unwinding of the helix from surface interactions

with the cell walls (12). In contrast to this, a DHF

helix pitch is 5–10 times smaller than the thickness of

the LC layer. This allows the helix to be retained

within the cell boundaries (13). The DHF effect has

been studied extensively by a number of researchers

(14–18). One of the main features of the DHF effect is

the dependence of the effective birefringence, Dneff, of

the FLC cell on applied voltage amplitude, V, and

frequency, f (12, 19). Electrically controlled birefrin-

gence of the FLC cell is an origin of the electrically

controlled colour switch (19, 20).

The present study demonstrates that four differ-

ent colours can be obtained due to variation of the

applied voltage amplitude at fixed frequency, whereas

five different colours are possible owing to a change

of the frequency while the voltage amplitude is fixed.

This investigation provides a new path for creation of

a very simple field-sequential colour displays by

eliminating colour filters, which were a serious

drawback in earlier generation displays.

2. Theory

The geometry of an FLC cell exhibiting the DHF

effect is shown in Figure 1. The polariser on the first

substrate makes an angle, b, with the helix axis (z-

axis) and the analyser is crossed with respect to the

polariser. The FLC layers are perpendicular to the

substrates and the cell gap is much larger than

the helix pitch. When an electric field is applied, the

polarisation, Ps, of the chiral smectic C (SmC*)

phase is reversed and FLC director rotates around
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the z-axis with a cone angle of 2ho. The dynamics of

the FLC director in an electric field, E, smaller than

the unwinding field, Eu, can be described as follows

(21):

cr
Lr
Lt

zPsE sin rzK+2 r~0, ð1Þ

where

Eu~
p2

16

K22q2
0

Ps

: ð2Þ

2p/q0 is the pitch of the helicoid and depends in

general on temperature (21), Q is the rotation angle

(FLC phase during rotation) (22), cQ is the rotational

viscosity, Ps the spontaneous polarisation, E the

applied electric field and K the FLC elastic constant.

For the equilibrium state, the temporal relaxation

term can be eliminated. Since Q(z) is dependent on the

z-direction only, Equation (1) becomes

PsE sin rzK
L2r
Lz2

~0: ð3Þ

The solution of Q(z) is given by the sum of a uniform

distortion Q0(z) and a perturbation Q1(z):

r zð Þ~r0 zð Þzr1 zð Þ

~q0zz
PsE

Kq2
0

sin q0z,
ð4Þ

where |PsE|,,Kq0
2, which means |Q1|,,|Q0|, when

E?Eu.

When the dynamic case is considered, the

temporal influence only affects the perturbation part,

Q1. The solution for Q is similar to that in equilibrium

state but with different Q1. Given the solution

structure of Q(z), the dynamic form of Equation (1)

can be rewritten as

cr
L r0zr1ð Þ

Lt
zPsE sin r0zr1ð ÞzK

L2 r0zr1ð Þ
Lz2

~0:

ð5Þ
Equation (5) can be further simplified to

cr
Lr1

Lt
zPsE sin r0zK

L2r1

Lz2
~0: ð6Þ

Assume Q1 has the form

r1 z,tð Þ~sin q0zf tð Þ: ð7Þ

Thus, Equation (6) can be solved for small angle, Q1:

r1~
PsE

Kq2
0

1{exp {t=tð Þ½ �sin q0z, ð8Þ

where t~
cr

Kq2
0

.

Thus,

r~r0zr1~q0zz
PsE

Kq2
0

sin q0z 1{exp {t=tð Þ½ �: ð9Þ

If the electric field, E, is only a function of the

amplitude of the applied voltage, the rotation angle,

Q, can be easily determined over the pitch. If the

electric field is also dependent on the frequency of the

applied field, the solution of Equation (6) becomes:

r~q0z{
sin q0z

1zv2t2

PsEo

Kq2
0

tv exp {t=tð Þ{cos vt½ �zsin vt½ �,
ð10Þ

where we assume a harmonic electric field,

E5Eosinvt.

However, the frequency-dependent solution is

limited in application due to its intrinsic constraints.

In Equation (10), to fulfil the condition |Q1|,,|Q0|,

the following relation should be satisfied:

1

v2t2

PsEo

Kq2
0

tv%1, ð11Þ

which results in a limitation for frequency

v&
PsEo

cr
: ð12Þ

Figure 1. The location of polariser, analyser, the normal of
SmC* layer (z-axis) and director. The analyser is crossed to
the polariser. The normal of the SmC* layer (z-axis) is
placed at an angle b to the polariser. The director of the
liquid crystal rotates around the z-axis with cone angle ho.
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For an ordinary case where Ps5100 nC cm22,

Eo53 V mm21, cQ5200 mPa s, the frequency limit is

1.56104 rad s21 (i.e. 2.4 kHz).

When the rotation angle Q(z,t) is known, the

memorised light transmission level, I, can be derived

accordingly (21).

I~Ssin2 2 b{að Þð Þsin2 pd

l
Dneff

� �
T ð13Þ

where ,. mean averaging over the helix pitch and b
is the angle between the normal of the SmC* layer

and the polariser,

a~arctan tan h cos r z,tð Þð Þ ð14Þ

is the angle between the projection of the optical axis

on the polariser plane and the normal of SmC* layer

and Dneff is the effective birefringence

Dneff ~
nEn\

n2
\z n2

E{n2
\

� �
sin2 h sin2 r z,tð Þ

h i1=2
{n\: ð15Þ

Figure 2 shows the simulated spectra for different

applied voltages. From the spectra, four colours, i.e.

blue, green, yellow, and red, have been produced by

applying four different voltages.

Figure 3 shows the simulated spectra for different

frequencies of an applied electric field. Due to the

limitation of the model, only spectra of a high-

frequency electric field are simulated. From the

spectra, two colours, i.e. cyan and blue, have been

produced by applying, respectively, a 10 kHz and

250 kHz electric field with an amplitude of 15 V.

3. Experimental

Sulfonic azo-dye SD-1 (23) was dissolved in N,N-

dimethylformamide (DMF) at a concentration of

0.4% (chemical structure of SD-1 is shown in

Figure 4). An optimal (about 3–5 nm corresponding

to ,0.4%) azo-dye layer thickness that provides the

highest contrast ratio of the FLC display cells was

found previously (24).

The solutions were spin-coated onto ITO electro-

des at 3500 rpm and dried at 100uC for 10 min and

140uC for 20 min to remove any DMF present in the

substrates. UV light was irradiated onto the photo-

aligned surface of the film using a super-high-

pressure Hg lamp through an interference filter at

365 nm and a polarising filter. The exposure time for

UV irradiation was 90 min since at this time it attains

a saturation level (24). The light intensity irradiated

on the surface of the film was 3 mW cm22 for

Figure 2. Simulated spectra for different applied voltage showing different wavelengths, which correspond to, namely, blue,
green, yellow and red.
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polarised light. The best FLC alignment quality was

obtained under asymmetric boundary conditions (24–

26), when only one ITO surface of FLC cells was

prepared with the SD-1 layer, whereas another ITO

surface was simply washed with DMF and covered

with 5 mm diameter calibrated spacers. Thus, after

assembling the FLC cells, the asymmetric boundary

conditions of the FLC layer were obtained (see

Figure 5).

The FLC mixtures used were FLC EPOD-08 and

FLC-404 obtained from the P.N. Lebedev Physical

Institute of the Russian Academy of Sciences,

Moscow. These FLCs have a short helix pitch

(p0,0.45 mm) and possess high birefringence

(Dn>0.2). FLC EPOD-08 has a spontaneous polar-

isation of Ps,120 nC cm22 and tilt angle h,30u at

room temperature. The phase transition sequence of

this mixture is:

Cr 00C SmC1 810C SmA1 890C I:

The FLC-404 mixture has a spontaneous polarization

of Ps,230 nC cm22 and tilt angle h,33u at room

temperature. The phase transition sequence of this

mixture is:

Cr 50C SmC1 510C SmA1 87:50C I:

Figure 3. Simulated spectra for different frequency of applied electric field.

Figure 4. Chemical structure of the photoaligning azo dye,
SD-1.

Figure 5. Configuration of the asymmetric cell; the azo dye concentration used was 0.4%.
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Because of the short helix pitch and high birefrin-

gence, both mixtures provide four electrically con-

trolled switched birefringence colours under the

action of an electric field.

The schematic diagram in Figure 6 shows the

experimental set up used in this experiment. The cell

was kept at 45u because in this configuration it gave

maximum contrast for blue colour. The cell was kept

between crossed polarisers and light transmission

spectra were measured using a DT-MINI-2-GS

instrument with a UV–visible–NIR light source

obtained from Ocean Optics, which can measure the

spectrum from 190 nm to 2000 nm.

4. Results and discussion

Figure 7 shows that variation of the driving voltage

amplitude from 0 to 5 V at a frequency of 5 to 500 Hz

provides four different colours, i.e. blue, green,

yellow and red. Previously, only two (19) or three

(20) colours were produced. The colours obtained
have been characterised with spectroscopic data as

well as microphotographs of textures, which are also

shown in Figure 7. Figure 8 shows the corresponding

chromaticity diagram expressed as a 1931 CIE chart

for different voltages.

The contrast ratio of birefringence colours

depends on the spectral range and on the frequency

Figure 6. Experimental set-up used for this study. P1 and P2 are the polariser and analyser, respectively. The FLC cell was
kept at an angle of around 45u to obtain maximum contrast for blue colour.

Figure 7. Light transmission spectra of 5 mm DHF cell placed between two crossed polarisers under an applied voltage of 0 V,
3 V, 4 V and 5 V. Helix pitch is ,1 mm, unwinding voltage is 6 V, measured frequency of colour switch 100 Hz, horizontal size
of microphotographs is 500 mm.
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of colour switching. The maximum contrast obtained

in our experiment was at 100 Hz and decreased on

either side. Figure 9 shows the dependence of the

contrast ratio as a function of frequency, which

shows a high contrast for the red colour. Similarly,

other colours show a reasonable contrast. It is

interesting to note that the frequency range from

20 Hz to 100 Hz gives almost the same level of the

contrast for different voltages.

The next step was to obtain the colours under

driving voltage frequency variation at fixed voltage

amplitude of 15 V. Figure 10 shows the transmission

spectra for the five different colours (blue, aqua-

marine, green, yellow and red) obtained as a result of

changing the driving voltage frequency.

Theoretical evaluation and experimental measure-

ment of light transmission spectra at high frequency

(10 kHz to 250 kHz) are in a good agreement

Figure 8. Colour obtained under different voltages expressed in a 1931 CIE chart using the data of Figure 7.

Figure 9. Contrast ratio of birefringence colours vs. the
frequency of switching. Note that maximum contrast is
obtained for red colour at 100 Hz, decreasing thereafter on
both sides.

Figure 10. Light transmission spectra of 6 mm DHF cell
placed between two crossed polarisers under applied
frequencies of 250 kHz (blue), 10 kHz (aquamarine),
3.8 kHz (green), 1.6 kHz (yellow) and 0.25 kHz (red).
Helix pitch ,1 mm, measured at fixed voltage 15 V.
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(Figure 11) as soon as the condition provided by

Equation (12) is valid.

Figure 12 shows the corresponding chromaticity

diagrams expressed in a CIE chart for different

frequency, emphasising the evidence of different

colours.

Frequency-controlled birefringence colours were

obtained in the high-frequency DHF mode (27),

Figure 11. Comparison between simulated and measured spectra for high-frequency electric field.

Figure 12. Colour obtained under different frequencies expressed in a 1931 CIE chart using the data of Figure 10.
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providing an electro-optical response time less than

1 ms, over a broad temperature range (about 60uC)

and two variations of the apparent birefringence with

driving voltage frequency from 1 kHz to 250 kHz

(Figure 13).

The results presented in Figures 10 and 13 show a

very promising behaviour of the high-frequency DHF

mode in electrically controlled birefringent colour

switching. Using this technique it should be possible

to obtain field-sequential colour displays where a fast

switching time is required.

5. Conclusions

Four colours with a change of driving voltage

amplitude and five colours under driving voltage

frequency variation have been obtained in deformed

helix ferroelectric LC cells with the application of a

relatively small electric field. These results can be

helpful for fabricating field-sequential colour liquid

crystal displays without colour filters. The DHF FLC

cells exhibit fast switching time, which is required for

this type of display.
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