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The insulating layers used for the alignment of ferroelectric liquid cry<fl<) in electro-optical cells
usually have non-negligible thickness and their capacitance determines the type of the director switching
caused by a triangular-form external voltddg With decreasing frequency bf, the hysteresis in a switching
direction changes from the normal to the abnormal one at a characteristic hysteresis inversion fréqlency
the vicinity of f;, the electro-optical response is thresholdless and the optical transmission manifests the
V-shape field dependence. Thieshape regime is very interesting for certain applications, in particular to
microdisplays due to a possibility of the gray scale realization. Howéyeas to be enhanced from the usually
observed frequency of a few Hz up to the range of hundreds of Hz. To this effect, a special FLC material has
been designed and its basic propertii#ls angle, spontaneous polarization, rotational viscosity, and electric
conductivity have been measured over the entire range of the sn@ctizhase. Upon variation of cell
parametersthickness of both the FLC and alignment layetemperature, and external voltage, the frequency
of the V-shape effect as high as 150-1000 (izthe temperature range 30-75)as been found experimen-
tally. The operating voltage remains lower than 8 V. A quantitative interpretation of these results has been done
using the modeling procedure developed eafl&P. Palto, Cryst. Rep48, 124 (2003]. The modeling has
been performed with the experimental values of the FLC material and the cell parameters and has shown very
good agreement with experiment. The key point of this approach is consideration of the internal voltage on the
FLC layer, the sign, amplitude, and form of which differ frddg. The results of the modeling allow further
improvement of the performance of electro-optical FLC cells for high frequéfisiiape effect.
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I. INTRODUCTION phaseg4-12]. In the particular case of the S2hphase, the

Ferroelectric liquid crystaléFLCs) have a layered chiral most important factor determining the very existence of the

smecticC’ (SmC”) structure and possess the spontaneous p(j’\_é-shape mode was shown to be an increased thickness of the

larization, which can be switched between two states by at yer?_ u;ed flor aIignrﬂenfdothLCB—lol,llg. Morf preciseg,h' h
external ac voltag€l]. When an FLC structure is stabilized € aligning fayers should have smafl capacitance and nig

by surfaces, its electro-optical switching manifests a threshl€SiStance. Then, in the close external circuit, the charge and
old behavior with a characteristic hystere§®). However, the voltage on these insulating layers will be high enough to

several publications deal with a so-calle¥-shape” or maintain or even invert the internal field in the FLC layer
“thresholdless” switching mode of ferroelectric and antifer-[lol’qlz]‘ " f u$13] has developed ft that
roelectric liquid crystals following the pioneering wof&g]. ecently one of ug13] has developed a software tha
In this case, the bookshelf alignment of smectic layers i llows the modeling of FLC electro-optical switching at ar-

provided by fairly thick insulating films and a cell is placed itrary field forms on account of properties of both FLC

between crossed polarizers with the smectic layer normz{ﬁyers .an(t:i allgnr??r?t Ikz)iye.rs. The s?ftwa;e taI;e&glto E’ipcount
along the electric vector of the incident light. When a trian- € anisotropy of the basic properties of an ectric

i i : ittivities, elastic moduli, viscosity coefficients, and azi-
ular voltage waveform is applied to such a cell, the field-PS' " P ' ,
i%duced o;?tical transmissior?%urve acquires a form of th muthal and zenithal components of the quadrupolar-type of

X X . &he FLC anchoringand conductivity of FLC and alignin
letter V showing neither a threshold nor hysteresis. Thﬁayers. The softh?re was shown tc))/ reproduce man)g exgeri-

V-shape regime is very interesting for applications 10 thénental observations, in fact without fitting parameters
projection displays and the speed of the response is a ke[![2—14.

parameter. However, usually the investigations of this phe- The scope of the present investigation is as follows. With
nomenon are limited by frequencies not exceeding 10 Hz, &ur new software we have analyzed a possibility for increas-
least at room temperature. ing the operating frequency of the hysteresis-free switching
Several mechanisms were suggested for explanation @y varying the properties of a liquid crystal material and
the phenomenon in the antiferroelectric and ferroelectri(:parameters of an e|ectro-optica| cell. In experiment’ we have
succeeded to increase the operating frequency up to 0.1-1
kHz (depending on temperatyrkeeping low operating volt-
*Corresponding author. Email address: blinov@fis.unical.it age and reasonable optical contrast. In the present paper, we
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D I L e As seen in the figures, our mixture has a temperature
30 1420 range of the ferroelectric phase from 10 °C to 90 °C. A wide
temperature range is very important becausevshape re-
3 25 7100 gime is mostly perspective for projection displays, which
= 204 180 g operate in the high intensity light beam, as a rule, at en-
> 3 hanced temperature@bout 40 °C and highgr Then, the
° 157 1% < mixture has a large tilt angle that is important for high opti-
£ 104 a0 & cal transmission in the open states and large spontaneous
a polarization, see Fig. 1. The rotational viscosity of the mix-
*1 FLC438 1% ture is rather low(Fig. 2), which is usually difficult to obtain
0 . . . . . . . —lo for large tilt angle compounds. As we shall see later, a
10 20 30 40 S0 60 70 80 90 slightly enhanced specific conductivity of the mixture with
T(C) respect to commercial FLCs is close to optimal for the high

frequencyV-shape switching. The optical anisotropy of the
material at wavelengtih=633 nm isAn=0.20-0.18 in a
range of 25-60 °C. Finally, our mixture is well aligned by a

) ~_conventional rubbing technique without the formation of
show our best experimental results and make quantitativepeyrons.

comparison of them with the results of our modeling.

FIG. 1. Temperature dependencies of tilt angigand sponta-
neous polarizatiorPg of FLC-438.

2. Electro-optical cells

Il. EXPERIMENT As modeling shows, thicker alignment layers promote
high frequency hysteresis-free switching. However, thick
polyimide layers due to their specific morphology often re-
1. Material sult in textures of insufficient quality. Therefore, for our cells
We have tested many FLC materials for theshape W€ used glasses with double alignment layers at each
electro-optical switching at elevated frequencies. Some exndium-tin oxide (ITO) electrode. First thicK50-100 nm
amples can be found in our previous publications”l20s layers have been evaporated, on top of which thin
[10,12,15,16 The best results were obtained with a four- (10-20 nm polyimide layers have been deposited by a spin-
component mixture FLC-438 that is a combination of aC0&ling technique. For comparison, we also made cells with
three-component achiral smeciz-matrix (phenylpyrimi- single thin(20—40 nm polyimide layers deposited on each

dine and biphenylpyrimidine derivativeand a chiral deriva- 1O €lectrode. In all cases, only one of the double or single
tive of terphenyl-bicarboxylic acid. The temperature depen_ahgnment layers was rubbed in one direction while the other

dencies of the most important properties of the mixture ar&/as not rubbed. _ _ _
shown in Figs. 1 and 2. They were measured using conven- 1n€ 9ap between the glasses was fixed with calibrated

tional techniques usingl—2)-um-thick cells withvery thin gIas; balls spread onto t_he aIignment quers from a solution
alignment layers. The tilt anglé, was measured optically; of dimethylformamide using a spm-coajung technique. As a
the spontaneous polarizatié, rotational viscosityy,, and rule, the area of the electrode overlapping was about4 cm

specific conductivityo were found from the magnitude and The tlhicfknessh of the quuiq crystal fl_ayel[c Is very imgot:-
shape of the current oscillograms at different frequencies. WiNt In fact, there is a serious confinementdyg posed by

tical requirements: the maximal optical transmission cor-
used the square-wave form of the external voltagi2.5 V) op : -
for %, Py, 7, measurements and the triangular form responds to the phase retardati®&n27And/A=7. For An

I ~0.2, it meansd c~ 1.5 um for the transmission regime
+14 V) for th : ’ LC K : :
( ) for the o determination and d, c=0.75um for the reflection(or double transmis-
sion regime. In our experiments, we mostly ué@.7-1

A. Material and cells

0.20 1.2 -pum-thick cells.
_ 0154 0.9 £ B. V-shape electro-optical response
] (2]
S L
9_’90.10_ 062 1. Form of the response
= b For the electro-opticalV-shape regime, the so-called
bookshelf geometry of the sandwich electro-optical cells is
0.05 Ho.3 . . . .
used with the smectic layer planes oriented perpendicular to
the electrodes. The smectic layer normal coincides with the
0.00 0.0 rubbing directionz. The directom in the bulk of the cell is

tited at an angle of9, with respect to the electrode plane
z, y and its projection onto the latter coincides withThe

FIG. 2. Temperature dependencies of rotational viscogitgnd ~ polarizer and analyzer axes are installed parallel and perpen-
dc conductivityo of FLC-438. dicular to thez, respectively. Therefore, in the field-off re-
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FIG. 3. Hysteresis free forrta) and normal hysteresis tyge) 0.1
of the optical transmission curves taken for the same cell no. 1 at 60°C
two different frequencies 180 Hz and 1 kHz, respectively.
0.0 T T T 1
) ) o ] o » -10 -5 0 5 10
gime, the optical transmission is minimal. When a positive or U, V)
negative voltage is applied to the electrodes alongtagis,
the polarization componei, is switched up or down, while FIG. 4. Voltage dependencies of the optical transmission taken

the director moves along the conical surface with its projecfor the same FLC cell at three different temperatufes0, 50 and
tion onto thez, y plane changing between the angle§,+ 60 °C (cell no. 1. (Note that the curves are shifted to the right from
with respect ta. Thus, the optical transmission in the field- the zero field point, especially at increasedThis effect comes in

on states is maximal in the two symmetric states with respedfom the intrinsic asymmetry of our cell with only one electrode
to the rubbing direction rubbed. The latter may cause a dependence of FLC conductivity on

Two examples of the optical transmission curves aref'eld polarity due, e.g.,

shown in Fig. 3. A cell was constructed for operation in the Fqgr practical purposes, it is not sufficient to have zero
high frequencyV-shape mode. The two curves differ by the coercive voltage at=f;. To provide many levels of the gray
frequency of an applied triangular waveform voltddg of  scale, the transmission for the up and down scans of the
amplitude +10 V. The upper curve corresponds to thevoltage should follow the same curve for all voltage values.
V-shape regime, because the frequemcyf U, coincides Figure 3a) is a very good example: we specially selected a
with the so-called hysteresis inversion frequen¢fi  very thin line on the graph to show that the curve is not
=180 H32. This frequency is the principal property of the cell doubled. In addition, the coercive field in our cells weakly
and depends on many parametgi8,11,14. Strictly speak- depends on frequency: an even six-times difference between
ing, it is that single frequency at which one can observe thd and f; in Fig. 3(b) results in a very small value dfl;
electro-optical hysteresis-free switching with zero coercive™ 200 mv. . o
field and theV shape of the response. For f;, we observe _ Another parameter important for the gray scale realization
normalhysteresis when the director follows the external fieldiS the depth of the transmission minimum, which is neces-

with a time delay. This case is shown in Fig(bB (f sary for a large dynamic range and a high contrdét

=1 kH2z); here the form of the curve resembles rather Ietter:TmaX/Tmi”) of the response. Our computer modeling of the

W with a finite coercive voltagél,. For f<f., we observe electro-optical switching o_f a_cell with the bqokshelf_ struc-
the so-calledabnormal hvst oc h th“ direct ture free of defects and aligning layers of uniform thickness
o ysteresis when the director goes gy, ,ys that the contrast is only limited by the quality of po-
ahead of the driving voltag®, (but, of course, behind the |5j76r5 1 experiment, the dynamic contrast is k=5 in
internal field depending on.the capacitance of alignment 'ayFigs. 3 and #while the same cells show the static, field-off
ers. At f=f;, the hysteresis on the external voltage scale:ontrast of about 100. The microscope observation of the
disappeargU.=0). texture without applied field reveals fine focal-conic defects
The thickness of the FLC layer plays the key role in theresponsible for this static contrast. We believe that these de-
high frequency hysteresis-free switching. Early experimentsects originate from small irregularities in the thickness of
made on the wedge-shape c¢ll§] revealed a maximum of the aligning layers. Unfortunately, in the field-on, dynamic
fi atd_c~0.8-1um, by chance very close to the thicknessregimethe same defectsecome much brighter under a mi-
of the optimum optical transmission. Figure 3 corresponds t@roscope and reduce optical contrast.
cell no. 1 withd, =0.85um and rather thick alignment lay- The reason is clear from the physics of the process: any
ers(70 nm of ALO; plus 20 nm of Pl on each electrgde  fluctuations in the thickness of the aligning layers produce

to asymmetric charge injection processes.
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fluctuations of the voltage on the FLC layer that control the 1000 ' ' ' ' ' '
speed of the polarization and the director switching. At a

place with thinner alignment layers, the internal field on the
FLC is higher and the switching is faster. Therefore, the FLC ]
director at that place goes ahead of the director at a neighbo__ ¢qq4

800+

place where the alignment layers are thicker, and a gradieni:‘_ ] 2;
of the director orientation appears at the boundary betweers- 496 14"
the two places. This “dynamic director gradient” causes ]
rather strong light scattering and increa3gg, Such scat- 200 - 42
tering is an intrinsic feature of the high frequency hysteresis- .
free switching for two reasons{i) generally, in the 0 0

hysteresis-free regime, the internal field on FLC is sr{sk
Sec. Il A) and sensitive to any fluctuation@i) in the case
of the high frequency effect, we inevitably have thick align-  FG. 5. Temperature dependencies of inversion frequénagd
ing layers and relatively thin FLC layers so the voltage fluc-saturation voltagéJ for FLC cell no. 1.
tuations on an FLC layer are especially large. Our experi-
ments show that with thick polyimide layefsingle, without  also increases with temperature reaching the maximum value
Al,0,), the high frequency-shape effect is almost impos- of only 520 Hz at 75 °C. This is due to an increase in capaci-
sible to observe due to a poor contrast. Therefore, in order ttance of the thinner alignment layers. Correspondiriddys
increase the contrast, the technology of alignment layers hdewer than in Fig. 5from 4 V at 30 °C to 2 V at 75 °C We
to be improved further. have studied the dependence of saturation fi&lcon the

With increasingUy,, the transmission reaches saturation.thickness of the alignment layers prepared solely with either
The saturation voltagl is another important parameter of alumina or polyimide. Figure Gleft) shows twoEg(da;)
the electro-optical cells. The double saturation voltage iurves measured dt=25 °C on the cells with fixed thick-
marked by arrows in Fig.(8). The requirements for a high ness of FLC layed, c=0.7um and varied thicknesd,, of
inversion frequency and a low saturation voltage are to sompolyimide and A}O5 alignment layers. The external voltage
extent contradictory, therefore a compromise should alwaysvas also varied and the saturation voltage was found accord-
be found. ing to its definition illustrated by Fig. 3. Then, for conve-
nience of interpretation, the saturation fiédg=U¢/d, - was
plotted againsty, .

Figure 4 shows examples of the electro-optical response At first glance, it would seem thd; in Fig. 6 (left) de-
at the same frequendy=180 H2 but at three different tem- pends on properties of the aligning material and the alumina
peratures. The central curve takeriTat50 °C manifests the layers are preferable for loweririg,. However, due to a large
hysteresis-free switching. It is the same curve shown in Figdifference in the dielectric constant of the two materials, the
3(a). For temperature§=30 °C and 60 °C, the inversion layers of AbOz(e~10) and Pl(e~3.4) of equal thickness
frequency is 70 and 500 Hz, respectively. Therefore, in botthave different capacitance. In Fig(éght), the same data for
cases, af=180 Hz there is a hysteresis in switchifrprmal  Eg are presented as functions of the inverse capacitance of
at 30 °C and abnormal at 60 yQalthough the coercive volt- the alignment layers. Now we can see that the two sets of
age is so smallabout 10 mV that the top and bottom lines

2. Temperature dependence qfdnd Us

in Fig. 4 are only slightly broadened. This is a specific fea- ' R e ks
ture of thin electro-optical cells. The temperature dependen- | FLC-438

cies of both the inversion frequency and saturation voltage 197 d,=0.7um 110
are shown in Fig. 5 for the same cell no. 1. Some difference 1 U, -varied

in f; in Figs. 4 and 5 is accounted for by a small variation of 8 18
the cell thickness over the cell area about Z@robed bya &

laser beam of about 3 mm in diameter. With increasing tem-g 6 16
perature, the inversion frequency increases dramatically an&

reaches a value as high as 1 kK 75 °Q, never reported Wi’ ;| 14
before. The main reasons are a decrease in viscosity and & :

increase in conductivity of the substance. The saturation , | 1
voltage decreases with temperature from 8.5 to @M. 5).

For the microdisplays operating at enhanced temperature o

H HH 0 T T T T T T T T T T T
both h_|ghfi and lowUg are favqrable factors. In addltlon,_ the 0 50 100 150 0.00 0.02 0.04
cell thickness of 0.8%m provides almost optimum optical d, (hm) 1/C (nF™)
transmission for the display operation in the reflection mode.

FIG. 6. Dependencies of the saturation field on the properties of
Al,O3 and PI aligning layers presented on two different scales:
For a cell no. 2 with the sam@ - and thinner alignment alignment layer thicknesd,, (left) and inverse layer capacitance

layers(50 nm of ALO5; and 20 nm of PI at each electrodé C™* (right).

3. Alignment layers and saturation field
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Experiment X

=Y
o
1

? EA'—~dLC
* Eic~2daL TPX

FIG. 8. (Color onlineg A model showing the appearance of the
internal field opposite to the, direction atU=0 in the FLC layer

Transmission (arb. units)
Q
o
1

01'8-: ' ' ' ' ' ' previously polarized by high enough voltage The voltage source
S 5 has a negligible internal resistance.
S o]
10 The experiment has again been done with a
S e B e s e P R 0.75-um-thick cell no. 3 having double alignment layers
@ 0.0 0.2 04 06 0.8 10 consisting of A}O; (70 nm) and PI(20-30 nm at each
Time (ms) electrode. The cell was kept at an enhanced temperature of
z 60 °C. At this temperature, the FLC viscosity is smi@j,
E 1ol ~19 mPa $ and the spontaneous polarization is still fairly
g - large(Ps~65 nC/cnf) (see Figs. 1 and)2Due to this and a
% small thickness of the celd=0.9 um together with align-
2 951 ment layery its reaction time to the external voltadg,
° =3-8 V is quite shortr, =~ y,d/PU,~9-3 us). For the op-
g ' : tical transmission pulses, this corresponds to the leading
£ 007 S S edge duration of 14—@s. Indeed, all,=8 V we observe in
0] : Fig. 7(b) the leading edge duration of about %S that is
2] very close to our estimation. Surprisingly, the trailing edge
S 47 duration atU,=0 is almost the same=8.5 us). The optical
> -6 transmission and therefore the Sindirector relax very fast
8] to the initial voltage-off state showing no bistability. This

240 250 260 270 280 290 300 pure monostable switching may only be caused by a strong
(b) Time (us) inverse internal field that appears after the trailing edges of

the external pulses. In the next section, we shall model this
FIG. 7. (a) Forms of the voltage and the optical response of Ce”process.

no. 3 showing a dependence of transmission on the pulse amplitude;
(b) a plown part of the transmls_s_lon and voltage curves showing the IIl. MODELLING AND DISCUSSION
duration of the leading and trailing edges.

The final aim of this section is to explain our experimental
data fall onto the same line. This shows the principal imporfesults quantitatively using the simulation technique devel-
tance of the global capacitance of the alignment layers indeoped earlief10,12,14. Our calculations will also show gen-
pendently of their thickness and dielectric constant or oferal tendencies as far as the high frequevieghape switch-
whether the single or double layers are used. However, usinjg is concerned. The consideration of the magnitude and the
thick alumina layers under thin Pl layers is more profitabletime dependence of the internal field in the FLC lafggg is
because, as AFM tests show, thin Pl layers are more homa@ key point of our approach. Therefore, at first, we shall
geneous and provide better quality of the FLC optical tex-consider a very naive model that already describes some im-
tures than thicker single PI layers of the same capacitanceportant features of the internal field.

A. Local field in ferroelectric liquid crystal layer (a simple

C. High frequency pulse response electrostatic model)

Usual FLC cells manifest bistable switching and one A simplified double-layer electrostatic model is shown in
should use pulses of opposite polarity to switch the opticaFig 8. In this model, we completely neglect conductivity of
transmission between the dark and bright states. Howeveboth the FLC and alignment layers and, instead of dynamic
our cells with high hysteresis inversion frequency manifesidielectric permittivity related to th€ switching, we use a
very particular response to a series of electric pulsethef static dielectric constant, . The thicker layer mimics an
same polarity Such a response is shown in Fig. 7 and, to ourFLC layer with the polarization componeRy, directed up or
knowledge, has never been observed yet. We have synthdewn, depending on the applied field. The thinner layer
sized a sequence of 20 sh@26 us) rectangular pulses with  mimics two insulating alignment layers with a total thickness
the triangular envelope of 1 ms period. Such a voltage forn2d,, and their capacitances connected in series. The equa-
allows us to observe simultaneously the electro-optical retions for continuity of displacemerid, and distribution of
sponse to different voltage amplitudes. voltages over the contour read

051715-5



BLINQV et al. PHYSICAL REVIEW E 71, 051715(2009

To be in accord with Fig. 9, we can predict hd&®ywould
influence the internal field in an FLC layer in a dynamic
: regime when alignment layers are thick, e.gd,2=50X 2
b LR - P=0 =100 nm(dotted vertical line in the figupeWhen a positive
' T ~a voltage pulse orients the spontaneous polarization up, the

= TS ~_ U=10V uise
5_ 4 : P =82nClcm’ e_x_ternal flelq is not only reqluced down to 7 Mih due toa
S : finite capacitance of the alignment laydurve 1, but, in
g 2 : addition, it is dramatically screened by the polarization

w 3 P=0 chargeqddown to 5.2 V, curve 2 When the external pulse is

0 I over, the capacitance of the alignment layers is still charged

4 . U=0 . . .
D e, . P =82nCl/cm? and creates a strong negative field in the FLC layer
' = —-1.9 V/um, see curve ¥ This field would switch thé> and
-4 . i . T the director back from the field-on state preventing bistabil-
0 50 100 150 200

ity and hysteresis. This explains the monostable switching
shown in Fig. 7.

When a triangular voltage is applied to a cell, the internal
field effects become very important at low frequencies. In the
case of nonconductive FLC due to the external field screen-
ing, the coercive field becomes very low and the hysteresis

2d, (nm)

FIG. 9. Dependencies of the magnitude of the internal field in
the FLC layer on PI alignment layer thicknedg, for different
external voltagd) and FLC polarization componeR, [calculated

with Eq. (2)] almostdisappears. However, as shown[it6], to have an
ideal hysteresis-free switching at a certain frequefttyge
goeaLEaL = €0eLcELc + Px = Dy, change in the hysteresis directionfgtas seen in Figs. 3 and
4), the FLC must be conductive. This partially explains the
2dp EaL +dicE c=U. (1)  strong temperature growth &f shown in Fig. 5, although a

decrease in viscosity is also very important.

From here, we can easily find the electric field in the two Curve 2 in Fig. 9 explains the growth of the saturation

layers, voltage E; with alignment layer thickness. Since for a fixed
ea U — (Pyleg)2da, voltageU,, across the cell electrodes the internal fig|d in
Lc= ) the FLC layer is screened more and more with increasing
(erc2da +eaLdic) da ., we have to increas®),, to achieve the same optical
effect. Thus, our experimental data can be understood quali-
" eLcU + (Pyeg)dic (2y tatively on the basis of the naive model. Now we shall look

" (ec2da +epLdio) at the results of the much more advanced modeling proce-

Due to the presence of polarization, the electric field exists ir(1jure
each layer even dt/=0 and the two fields are opposite to
each other, as shown in Fig. 8. At=0, the internal field in
the liquid crystal layer is always opposite By and it is that 1. Parameters of the model
internal field which is responsible for the hysteresis-free
switching. The formula foE, - can be presented in the “ca-
pacitance form(Sis the cell arep

B. Modeling of the high frequency hysteresis-free switching

Our modeling procedure is described in detai[13] and
more briefly in[14]. In the same papers some examples are
given. Here we shall focus on the modeling of hysteresis-free

CyaLCLc(U/S—P,/Cypr) high frequency optical response. To this effect, we need to
Eic= (3 fix a large number of parameters, which can be divided in
four groups: FLC material parameters; parameters of the cell
From this it is evident that the dielectric material of two construction; parameters determining the bookshelf, tilted, or
alignment layers influencds ¢ only implicitly through their  chevron structure; and parameters of the applied field. The
equivalent capacitanc€,,, in agreement with our experi- majority of these parameters are known from our experi-
mental data shown in Fig. 6. As to an FLC material, it doesment; the others, usually not of principal importance, were
influenceE, ¢ explicitly throughe, - and P,. taken from the literature or reasonably estimated. Below, we

In Fig. 9, the internal field strengfliEq. (2)] is shown as  present the full list of them with some comments. The values
a function of polyimide alignment layers thickness,2 for ~ measured by us are left without comments.

a l-um-thick FLC layer withe c=15. The static external (i) FLC parametergat 35 °Q: P,=84 nC/cnf; tilt angle
voltage U is 10 V or zero. Thex component P,  §,=29° the components of the dielectric tensar=7, g,
=82 nC/cn? of the spontaneous polarizatié® corresponds =17 (calculated as: |, +¢, with £,=10 taken from experi-
to the polarization vector oriented along the cell normalments with nematic phase of similar pyrimidine compounds
while P,=0 corresponds to the orientation in the plane of dc conductivity c=4x10° S/m; refraction indicesn,
the cell. ForU>2d, Py/epea., the sign ofE ¢ coincides =1.53,n,=1.725; rotational viscosity y‘p:yzsinzf}o
with the sign ofU. For smallU, it is determined by the =0.068 Pa gi.e.,y,=0.31 Pas; the other two components of
direction of P,. the viscosity tensor related to the tilt angle relaxat{dn

g0eLc(Crec + Coal)
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FIG. 10. Calculated dependencies of hysteresis inversion fre-

quency on FLC layer thickness for different FLC conductivity
and capacitance of alignment lay&sCurve 1 is calculated for the
experimental values af=4x 10° S/m andC=35 nF for cell no.
1; curves 2—4 are calculated for enhanced FLC conductivity
X108 S/m and varied capacitanc€=50 nF (curve 2, 35 nF
(curve 3, and 20 nF(curve 4. Inset: Hysteresis inversion fre-
quency as a function of FLC specific conductivity fakc
=0.85um andC=35 nF. For other parameters, see the (Sdc.
NB1).

were taken an order of magnitude larger thgn namely
v13=3 Pasg; nematiclike elastic moduli, not normalized by
sirfd,, namelyK; » 5=10, 3, and 3 pNthe order of magni-
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FIG. 11. Calculated voltage dependence of the optical transmis-
sion for d, c=0.85um, conductivityo=4Xx10"° S/m, and differ-

ent capacitance of alignment layets All curves are taken at the
hysteresis inversion frequency. Curve C€=50 nF,f;=68 Hz;
curve 2: C=35nF,f;=90 Hz; curve 3:C=20 nF,f;=110 Hz.
[Notes: (a) Small spikes on the transmission curves near the satu-
ration voltage are the artifacts resulting from the fast calculation
mode. They can be easily eliminated by increasing the number of
the x points along the cell normal, but this would dramatically in-
crease the calculation timéb) In our modeling, the properties of
polarizers are considered to be close to those of typical film polar-
izers used in displays, which determine the minimum transmission
of 0.13%)]

=0.85um, the hysteresis inversion frequency is 90 Hz. This

tude was taken by analogy with nematics having large orienyajue is obtained with a capacitance of alignment layers of

tational order parameter compressibility modulusK,
=5 MPa measured on similar mixtufé&4]; helical pitchp
=0.2 um.

(ii) FLC layer thicknessl, -=0.85 um or varied, cell area
1 cn¥, capacitance of aligning layers C=35 nF Fcor var-
ied, conductivity of aligning layers £ =0.005uS (negli-
gible), cell electrode resistance 0Qk

(iii) Cell normal is alongk, the bookshelf geometry with
the smectic layer normal along easy axish is oriented
alongz and forms a pretilt angléd,=4° with respect to both
substrates(typical of polyimide, nematiclike quadrupolar
anchoring energies ar@/,=0.1 mJ/n? (zenitha) and W,
=0.05 mJ/m (azimutha, polar anchoring is neglecte@v,
andW, are taken assumed from analogy with nematics

(iv) Triangular form applied voltage with amplitude
+10 V (if not said specifically.

2. Search for the highest possible inversion frequency

Trying to find the condition for maximunfi; at a given
temperaturg35 °C), we may vary only a limited number of

C=35 nF/cnt found from the measured thickness of a pair
of Al,O5 (70 nm) and PI1(20 nm) double layers. The calcu-
lated value should be compared with the experimental value
of f; at 35 °C, which varies in the range of 70-130 Hz for
different 0.85um-thick cells. Note that upon the calcula-
tions, only one parameter was fitted: we noticed that a three-
times increase of the splay elastic modukyswith respect to

the twist K, and bendKj; elastic moduli results in a two-
times increase irf;. This anisotropy also improves thé
shape of the transmission cur¢o curve doubling with in-
creasing voltage simultaneously reducing the transmission
maximum by a factor of 1.5. This is accounted for by the
somewhat incomplete director switching in the material with
enhanced anisotropy &f;. Unfortunately, we are not aware
with any data on the anisotropy of elastic moduli in the
SmC’ phase.

Varying the alignment layer thickness, i.e., their capaci-
tance with fixedd, .=0.85um, we can additionally change
the inversion frequency from 68 HL=50 nP to 110 Hz
(C=20 nB, see the corresponding oscillogram in Fig. 11.

parameters. The most important of them are the thickness dfor thicker alignment layer&urve 3, the saturation voltage
a liquid crystal layer, the capacitance of aligning layers, ands, of course, largetthe curve is widerbecause a consider-
the conductivity of a liquid crystal. In experiment, the latter able part of the external voltage drops on these layers.

can be varied by doping FLCs with conductive additives

[16].

The agreement with the experiment can be easily im-
proved by a slight increase in FLC dc conductiwityln fact,

The main plot of Fig. 10 shows several important curvesthe inversion frequency is very sensitive dp as seen from
Curve 1 is calculated with exactly the same set of parametetthe inset to Fig. 10. With the same thicknels=0.85 um,
mentioned above. We have obtained a monotonic increase loy variation ofo we can reaclHi; as high as 400 Hz. If we fix

f; down to very small thickness of FLC layers. Fdic

the conductivity at a reasonable level=2Xx 108 S/m (the
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value typical of nematics and easily achievable by slight 400 T - - -
FLC doping, we would have a family of three curves 2, 3, 1
and 4 in Fig. 10 differing by alignment layer capacitance. For 350 -
curves 1 and 3, the capacitance is the sa@e35 nF. We ]
can see that with enhanced conductivifyreaches the values 3001
of 220 Hz ford,c=0.85um and even 480 Hz for thinner
FLC layers(T=35 °O).

Generally f; increases with decreasing FLC layer thick-
ness(curves 1-3 in Fig. 10 However, forC=20 nF (two
77-nm-thick polyimide layeps the voltage on thin FLC lay-
ers (d ¢<0.8 um, fixed U,=10 V) becomes too small and
the switching regime changes. In this case, the saturation of 150+
the optical transmission is not observed and the inversion :
frequency dramatically drops down, see curve 4 in Fig. 10. 100
This effect has also been observed in experiments on the
wedge-type cells close to the wedge efiyg]. Another spe-
cific feature of very thin FLC layers is a dependence of in-
version frequency on the dielectric anisotropy. Our calcula-
tions show that ford, - <<0.6 um, large positive dielectric o5 10 15 20
anisotropy(our case substantially increasefs. For instance, d,, (um)
instead of the maximum value ¢f=480 Hz (curve 3,s,=
+10), we would only have 300 Hz fos,=0. FIG. 12. Calculated dependencies of hysteresis inversion fre-

As far as the saturation voltage is concerned, the modelguency on FLC layer thickness for the bookshelfirve 1, tilted
ing shows thalJ, is almost independent of the FLC thick- layer (curve 2, and chevror(curve 3 structures. Inset: Calculated
ness. The reason has to do with a voltage dividing betweewoltage dependence of the optical transmission for a Q8Bthick
the alignment layers and FLC layer. The electric field in FLCcell with a symmetric chevron structure. For other parameters, see
necessary for the optical transmission saturationEjs the text(Sec. Il B 1).
=U,c/d,c. Therefore, with increasing, ¢ at a fixed external
voltage Uy, the internal voltageJ, ¢ is also growing and tropy due to a strong deviation of the smectic layer normal
stabilizesEg. In experimentUs slightly increasegby 2099  from the cell plane. Thus, such a curve is not suitable for the
with a considerable decrease in FLC thickness fromid®  conventionaV-shape regime. However, the inner part of the
down to 0.7um, therefore the calculated and experimentalcurve seems to be very interesting: the lines are ideally over-
data agree. On the contrary, calculatdd strongly grows lapped, very steep, linear, and show a small half-distance
with increasing the thickness of alignment layéos a de- between the two maxima);:l_z V). Probably these prop-
crease in their capacitancdhis is well seen in Fig. 11: with  erties of the chevron structure may also be useful for certain
fixed U, =10 V, the saturation voltage increases from 2.1 Vapplications of the thresholdless switching.

(curve 1,C=50nB to 3 V (curve 2,C=35 nP and then to
6.1 V (curve 3,C=20 nH. In experimentUg is somewhat
larger, for example in Fig. 4, for the same parametdgs
~5.6 V(C=35 nB. This could be related to some inhomo- In this section, we show the results of modeling of our
geneity of the FLC texture. The modeling also shows that, irexperimental data on the pulse electro-optical response ob-
the ideal bookshelf texture placed between the ideal polariztained atT=60 °C for 0.75um-thick cell no. 3, see Fig. 7.

ers, the minimum transmission could be reduced to zerdCorrespondingly, several temperature-dependent parameters
This means that there is room for enhancement of the opticdfom those listed in Sec. 1lIB 1 were taken at 60 °Bg
contrast of our cells. =64 nC/cnt, 9,=27.3°,0=6.5X 109 S/m, y,=y,sir*dy,

In our experiments, we dealt only with bookshelf geom-=19 mPa di.e., ¥,=0.094,y; 3=1 Pa$, K; ,3=6, 2, and 2
etry; the chevrons were absent. However, Fig. 12 allows upN, K4;=2 MPa, and capacitance of alignment layers C
to answer an important question: how important is a book=28 nF. The voltage form is exactly the same as in the ex-
shelf structure for the high frequency hysteresis-free switchperiment. The result of our modeling is shown in Fig. 13. At
ing? We can model the tilted layer geometry and the symthe bottom of the figure, the external voltage form is shown;
metric chevrons with the apex in the middle of the FLC the maximum pulse amplitude is +8 V. In the middle of the
layer. In both cases, the smectic normal tilt corresponds téigure, we can see a form of the voltage on the FLC layer. In
the thermodynamic anglé,. As seen from the figure, the fact, it is markedly differentiated external voltagg,. For
three curves corresponding to the bookslelfrve 1), tilted  each positive pulse dil,; (say 8 V), the internal voltage on
layer (curve 2, and chevror(curve 3 structures manifest a the FLC layerU, ¢ has a positive part of a reduced amplitude
similar dependence of inversion frequency on the FLC layef~4 V) followed by a negative pulse of even lower ampli-
thickness. Moreover, for the chevron structfiress maximal,  tude(about —1.5 or =2 V. However, this amplitude is suffi-
however the transmission curve is more similar to leler cient for switching the director to the original state of the
than to letterV; see the inset to Fig. 12. Of course, such azero transmissiorinote that the polarizer is oriented along
shape is related to the strong variation of the optical anisothe rubbing direction and the analyzer is in the crossed po-

Transmission (%)

bl S wi L
1

<540 -5 0 5 10 15 -
u, (V)

C. Modeling of the pulse electro-optical response

051715-8



HIGH FREQUENCY HYSTERESIS-FREE SWITCHING IN. PHYSICAL REVIEW E 71, 051715(2009

Modelling terial has been designed and its basic propeftiisangle,

6. spontaneous polarization, rotational viscosity, and electric
conductivityy have been measured over the entire range of
44 the smecticc” phase. Upon variation of cell parameters

(thickness of both the FLC and alignment layetempera-
N ture, and external voltage, the frequency of the V-shape ef-
fect as high as 150-1000 Hin the temperature range 30—
75°0C has been found experimentally. In this case, the
saturation voltage remains lower than 8 V. A quantitative
interpretation of these results has been done using the mod-
hL eling procedure developed earlier. The modeling has been
YY”V ”y performed with the experimental values of FLC material and
2 cell parameters and has shown very good agreement with
experiment. This approach allows further improvement of
the performance of electro-optical FLC cells for the high
frequencyV-shape effect.
Resuming our earlier resul{d40,12-16 and the present
discussion of the inversion frequentywe may state that in
5 order to have high frequency hysteresis-free switching in
I | R— FLC cells, we shouldi) provide a fast response of an FLC
00 02 04 06 08 10 material to an applied field by increasing tRg vy, ratio; (ii)
Time (ms) enhance conductivity of the FLC layer and not use conduc-
) ) tive aligning layers{iii) use materials with enhanced aniso-
FIG. 13. Calculated time dependencies of the external pulsgropy of elasticity,K;; > K»,=Kas and enhanced positive di-
voltageUey, voltage on the FLC layed,c, and the optical rans-  gjaciric anisotropy;(iv) reduce the thickness of the FLC
mission of a cell with parameters listed in the text. layer down to the value still sufficient for high optical trans-
mission in the on-statdy) decrease the capacitance of align-
sition). The calculated transmission curve shown on the tofment layers by increasing their thickness and decreasing
of the figure reproduces quite well the experimental curvenheir dielectric constantyi) use very uniform alignment lay-
shown in Fig. 7 without fitting parameters. In fact, the lead-ers providing bookshelf structure completely free of defects;

ing and trailing edges of the experimental curve are som@nd (vii) use symmetric chevron structures for certain appli-
30% shorter than the calculated ones. This may come fromations of h|gh frequency thresholdless Switching_

certain errors in the experimental measurements of the FLC
layer thickness(+0.1 um) and alignment layer thickness ACKNOWLEDGMENTS
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