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C-V Hysteresis Observed in a Splay-Bend 
Transition: a Novel Method for the Evaluation of 

a Transition Speed 

SHOICHI ISHIHARAa, KATSUJI HATTORIa and 
AKIHIKO SUGIMURAb 
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Electric Industrial Co. Ltd., 3-1-1, Yagumo-Nakamachi, Moriguchi, Osaka 
570-8501, Japan and b Department of Information Systems Engineering, 

Osaka Sangyo Universiv, 3-1-1, Nakagaito, Daito-shi, Osaka 574-8530, Japan 

The director distributions in thin nematic slabs with parallel structure have been calculated as 
a function of the applied electric field. They are different from the cells with the anti-parallel 
structure, in that three solutions exist in a specified voltage range which predict a transition of 
the director deformation from splay to bend configurations in the parallel structure. This 
splay-bend transition has been confmed experimentally by a capacitance-voltage (C-V) 
hysteresis method. The C-V characteristics showed a hysteresis around the deformation tran- 
sition and this magnitude corresponded to the facility of a splay-bend transition: a compari- 
son of these hysteresis characteristics for different materials enables us to evaluate the 
splay-bend transition speed easily. 

Keywords: liquid crystal: continuum theory; parallel structure; C-V hysteresis; bend transi- 
tion 

I S‘I’H 0 1) 1 (“1’ I ON 

There has becri corisideralile intcrrst in the director distribirtion of 
B liematic liquid crystal (LC’) slat) hotti in the bulk arid at surfaces. 
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in both basic scicncr arid technology[l]. So far, the strong anchoring 
condition, in  which the director near the surface adopts a fixed ori- 
entation, has beeri adopted to understand the director distribution 
in the bulk of a LC slab. But, rc*cent,ly, it has come to bc rw- 
ogtiized that the surface of practical liquid crystal devices (LCDs) 
show the wcak anchoring condition where the surface forces are not 
strong enough to impose a wcll-defined director oricritation at the 
surface [2]. 

In LCI)s, csprcially in LCDs with phase compensators, the dis- 
play performance is largely influenced by the control of I,C director 
distributions. The investigation and clarification of the orientation 
mechanism at surfaces is practically meaningful. 

Optically self-compensated birefringence (OCB) mode where 
a display is performed in a bend configuration has been drawing 
attention as a mode where wide viewing angle is compatiblc with 
quick response. 'I'hc problems to be solved in this mode arc divided 
into the development of retardation films and the iriitialization of 
the LC' configuration. 

Several routes are proposed for the splay-bend transition in 
which the transition rate is influenced by the LC configurations 
through which the transition pwses[3]. Generally, it takes more 
than several ten seconds for the tmnsition to be complet,ed in whole 
the pix& following the application of IV/pm electric field strength. 

IIence, in order to initialize a LC configuration, it is necessarily 
t o  apply a voltage of about / I V / / m  to the cell to cause the splay- 
bend transitkm forcibly. However, t o  do this, a new driving circuit 
is needed to replace the conventional LCD circuit. This rlwds im- 
proved I,C' rriaterials which show quick splay-bend transition with 
the application of several voltages. 

Convcntiorially, the timc required for the transition from tlic 
splay configural ion to the bend configuration i n  the ent ire elect rode 
arca is incasiired by visual observation. IIowever. this met hod is not 
siiitcvi for an automatic measurcnic*rit arid its reproduci hility is poor. 

In this study. we calculatc the change of the L(' director clis- 
tributions i n  a hornogencously aligned parallel cell with an applicd 
electric. field. We then confirrii experimcnt ally t l iv  predicted Iiystcrc- 
sis of t he ('-Y characteristics. We also investigatt- the relationship 
bet ween the magnitude of this ('-V hysteresis and the splay-bend 
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C-V HYSTERESIS IN A SPLAY-BEND TRANSITION [327]/83 

transit ion s pmi . 

(!A I,CULATIONS 

Total free energy F in  a nematic LC slab that are put with two 
subst.ratc*s is given as follows . 

where the integral is over the 2 coordinate (corresponding to the 
direction riormal to the glass plate). Here, terms of ydr ge and gs arc 
associated with elastic distortions, interaction with an electric field 
and surface anchoring, respectively. g,+ and gr show the surface 
cmergy density on tlir surfaces of the upper substrate and the lower 
substrate, respectively. 
The free energy due to the electric field is of the form 

y, = -E"AZ( f?. Q / 2  . (2) 

The applicat.iori of a voltage across the LC slab results i n  an electric 
dis placeinen t 13, 

where Ell is the permittivity of free space and 41 and are the prin- 
cipal values of the bulk dielectric. susceptibility_tensor, parallel and 
nornial to the director. Assuming that. f i  and E vary orily in the 2 
direction, and neglecting the effects of space charge, V -  D=O irriplies 
t tiat D, is a constant across the bulk. / I ,  can be found from Kq.(3)  
H S  

I l f w  .4 is a surfacc- arichoring strcwgt ti and ? and ti arc t h v  easy 
direc%ion and the orirritation of the dircctor at t.he nematic-wall in- 
t erface. 
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We consider simply a nematic L C  cell located between the two 
planes z = 0 arid z = X with a symmetry with rcspecl, to the middle 
plane z = X/2 as showri in Figure 1. 

I n  Figure 1, the tilt angle between the L C  director n in  tlic bulk 
arid the substrate is expressed by a(:), while at the surface the value 
of the tilt angle of ttie dirrctor with respect to the substrate is 8" 
and the tilt angle of the easy axis c is 0,. A- and A+ are the surface 
anclioring strength at z = 0 arid z = A, respectively. 'l'he suffixes 
- arid + denote the plarir z = 0 and the plaric 2 = A ,  respectively. 
'I'he electric field E shall be applied in the direction of the Z axis. 

z=h 

Electric field 

z=o 

FIGURE I The geometry of the coodinate system of t.hc- 
homogeneous liquid crystal cell with a parallel 
struct<iire 

For simplicity, the one constant approximation (k=klI= kzz=k:x3, 
where kl I ,  kzz arid km are the splay, twist, and bend elastic constarits 
of the nematic LC, respectively ) is u s c . .  As is shown in Figure 1, 
the director n' and electric field i.: are written as 

4 

t7 = (0.0. E ( z ) )  . ( 7 )  

1 he riorriiiil Euler-Lagrangc approacti to minimize tlic to t  a1 free en- 
ergy. including the unified surfacr aiiclioriiig cnergy. leads t o  1 he ba- 
sic equations from which to calculate the director distxibution d ( ~ )  
[see Kqs. (18). (1!1). (2), and (23)  in Ref. I]. 

r ,  
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C-V HYSTERESIS IN A SPLAY-BEND TRANSITION [329]/85 

I n  a homogerieous cell, the torque balance equations in the bulk 
and at. the top arid bottom substrates surface are expressed as 

In our calculations, the perturbation of the electric field is given as 
follows, 

x v = 1 E ( t ) d ; ,  

where E,, E~ and AE are the dielectric constant in vacuum, the di- 
electric constant in the normal direction to the L C  director arid the 
clielectric anisotropy. We then calculate the changes of the LC di- 
rect.or distribution with the applied clcctric field in  the condition of 
U ( 0 )  = U " ,  O(X) = -6" and O(0) = O", O ( X )  = 8" for a parallel cell 
arid an anti-parallel cell, rcspcctivcly. 

Figure 2 and Figure 3 show thc calculat.ed results using the 
following values for the L C  materials; kll=6.605pN, k33=7.813pN, 
E~ = 7.08, A~=10.63, where 6, = 6", A = 6.0pni, and A- = At = 
.5 x 10-4.J/~~12. 

I n  the case of an anti-parallel cell (Figure 2 ) ,  the L C  director 
tlist,ribut,iori changes continuously with the extcrrial applied voltrage 
as is well known a i d  1 1 0  deforniat.iori transition has been obscrved. 
The director dist,ribut,ion is symmei rical with respect to t,he cerit,er 
plan(* z = X/2. 

On t hc> o t h  harid. i r i  1.he cast- of a Imrallel cell, threr  director 
dist ribut.ioiis arc ot)i.ained i n  a specific applied volt,agc range. That 
is. R trsrisit.ion from splay to bend deformation appears as t,hc ap- 
plied volt.age is iii(wased. Four line types in  Figure 3 show different, 
director ddorrriat,ioris for various applied voltages. 
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n 

4 
\ 
N 

W 

m 

FIGITRE 2 
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0 0.2 0.4 0.6 0.8 1 

t /  A 
'Hie changes of the L(: director distributions in 

anti-parallel cell with the external applied voltage 

90 

60 a 

30 

0 OV 
l l 1 1 1 I 1 1 1 1 1  

0 0.2 0.4 0.6 0.8 1 

t /  A 
'Hie changes of the L(: director dist,ributions in 

anti-parallel cell with the external applied voltage 
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\ N 30-  
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0 -  

0 0.2 0.4 0.6 0.8 1 
' l l r ' a l l l l l  

z/ A 

-30 

FIGIYRE 3 'I'hv rhnnges of tlic- L('  director distributions in 
t hr parallel cell wit,li the external applied voltagc 
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C-V HYSTERESIS IN A SPLAY-BEND TRANSITION [33 11/87 

Director distributions in solution 1 and solution 2 show bend 
configurations and those in  solution 3 show deformed splay config- 
urations. This incans that a parallel ccll has a possibility to haw 
two bend configurations with the samc applird voltage. Here, thc 
director distribution is not syrrirrirt,rical with respect. to thc cciiter 
plane z = A/2. 

E'igurr 4 shows the calculatd voltage depcndence of the tilt 
ariglc. of the L C  director on the bottom substrate surface Oo-. 'Phis 
figure would suggest that. in the OCB cells with the parallel structure, 
a splay-bend transition will take place and the hysteresis character- 
istics of C-V curve will appear on increasing the voltage. 

\ 
I 
0 
m ::I 10 _i < 

O O  5 10 15 20 
VOLTAGE /V 

Voltage dependencc of tlie I . i h  angle of the LC' director 
on t hr lot tom suh l  ratc surfacr 8"- 

FIGITHK 4 

hIat,erials 
Table I shows t hr physical i)roprrfies of L(' materials uscd in this 
experimciit. SE-7992 and SE-7492 supplied by Nissari Chcmical In- 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

51
 1

6 
A

ug
us

t 2
01

2 



88/[332] 

LC-4 
LC-5 

SHOICHI ISHIHARA er al. 

5.3 Y7.0 19.0 9.2 0.129 12.0 6.85 13.6 
5.3 80.0 12.7 8.3 0.160 102 5.00 12.0 

dustrics, Ltd. were used as a polyimide (PI) alignment layer. 

LC-6 [ 5.7 181.0 I 14.1 I 9.7 10.158 I 13.3 I 7.62 I 14.7 

Cell Preparation 
Cells were prepared by assembling pairs of substratcs with parallel 
rubbing direction (as in  Figure 1). The PI film was deposited on thc 
substrate frorri a dilute polymrr solution by ttie spinning method and 
wm then baked at 180°C for a n  hour. The thickness of PI film was 
measured by thc alphastep'(TENC0R INSTRUMENT) and found 
to bc about 8Onm. The area of thc electrode wati 2cm2 and the LC 
laycr thickness X was set in the range of 5.2 to 5.7pm by using plas- 
tic beads. The thickness was measured by using the LCD thickness 
meter 'I'M-P3ON(Canori Sales Co., Inc.). 

Measurernerit. of Cell Capaci1.anc.e 
The caparit.ance measurement was carried out with IIP-4284A P r e  
cision 1,CH meter. Timing chart of ttie applied voltage is shown i n  
Figurc. 5 where the applied voltage is raised step by step in a cell 
in which t he L(' configuration is initially splayed. Thc frequency of 
the sigrial is IkHz. 

l'hc applied voltage was raised step by step at the rate of 
0.1V/10 minutes iii  a region wherc- the L(' clirc-ctor distril)iitioii 
chaiiges largely from the splay configuration to the bend configu- 
ration. Typical change of the capacitance of the cell is also plottcd 
i r i  Figure 5 a s  an example. 

After achieving t tie bcrid configuration. t lit* voltage is lowerc*d 
a1 the saiiie rate as in  Yigurc- 5 .  Howcvw. prior to lowering thc 
voltage. it is maintained for several rriiriutes at 20V to cause the 
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C-V HYSTERESIS IN A SPLAY-BEND TRANSITION [333]/89 

splay-bend trailsition forcibly. 

G: 
4 

9 t 
Y 
2 W 

2500 - 

0 50 100 150 200 250 300 350 
TIME [minute] 

FIGlJRE 5 Tirriing chart of an applied voltage and the cell 
capacitance change wit,ti time in  a capacitance- 
voltage nicasiirement 

Evalua th i  of the Splay-Be~id Transit,iori Speed 
Wlicw we evaluate a splay-bend trarisit,ion speed by visual ohserva- 
tiori, wc clefirie a ratio, r ,  of 1 he bend-trarisferred arm lo t h e  eiitirr 
electrode area after the application of 1OV to a L(' cell for 10 seconds 
as the  indvx of 1 he bend transit iori spi.etl. 

Figure (ia arid Figtire Gb show c.apacitaric.c, clianges w i t h  time of a 
parallel ( T I I  lillerl with I,C-6 afier the application of  specified volt- 
ages. Vigiiro i a  shows a ('-V hysteresis characteristics o f t  lie parallel 
cell c.aparitaric.c (average capacit aiice during a period of 595-600 sec- 
onds aftrr t l i c  voltage applicit iori) with applied voltage when it i s  
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90/[334] SHOICHI ISHIHARA et al. 

raised (closed circle) and lowerd (open circle). On the othcr hand, 
an anti-parallcl cell shows no C-V hysteresis characteristics as seen 
in Figure 7b. 

These measured C-V charactmistics shows good agreement 
with the calculated result. The capacitance change corresponds t,o a 
change of the LC director distribution and the deformation transi- 
tion i n  a cell with a parallel structure predicted from the calculation 
has been confirrried experimentally. 

Comparing C-V characteristics i n  Figure 7a with that, in Fig- 
ure 7b, it is pointed out clearly that hysteresis exists between two 
bend configurations in a parallel cell corresponding to solution 1 and 
solution '2. Also in a lowcr voltage region, although the capacitancc 
of the antiparallel cell increases gradually, that of the parallel cell 
docs not, changr very much. This phenomena agrees with the com- 
putcr simulation result that, in  a lower voltage region, the director 
distxibution in a parallel cell doc-s not changc very much compared 
with an anti-parallel cell. 

Although capacitance usually reachcs a constant value within 
a few seconds aftcr the voltage application, as is seen in Figure 6a 
or in Figure 6b, it takes niorc than several minutes or morc when 
particular voltages are applied. Approximately, these voltages cor- 
respond to the upper limit voltage arid the lower limit, voltage in the 
hysteresis area of Figure 7a and it, is considered that a relaxatiori of  
t tie LC corifiguration froin one bend state to the other bend state 
whose configurations are shown in Figure 3 as solution 1 or solution 
2 is taking place. 

Hew, an  area S thal hysteresis curve depicts in Figure 7a is 
consider4 to corresporid to an ctic-rgy difference betwccw two bend 
configurations. If this could be applied to the relation between S 
and the cncrgy differenrc twtween a splay configuration and a bend 
configuration. we can cvaluat,c splay-bend transition s p e d  easily by 
mrasiiring S. That is. t h e  snialler the hysteresis area. the faster the 
splay-bend traiisit ion. 

1\11 tiough this area is dctcrriiirietl by elastic constarits arid 
pretilt angle of I,(' rriaterials and anchoring encrgy ori a surface of 
ari alignment layer, it may be considered that this area reflccts the 
I,(' characteristics. as the  used P I  alignrnerit layer is the same arid 
shows strong anchoring cnergy. l ' I i (~  rrieasiired pretilt angles 8" haw 
been found to be 1.8" - '2.0" for cells with SE-7992 as an alignment 
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[335]/91 
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(Lx: : lG6, PI : SB74Y2) 

F 
4 5000 
k3 

2 3000 

=1 
8 2000 

2m u 
4 

u 

0 2 4 6 8 10 

APPUED VOLTAGE [Vl 

F1CUR.E 7a C-V hysteresis characteristics of the cell with 
parallel structure 

iL” = 5000 
8 
3 
b 4000 

2 3000 

8 2000 

u < 

2 
0 2 4 6 8 10 

APPLIED VOLTAGE [ V] 

FlGtTRK 71) C‘-V Iiyst,eresis charartcristics of the cell with 
ant i-parallel structurc 
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C-V HYSTERESIS IN A SPLAY-BEND TRANSITION [337]/93 

100 

80-  

60 

40 

20 

Figure 8 shows the relatioriship between the index which is 
given by dividing S witti L C  layer thickness X and the splay-bmd 
transition d o ,  r ,  observed with eyes. Here, we defined S as the 
suiii of t,hc value - C2) i n  the hysteresis area, where AC 
was the capacitance difference bctwccn two configurations iri a cell 
with the same applied voltage. C1 arid C2 are the capacitance of t h e  
cell with t,he applied voltage of 0 . W  and 'LOV, rrispectively. 

Apparently from Figure 8, this magnitude of the C-V hysteresis 
has a good correlation with the berid tmrisitiori ratio, r ,  obscrvcd 
wi th  eyes well and this evaluation rriethod showed its effectivcwcss. 

In this study, an aligrirnerit, f i lrri  which induces a comparatively 
low pretilt angle was  used. A splay-bend transition speed is largely 
influenced not only by LC rriatcrials used but also by the pretilt 
angle. Evnluat.ions of (I-V hysteresis of the cells with alignment 
layers which show a high pretilt angle are things to do in the future. 

I f [ l ~ l ~ , ~ l ~  - - 
P3 
0 - 

OK-",, 
Lc-3 

- 0 0  - 
Lc-2 - 

0 - 
Lc-5 

- 

- - 

0 Lc- 1 
I l l  I I I I I I I  

0 0.02 0.04 0.06 0.08 0.1 0.12 

NORMALIZED M A G m D E  OF G V  HYS'IERESIS S/h 

YIGliRE X Relationship bc>twwri thc- riiagriitride of t h c  (7-1' 
hystrrvsis arid t tic. s p l a y - l ) d  t raiisit ion spmd 
in a parallcl cc-ll 
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C! 0 N C L US I 0  N 

LC director distribution ctiange in a parallel ccll with an applied 
voltage has been calculatd. Three distributions were detrrrriiried 
in  thc patirular voltage range and it was suggwted that the ('-V 
hysteresis would be appeared around the deformation transition. 

We studied C!-V hysteresis characteristks of the parallel cells 
arid confirrried the abovementioiird hystcresis chararteristics cxper- 
irncritally. 'I'he magnitude of the area surrounded by the (;-V Iiys- 
teresis curve corresponds to the facility of the splay-bend trausitiori 
and it, watl found that this C-V hystcresis method for the evaluatiori 
of tht, splay-berid transition speed wau effective. 
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