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The ﬁresent 1nvent10n relates to a light modulator using a
5 11quid crystal thick cell containing ferroelectric 1liquid
crystal. A light modulator is used as a chopper to pass and stop
light (including visible light and infrared light) and can be
.used in photo-measurement apparatus, gas analyzer, inffared light
sehsor,.non-contacting type thermometer, temperature sensor for

10 a cooking range, etc.

BACKGROUND OF THE INVENTION
There are several types of infrared light sensors such as
a pyroelectric type and a photoconductive type, in which electric
15 signals cannot befgenerated by the infrared light by itself. For
sensing infrared light and for generating electric signals in
those sensors, the infrared 1light should be chopped, or
modulated.
Conventional 1liquid cfystal cells are classified inte--
20 several types including: a refraction type, dynamic scattering
type, light scattering type, etc. The refractioﬁ type uses:a
pair of polarizing plates and is represented by the twisted
nematic (TN) type liquid crystal -cell using nematic liquid
crystal. .The dynamic scattering type also uses the nematic
25 1liquid crystal. The light scattering type utilizes the phase
transition between_the cholesteric'phase and the nematic phase.
When long wavelength light (such as infrared light) passes

a refractlon type llqu1d crystal cell, the cell must be thick



sénsing'infrared i ght and for generating electric signals in t hose

sensors, the tnfrared |ight should be chopped, or nodul at ed.
COnventlonaI liquid crystal cells are classified into 20 several types
including: a refraction type, dynamc scattering type, |ight
scattering type, etc. The refracti-on type 4ses a pair of polarizing
pl-ates and is represented by the tw sted nematic (TN) type liquid
crystal cell using nematic I| ud crystal. = The dynamic scattering
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5 efficiency, which also leads to a poor responsiveness. Further
in the light scattering type, the resolving speed of the helical
structure of liquid érystal molecules in the cholestic phasé is
so low that the responsiveness is also low.

On the 6ther' hand, ferroelectric 1ligquid crystals are
10 expected to a wide variety of applications, e.g.'to display
panels, light modulators, etc. because o©of their high
responsiveness to the\change in the electric field. There are
two types of 1light modulators that use ferroelectric liquid
crystals: a thin cell type and a thick cell type. The thin cell
15 +type liquid crystal cells have the cell gap of several pm. They
have a pair of polarizing plates and utilize the birefringence
of the 1liquid crystal contained therein. Because of. the
transmission loss in the two~polariziﬁg'plates, the transmittance
of the thin cell type liquid crystal cells is iheﬁifably less
20 than 50%. Another drawback is that the modulating efficiency
(which is defined by the différence in the transmittance between
the transparent state and the light scattering or opaque state)
becomes lower as the refraction index decreases at longer
wavelength (that is, in the infrared region) because they use

25 birefringent mode as the TN type does.
The thick cell type liquid crystal cells have the celllgap
of 50 to several hundreds pm, and have a good scattering

characteristics because they wuse transitional scattering



properly, which |leads to a very poor responsiveness to al ternating
vol t age pul ses In the dynam c scattering type, the driving voltage
must be | owered to enhance the scattering 5 efficiency, which al so | eads
to a poor responsiveness. Further in the light scattering type, the
resol vi ng speed of the helical struet@re of liquid crystal nolecules in
t he chol estic phase is so low that the responsiveness is also | ow
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560-254120 and S61-260227). Since they do not need polarizing
plates, the manufacturing cost is low and high transmittance (low
transmission loss) is possible. Because those advantages are

10 applicable to infrared light as well as to visible light, the
liquid crystal thick cells are expected to be used to modulate
(or chop) infrared light, which is necessary in gas analyzers.
It is already known that a certain modulating efficiency for
infrared light as well as visible light is obtained by applying

15 symmetrical voltage pulses (that_is,fSO%-duty ratio) between the
two electrodes of the liquid crystal thick cell.

In a light modulator of liquid crystal thick cell using
ferroelectric liquid-crystal, the driving electric field (or the
driving voltage) is reversed to change the liquid crystal from

20 the transparent state to the 1light scattering state. The
responding spéed from the transparent state to the 1light
scattering (or opaquej.gtate is very high (tens of psec) owing
to the high responsiveness of the ferroelectric liquid crystal
itself. But it takes a very long time to restore the transparent

25 state from the light scattering state (tens to hundreds msec).
It is attributed to the fact that the light scattering state is
a transitional state from one ordered (transéarent) state of the

liquid crystal molecules to the other ordered (transparent)



(which is defined by the difference in the transnittance between the
transparent state and the light scattering or opaque state) becones

| ower as the refraction i ndex decreases at |onger wavel ength (that is,
in the infrared region) because they use, 25 birefringent node as the TN
t ype does. The thick cell type’liquid crystal cells have the cel
gap of 50 to several hundreds [err]m and have a good scattering

char act er isstates. bdibeseltigay ssmtttraanisig i sirate sclsnges njo the transparent
- 3- phenomenon, which enables their use in Iight nodulators. The
transiti ostlatoat lanehdast domaims ckfcaligning | rgleguiegsidedvelop céhl £he
makes use of the_backscattering of the primary |ight due to the =
di sorder Wtk digardezryand bbredemaing rgiovnupkél thenpeatizec lgimyid
when t he polarit¥ of the drivigg_voltage ii reversed (Japanese laid
open pateﬁ?iﬁﬁﬂ c%HiEmehﬁg;l ;995591§ clear transparent state.

5 Some methods are reported in the above cited Japanese laid
open patent applicétions to keep thgllight scattering (opaque)
state. But none of the methods can reduce the time needed to
make the light scattering state to the transparent state.

Another drawback of the conventional driving method using
10 symmetrical voltage pulses is +that the highest practical
modulating frequency is several tens of Hz irrespective of the
refraction type and scatfering'typen That is, conventional light
modulators cannot be used in infrared 1light sensors. which
requires high speed chopping of infrared light.
15 |
SUMMARY OF THE INVENTION
According to the present invention, one type of liquid
crystal thick cell 1light modulator includes a thick cell
~containing ferroelectric 1liquid crystal between a pair of
20 parallel electrode plates and a voltage applying circuit for
applying a series of voltage pulses with an asymmetrical duty
ratio (that is, the duty ratio is not 50%) between the pair of
electrode plates.
Anocther type of ligquid crystal thick cell light modulator
25 according to the present invention includes a thick cell
containing ferroelectric liquid crystal between a pair of

parallel electrode plates and a voltage applying circuit for

applying a series of voltége pulses with a DC bias voltage added



$60- 254120 and S61-260227). Since they do not need polarizing pl at es,
the manufacturing cost is |ow and-high transmttance (| ow transm ssion -
| oss)- i s possible. Because those advantages are 10 applicable to infrared
light as well as to visible light, the _ g _liquid crystal thick cells are
expected to be used to nodul ate (or chop) infrared light, which is
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enables light modulation at higher frequencies. The respons-
iveness of the light modulators of the present invention is
‘improved because the rotation of the spontaneous polarization of
10 the ferroelectric liquid crystal molecules is not completed but
stopped halfway and returned to the originai direction when the
liquid crystal is changed from the light scattering state to the
tfansparent state. Further, the higher modulating frequency of
the light modulator of the present invention is obtained because
15 the size of the domains formed in the light scattering state is
suitable for scattering the light. |
An example 6f the asymmetrical duty ratio is from 55 to 85%,
and a more preferable range is from 58 to 75%. The optimal duty -
ratio depends on the design and use of the thick cell, and it is
20 preferable to implement a duty ratio adjusting circuit in the
voltage applyihg circuit (power circuit).
When f_he amplitude of the voltage pulses is x40V, for
example, the DC bias voltage of 10 to 15V (that is, 25 to 40% of
the half amplitude) produces large modulating efficiency. A
25 broader range of 20 to 50% of the half amplitude still yields
remarkable modulating efficiency distinguishable from very small
modulating efficiency in no bias 50% duty ratio case. For the

DC bias voltage also, it is preférable to implement a bias
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It is-attributed to the fact that the | ight scattering state is a

transitional state fromone ordered (transparent) state of the  liquid
crystal nolecules to the other ordered (transparent) '
-4- state. Wien |ight scattering state changes to the transparent
state, lamellar domai ns of aligning noleceles develop in the whol e
disorder, and the domains grow until the entire liquid - crystal in the
cel | allgn to a clear transparent state. Sonme net hods are reported

in the above |ted p.
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state, R%éther drawback of the conventional driving nmethod using

10 symmetrical ¥gbt ags,MibeeSchS WRAkdder PhUBEst pkACthEADC bias can be
| applied simultaneouely on the electrodes of a thick cell. In
5 this case, it is also preferable to implement both the bias
voltage adjusting circuit and the DC bias voltage adjusting
circuit in the voltage applyinglcircuit (power circuit).
The epecific resistance of the elect:odes is recommended to
be larger than 0.5 Q.cm, more preferably larger than 2 Q-.cm
10 because the transmittance deteriorates with the specific
resistance of less than 0.5 Q-cm. The deterioration of the
transmittance occurs especially at longer wavelengths {10 pm).
The thick cell of the present invention is composed of a
pair of parallel electrode plates and ferroelectric liquid
15 crystal contained between the electrode plates. The electrode
platee may be made of glass plates with conductive films on the
surfaces such as vapor deposited ITO (Indium Tin Oxide) films.
The electrode -plates may be made of silicon plates or getmanium
plates doped with impurities. The electrode plates are placed
20 parallel with a gap of larger than 50 pm (100 to 300 pm is
preferred). Spacers, such as Lumilar (trade name of Toray Corp.)
polyester sheet, is useful to define and fix the gap and seal the
space between the pair of electrode plates. Cell gap of less
than 50 pm leads to a poor modulating efficiency. _
25 For the ferroelectric liquid crystal contained between the
electrode plates, Schiff base, azoic, azoxy, benzoate ester,
biphenyl, terphenyl, cyclohexylcarbonic acid ester, phenylcyclo-

hexane, pyrimidine or oxane liquid crystals (or a combination of



nndufating frequency is several tens of Hz irrespective of the
refraction type and scattering type. That is, conventional |ight
nodul at ors cannot be used in infrared |light sensors which requires

hi gh speed chopping of infrared light. 15 SUMVARY OF THE | NVENTI ON
According to the present invention, one type of liquid crystal thick
cell light nodul ator includes a thick cell containing ferroelectric

| iquid crystal between air,of .20 arallel electrod | at and
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includes a thick cel ) containing ferroelectric liquid crystal between
a pair of chnarfetathskiekedf aerdal &stAl¢ mq\@iaageyalealwi,n@cfc.i rE2912801

applying a series of voltage pulses wwth a DC bias vol tage adde
5 Corona Corp. The ligquid crystals are available in the market
| with the trade names of Cs-1014, CS-1017 .(Chisso Petroleum
Corp.), ZLI-1013 or ZLI-1011 (Merck Corp.).
The third type of liquid crystal thick cell light modulator
according to the present invention includes:
10 .a thick cell including a pair of parallel electrode plates
with a gap length between the electrode plates larger than 50 nm;
ferroelectric liquid crystal contained between the pair of
electrode plates with a helical pitch of the ferroelectric liquid
crystal in smectic C phase being 0.7 to 0.95 times the gap
15 1length; and
a voltage applying circuit for applying a series of voltage
pulses between the electrode platés.
| More favorable range of the helical pitch is 0.8 to 0.9
times the gap length. Helical pitch of less than 0.7 times the
20 gap length leads to lower transmittance in the transparent state
because aligning of the 1liquid crystal molecules becomes
insufficient and the domain becomes so small that the
transmittance in " the clear (transparent) state deteriorates.
Helical pitch greater than 0.95 times is also unfavorable because
25 the 1liguid crystél' helixes expand or. vanish and it becomes
difficult to form domains so that adequate light scattering is
hardly realized. This lteaches that the modulating efficiency

depends strongly on the cell gap and the helical pitch, and
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: b- to the voltage pul ses between the pair of electrode plates.
Conpared To the conventional |ight nodulators in which the duty ratio of
t he vol tage pul ses applied on the el ectrodes is symmetrical (or 50%,

the Iight nodul ators of the present 5 invention have hi gher nodul ating
efficiency for infrared |ight as wel B as for visible light, and higher
réesponsi veness, whi.ch enabl es |ight nodul ati on at hi gher frequencies
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formed in the |ight scattering state is

5 alone, a pitch adjusting agent can be added to the 1liquid
crystal. Aﬁy known pitch adjusting agent can be used, and it is
possible to use achiral liquid crys?al for the pitch adjusting
agent. When ferroelectric liquid crystal of 5 pm helical pitch
is used, the ferroelectric liquid crystal should be diluted 20

10 times with pitch adjusting agent to obtain 100 pm helical pitch.

The ferroelectric liquid crystal cell light modulator of the

present invention can be used for visible light as well as for
infrared light. When near infrared light of 0.8-3 pm wavelength
or middle infrared light of 3-8 pm wavelength is intended, the

15- celi gap is recommended to be greater than 100 pm. When far
infrared light of 8-25 um wavelength is intended, 50-100 pum cell
gap is_recommended. If the cell gap is larger in this case, far

- infrared light is absorbed by the liquid crystal due to the
molecular vibration of the ferroelectric liguid crystal.

20 " The helical pitch condition is of course recommended to
combine with the asymmetrical er biased voltage pulse applying

method.

BRIEF DESCRIPTION OF THE DRAWINGS
25 0 Fig. 1 is a cross sectional view of a ferroelectric liquid

crystal +thick cell 1light modulator according to the present

invention.

Fig. 2A through 2E are graphs showing the relationship



suitable for scattering the |ight. An exanpl e of the asymmetrica
duty ratiois from55 to 85% and a nore preferable range is from 58
to 75% The optimal duty rati o depends on the design and use of the
thick cell, and it is 20 preferable to inplenment a duty ratio adjusting

. circuit in the vol tage applying ci¥ci+ (power circuit).

- When the anplitude of the voltage pul ses is 40V, for exanple, the DC

- bi | t f O 5.0 40% al f l'itud
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duty;ratiocggggangglqgg DC bias voltage al so, S preferable to
I npl ement a bi as . - 6-

Figs. 4A and 4B are graphs showing the effect of the
5 alternating frequency of pulses.
‘Figs. 5A through 5C are graphs showing the effect of bias
voltage application.
Figs. 6A and Fig. 6B are graphs showing the effect of bias
voltage application.
10 Fig. 7 1is a graph of modulating efficiency vs. helical
pitch.
Fig. 8 is a cross sectional view of a liquid crystal thick
cell.
Fig. 9 is a graph of modulating efficiency and transmittance
15 vs. helical pitch.
Fig. 10 is a cross sectional view of another liquid crystal
thiék cell.
Fig. 11 is a graph of modulating efficiency vs. helical
pitch for various cell gap values.
20 Fig. 12 is a structural chart of various ferroelectric
liquid crystal molecules.
Fig, 13 is a cross sectional view of a gas analyzer using
a ferroelectric liquid crystal thick cell light modulator 6f the
présent invention.
25
DETAIﬁED DESCRIPTION OF PREFERRED EMBODIMENTS
The liquid crystal thick cell light modulator 1.shown in

Fig. 1 is made of a thick cell 8 and a voltage applying circuit
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vol tage adjusting circuit in the-voltage applying circuit (power

circuit). The asymetrical voltage pul ses and the DC bias ‘can be
applied sinultaneously on the electrodes of a thick cell. In 5 this case,
it i5 also preferable to inplenent both the bias vol t age adj usting
circuit and the DC bias voltage adjustingg - circuit in the voltage
applying circuit (power circuit). The specific resistance of the
el ectrodes is recommended to be larger than 0.5 [err]cm nore
preferabl y7l arfise tivack 22¢klr§ imncobpdsecheds shpatiraofnparahtel electrode
~deteriorates with the specific resi stance of less than 0.5 [err] cm

- The det eriplatesn ofanfie3; spacansnbt tantted ofodr dekininal theatgamngength
- wavel.engt hs glo [err]m. The thick cell of the present invention
. i's conposelhegwegn thepgleciirqig aplakes| et r dde Frht E§TARGIRGH G cdiagpdd

liquid 15 crystal contained between the_el ectrode plates. The el ectrod
pl at es mayCh¥Skade SCHPLRINS a1 BsTRLY ﬁe&gnge ﬂegElﬁlrl dHeRErode plates

surfaces sych._as vapor deposited. | TO (I ndium Tin Oxide) filns. The
el ectrode I'ataegnr‘?a&%t?e S5t d%1 I?ton plates or gernani um pl at es
doped with i rrpur,ljhtei %%‘lta-gée a%pﬁg}irnc&j%i@cﬁtiets 7a55pﬂ3§egsymmetrical voltage
pulses between the pair of electrode plates 2 and 3. The degree
of the asymmetry, or the duty ratio, of the voltage pulses (which
is the ratio of the duration of a plus period to the duration of
10 a whole cycle composed of a plus period and a minus period), is
55 to 85%. When a direct current (DC) electric field of a
polarity is applied over the ferroelectric liquid crystal cell,
the molecules of the liquid crystal align along the direction of
the electric field, whereby the liquid crystal cell.is optically
15 transparent. When the polarity of -the electric field is
instantaneously reversed ("instantaheously" means that the
reversing time is 1less than the normal response time of
ferroelectric liquid crystal of psec order), the liguid crystal
molecules move randomly because they cannot follow the fast
20 change of the electric field, whereby the light scattering state
is achieved. Since suff;cient light scattering capability is
obtained in the early stage of randomization, the liguid crystal
molecules can return to the original clear state aligned in the
original orientation in a shorter time if the polarity of the
25 applied voltage is returned to the original polarity before the
| molecules completely realign in the opposite orientation. This
reduces the time needed fo change the light scattering state to

the transparent state. The returning to the original aligned



20 parallel with a gap of larger than 50 [err]m (100 to 300 [err]mis’
preferred). Spacers, such as Lumlar (trade nane of Toray Corp.)

pol yester sheet, is useful to define and fix the gap and seal the

space between the pair of electrode plates. Cell gap of |ess t han 50
pm | eads to a poor nodul ating efficiency.1125 For the ferroelectric

| i'qui d crystal contained between the el ectrode plates, Schiff base,
azoi c, azoxy, benzoate ester, bi phenyl, terphenyl, cycl ohexyl carbonic
aci d est erStatengtcpalldfway tohehenepposiite dilnigmed oxtate! iguistresddl By
(or a cofbinati on of : _ -7- any
of the abRRPIYHRG dvelyags Pnlses mi s asymmet ritalc dury ratsoruct ure of
the ld quid cryzétgl s are shown in Fig. 12. These and other liquid
crystals are desiriaRRiicrtior gf ugPGr elbggid cuystiadct &hiick ceedl light

lquid Cr al", . 229-234, 5 Cgrona Corp. The liquid
t% zotlbll. eo#/%?tgﬁe ]mtlEp % & gas analyzer is shown ?n Fig. 13? The

5 gas analyzer is mainly cdmposed of a sample gas cell 12, a

Ferroel ect i
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reference gas cell 13, a halogen lump 15, a detector 16, and a
liquid crystal choppér 1 using the thick cell light modulator.
The halogen lump 15 casts light through an interference filter

14 to the two gas cells 12 and 13. The detector 16 uses

10 pyroelectric material of 1lithium tantalic acid. The 1ligquid
crystal chopper 1 is composed of two choppers A and E: chopper

A corresponds to the sample cell 12 and chopper B corresponds to
the reference cell 13. -Thé two choppers can be made as ‘a unit.

In Fig. 13, numeral 17 denotes a sample gas entrance, numeral .18

15 denotes a sample gas exit and numeral 19 denotes. a convex lens.
Since a change in the electric charge on the surface of the
pyroelectric material of the detector 16 is obseﬁed
transitionally according 'to the irradiation of 1light, it is
‘necessary to continue the transitional state by placing the light

20 chopper 1 before the detectpr 16. The maximum sensitivity of the
pyroelectric material is obtained at relatively high frequency
(several hundreds of Hz) which is realized solely by the
ferroelectric liquid crystal thick cell of the present invention.

The operation of the gas analyzer 11. is as follows. The

25 infrared light generated by the halogen lump 15 pasSeé through
the interference filter 14 and enters the sample gas cell 12 and

the reference gas cell 13. The infrared light that has passed

through the sample gas (e.g., CO,/CO) in the cells 12 and 13 is



with the trade nanes of CS- 1014, CS-1017 (Chisso Petrol eum Corp.):,

ZLI-1013 or ZLI-1011 (Merck Corp.). The third type of liquid
crystal thick cell I.ight nodul ator according to the present invention
includes: 10 a thick cell includi n% a pair of parallel electrode
pl.at es with a gap length between thelélectrode plates |arger than 50

[err]m ferroelectric liquid crystal contained between the pair of
el ect rode phappedwbyhthehehtppbrpit ahd detdetdd by dhecdatedticiliild. In the
crystal in snmectic C phase being 0.7 to 0.95 tines the gap 15 Iength; and
a vol tage dpghydncrystalt droppepl Vi ngthaterises thevothagpers ApwskesB),
bet ween the el ectrode pl ates. More favorabl e range of - the helical
pitch is oasymgegrdc voliagrspuheegapreengbhiefePncdhepiglerirodesplates.
tOIertsi nmes %QSFQZOasg%%I engt h Igggs to Ihovver tgansrrit.t ance inithe Hse
par en®i8Fgreas d %E’%E%‘% BAr n§her PERESLPGlTd CoMphariab| ean| 88
(ranam 21 aRBLY| OO AaEh T{ehEn b AP O RLPPIFaRo waY, f G ProCergipgapt
pitch gr eas:g(ra tsgg'gag'sg%étierg:se& Sb}?'tst?e ué]efi?gg*égpll% biesC uoseopera'l:e the light
choppers A and”é alternately. By operating the two choppers A
and B with different frequencies, the signals of the two gas
cells can be separated in the electric circuit.
10 ° Example 1: Test with visible light
The test cell uses glass plates with an ion diffused ITO
(Indium Tin Oxide) film on the surface. The inner surface of the
glass plates are rubbed in one direction by cotton cloth.beforé
they are fixed together. The gap of the cell is defined and
15 fixed by polyester film spacers. Considering that, in general,
smaller gap length decreases the scattering efficiency and larger
gap length deteriorates clarity, the gap length is set at 100 pm
in the present test cell. But the effect of the present
invention can be still obtéined with different cell gap lengths.
20 Then ferroelectric liquid crystal of ZLI—1913, 1011 (Merck Corp.)
is filled in the gap, and the periphery is sealed by epoxy
adhesive. The liquid crystal is liquefied at 120°C and then
slowly cooled to obtain the smectic C phaée.
Figs. 2A-2D show the change in the output of a photédiéde
25 receiving light of 1000K black body radiation through the above
ligquid crystal thick cell with a series of voltage pulses of

various duty ratios. The amplitude of the voltage pulses is

fixed at *30V and the alternating speed is fixed at 70 Hz. Fig.



25 fhe liquid crystal helixes expand or vanish and it becomes

difficult to formdomains so that adequate |ight scattering is har dl y
reali.zed. This teaches that the nodul ating efficiency depends
strongly on the cell gap and the helical pitch, and

enough nodul ating efficiency iS Htai ned only with |arger heli cal

Conr 1 on b ot EveAtBfRI“3EEe i wingp S REIMMET SRLSTLAMHE et
Lot o HECrheOu IR 0P ofle Pollts oo Al Hhd IhiELL Ba 08 g 151

added to the liquid crysta Kno ch™adj ustrng a
used, and pbragity o@%&i@'@lé@tk@é %‘i@lﬁalow}élquﬁﬂeci &ﬁ?ﬁ E?'ér téjgei &' _
5 rr]m he |ca

adj usting agent. Wen ferroelectric liquid crysta
pi tch samesed, Bebaukel r o€l egnid | GlowiUngvensatal oshawed Peqfi hutesl,2fh,
5 molecules, the output of the photodiodé barely changes
irrespective of the polarity of voltage pulses. Figs. 2B, 2C and
2D accord to the present invention in which the duty ratios are
60, 70 and 80%. Remarkable change in the transmittance is
generated and h1gh.modu1at1ng efficiency is obtained at 60% duty

10 ratio. As shown in Fig. 2E, duty ratio of 55 to 85% produces
some degree  of modulating efficiency and 58 to 75% produces
significantly high modulating efficiency for both Merck ZL14237
liquid crystal and Chisso ISC-103 liquid crystal. The optimal
duty ratio may vary according to the modulating frequency.

15 - "Fig. 3 is the graph of the modulating efficiency of
conventional light modulator and that by the present invention:
with respect to the modulating frequency. It clearly shows that
the modulating efficiency is greatly improved at high modulating
frequency in the light modulator of the present invention.

20 Example 2: Test with infrared light

- _ A cell is made with a pair of 20x20mm silicon plates. Since

the specific fesistanée of the silicon plate is as low as 8-40
Q-cm, the silicon. plates by themselves are used as the electrodes

- £to the liquid crystal. In a corner of each silicon plates is

25 formed a gold island for connecting a lead line to the electrode.
On both surfac;s of the silicon plates are formed non-reflection

coating layers to adequately pass infrared 1light of 5 pm

wavelength. The coating may be changed -depending on the light



10 fines with pitch adjusting agent to obtain 100 pm helical . pitch.

The ferroelectric liquid crystal cell |ight nodul ator of the present
i ivention can be used for visible light as well as for infrared |ight.
When near infrared light of 0.8-3 [err] mwavel ength or mddle infrared

|iight of 3-8 [err]mwavel ength is intende the 15 cell gap is

reconmendegs b t r ared ght of
8-25 pm vvav %gng?rhlg% ?lﬁ e“tﬁ g g% '%905 % i%‘f for thé rq S raeI}:aollr SR, arrq
the cell pf Wav8eenghn! faa% %1?%%@@ r det%cf:'ﬁfﬁ d ' giag %st%f

: rroelec rlc

t he I|qU|d crystal due to the ar VI brati {he fe

| i quid cryméasurirg temperdit@reeldain Rjﬁféb@ondThéoﬂnhérOfSIﬁ@Hc%% of the

recomrended to conbine with the asymmetrical or biased-voltage pul se

appl ying silicebhplates are SBRBEFRSER O A% <Gs ity RGRAWMNESht 25f 1iquid

Fig. 1 is a cross sectional viewof a ferroelectric liquid crysta

t hi ck c®l Icryghel nomhlletwkesiccortheigced 1t hgapr dsenset at i b0ONtwNusing a

Fig. 2A through 2E are graphs showing the relationship o
polyester film spacer of the same thickness. After 11qu1d

ot

crystal (the same liquid crystal as used in Example 1 is also
used here) is filled in the gap between the silicon plates, the
liquid crystal is subjected to the same heat treatment as in the
._10 above Example. The modulating efficiency of the liquid crystal
- cell of the present test is about 70-50%. |
Figs. 4A and 4B are the graphs of modulating efficiency with
non-reflection coating for 5 pm wavelength infrared light. These
- graphs show that the ferroelectric liquid crystal thick cell of
15 the present example gives considerable modulating efficiency at
the modulating frequency of from 200 to 1,200 Hz. The amplitude
of the voltage pulses is recommended to increase according to the
increase in the modulating frequency.
Example 3 _
20 The test cell is made of glass plates with ITO (Indium Tin
—é Oxide) films on the surfaces as the transparent electrodes. The
glass plates are rubbed with cotton cloth in one direction for
liquid crystal alignment, and then the glasses-are fixed with the -
cell gap of 100 pm using polyester film spacers.
25 As the length of the cell gap increases, light is scattered
more strongly but, on the other hand, the clarity deteriorates
in the transparent stéte. Thus the cell gap of 100 pm is.

selected considering the both factors. Different cell gap length



®

-9- bet ween t he duty ratio and the nodulating efficiency. "Fig.

3 is a graph of frequency characteristics of liquid crystal cells.

Figs. “4A and 4B are graphs showing the effect of the 5 alternating
frequency of pul ses. Fi gs. 5A through 5C are graphs show ng the

ef fect of bi as vol tage application~ 13 - Figs. 6A and Fig. 6B are7
graphs sho of bi as val t.a pI | cat

is a graph\e1 &fg%l ng effi Eisgan’?uthellq d''the p‘?#%’ﬁc‘c of the prﬁsﬁ?n'@

. ;:;Sga SrIO:S ﬁlgr%?p ’Eﬁ-* ?}W[ﬁl hg efyg%égﬂe%ryf—alﬁ%lé,raﬁg}iltt%ﬁcyerck corp. is

_ filled in the gap of the cell. The cell is heated to 120°C to
liquefy the. liquid crystal and slowly cooled to obtain the
5 smectic C phase.

Light (visible light of 638 nm wavelength) from a He-Ne
laser is passed through the liquid crystél cell and the light
~modulated by the liquid crystal cell with 80V reak to peak
voltage pulses is detected by a photqdiode. In the present test,
10 a bias DC voltage of 0OV (no bias), 10V or 20V is added to the
- voltage pulses, and the duty ratio is fixed at 50% (i.e.,
symmetricél). Fig. 5A is the graph of photodiode output and the
applied voltage pulses with no bias voltage (0V). The modulating
efficiéncy'is small in this case because the movement of the
15 molecules is so slow that they cannot follow the full change in-
the electric field. When a-DC'bias voltage of 10V or 20V is
added as in Figs. 5B and 5C, recovery from the light scattering -
state is quickened and the ocutput of the rhotodiode closely
foliows the change in the voltage pulses. Bias voltage of 10-15V
20 or 25-40% of the amplitude of the voltage pulses gives the
- largest modulating efficiency, and 20 to 50% of the amplitude
produces significant modulating efficiency compared to barely

observable modulating efficiency at no bias voltage.
" When a direct current (DC) electric field of a polarity is
25 aﬁplied over the ferroelectric liquid crystal cell, the molecules
of the liquid crystal align along the direction of the electric
field, whereby the liquid crystal is optically transparent. When

the poiarity of the electric field is instantaneously reversed



15 vs. ‘helical pitch, Fig. 10 is a cross sectional view of

another liquid crystal thick cell. - - Fig. 11 is a graph of
madul-ating efficiency vs. helical pitch for. various cell gap val ues.
20 Fig. 12 is a structural chart of various ferroelectric

li.quid crystal nol ecul es. Fig: 143 is a cross sectional view of a
gas anal yzer using a ferroelectric liquid crystal thick cell Iight
nodul at or of the present invention. 25 DETAI LED DESCRI PTI ON OF
PREFERRED (ENBahiaveNg®ously” meamhetHatykibe reyeralinghttheces!1ésghthan the
modul ator 1 shown in Fig. 1 is made of a thick cell 8 and a voltage

appl yi ng Sormzly response time of ferroelect;ic liquid - cifystal, nsec

- order), the l}quid crystal molecules move randomly because they

cannot follow the fast change of the electric field, whereby the

5 1light scattering state is made. Since enough light scattering

| ability is obtained in the early stage of randomization, the

liquid crystal moleculeé can return to the original clear state

aligned in the original orientation in a shorter time if the

polarity of the applied voltage is returned to the original

10 polarity before the molecules completely realign in the opposite

-orientation. This reducés the time needed to change the light

scattering state to the transéarent state. The returning to the

original aligned state at halfway to the opposite aligned state

is achieved by adding a DC bias to the voltage pulses. The

15 frequency characteristics of the liquid crystal thick cell are
greatly improved by the present method.of adding a DC bias.

Example 4 |

Infrared light of 5 pm wa@eleﬁgth is used to evaluate the

same liquid crystal cell as in the Example 1. Thé result is

20 given in Fig. 6A which shows a similarly favofable modulating

efficiency in infrared light. The cell structure is the same as

in Example 1. Fig. 6B shows the coﬁépicuous effect of adding DC

bias voltage to the voltage pulses on impro%ing the modﬁlating

efficiency. .

25 Example 5

" When the helical pitch of the cholestic (nematic chiral)

phase increases, the helical pitch of the smectic C rhase also

increases in general. The phenomenon is thus expected in



7. The thick cell

2 and 3;

8 i s conposed of:

a pair of parallel

el ectrode

pl at es

spacers 5 and 6 for. defining the gap length
el ectrode plates 2, 3; and ferroelectric liquid

bet ween t he
crystal 4 contained in

the cell fornmed by the electrode plates 5 2, 3 and the spacers 5, 6.

The vol tage applying circuit 7 applies_agymetrical voltage pul ses
between the pair of electrode plates 2 and 3. The degree of the
asynmetry, or the duty ratio, of the voltage pulses (mhich is the ratio
of the duration of a ELUS §ﬁr&od to the dyration % a whol e cycl e
conposed of*@rPrTIL PetPGa™aRY Qtﬁpﬁb§ Eéﬂ Y s i qui §Hﬁ§§§%@ OleggEles 5
direct curge (PO trig flel olarlt IS a over_the
ferroel ect‘f?xgél |1J'(:1%S| & cc%g/“s% ar e b1d WhFﬁ‘e ecﬁﬁo ttageq 23849,

aligh alo CEEELAB1Y sma1l .t el @S cetqu.h %%%
crystal r}% 'S optlcaHﬂ 9 gm trénspa(raeent _ ar tcg ihq![Iéegid
electric iﬁetﬁe bPesent tBSEANLARGRNA Un "EMISed, (" Instantaneously ,
nmeans that the reversing tinme is less than the nornal response tine
of sferroelectric liquid crystal of usec order), the liquid crystal
nol ecul es nove randonmly because they cannot follow the fast
Table 1 - Liquid crystals used
A B c D E F
Ph. Tr. Temp. '
10 N+« - ISO 81 68 85 92.2 94.6 98.1
S, = N= 69 64 72 75.6 77 78.5
S, = 5 54 55 60 64.4 66 67.6
C, — 5% =21 -20 -11 -15 ~16 -4
Spont. Pol. PS C)
- 15 (nC/cm’ ) -5.4 ~-9.3 -34.7 . 18.5 11.7 5.9
Tilt Angle (deg) 22 26 25 24.7 23.9 23.3
Pitch Length
CrorNxphase 32 °27 °14 16.2 22.5 25
(pm) (71°C) (66°C) (72°C) (77°C) (78°C) (80°C)
20 Sc phase . 5 °27 o14 °21 28 42
(1am) (25°C) (25°C) (25°C) (25°C) (25°C) (25°C)
Response Time
(nsec) 232 184 56 75 91.5 126
25 (Ph. Tr. Temp.= phase transition temperature)
{Spont. Pol.= spontanecus polarization)
The spontaneous polarizétion of ferroelectric liquid
30 crystals in Table 1 generally decreases as the helical pitch
increases. When the liquid crystal F (which has the smallest
spontaneous polarization value) in Table 1 is used, a favorable
modulating efficiency is obtained.
The modulating efficiency of the ferroelectric 1liquid
35 crystals in Table 1 for 5 pm wavelength middle infrared light is
shown in Fig. 7. The liquid crystals are contained in the thick
cell shown in Fig. 8, where numerals 2 and 3 denote silicon
electrode plates having specific resistance of 20 Q.cm and 400
pm thickness, numeral 4 is the ferroelectric liquid crystal,
40 numerals 5 and 6 are spacers of 100 pm thickness,

numeral 8 are



20 change of the electric field, whereby the |light scattering state S
‘achieved. Since sufficient light scattering capability is - .obtained in
the early stage of random zation, the liquid crystal nol ecul es can
return to the original clear state aligned in the original orientation
in a shorter time if the polarity of thd8 25 applied voltage is returned to
the original polarity before the nol ecul es conpletely realign in the

opposi te onkgat atines, HHE numerdPlyCaget AOnt-reE18eedes QA 3WerdPeché 0ht
scattering state to the transparent state. The returning to the

ori gi nal ajingwatelength. ~ ‘state at halfway to the opposite aligned
state is achi eved by appl ying voltage pul ses with asymetrical duty
ratio. The mpduileadtingn edff idtiendygwidthc respealctt tibckheehélicght pitch
nodul ator 1 of Fig. 1 to a gas analyzer is shown in Fig. 13. The
of the liquid crystal is measured for 2 pm middle infrared light.
5 The result is shown in Fig. 9, in which O denotes trapsmittance
(%) in the transparent state, X denotes modulating efficiency,
and A denotes transmittance (%) in the light scattering state.
The liguid crystal is contained in the cell of Fig. 10, where
numerals 2 and 3 are ITO electrodes, numeral 4 is the
10 ferrocelectric liquid crystal, numerals 5 and 6 are spacers of 100
pm thickness, numeral 8 are lead lines and numeral 10 are quartz
plates of 1 mm.thickness. The wvoltage pulsés applied on the
electrodes are as shown in Fig. 4A. As seen in the graphs of
Fiés. 7 and 9, the modulating efficiency strongly depends on both
15 the helical pitch and fhe cell gap.
Example 6
‘The length of the cell gap is changed using spacers'bf
different thickness in the liquid. crystal thick cell light
modulator of Fig. 8, and the modulating efficiency of fhe ligquid
20 crystal cell for 2 um'waveiength.neaf.infrared light is measured.
- | The'voltage pulses applied on the electrodes are as shown in Fig.
4A. The result is shown in Fig. 1l. As seen in Fig. 11, the
‘modulating efficiency becoﬁes maximum when the helical pitch is
0.7 to 0.95 times the léngth of the cell gap among the light

25 modulafors of the same cell gap. The absolute maximum modulating

efficiency is obtained at the cell gap of over 100 jpm.



5 gaé anal yzer is mainly conposed of a sanple gas cell 12, a ref erence

gas cell 13, a halogen lunp 15, a detector 16, and a liquid crystal
chopper 1 using the thick cell Iight nodul ator. ——TFhe-haloegentunp 15
casts light -through an interference filter 14 to the two gas cells 12

and 13. The detector 16 uses 10 pyreel®ectric mﬂmummg""um”lm
tantalic acid. _The_li quid crystal chopper 1 igik
chopper s PHARQIB: CLASHMEDY IS: A corresponds to the Sarfpl & c811°12" and

chopper B corresponds to the reference cell 13. The two choppers can
be nmade as a unit. In Fig. 13, nuneral 17 denotes a sanple gas

: | 1§ ,15 d | ' d | 19 d
2 comvex lens. 1 & hSeRECRERE nERTGR oD, FoheibqR! BFof comnriatats,
th I ' ' . { ; Is
transi ti onal |y acebrBiFE £ et e RSB T e sPvtalCherueey
to congi ngephhe b&aﬁﬁsaﬁﬁgﬁ éﬁé@@iguepﬁggigg.tgﬁ?light 20 chopper 1

before the detector e maximmsensitivity t he pyroel ectric

material is obhavpedatle BRALIIVR Y1 FRIUERBYying hSE¥REBL B¥NJpe¢agef
Hz) which is realizedggblgFeaLyﬁ%he ferroechyrig liquid crystal th?%k
cell of tpalpeesewithnuait agymmetrical duty ratio between the pair of

electrode plates.

10 2. The liquid crystal thick cell light modulator according

- to claim 1, wherein the duty ratio is from 55 to 85%.

3. The liquid crystal thick cell light modulator according
to claim 1, wherein the duty ratio is from 58 to 75%.
15
4. A liquid crystal thick cell light modulator comprising:
a thick cell containing ferroelectric liquid crystal between
a pair of parallel electrode plates; and
a voltage apprlying circuit for applying a series of voltage
20 pulses with a DC bias voltage added to the voltage pulses between

- the pair of electrode plates.

5. The liguid crystal thick cell light modulator according
to claim 4, wherein the DC bias is from 20 to 50% of the half

25 amplitude of the voltage pulses.

6. The 1iquid crystal thick cell light modulator according

to claim 4, wherein the DC bias is from 25 to 40% of the half



The operation of the gas analyzer 11 is as follows. The 25 infrared iight

generated by the hal ogen [unp 15 passes through the interference filter
14- and enters the sanple gas cell 12 and the referenee—gas cell 13. The
infrared |ight that has passed t hrough t he sanp as (e.g.,

CJerr]/CO inthe cells 12 and 13 is - 20 - i Im["

- 12 - chopped by the chopper 1 and detected by lﬂMﬂ'”an In the
| i quid cryxipalitalieppef dhétwelthge bleseloppers A-and B asy tric
vol tage pul ses are applied on the el ectrode pl ates. Slnce as descri bed
above, the pyroelectric material can sense 5 only nodulated light, the
sinpl est way of signal processing of the signals detected by the
detector 16 i s %.0 opeldigmidherysjal thickhophkrisightamddB lalticer camplnis By :
operating the two choppers A and B with different frequencies, the

signal s of the avhigls cell cinctudingba Eépﬁrﬂfeﬁarﬂlﬁﬁé electriodecinlakes
5 with a gap length between the electrode plates larger than 50 pm;

ferroelectric 1iquid crystal contained between the pair'of

electrode plates with a helical pitch of fhe ferroelectric liquid

crystal in smectic C phase being 0.7 to 0.95 times the gap
length; and

10 a voltage applying circuit for applying a series of voltage

pulses between the electrode plates.

8. The liguid crystal thick cell light modulator according
to claim 7, wherein the helical pitch of the ferroelectric liquid

15 cfystal in smectic C phase is 0.8 to 0.9 times the gap length.



10 Exanple 1: Test with visible light The test cell uses
glass plates with an ion diffused I TO (I'ndium Tin Oxirde) filmon the

surface. The inner surface of the gl ass pl ates ar gL [t
agﬁﬂﬁéﬁ% Sr e‘BS%‘% of

direction by cotton cloth before they are fixed t
the cell is defined and 15 fixed by-pnlyester films acers.RE ldering
that, in general, snmal | er gap | ength decreases the scattering '
ef ficiency and | arger gap length deteriorates clarity, the gap | ength
is set at 100 [err]m | NABS®RACES OFt THES DISSUOSUREBUt t he effect of the

pr esent Il nvention can_be sfi ' Lt ek fegent cell gap

| engt hs. LM{TWWM%M?%&#U[?T- TOT3, 1011 ( Merck
Corp.) is filled in the gap, and the t;{)eri phery is seal ed by epoxy
adhesive. The In qai dléapidal cCrestrfuethbakatcally dight t medulators| yaipg

cooled to obtain the snmectic C phase. . Flfgs. 2A- 2D show t he change
in the outfSFTOS et JdiBHd coystalei B RegigshofHroisegr puiseswdfh an

radi ati.on through the ahove Cliquid tal _thick [T wit i es of
Vol t a6 passEmaRTical *dRET ) matinp) tate I8\ it tho katin oF BE € age

E}“gses 'S app1idd X8 ifleed?Va®"Bat 0® 8! UNALLGaEPHILtSS T8t a1ty Hone

ferroelectric ligquid crystal. In another liquid crystal thick
cell light modulator using ferroelectric liquid crystal, a DC
bias voltage is added to the voltage pulses, where the magnitude
10 of the DC bias voltage is 20-50% of the half amplitude of the
voltage pulses. In still another liquid crystal thick cell light
modulator, the gap length between the electrode plates is larger
than 50 pm, and the helical pitch in smectic C phase of the
ferroelectric ligquid crystal is 0.7 to 0.95 times the gap length.
15
-
BeenRe{ﬂaced

i



-+ 13 - 2A is the conventional case in which the duty ratio is 50%
that . is the duration of one polarity and the duration of the other
pol'arity of the electric field over the liquid crystal is the sarne.
Because of the slow novenent of the liquid crystal 5 nolecules, the
out.put of the photodiode barely chgfpﬁ% irrespective of the _
polarity of voltage pulses. Figs. 2B, 2C@Qa 2D accord to the present
invention in which the duty ratios are 60, 70 and 80% Remar kabl e
change in the transmttance is generated and hi gh nodul ati ng
efficiency is obtained at 60% duty n!?. at;E. As shown in Fig. 2E, duty
ratio of 55 to 85% produces SO gégre of nodul ating efficiency and
58 to* 75% produces signiftcantly high nodul ating efficiency for both
Merck ZL14237 liquid crystal and Chisso I SC-103 liquid crystal. The
opti mal duty ratio may vary according to the nodul ati ng frequency. 15
Fig. 3 is the graph of the nodulating efficiency of
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conventional |ight nodul ator and that by the present invention with

reéspect to the nodul ating frequency. It clearly shows that t he

nodul ating efficiency is greatly inprov hi gh nmodul ati ng frequency
in the |ight nodul ator of the present invention. 20 Exampl e 2: Test

with infrared |ight - Acell is made wth a pair of 20x20mm silicon

pl ates. Since - A: resi stance of the S|£§b° pl Is as | ow

as 8-40 [err]c%lH lge g i"con. pl ates by thenselv g&‘u?egas t he

eI ectrodes to tPeTY igNTId=50ystal. In a corner of pagh q plates is
formgmq;ol#ﬂaza for connectlng alead lineto't el ecl’r ode.

01 bot h su9 ’ g?llcon pl ates are fornmed non- reflectlon

coati«ng |l ayprs tp ade]quately pcss |$frare%mf 5[TerrIn

wavel engtit | The coatTimg gy bejcha e—H-ght

- 14 - ised. e’5 [ der]lmiwavel adopt or the _gak analyzers,

and

PHOTODIODE OUTPUT

Fig. 2C | Fig. 2D

DUTY RATIO=70% : DUTY RATIC=80%

- Fig. 2E
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10 pm wavel ength can be used for detecting a human body or for

measuring tenperature of an object.
ptates are al so rubbed for assisting alignnent of
gap is set at 100 [err]musing a
After 1346 d

nol ecul es. The cel

spacer of the sane thickness.

crystal

bet ween the silicon plates,
sane heat treatnent as in the

efficiency of the liquid
70- 50%

t he

crystal

as used in Exanple 1 is also

10 abgve Exanpl e.
of the present test
Figs. 4A and 4B aretthe graphs of nodul ating efficiency

The i nner

| iquid crystal

Scel |

surfaces of the
liquid

crystal

5 crystal

silicon

pol yester film

(the same liquid
used here) is filled in the gap
is subjected to the
The nodul ati ng
i s about

W th« non-refl ectionjcaating f; S5gerrmwavererngth infrared |ight.
These graphs show that3the j& l@ctric liquidijcrystal thick cell of
15 the present exanple pi s i | e nodul ating efficiency at

t he nodul ati ng frequency| of a to_1,200 Hz. Thg anplitude of the
vol tage pul ses is recomgn j according tjo the i ncrease in

“the nodul ating frequency
made of glass plates wt

Fig. 3
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Ckidé) films on the surfaces as the transparent el ectrodes. The glass

pl ates are rubbed with cotton cloth in one direction for liquid
crystal alignnent, and then the glasses are fixed with the cell gap of
100 pm using polyester filmspacers. 25 As the length of the cel
gap increases, light is scattered 4¥%E strongly but, on the other
hand; the clarity deteriorates in the transparent state. Thus t he
cell gap of 100 [err]mis. sel e or4ifdering the both factors.
Different cell gap length W‘ %A - 15 -
can be used of course without losing the effect of the present
~invention. Liquid crystal ZLI-1013, 1011 of Merck corp. is filled in
- the gap of the cell. The cell is heated to 120 Cto I'i quefy the.

~liquid crystal and slowy cooled to obtain the 5 snectic C phase.
~ Light (visible I'ight of 638 nmwavel ength) froma He-Ne

+20V, 200Hz DUTY RATIO=64%

SVAVAVAVAY

Fig. 4B

+100V, 1.2kHz DUTY RATIO=56%

\WAVAVAVAVAVAVAVAVA




Lasef is passed through the liquid crystal cell and the |ight

nodul ated by the liquid crystal cell with 80V peak to peak vol tage -~
pul ses is detected by a photodiode. In the present test, 10 a bias DC
vol tage of OV (no bias), 10V or 20V is added to the vol t age pul ses, and
the duty ratio is fixed at 50% (i.e., >/Xymetrical). Fig. 5Ais the
-graph of photodioiﬁa-utp nd the appl i ed vol tage pulses with no bias
voltage (OV). The efficiency is small e because
t he nnvenez& ﬁf t he 15 nDIecuIes is so slow that t annot foll ow the
full chang pﬂ the electric fleléhgv When a DC blas voltage of 10V or
20V is ded fs in Higs] recovery fromthe |ight scattering
state is qu ckenej and t put Jof the phdtodj odg closdly 7o}l t he
change in the poltag¢ pJ . Pia$ voltage dof -1bV | 20for {25-40% of the
anpl i tude re—y-o s—gitves) t he argest mduliatiing 0
efficiency,{ angd 2D t ne anplitude prpduges |si gni fii caht
nodul ating feff) ci ¢nc tojbarely sef vabl e [nodul af i np
efficiency jat ho bia . Whery a [dirgct jcunrent (JPC)| el ectric
field of a polarity is ol i o AW thg fefroplegtrijc Ifiquid prystal
cell, the nolecul es - —-50V
TRANSMITTANCE

100% - 100%
W\/N\/\/\w
_ 0 ' ' 0

Fig. 5C

100%




of the liquid crystal align along the direction of the electric ' ffeLd,

whereby the liquid crystal is optically transparent. Wen the polarity
of- the electric field is instantaneously reversed

- 16 - ("i nstantaneousl y" neans that the reversing tinme is |less than
t he normal response tinme of ferroePdddric liquid crystal, [err]sec
order), the liquid crystal nolecules nove randomly because they cannot
follow the fast change of the electric field, whereby the 5 1ight
scattering state is made. Since enough light scattering ability is
obtained in the early stage of random zation, the l'iquid crystal

nol ecul es can return to the origina}ﬁikgafi&gate aligned in the
original orientation in a shorter t t polarity of the applied
voltage is returned to the original 10 polarity before the nol ecul es

completely realign in fhd10pBesite orientation. This reduces the tine
needed to change the |ight +26V
= — 0
-4V
TRANSMITTANCE ‘
_ 100%
0

Fig.6B

(70Hz)
- +35V
0
L 257
TRANSMITTANCE
100%




scatiering state to the transparent state. The returning to the

original. aligned state at halfway to the opposite aligned state IS
achi eved by adding a DC bias to the voltage pulses.. The 15 frequency
characteristics of the liquid crystal thigck cell are greatly inproved
by the present nethod of adding a DC bias. Exanpl e 4
Infrared light of 5 [err]mwavelength is used to evaluate the sane
liquid crystal cell as in the Exanple 1. The result is 20 given in Fig.
6A whi ch shows a simlarly favorabl e nodul ati ng efficiency in infrared
light. The cell structure is the sane as in Exanple 1. Fig. 6B shows
t he conspi cuous effect of adding DC bi as voltage to the vol tage pul ses
on igproving the nodul ating efficiency. 25 Exanpl e 5
Wien the helical pitch of the cholestic (nematic chiral) phase
i ncreases, the helical pitch of the smectic C phase al so increases in
gener al . The phenonmenon is thus expected in
O
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17 - increasing the nodul ating efficiency. Liquid crystal nolecules

tend to become i movabl e when the spontaneous polarization becones
extrenely small. The ferroelectric liquid crystal used . in the present
test is shown in Table 1. 5 8/13 Table 1 - Liquid
crystal s used : A B C : D E
F Ph. Tr. Tenmp. 10 N [err] 1SO 81 68 85
92.2 94. 6 98.1 - Slerr] [err] Nt 69 64 72
75.6 77 78.5 Slerr] [err] S[err] 54 55
60 64. 4 66 67.6 C[err] [err] S[err]* -21
- 20 -11 -15 -16 g_(gt oI (25[err] © 15
(nC/ cim)- -5.4 -9.3 -347 1 5.9 Tilt Angle
(deg) 22 26 25 24. 7 23. 9 23. 3 Pitch Length
Cr.or N*phase 32 27 14 16. 2 22.5 25
([err]m (71[err] C (66[err]C) (72[err]C) (77C) (78[err]C) (80[err] QO
20 Sc phase 14 21 28 42
([err]m (25[err] © (QS[err]CP(25[e$r]CP(25[er9]C) (25[err] O
(25[err] O Response Ti rre\ g (pse 184 56
75 91.5 126 25 JrPR—F—F e tr SI t| or8t enper at ur e)
3 v/,——‘ ."\\_ 2
8 - L 4
l




CSpoht. Pol . = spont aneous pol ari zati on) The spont aneous
pol ari zation of ferroelectric liquid 30 crystals in Table 1 generally

decreases as the helical pitch i ncreases. Wien the liquid crystal F
(which has the snall est spont aneous pol arization value) in Table 1 is
used, a favorable modul ating effici®hty is obtained. The
nodul ating efficiency of the ferroelectric liquid 35 crystals in Table 1
for 5 [err]mwavel ength mddle infrared light is shown in Fig. 7. The
liquid crystals are contained in the thick cell shown in Fig. 8, where
nunerals 2 and 3 denote silicon el ectrode pl ates having specific

resi stance of 20 [err]cm and 400 [err]mthickness, nuneral 4 is the
ferreelectric liquid crystal. 40 nunerals 5 and 6 are spacers of 100
[err] mthickness, nunferal 8}are w0 - 18

- | ead lines, and nunerfl 9 arle non-feflectlion cqating for the 5
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ph]MaveIength. The nodul ating efficiency with respect to the °

hel i cal pitch of the liquid crystal is neasured for 2 pmm ddl e
rnfrared light. 5 The result is shown in Fig. 9, in which O denotes
transmttance (%9 in the transparent state, x denotes nodul ating

ef ficiency, and A denotes transm tli0ddde (% in the light scattering
state. The liquid crystal is contained in the cell of Fig. 10, where
nunerals 2 and 3 are I TO el ectrodes, nuneral 4 is the 10 ferroelectric
liquid ¢crystal, nunerals 5 and 6 are spacers of 100 [err] mthickness,
nuneral 8 are lead |ines and nuneral 10 are quartz plates of 1 mm

t hi ckness. The vol tage pul ses appl]?iggn EEE) el ectrodes are as shown
in Fig. .4A. As seen in the graphs of FigsY 7 and 9, the nodul ating
efficiency strongly depends on both 15 the helical pitch and the cell gap.
Exanpl e 6 The length of the cell gap is changed using spacers of
different thickness in the liquid crystal thick cell |ight nodul at or
of Fig. 8, and the nodulating efficiency of the liquid 20 «crystal cel

for 2 pmwavel ength near infrared 12ght is neasured.
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The vol tage pul ses applied on the electrodes are as shown in Fig. .. 4A
The result is shown in Fig. 11. As seen in"Fig. 11, the nodul ati ng
.eff|C|ency becones nmaxi mum when the helical pitch is 0.7 to 0.95 tines
the length of the cell gap anbng the light 25 nodulators of the same cel
gap. The absol ute HBX|nun1nDduIat|ng 11718fficiency is obtained at the

cell gap of over 100 pm T IS CLAIMED | S: 1. A
liquid crystal thick cell Iight ‘modul at or conpri si ng: a thick cel
containing ferroelectric liquid crystal between 5 a pair of parallel

el ectrode plates; and a voltage applying circuit for applying a
series of voltage pul ses with an asymetrical duty ratio between the

pai r, of el ectrode pl ates.
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10 . 2. The liquid crystal thick cell |ight nodul ator according to
claim1, wherein the duty ratiois from55 to 85% 3. The
li'quid crystal thick cell Iight nodul ator according to claim1, wherein
the duty ratio is from58 to 75% 15 4. A liquid crystal thick
cell light nodul ator conpri sing: 12/13 thick cell containing
ferroelectric liquid crystal betmeen a pair of parallel electrode

pl ates; and a vol tage app *gg Hégplt for applying a series of
voltage 20 pulses with a DC bias Vol ¥aye ded to the voltage pul ses

bet ween the pair of electrode plates. 5. The liquid
crystal thick cell Iight nodul at or according to claim4, wherein the
DC bpas is from20 to 50% of the half 25 anplitude of the voltage pul ses.
6. The liquid crystal thick cell 1ight nodul ator accordlﬂwg

® C,Hen0<O)-CH= N—.—CH CH-COO~CH,~CH—CiHs
n=10 : DOBAMBC
CHy
@ CaHens 0<O)~CH=N~O)~CH=CH—~COO~CH~C3H,
n=10 : DOBA-I-MBC
G
® CoHans 0<0O)-CH=N <O)~CH=CH-CO0-CH—CHs
| n=10 : DOBA-1-MPC
of
1
@ CyHen0<0)-CH=N—O)~CH=CH-CO0—CHz~CH-CH,
n=10": DOBACPC
® CoHeni0-<O)-CH=N—~O)~CH=CX—~COO~CH;~CH-C,Hs

{(X=Cl,CN and Me)

® CoHzn1<O)-N= CH—@—O—(CH?_)E,-CH—Csz

CH
@ CZH,E-CHZ—COO-CH—CH -@—N N—@—CH=CH-COO—CH2—CH3CZH5
e
® 'cszé—cHzcoo —O)—0R

OH s
© CoHan-0~CO)-CHeN ~O)—CH=CH-COO~CHe~CHCHs

o - l
© CoHeni0<0)-c00~O)- O—(CH)n—gH—Csz

CH,
@ CoHan0<O)-CH=CH- COO—@—OCHZCH-Csz

CH3

® CaHaC(CHI:0—<O)- coo—@—coo—@—ocsH,3



t'o-claim4, wherein the_DC bias is from25 to 40% of the half

«anpl i tude of the voltage pul ses. 7. Aliquid crystal thick cel
~l.i ght nodul at or conpri sing: a thick cell including a pair of
parallel electrode plates 5 with a gap | ength between the el ectrode pl ates
| arger than 50 pm ferroelectrizysiiquid crystal contained between
the pair of el ectrode plates with a helical pitch of the ferroelectric
1Tiquid crystal in snectic C phase being 0.7 to 0.95 tines the gap
| ength; and 10 a voltage applying circuit for applying a series of
vol t age pul ses between the el ectrode pl ates. 8. The liquid
crystal thick cell light nodul ator accorri]g
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' [ oelectric liquid 15
7, erein the helical pitch of the ferroe :
e Claln}n sﬁgctléﬂ'"ﬁﬁaSe'TS'O.S to 0.9 times the gap |ength.

crystal
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ABSTRACT OF THE DISCLOSURE
LIGHT MODULATOR USING A LIQUID CRYSTAL THICK CELL

In a llquld crystal thn.ck cell llght modulator wusing

ferroelectnc llqu:Ld crystal, a series of voltage pulses w1th an

'asymmetrlcal» duty rat:.o (that 1s,_duty ratJ.o of . 55 85%) is N
" applled between a pa:.r of electrode plates conta:.m.ng the
'ferroelectrlc liquid crystal In another liquld crystal thick
'cell llght modulator us:.ng ferroelectr:.c liun.d crystal a DC

_blas voltage is added to the voltage pulses, where the magnitude

of the DC bias voltage is 20-50% of the half amplitude of the
voltage pulses. In still another llqu:.d cxystal thick cell 11ght
modulator, the gap length between the electrode plates is larger
than 50 pm, ar_xd the helical pitch in smect1c C phase of the

ferroelectric liquid crystal is 0.7 to 0.95 times the gap length.

REPLACE

(Figures 1 and 2C)




