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Molecular orientation near the surface of a smectic liquid crystal cell showing V-shaped switching
by means of attenuated total internal reflection ellipsometry
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Attenuated total internal reflection ellipsometry was used to probe the molecular orientation and switching
near the surface of a smectic liquid crystal cell showing V-shaped switching. We find that the switching occurs
collectively near the surface as in the bulk. The molecules form a twisted state, but the twist angle relative to
the bulk layer normal is small because of compensating twist of the smectic layer normal. As a result, a rather
uniform molecular orientation is produced, resulting in high extinction and a high contrast ratio in the absence
of a field.
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I. INTRODUCTION techniques, such as birefringence and second-harmonic gen-
eration(SHG) as a function of an electric field, switching
Recent developments in the display industry have solvegurrent and polarized fourier-transformed infrar@er-IR)
most of the technological problems in realizing ideal liquid Spectroscopy. They also carried out SHG interferometry
crystal displays(LCDs). One of the problems that still re- measurements on which they proposed a model for the mo-
mains is switching speed. The demand for fast switching iéecglar orient{:\tion in the absenqe of an ellectric field as well
extremely important for the application of LCs in LCD tele- @S its dynamic response to a field. In this model they pro-
visions. Ferroelectric and antiferroelectric LCDELCDs ~ Posed that projections of the layer normal and molecular

and AFLCDS$ may provide solutions to the speed problem.direcmr onto the glass substrate are coincident in the absence
of a field and that the molecules switch collectively on the

In fact, FLCs and AFLCs with threshold characteristics hav if q lcati ¢ it i lectric field
been proposed for use in passive matrix displays and studi%f] cone under appiication of an afternating electric fie

extensively. However, they are essentially on-off devices, so™

that displaying gray levels and achievement of full color are lPo_Iar|_zat|o_n char%e) g(ljven ?y _dlvl P, wﬁerePlls the ‘
difficult. On the other hand, significant advances in thepo arization, is considered to play a role in the explanation o

. L - how the director is stabilized parallel to the layer normal in a
manufacturing of thin film transistor6TFTs) have made P y

. ) . tilted smectic phasg9,10]. The scenario is as follows. Be-
TFT technology available at relatively low cost. From this 5,6 of a surface polar interactiBrat the surfaces is fixed

viewpoint, active matrix displays using FLCs and AFLCs onj,ward or outward, so tha® is splayed throughout the cell
TFT are quite promising. In this display mode, continuousang hence the molecular director is in a twisted state. To
transmittance changes in FLC and AFLC cells are utilized inmjnimize the polarization charge effect caused by the
Conjunction with a threshold behavior using TFT. So far,sp|ayed po|arization, the Sp|ayed regions are Squeezed out
several types of electrooptic switching modes for activefrom the center of the cell toward both surfaces, so that ex-
FLCDs and AFLCDs have been proposed such as V-shapadnded uniform region emerges at the central part of the cell.
switching[1-3], monostable switchinf4,5], and deformed Then conflict between the polarization charge effect and dis-
helix FLC [6] modes. Among them, V-shaped switching hastortion energy accumulated at the surfaces takes place. A
attracted considerable attention because of extensive discusmple simulation using the ¥4 matrix method suggests
sion on the mechanism for particular molecular orientatiorthat the thickness of splayed orientation must be confined to
and switching 1-3,7-19. within 50 nm at both surfaces to obtain the contrast ratio of
V-shaped switching was first demonstrated by laual.  150:1 experimentally observedi1,12. This confinement
[1] in a three-component mixture. This mode is characterizegiroduces large distortion energy, which would inevitably re-
by seven factorg1) threshold free(2) domain free(3) hys-  lax the twisted molecular orientation to a less distorted ori-
teresis free(4) high contrast ratio(5) wide viewing angle, entation. Recently Clarlet al. [13] suggested the extreme
(6) high speed, and7) low applied voltage. The switching case in which perfectly uniform alignment is achieved by
mechanism was first interpreted by the existence of a hypasharge self-interaction.
thetical tilted smectic phase with molecules randomly ori- The above argument suggests the importance of studies
ented on a smectic corf@—3,7. The explanation was that on molecular arrangement and switching in the vicinity of
the azimuthal randomness of molecules gives a complete esurfaces. This motivated us to perform attenuated total inter-
tinction between crossed polarizers, one of which is parallehal reflection(ATIR) measurements. This method enables us
to the smectic layer, and an electric-field induced orientato see the dynamic molecular motion near the surfaces. In
tional change to a ferroelectric state occurs according to preliminary experiments, we observed that the molecules
two-dimensional Langevin process. However, this explanaswitch collectively at surfaces as well as in the buiK]. In
tion is inconsistent with the experimental observations ofthis study, we perform ATIR experiments as a function of
Park et al. [8]. Their experiments included various optical penetration depth and show that rotation of the director is
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. observation and electrooptic measurements could be pos-
Oscilloscope z sible

The optical setup for ATIR measurements is shown in
Fig. 1. A p-polarized light from a He-Ne laséb mW) was
focused before entering the hemisphere prism with a lens
(f=170mm) and was collimated by the hemisphere prism,
being incident to the cell under a total internal reflection
condition. The collimated beam size was about /&0 in
diameter, so that the beam size being incident obliquely at
the sample surface was about 12®X 60 m. Three goni-
ometers with stepping motors were used to change the inci-

polarized dence angld® scan for the sample stage an® &can for
),/ detection stage with an accuracy of 0.0DaAd to rotate the
matching oil cell about the cell surface normék scan with an accuracy
/ _high n of 0.0059. Careful optical alignment was necessary, particu-
~|9T"’§S larly since the rotation axis dP-20 scan is slightly shifted
_rubbed from the prism surface depending on the incidence angle.
alignment The polarization direction was also carefully adjusted. The
layer incident light was chopped480 H2 and a reflected
IrI)?mal dlass LC s-polarized light was detected by a diode through a focusing

optic plane lens (f=80mm) and was amplified by a lock-in amplifier

. (EG&G, model 5210
FIG. 1. Optical setup for ATIR measurements. The sample was e total internal reflection takes place for incidence
sandwiched between twne normal and one high-indeglass  ge5 arger than 59.1 ° at the interface between ITO and P,
substrates, the latter of which was attached to a high-index hemiy,o" afractive indices of which are 1.860 and 1.596, respec-
sphere prism with matching oil. Under total internal reflection Con‘tively. In the evanescent region, light intensity decreases ex-

ditions p-polarized light & =633 nm) was incident on the sample ,qentially with distance from the interface. The penetration
and s-polarized reflected light was detected. The measurement epth is defined as a length where the light intensity de-

were carried out under the appllcqtlon of a triangular wave voltageCreases to # In the present case, the evanescent region
(0.1 Hz as a function of cell rotation angle about the surface nor-

mal at several incidence angles to vary penetration depth. The ce tarts from the_lnterfac_e_ of ITO and PI. On the_other hand,
geometry is also illustrated, where the cell rotation angknd the t_e refl_ectlo_n Slgna_l or|g|r_1ates only from the anlgotr_oplc re-
angle 3 specifying the molecular orientatiorg(;) or layer normal gion, since isotropic media cannot change polanzanop state
direction (8,) are defined as illustrated and as positive for clock- of the reflected beam. In the present case, the r_efltlectlon SIg-
wise rotation. In the figureq is positive and3 is negative. nal is one order of magnitude smaller when the liquid crystal
material is in the isotropic phase than that in the liquid crys-

) . tal phase. This negligibly small signal originates from the
compensated by rotation of the layers to produce a quasiunkpisotropy of rubbed PI. To compensate this small contribu-
form state, leading to a high contrast ratio. tion by the Pl layer, the signal obtained in the isotropic phase

was subtracted from the signal in the liquid crystal phases. In

this way the resultant signal originates from the anisotropic

Il. EXPERIMENTAL PROCEDURES liquid crystal layer. Therefore, we define the penetration
The material used in this study is the three-componenfiePth as alength where the light intensity becomesithe

mixture, that has been extensively used in V-shaped switcHNtensity at the interface between PI and LC. Since we
ing experiments[1,2,8-12. In the smecticX* (Sm-X*) change the incidence angle between 60° and 68°, the pen-
phase between 43 and 64 °C below $mV-shaped switch- etration depth varies between 462 and 154 nm. The measure-
ing was observed. The sample was sandwiched between ndRents were made under static and dynamic conditions as a
mal and high-index rf=1.87852) glass substrates. The in- function of cell rotation angle, that is defined as the angle
dium tin oxide (ITO) coated glass substrates were SIOin_between the optlc'p'lane and the _rubblng Q|rectlon at the' top
coated with polyimide(PI, RN1175, Nissan Chemidaand surface being positive for clockwise rotation of the rubbing
were rubbed unidirectionally. The thickness and refractivefirection(see right bottom in Fig. )1 For dynamic measure-
index of ITO were 51.0 nm and 1.860, respectively. Si|icament§,srpolar|zed reflected Ilght mtensny was detected at a
beads of 0.9%:m in diameter were used for fabricating cells, C€rt@in anglex under the application of a triangular wave of
giving 1.6—1.8um thick cells. Two rubbing directions were O-1 Hz with 24 Vpp. The measurements were repeated after
crossed by 20 {see right bottom in Fig. )1 since the layer changinga. The signals measured in the isotropic phase at
normal in the bulk is known to deviate from the rubbing eacha were used as a base line to eliminate all the contri-
direction because of surface electroclinic effect. As shown ifPution except for the anisotropy of the liquid crystal.
Fig. 1, the high-index glass was attached to high-index hemi-
sphere prism(S-LAH58, Oharan=1.87852 with matching
oil in-between(Series Hxx, Moritex, n=1.891). The cell To understand the experimental results, let us first show
was located in an oven, that was designed so that textunge simulated results. The simulation was made in theASm-

lll. SIMULATION
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1.0 - FIG. 3. Reflectivity as a function of cell rotation angle for the
_ Surface twist i ; e S : get
x10° | (B) =Y a‘fe Wist — Uniform ; incidence angle of 68° in the S-phase(65 °C). Four minima
0.8 ’ J with zero reflectance are observed, indicating that the director is
) parallel to the surface.
.§ 0.6 If the director is not uniformly oriented but twists in the
'§ region near the surface, the pattern changes to that shown in
T 04 Fig. 2(b). In this figure the transmittance is calculated under
o - the assumption of a twist of 20° in a 50-nm region at a
surface. In this case, four minima of zero reflectance appear
0.2 and every second peak gives a different maximum in reflec-
tivity. These simulated results are for a simple molecular
0.0 orientation, where the director is always parallel to the sur-
) face and twist is confined to be near the surface. The situa-
0 90 180 270 360

Cell rotation angle (deg) tion is much more complicated in the S@% phase, since
the azimuthal angle distribution on a smectic cone has to be
FIG. 2. Simulated reflectivity as a function of cell rotation angle considered.

for cells of SmA (a) with various pretilt angles?, and (b) with The purpose of this paper is to explore qualitative mo-
uniform molecular orientation and with a thin twist region of 20° |acylar orientation to understand V-shaped switching. Hence
over 50 nm near the surface. we will not show further simulated results. For quantitative

phase by applying the x4 matrix method to the total inter- comparison of the experimental results with the simulation,

nal reflection geometry. We neglected the anisotropy ofnore r_eal?stig molecular o.rie.ntation including azimuthal
alignment PI layer induced by rubbing and approximated ité':\ngle distribution and layer tilt is necessary to be considered.
refractive index to be 1.5 and thickness to be 90 nm. The
other parameters used are as follows; the refractive indices of IV. RESULTS AND DISCUSSION
the liquid crystal for ordinary and extraordinary light are, A SM-A
respectively, 1.5 and 1.64, the cell thicknesg® and the :
angle of incidence 68°. To be consistent with the experimen- First of all, texture observation was made in the 8m-
tal condition, the layer normal in the bulk was assumed to behase(65 °C). It was found that the layer normal in the bulk
along the bisector of the rubbing directions at the top ands oriented between the two rubbing directions, i.e., 10° from
bottom surfaces, i.e., 10° from both. each of them. We define this anghe as the angle between
Figure Za) showss-polarized reflected light intensity as a the layer normal and the rubbing direction at the top surface
function of cell rotation angler. The simulation was made and as being positive for clockwise rotation from the rubbing
for molecular orientations with various pretilt anglég  direction (see right bottom in Fig. )1 Here 8, = —10° for
=0°, 2°, 5°, 10°, 15°, and 20°. If molecules lie parallel to athe bulk.
surface @,=0°), zero reflectance is obtained at four angles ATIR measurements were made only under static condi-
where molecules are parallel or perpendicular to the incitions. One example of the signal profiles is shown in Fig. 3,
dence plane. If the director has a certain angle from the sumwhere the incidence angle of 68° was used and the cell rota-
face (pretilt angle, the director is never perpendicular to the tion anglea is zero when the rubbing direction is in the optic
incidence plane, so that two minima with zero reflectanceplane. There are four angles showing minima, which corre-
and two minima with finite reflectance would result. With spond to the angles where LC molecules are parallel or per-
increasing pretilt angle, two minima increase and eventuallyendicular to the incidence plane, as shown in the simulated
disappear leaving two peaks. results. The comparison of the experiméfig. 3) with the
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FIG. 5. Reflectivity at the saturation fie[dnder=+ 12 V) in the

Sm-X* phase(50°C) as a function of cell rotation angle at an
incidence angle of 62°. Four minima, two of which give zero re-
flectance and the others give a small reflectance, are observed, in-

. . . . dicating that the director is nearly parallel to the surface.
simulated result$Fig. 2(a)] implies that the LC molecules

are parallel to the surface with a pretilt angle of at most 2°.
From the location of the minima, we can estimate the direc-
tor orientation in the vicinity of the surface. Figure 4 shows

FIG. 4. The director orientation angle in the S&i- phase with
respect to the rubbing directiof,, as a function of penetration
depth.

the director orientation angle with respect to the rubbing di- 2.0 : -
rection as a function of penetration depth. This figure shows  y402 w N A% S&X
that the director tends to rotate toward the rubbing direction X Ox A -0V gxXe
when approaching the surface, though the director orienta- 15 ' ex B 8V X e
tion farther than 450 nm from the surface is almost the same ® : . '% .QQED o
as that in the bulk 8,,= —10°). Here the angl@,, is posi- ‘E & o oX 2 :2V ®© OO
tive for clockwise rotation from the rubbing direction, same 4§ 4oL & i% o, X OV & . X
as B, . Without the quantitative penetration depth depen- % L OX , o8 Oo X
dence of the director orientation shown in Fig. 4, we can & §< O ox & o‘x
readily notice the molecular twist from a comparison be- X OO°>< eex '.
tween the shape of the simulated regig. 2(b)] and the D
experimental onéFig. 3); namely every second peak shows
different reflectivity in the twisted geometry. o
0 90 180 270 360

B. Sm-X* Cell rotation angle (deg)

A few zigzag defects in the SH* phase showing 2.0 5 )
V-shaped switching are found in texture observation, indicat-  x10 a e 2V -~
ing the existence of a chevron layer struct{26]. The op- o ® o 4v @ .
tical measurements were made in the region where the chev- 1.5 e ; gx . o.
ron tip points antiparallel to the rubbing direction. By ' A 10V o B
applying an electric field in the S* phase(50 °C), the g L4 é% A 12V . Oooo
maximum rotation of the extinction direction was obtained at ‘§ 1.0 - L o ® 5o g
+7.3 V and the apparent tilt angle was33.0°. It was con- % e 0 o .o 0
firmed that the electrooptic response in the bulk gives an ® ® 0 L :o %
ideal V-shaped switching between 0.1 and 50 Hz, the same oé? F W .gg
as that reported previous|]. Sy ds o0

Now we turn to the dynamic ATIR results in the S{i-
phase(50 °C). Figure 5 shows thes-polarized-light reflec-
tance in the ferroelectric statéat +12 V) as a function of
cell rotation angle for the incidence angle of 62°. In both
cases, the reflectance has four minima. However, unlike in F|G. 6. Reflectivity vs cell rotation angle under various applied
the SmA only two of them give complete extinction. This voltages during switching on the positive slope for an incidence
fact suggests that the molecular long axis is more or lesangle of 60°. Two of the four minima disappear as the voltage
parallel to the surface but with a finite pretilt angle. The decreases to 0 V. This behavior indicates that the director at the
comparison with Fig. @) suggests a pretilt angle between 5° surface have a high pretilt angle at 0 V.

270
Cell rotation angle (deg)

90
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FIG. 7. The angle between the director and rubbing direction FIG. 8. The layer normal directiof, determined by the bisec-

Bwm as a function of voltage for an incidence angle of 68°. tor of the two angles in fully switched states as a function of pen-
etration depth. The layer twist is clearly observed near the surface.

and 10°. Shown in Fig. 6 is the reflectance against cell rota-
tion angle during application of a triangular wave field from _. N - : .
—12 to +12 V for the incidence angle of 60°. This data wasm'ned IS Q|splayed N Fig. 8 as a function of penetrat!on
taken at various voltages during the switching process. It Wagaeri)rtlz.r (fgrlg:r? Lut:r?jggi?qu, é?rzgzgﬁr Qg;?q?#éegﬂffégeiev;aete
found that at lower voltages during switching two of the or twist 0CCUrS near t%e cell surfaces ro
minima disappeared, and the maximum reflectance increasé%yNo Wi ce :m'ne the d'rectortcj)r'entaf'on(}av near the
for all the incidence angles when approaching 0 V. The W we exam ! ! :

variation of the profiles is essentially the same as the Simugurfaces. Shown in Fig. 9 is the apparent tilt angle with re-

lation [Fig. 2(@)] except for their lateral shift. These results SEﬁCt tgttr;ﬁ Igygr r:jorrzr;?rlﬂat er?ghst)etir::etrrnatlon ?ergthﬁtTh; :e—
suggest that the molecular pretilt angle at the surface peU'ts ovtained by dy ca a easurements agree

comes a maximum at 0 V. as indicated by several opticale ot FREC T G S0 1R 1 e e aces
measurements in the bu[B]. 9 :

Here we want to make a comment on the result in the. o VEVer the twisting rate With. respect to th_e F”bbing direc-
static condition. A similar measurement to that shown in Fig'|;)r;;sn2?rtng|s t{/?irgti,iﬁsthsehgwnolgitzlgérigé -tr:ItSh; g?fﬁ;iﬁég?
6 was made under short circuit conditiori<€ 0). The results i Y readv sh . F'pp8
for the static(short circuitedl and dynamid0 V) conditions or, as aiready shown In Fig. ©.

were exactly the same. This means that all the observations In summary(1) projection of the director onto the surface

. . - . .rotates by 10° from the rubbing directiof®) the director is
obtained under dynamic condition are valid even under stan{:n a twisted state at 0 V near the surfaces and the twist angle

condition.
The minimum reflectance near the rubbing directien (
=0°) appears at the angle where the director is in the optic 8
plane. This angle between the director and rubbing direction _
Bw is plotted as a function of a field in Fig. 7, where the & 7} ¢
results for the incidence angle of 68° are shown. The results % , ;
for other incidence angles are essentially the same as those® g |- o
shown in Fig. 7. It is important to note that this behavior is  © ’ ®
quite similar to the one in the bulk, as reported by Retrkl. = | .
[8]. They have shown that this behavior is qualitatively dif- &
ferent from that proposed in the random model and further- 3 B °
more the changes in optical anisotropy and switching current c_% 4
during V-shaped switching are well simulated using the volt- § °
age dependence of apparent tilt angle based on the collective3 B : : _ : :
switching of molecules on the tilt cone. Hence we can con- ) i l | | |
clude that molecules near the surfaces switch collectively as 0 100 200 300, 400 500

in the bulk. The apparent tilt angle at the surfaces is given by
half the difference between the angles at the saturation field
and is about 31.9°, that is slightly smaller than that in the FIG. 9. The apparent tilt angle with respect to the layer normal
bulk, 33°. Figure 7 also gives the layer normal direction, thatat each penetration depth at 0 (dynamic and statjc The local

is given by the bisector of the two angles in the fully apparent tilt angle becomes larger toward the rubbing direction and
switched states. The layer normal directi@p thus deter- the molecular long axis forms a twisted orientation near the surface.

Penetration depth (nm)
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FIG. 11. Schematic illustration of the molecular orientati¢as
without and(b) with a layer twist. Arrows and broken lines repre-
FIG. 10. The direction of the directg8y, at 0 V (dynamic and  sent thec director and the layer normal. Note that the angles are
statid with respect to the rubbing direction as a function of pen-€exaggerated.
etration depth. Note that the twist angle is reduced due to the com-

pensation by the layer twist shown in Fig. 8. temperature antiferroelectric phase. This experiment also in-
dicates that the layers of the present mixture are soft, though

at a penetration depth of 150 nm is 7.2° from the optic axishe physical property obtained by this experiment is a layer

in the bulk.(3) the layer normal also forms a twist configu- compression modulus but not an elastic modulus for layer

ration near the surface#}) because of the compensation of yyist.

the twist angles by opposite twist of the direct®y and layer

normal(3), the twist angle of the director with respect to the

bulk layer normal is relatively small at the same depth, i.e., V. CONCLUSIONS

3.8°. The situation is illustrated in Fig. 11, in which both

cases(a) without and(b) with layer twist are drawn. In the ~ ATIR measurements were performed to investigate the

actual caseb), the twist angle with respect to the bulk layer molecular orientation and switching near surfaces. It was

normal is half of that without layer twist. This is the reasonfound that layer twist occurs near the surfaces and it is com-

why high extinction and a high contrast ratio are obtainedyensated by twisting of the director with the opposite sense,

during V-shaped switching in the three-component mixturgesylting in a relatively small orientation change of the mo-

used. _ lecular long axis in the cells. We conclude that this is the
In this way, the layer twist compensates the moleculagg,qqn why v-shaped switching in the three-component mix-

twist, so t.hat. the distortion energy loss caused by the MO%yre shows high extinction and has a high contrast ratio. To

Iecular twist Is su'ppressed. This means,.however, the Iayec:ronclude that the soft layer is a necessary condition for

distortion energy increase by the layer twist must be smalle

) : . : -shaped switching, the measurements using other com-
than the molecular orientational distortion energy decreaseOunds showina V-shaped switching are needed. The present
by the compensation. It is not easy to prove this conditior? 9 P g : P

guantitatively. However, two experimental observations Sugexperlment supports the role played by polarization charge

gest that the layer of this mixture is very soft, so that the€T€Ct, but also implies that the phenomenon of V-shaped
layer distortion energy is relatively low. The first evidence SWitching is not so simple. For further analysis, the quanti-
for this is given by texture observation. Because of a chevrof@tive comparison of the experimental results with the theo-
layer structure, we often notice zigzag defects that easilvetical prediction is expected. This eﬁort. is under way in our
change their shape. Since the zigzag defect originates frorgPoratory by calculating the reflected light by applying the
the boundaries of chevron layer structures with different tip# <4 matrix method to the evanescent region. The results
directions[21—23, the easy movement of the zigzag defectsWill be reported in the near future.

indicates the softness of the smectic layer. The second evi-

dence was obtained by layer compression measurements

[24]. It is known that the layer compression modulus exhibits ACKNOWLEDGMENTS

a softening at the untilted to tilted smectic phase transitions
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