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Switching dynamics and surface forces in thresholdless “V-shaped” switching
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The electrostatic model of thresholdless V-shaped switching is able to explain the general low frequency
(quasistatit electro-optic behavior of smectic# ferroelectric liquid crystalgvFLCs). Here, dynamical equa-
tions based on the electrostatic model are developed which predict a vFLC cell’s small-amplitude switching
speed and which also show that a strongly amplitude-dependent switching speed is expected. A relationship
between the switching time constants of analog vFLCs and of the faster, yet structurally similar, binary FLCs
is found. The electrostatic model applies in the limit where the FLC’s spontaneous polarization is large enough
to completely overwhelm surface and elastic forces. This analysis suggests that, in many cases of practical
interest, electrostatic energies may be low enough for surface forces to play an important role even when the
director structure is strongly stiffened by a large polarization charge. It is shown that the addition of surface
forces to the electrostatic model can improve agreement between the model and the observed dynamical
response of VFLC cells.
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[. INTRODUCTION stiffened, yet the strength of the electrostatic effect is not so
large that surfaces can be neglected. To account for this,

Since the initial observation of thresholdle@sshaped  simple models for surface anchoring forces have been added
switching[1], an electrostatic model of ferroelectric smectic- to the electrostatic model. The resulting dynamical equation
C* liquid crystals(vFLCs) has been developed to explain its has been used to numerically simulate vVFLC switching and
general analog electro-optic characterisfi2g]. The model  the result is compared to the dynamic response of a Righ-
predicts that under certain conditiofesg., large spontaneous Smectic€* FLC cell. The computed vFLC switching time
polarization, the FLC’s director structure becomes spatially constant was found to be close to the measured value.
uniform (“stiffened”) and that surface anchoring energies
become overwhelmed and can be neglected. Under these
conditions, the steady-state voltage dependence of a VFLC's Il. THE ELECTROSTATIC MODEL
optic axis position is determined by just three parameters: the Figyre 1 is an illustration of the surface stabilized
VFLC’s spontaneous polarizatidPs, the alignment layer's gmecticC* bookshelf structurdsuppressed helixin which
thicknesst, and dielectric constant, . the FLC molecules organize themselves into shésteectic

VFLC cells are often studied using low frequency drive|ayerg. The FLC molecules’ electric dipoles are confined to
wave forms so that the vFLC is in near-static equilibriumrotate within the smectic planes, while the molecule’s long
with the applied voltagéwhere the steady-state electrostaticaxes ( the directoy are constrained to tilt away from the
model applies i.e., 1f> 7, where 7, is the characteristic layer normal by a fixed angl@. This is also the direction of
response time of the cell arfids the drive frequency. At even the optical index ellipsoid’s extraordinary axis. As the direc-
lower frequencies, the idealized “V” distorts to become ator rotates through the anglé around the layer normal
“W” due to ionic charge flow[4,5] (optic axis motion leads
the drive waveform At higher drive frequencies, wherefl/
is comparable to or less than optic axis motion substan-
tially lags the drive wave form. Neither the high frequency
behavior nor the value of are accounted for by the quasi-
static electrostatic model. The apparent slow speed of vFLCs
has also been puzzling. FLCs are known for their high
switching speeds when operated as binary electro-optic
modulators[6] yet VFLCs, thought to have essentially the
same structure, seem much slower.

Here, the electrostatic model is analyzed to understand its
switching dynamics and to quantitatively assess the impor-
tance of surface forces. We find that in many FLC cells of
practical interest, we should expect the bulk of the FLC to be

FIG. 1. lllustration showing bookshelf vFLC smectic layers, the
orientation of the FLC dipole®, and the director/index ellipsoid
*Electronic address: mikeo@displaytech.com axis c.
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¢ (degrees) constant. Charge density on the FLC layer’s surface due to
its spontaneous polarizatidpg is equal toPgsin¢ and the
electric field within the FLC layer isqgE/eg+ PgSingleg
whereeg is the FLC’s dielectric constant. The applied elec-
tric field is screened when the dipole orientatigrsatisfies

. . _ L the conditionegE=—Pgsin¢, or equivalently whenv=
(driven by an applied electric field), the projection of the — 2t,Pesin¢ls,. Maximum rotation of the dipole from its

mdgx eII_|p50|d onto the cell face c_hanges, causing the cell’%quilibrium position atp=0 occurs forV= =V whereVq
optic axis to rotate. In generay will vary throughout the =2t,Ps/en

volume of a cell in response to surface forces, bulk elastic
properties, and electrostatics. In the model for vFLC cells,
however, the FLC spontaneous polarizatl®gis large and
electrostatic forces drive the FLC dipoles to everywhere |nspection of Fig. 3 shows thaV/=—2Eaty— Efte,
point in the same direction. _ _ whereE, andEg are the electric fields within the alignment
_In a cell whose surfaces favor polar anchoring the dipolegayers and FLC layer, respectively. The electrical charge on
will tend to point into(or out off the cell's top and bottom  the surface of the FLC layer is related to the electric fields by
surfaces. IfPs is small then the dipole will rotate linearly Q_/A=¢,E,—e-Er, whereA is the cell's surface area.
from one surface to the other as indicated by the curve laThe chargeQy is related to the FLC dipole orientation
beled “4”in Fig. 2. As Pg is increased, electrostatic forces hrough Q. /A= Psin¢, wherePs is the magnitude of the
will drive the dipoles in the bulk to align with an angle of Fic's’ spontaneous polarization. These relationships are

¢=0 (i.e., so that they are parallel to the cell facdsarger  combined to determine the electric field within the FLC
values ofPg cause the regions in whiclh varies to match |gver:

the surfacestwist regiong to become progressively thinner.

FIG. 2. Computed curves of dipole orientatighvs position
between cell faces for three ratios of FLC thicknésdo charac-
teristic lengthép .

IIl. DYNAMICS OF THE ELECTROSTATIC MODEL

The characteristic length that sets the approximate thick- V+Vgsing 2tpPs
ness of the twist region$,7] is Ep=— o Ve= o 2
tp+ 25— A
§p=\eeB/Ps, (o A

The electric fieldEg applies a torque to the FLC which
drives its motion. Making the usual assumption of viscosity-
limited dynamics(i.e., no momentum termsthe equation
governing director dynamics becomes

whereB is an elastic constant of the FLC aid is its di-
electric constant. The FLC structure becomes “stiffened”
once ¢p becomes much less than the cell thickngssi.e.,
éplte<<1). The force with which the bulk pulls on the sur-
face grows agp shrinks, eventually reaching a point where ¢ 1 d

surface forces are overwhelmed. In this extreme case, dipoles o —EgPscos¢ = T
throughout the FLC(even at the surfageall point in the K 7o
same direction and it has been assumed that surface interac-

tions can be ignored in this limit.

Once director stiffening has been achieved and surface 70:1
interactions become negligible, calculation of the FLC'’s re- Pé
sponse to an applied voltage becomes very simple as illus-
trated in Fig. 3. In the VFLC electrostatic model, the FLC The effects of dielectric anisotropy have been omitted.
dipoles rotate to screen the applied electric field and the field\ppendix A shows that, in cases of interest here, the dielec-
inside the FLC is always zel(@ the applied voltage does not tric anisotropy has only a small effect and can be neglected.
exceed a saturation vali). If the electric field generated Torque applied by the electric field is largest near 0
by electrical charge on the cell’s electrodesEsthen the and drops to zero ap=*+ 7/2 (where the electric field is
voltage across the cell must Me=2Et,/(sa/eg), Wwheret,  parallel to the dipole This suggests that the FLC'’s response
is the alignment layer’s thickness and, is its dielectric  time 7 should be smallest nea=0 and should increase as

Y
— +sin ¢>) COS¢,
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()
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FIG. 4. The characteristic response time of the vFLC increases 2 -1 0 1 2
as the FLC dipoles become more parallel to the electric figfd ( V/Vg
=90°).

FIG. 6. Computed closed curves of dipole orientatibms volt-
¢ approaches: /2. We can determine @-dependent time 29€ when driven by a 5-Hz triangle wave with amplitutl®/, .,

constant from the above equation by linearizing it in the casé"sed. The vFLC time constant is,=1 ms. Curves are shown for
of an applied voltage&/(t)=V+uv(t), whereV is a constant :I/qmazl\./s_tl'l'\;matxlvls_ 1'3’1 andvmax/fvs._z's' A.rr:OWS indicate
andv(t) is small. The time-dependent voltagé€t) drives e trajectory of(t) along the curves for increasirg
small variations of¢p about the positionp,, : . :
vanat % . positionpy 7o=1 ms. In the small-amplitude case, the dipole follows
4% 1, 1 the applied voltage wit a 1 mstime constant and closely
T _ - - _ = ®, (4)  approaches steady-state valuestdd.57° within a few mil-
dt oVs 7T liseconds. In the large-amplitude case, the dipole orientation
falls short of itsp= +90° steady-state values even after 100
ms have elapset@the half period of the 5-Hz square wave
Vs’ = coLdy, This is expected from the expression fofEq. (4)], which
v shows that the time constant diverges to infinity as the dipole
Here, 7 is the time constant for small motions of the di- apprpachest ?]Oo' / db
pole near the equilibrium positiog,, and 7y is the value of F.|gure 6 SNOWS curves ap vs VIVs cqmpute. y nu-
the time constant af=0 (whered=0). The ratior/ o VS ¢ merical solution of the time-dependent differential equation
is plotted in Fig. 4. As expected, it grows to infinity @s [Eq' (3)] with 7o=1 ms. The VFLC cell is driven by a 5-Hz
approaches 90°. triangle wave of amplitudetV,,,x. Curves are _shown for
Figure 5 shows numerical simulations of dipole orienta-ihree values .o’ﬁ/maxlvs. At _\/maX/VS= 1.1, the dipoles fol-
tion ¢ vs time for small-amplitude square wave drive low the applied voltage fairly accurately up to abapit
(IV/V4=0.01 at 50 Hz and for large-amplitude drive +30°. At the ends of the curve, the time constant has in-
(IV/Vd=1 at 5 H2. The VFLC time constant was set to creased by a factor of 10 or more, preventing the dipoles
from rotating all the way ta-90° in the time allowed by the

t (milliseconds) 5 Hz drive frequency. This leads to formation of the Ioops_
0 10 20 30 40 seen at the ends of the curve. The larger torque produced in
L L L the V,ax/Vs=1.6 case forces the dipoles nearer#®0°
7 967 @ where the time constant becomes even larger. The dipoles
g o2 remain “stuck” near=90° until V/Vs drops to near zero,
E) 00q M2 after which the curve of¢(V) is very similar to the
3:3"2,: Vmax/Vs=1.1 case untikp again approaches 90°. In the
< 061 case ofV,.x/Vs=2.5, the vFLC response effectively be-
901 comes that of a binary FLC. Note that this range of behavior
7 60d® occurs at a drive frequency whose period is 200 times the
g 0] value of the vFLC time constamnt,.
2k How does the speed of an analog vFLC cell compare to
T -30 the speed of an FLC cell operated as a binary optical modu-
< 603 lator? In the binary FLC model, the applied voltage drives
-0 T T T the dipole to point along the electric field; the dipole is
00 01 t(seg-oznds) 03 04 driven either “up” or “down” ( ¢=*+90°) depending on the

polarity of the voltage. For the representative set of FLC
FIG. 5. (@) Numerical simulation of(t) for a VFLC with 7,  parameters,=20 nm, Ps=30 nC/cnf, andea= 3.5, we

=1 ms driven by a 50 Hz square wave witt/Vg=0.01. (o) find Vs=0.4 V, whereas typical drive voltages are 5-10
Numerical simulation when driven by a 5-Hz square wave withtimes larger. The electric field within the FLC layer does not

|[VIVg=1. change greatly as the FLC dipoles rotate because the
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e_Iectric field they produt_:e only parti_ally screens the {ipplied 300 \SQ o%

field. The FLC can be driven arbitrarily fast by increasing the P

drive voltage(ignoring other problems that occur at high 2501 2 #0.0-20)

. . W, (ergicm*) 30,0 35.0~_]

voltages in real cel)s In contrast, the drive voltagé must O~

always be less tha¥is (so that| ¢|<90°) in order to obtain 2007 \ 250

analog modulation in vFLCs. 5 20.0

The switching time constantz of a binary FLC cell is Q 1501 15.0—

given[6] by 2 100

100 typical SSFLC cells 5.0

S (5)
®PsE’ 10 —
0.1
It is assumed that the electric field driving the dipoles re- . . . . .

mains constant and is independent of dipole orientation 0 50 100 150 200 250 300

(equivalent to requiring/>Vy).

Using Eg.(2) to determine the electric field in the case of
Vs/V<1, we find a relationship between the FLC time con-
stant and the vFLC time constant.

Vs

- ®)

TB= 70-

This comparison indicates that for a specific set of FLC
cell parametersRg, t,, etc), the time constant for binary
FLC switching />Vg) will be less than the small-
amplitude vFLC time constanty by a factor ofVs/V. Bi-
nary FLC cells are faster than vFLCs simply because the
are driven by larger voltagekcompared toVg), voltages
beyond those at which analog behavior is obtained.

IV. INCLUSION OF SURFACE FORCES

The vFLC model assumes that surface interaction force
can be neglected whelRyg is sufficiently large, and that the
voltage dependent dipole orientatighis constant through-
out the VFLC'’s volume. Observation of vFLC dynamical be-
havior (Sec. V), and a review of the energies involvétiis

alignment layer thickness (nm)

FIG. 7. Contour plot showing electrostatic holding enewyy
(erg/cnt) as a function of FLC polarizatioRs and alignment layer
thicknesst, for an FLC layer thickness of Zm. Other assumed
values aresy=3.5¢(, e="5¢y.

is fixed at the surface®.g., Fig. 2. The angleg takes on a
different value throughout the bulk and varies linearly near
the surfaces to match boundary conditions. This approxi-
mates the case of stiffened FLC director structures subject to
strong anchoring that have been investigated previously
through numerical calculations,12,13. The second case

¥onsidered here is the one whefas constant all the way to

the surface. In this case, the FLC director structure is rigid

enough such that surface forces are unable to significantly
deform it, yet they remain strong enough to affect switching.

Both polar and nonpolar surface forces are considered.

S
A. Electrostatic potential energy

Electrostatic forces holding FLC dipoles at their equilib-
rium position can be characterized by a potential energy
function dependent oW and ¢. The electrostatic potential

section, suggest nevertheless that surface forces may be irrénergy per unit volume is found by integrating the electro-

portant in many cases of practical interest.
The total surface free enerd@ypr FLC-to-alignment layer
adhesion energycan be written as
f:ﬁ +fA! (7)
where 7, is the isotropic part andr, is the anisotropic part.
Typical values forF, when the alignment layer is an organic
material are likely on the order of 50 erg/eif8]. The ori-

entation dependent liquid crystal anchoring energies of inter-

est here are contained A, . Nematic liquid crystal anchor-
ing energieg9,10] span the range of 10—1 erg/cm, with
typical values being in the range of 19-10 2 erg/cnf.

FLC anchoring energies are less well known, typical values

may be on the order of 1 erg/éil1].

This section begins by evaluating the bulk electrostatic

energy of a VFLC cell. The relative importance of surface

anchoring energy is assessed by comparison with the calcu

lated electrostatic energy. Simple models for surface ancho
ing are added to the electrostatic model and their effects o

static torque applied to the dipoles:
¢ ¢ )
Uie)=— [ “T(oag =~ [ "Epcossrag’. @

Here,Eg is the electric field within the FLC laydiEq. (2)].
The energy per unit are®d/(¢) is obtained by multiplying
U(¢) by the FLC layer thickness:

\Y
W(¢)=U(d>)t,:=Wo(sin2¢+2V—sin¢>, 9)
S
B taP2 _ 2taPs
WO_ EF 2tA ’ VS_ EA
En l+a¥

- Energy densityW, scales the depth of the dipole’s poten-
tial energy well. Figure 7 shows plots @, for a range of
gpontaneous polarizatioRg and alignment layer thickness

switching are evaluated. Two representative cases are consit.. Typical FLC cells havePg values of less than about

ered. First is the case of pinned polar anchoring, in wihich

30 nCl/cnt with alignment layer thicknesses of around 30
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FIG. 8. Curves of normalized electrostatic potential energy  FIG. 9. (a) lllustration of the simplified model for a polarization
W/W, vs dipole orientationp. stiffened FLC with pinned surfaces. The director orientation takes

on a constant value within the bulkhicknesstg) and varies lin-

nm or less. Figure 7 shows thet, for such cells is compa- early in near-surface layers of thicknesgo join with the surfaces.
rable to the upper range of reported surface anchoring enegb) Comparison ofy’ (¢)=erg()/tsPs and sing.
gies (10 21 erg/cm). This suggests that surface anchoring
energies are likely to be negligible in comparison to bulkyFLC, yet theirPg is not large enough to totally overwhelm
electrostatics only in cells with very higRs values and surface effects. Here, we consider what the forn7af )
thick alignment layers. might be in these intermediate situations. Two cases are con-

As the alignment layer is made thick&l, saturates at  sidered. In the first case, we assume that surface anchoring is
strong and that the director orientatiogg and ¢, at the

2
:tFPS (10) surfaces are fixed. In the second case, we assume that the
0 2 FLC is fully stiffened and that) is everywhere the same.
For a 2.um-thick FLC layer withe ,.=3.5¢y andeg=5¢, 1. Pinned surfaces

W, reaches 90% of its saturation value with g align- The model here is the same as for the simpler case of Sec
ment layer. WithPs=100 nCferd the saturation value is Il except that the FLC layer has been divided into three

Wy~ 22 erg/cri. : e .
. regions as shown in Fig. 9. In the central region of the FLC
Figure 8 shows plots diV(¢) for three values ok//Vs. layer, ¢ is a constant as before. In the two near-surface re-

The minima of these potential energy curves are broad rather. : ;
than sharp, and the minima become flatter and broader ons of FLC(eaqh Of_ thlckness_s)_, we make the approxi-
V/Vgincreases. The time constant of the vFLC near equilib-matlon thaté varies Imgarly o join the centrz_al bulk value
rium is determined by the first derivative @ so the varia- (thicknesstg) with the pinned values at the alignment layer
tion of the minimum’s flatness witW//Vg is consistent with sur(f:ahcaers.e density within the cell is
the previous calculation of [Eq. (4)]. 9 y
Note that the curve oWW(¢) rises by only 102W, be- B

tween ¢=90° and ¢=65° for V/Vg=1. This shows that p(r)=q(r)=V-P(r). 1D
even thoughW, may be much larger than the surface anchor- , ) .
ing energy, the surfaces may still play a significant role inWWe apply Gauss’s law making use of the fact that the electric
VFLC cells. Since typical values of/, are on the order of field outside the cell is zero. The integral is evaluated over a
101 erg/cn?, this suggests that surface anchoring energieé"?'”me cqnfmed between two infinite planar surfaces, one
as small as 10° erglcnt may be strong enough to signifi- lying outside the cell and parallel to the cell faces and a
cantly change the equilibrium value of. Even with large second parallel surface within the cell. The electric field at
values of W,, of the order of 10 erg/ct (e.g., Ps (he plane located atis found to be
~150 nC/cm, ta~200 nm), reported FLC anchoring ener-
gies of 1 erg/crh amount to about 10'W,. So even in the E(y)= L 1 P.(y), E _1Q 12
case of moderately largé/,, we find that surface forces are y sly) A e(y) VY ), AT A A
likely to be important.

where Q is the charge on one of the cell’'s electrodes as

B. Surface interaction models before andP,= Pg sin¢ is they component of polarization
The electrostatic model assumes a limit in whigR is vector P. The voltage across the cell is the integral of

negligibly small(large Ps). The preceding analysis leads us ~ E(Y)dY:
to expect, however, that, may play an important role in 5
VFLC switching dynamics in cases of practical interest. We _ = [8A €A tgPs
anticipate that there will be FLCs who# is large enough V="Ea sFtB+ sF2t5+ 2ta)* eF sing+9(4),
for their structure and behavior to approximate that of a (13

011710-5



MICHAEL J. O'CALLAGHAN PHYSICAL REVIEW E 67, 011710(2003

1 [ts 1 ([t U 2¢pAu
9(¢)=;L Py(y)dy+ S_FftFtSPy(y)dy Ws(h) =7 = ; =%(¢—¢3)2, 17)
_tsPs COS¢tF—C05¢>+cos¢—cos¢0 B2 2 5
EF b~ b= o VET&:TPS =

Combining Eqgs(12) and(13), we find an expression for the

The factory scales the surface energy and is defined to be
electric field within the FLC. A oy

equal toWg(¢) at |¢— ¢g=m. The combined energy of
both twist regions(assuming pinned polar anchoring with

1+ t—s) sina(y) ~ ol 4(¥)] s= = ml2) is now
EE tA

V+ Vg

Brly)=- eF ' y .Y , 27
tg+2ts+ aZtA Ws(¢):?(¢_¢s) +;(¢+¢s) :?¢ , (18
(14

where the fixed term (2/ 72) ¢§ has been omitted because it
has no effect on switching behavior.

9 For representative values ofB=10"1!'N, Psg
=100 nC/cm, ander=5¢,, we computey=1.3 erg/cm.
Measured values of polar anchoring energy for FLCs are also
] ) ) ) ~1 erg/ent [12]. This implies that for such a large surface
with our assumption of pinned polar anchoring. Secondgnchoring energy to be overwhelmed by the elastic energy
g(¢) is very similar to the sine function on the interval (i.e., to “break” with the surfack we needy>1 erg/cnt

— m/2< ¢</2 as shown in Fig. 9, so we make the approxi-\yhich in turn implies that we would needPs
mationg(¢)=tsPssin¢/er. With this substitution, the inte- s 100 nc/em.

fgral (;S readily evaluated and the energy per unit area is The ratio of elastic energy to bulk electrostatic energy is
ound:

As before, the electrostatic torque acting on the FLC dipole
is integrated to determine the corresponding potential ener
function [Eq. (8)]. However, the functiom($) complicates
evaluation of the integral. Two simplifications are introduced
to help with this. First, we seby= — .=~ /2, consistent

EE ZtA 4§p
o V.. 2 mlep & ea tg * tg
W($)=U()ta=Wo| sirfp+ —sing |, (19 SY_T fafte A B (19
s 12 t '
W, er A (1+ £a é)
EF tA
<1+ EE 2tA) 1+ EA ts
We W epn I e 2ty w1 ep Ig where we have used the approximatityge2ép. For ép
o~ "o ep 2ty  2tg =Wo| 1+ ep 2ty)’ ~t, the bulk electrostatic energy and the elastic energy of
1+ o t—+ . the thin twist regions are comparable. Therefore, if the sur-
A BB faces are pinned we can expect the elastic energy to play an
important role in switching dynamics unleg§s<<t,.
ea ts
Vi=Vg 1+ — —) :
eF 2tp 2. Planar and polar anchoring

. : / . In this case, we assume that the vFLC director structure is
The above approximation foN, applies when £5/tg<<1, . ’ : A g X
PP 0 8pb Bty fully stiffened. The dipole orientatiorh takes on a single

this inequality is satisfied in the stiffened director structure
limit stu?jied Kere. value throughout the FLC layer, even at the surfaces. Al-
Now consider the twist regions, in which the energy den-though the FLC is fully stiffened in this case, the

sity is the sum of elastic and electrostatic contributions. Weqs_-dependent surf,ace Interaction energy Is still present _and
assume the conditiony/tg<1, so that the electrostatic en- will affect the cell’s static and dynamic response to applied

ergy of the twist regions is negligibly small compared to \{oltages. Perhaps the most common and simple;t approxima-
W, . A straight line is used in the twist regions to approxi- tion of ¢-dependent surface energy represents it as the sum

mate the curvep(y) that joins the surface to the buiigs. of a polar contributionyp and a nonpolar contributioryy

2 and 9, the thickness of each twist regiontis=2¢, . The [10.14;
elastic energy density is at y=0:Wg( )=+ ypSind— y\Sirf ¢, (20)
280y) Teg (16 P i N

First, consider the purely polar anchoring casg€0).
where ¢g is the dipole orientation at a surface. The elasticSuppose, for example, that both surfaces prefer the FLC di-
energy per unit area of a twist region is pole to be pointing into the surface. In this case, the upper
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surface contributes an energy efypsing and the bottom
surface contributest ypsin¢. These contributions add to
zero.

In the above polar anchoring ca¥&(¢) has a minimum
at they=0 surface forp=—90°. Suppose, instead, that the

polar \ -
anchoring ™ o T e

8§ 8 8

@
. ) . i Q
alignment layer induces a pretilt angle ®f a common situ- o —— Ws/Wo=00
ation. The value of that minimizesWg(¢) then satisfies Y NI e =03
the condition =2 e, [ WS/ Wo =20
=8 3

coSa=coS O+ sirt 0 sirf ¢, (22)

pinned polar
anchoring

where# is the FLC's tilt angle. For representative values of

a=5° and #=30°, we find equilibrium values of at the -90 7 : : ,
surfaces to bet80°. We can approximate the anisotropic -2 -1 0 1 2
surface energies of the top and bottom surfaces to be, respec: V/Vg

tively, — ypsin(¢+A) and + y,sin(¢—A) where in the above
examp|e’ we would sef =10°. Summing these together we FIG. 10. Calculated equilibrium values ¢fVSV/VS for arange

find that the total an|Sotr0p|C surface energy no |Onger addgf W5/W0 ratios. Curves Starting at the upper left are for the case of
to zero. polar anchoring with 5° pretilt £=10°). Curves starting at the

lower left are— ¢ for pinned polar anchoring.
Wq(¢p) =—2vypSINA cosg. (22
forces become more important due to weakening of the
In the case of purely nonpolar anchorings&0), the  PXE torque, causingp to approach+ 7/2 only asymptoti-

energies of the two surfaces add to becom2yysir?¢. A cally. In calculations for the pinned polar anchoring casg,
potential of this form has minima at==*90° so it cannot andVg are replaced by, and Vg [Eq. (15)]. Note that for
be the source of a restoring force that would prevent thepinned polar anchoring, we can rewrite Eg9) in the limit
dipoles from becoming “stuck.” However, this can again be thatte=tg and 4p/tg<1 as
remedied by allowing pretilt, we can then write an approxi-

mate form of the anisotropic surface energy as 1+ ep tp )
er 2t/ &p
_ o Ws/Wpy= 72— —, 25
We($)=—2ysir[ —— |, (23 sto ( onbo) tr (25
E_A EE tA

soWs/Wj ratios ranging from less than to greater than 1 are

whereWs has minima agy=* (7/2-A) and we confingp physically reasonable for a polarization stiffened cell, where

to be in the range from- 7/2 to + 7/2.

Epltp<1.
) _ ) The total nonpolar anchoring energsum of both sur-
C. Statics with surface forces included faces is scaled byWg=21y,. Equilibrium values of¢ vs
The equilibrium dipole orientation is found by determin- Ws/W, are shown in Fig. 11 fov/Vs=0,+0.3,+0.6, and
ing the minimum of the total potential energy, +0.9. A pretilt of zero is assumed\=0). ForWg/Wy<1
Vv
W((,/;):U(¢)tF=WO(sin2¢+2V—sin¢ +Wq( o). 071 ;7 09
S =0, S H
( 2 4) 60 _v" ”.’.’.’.,7‘ _0‘6 ..:.......
The Wg() potentials for the polar anchoring and pinned . 30{ e 03
polar anchoring cases are qualitatively similar, they both § """"""""""
have a minimum at=0 and both increase a%approaches go Vivg=0
+ /2. The case of nonpolar anchoring is qualitatively dif- % ....................................
ferent becaus&®Vg(¢) has two minima instead of one. The 01T 03
locations of these minima depend on the pretilt angle and are 01 ”\.\\ 06
near=* /2. . 09 A
The total polar anchoring energsum of both surfacess 904 H
scaled byWs=2vp; for pinned polar anchoring, the energy - - - - -
is scaled byWg=2y. Equilibrium values of¢ vs V/Vg are 0.0 02 0.4 Wo)ew 08 10 12
plotted in Fig. 10 forWs/W, ratios of 0, 0.3, 1, and 2. A s 0

pretilt angle of«=5° (A=10°) was assumed for the polar  FIG. 11. Curves of equilibrium dipole orientation vs surface-to-
anchoring case. The effect of surface forces\fé¥s<1 is  bulk energy ratio for the case of nonpolar anchoring and zero pretilt
small. At larger values o¥//Vg (and thus largerp) surface  (A=0). Curves are shown fo¥/Vg=0, 0.3, 0.6, 0.9.
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the FLC is monostable with an analog response. However,
due to the nonpolar surface potential, the voltage at which

the dipole rotates fully ta- /2 is less thaV/g and depends
on Wg/W,. ForWg/Wy>1, the FLC becomes bistable with
equilibrium states of¢p=* /2. Thick alignment layers
and/or large polarization favor analog behavior while thin

alignment layers and/or small polarization favor bistable be-

havior.

Copic et al. [15] have performed a detailed analysis to
determine conditions for monostability and bistability as
functions of surface anchoring, FLC parameters, and align

ment layer parameters. Unlike the simplified treatment used
here, they allow the director structure to vary in response to

PHYSICAL REVIEW E 67, 011710(2003

Ws/Wo=0

polar anchoring
A=10° 0.01

0.1

1

0 10 20 30 40 50 60 70 80 90
¢ (degrees)

elastic, electrostatic, and surface forces. The case of a stiff- .
ened director structure with nonpolar anchoring considered FIG- 12. Computed curves of thg-dependent time constant at
here matches a case considered in that more general tre¥grious values oWs/W, for polar anchoring. Curves for pinned

ment. That treatment also found that the boundary betwee
monostability and bistability occurs &Ys/Wy=1.

Although we found that polar anchoring produces
monostable analog behavior for all valuesvig§, this result

is nothing more than an accident due to the form chosen for

Wq( o). If, instead ofypsin¢, we had chosen some function
having a sharper minimum neap=— /2 and a near-

Holar anchoring are similar.

constant value away from the minimum then the sum of O polar anchoring it becomes

potentials for the two surfaces could easily have two minima

Furthermore, a summed potential of this type would not need

pretilt in order to be nonzero. Thus, in general, polar anchor
ing should also be capable of inducing bistable behavior.

D. Dynamics with surface forces included

T(y) = 27° @)
coby+ W: ;(1+ Sytand,)
. ) N
Cco ¢V+V\_/0 COS¢V

The expressions for contain the ca, term responsible
for divergence in the initial electrostatic model &s ap-

To model switching dynamics, we need to determine theProaches*90°. Now, however, the denominators contain an
torque exerted by the surfaces on the bulk of the stiffeneddditional term due to surface forces, which prevents diver-

director structure. Torque per unit area at the surfaces i
given by Ta(¢)=—dW(¢)/d¢. Although torque is applied
only at the surface, it acts uniformly throughout the cell vol-

gence to infinity. Curves of(¢,) are shown in Fig. 12.
Although 7/ 7o can still become quite large @s, increases, it
no longer grows to infinity. Large values &Ng/W,, if

ume because molecules are constrained to rotate togeth@hysically realizable, can be exploited to prevent large, un-

The torque per unit volume is, therefore, the ratio of total
torque divided by total volumeT,=ATp/Ate=T/tg,

whereA is the cell area. The effect of surface torque weakens

as the cell becomes thicker.
As before, we assume viscosity-limited dynamics. Includ-
ing surface forces, the equation of motion is now

d¢ 1 11 dWg(¢)

FIE e S v

d v o dWs(¢)
:}Tod—(fz— V3+S|n¢)cos¢_m%- (26)

For constant drive voltag®/, the vFLC cell will have a
steady-state orientation @, . The general expression for
the time constant governing small motions of the dipole nea
¢y is derived in Appendix B and is written in terms of the
surface interaction energ¥s(¢). For pinned polar anchor-
ing, the time constant becomes

desirable increases iff 7o which would otherwise occur.

V. THE OPTICAL MODEL

The idealized electrostatically stiffened vFLC is a uniaxial
dielectric at optical frequencies, with tleeaxis of the optical
index ellipsoid being parallel to the vFLC director. The
VFLC cell acts as a wave plate for normally incident light.
The projection of the index ellipsoids axis onto the plane
of the cell determines the waveplate’s optic axis orientation
O relative to thez axis. The retardatiol’ of the wave plate
is a function of the index ellipsoid’s ordinary and extraordi-
nary indices of refractiom, and n., and of the angley
which denotes the degree to which the index ellipsoi’s
axis tilts out of the plane of the c€lL6]:

27 ne(¢) —NolL

r(y)= . , (29
r
1 Siry  cosy
= + :
na¥) ng N
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The angles® and ¢ are related to the dipole orientation 1 1
and FLC tilt angled through the following relations: 1.0 1

tan®=Ftandsing, sify=cos¢sirtd. (30
experiment

=
@
S 04
The (—) sign applies if the director is clockwise fronP as £ 0.2
illustrated in Fig. 1, the ¢) sign applies if it's counterclock- -
wise. 2 0.0 1
The standard configuration for viewing V-shaped switch- 2 10
ing is to place the vVFLC cell between crossed polarizers such N
that the cell'sz axis is parallel to the polarization state of g 0.8 -
incident light. The intensity of light transmitted by this as- 5 06 7
sembly is c 04
: . 0.2
| =1oSir?[I'(4)/2]sir?(20). (31 s
0.0 'l"l'l'l'l'l'l'll'
VI. NUMERICAL SIMULATIONS VERSUS TEST CELL 54821012345
drive (volts)
In order to compare the models to a test cell, we need to
know the FLC's values oPs, 7, andeg, and we need to FIG. 13. (a) Measured cell responséb) The solid line is the
know the cell's values fots, 5, andtg. The test cell's  pest-fit numerical simulation for polar anchoring (5° pretilg
alignment layer was nylon-6 witty=19+2 nm (profilome-  =0.3 erg/crd). The dotted line is for a near zerd/s of 2

ter measuremeh&ind e ,=5¢, at 65°C[17]. The cell gap  x 1077 erg/cnf.
was set ta=3.4 um using commercially available spacer
balls.

The highPg FLC was MX10142 formulated at Display- The vFLC time constant, was computed by Ed3) to
tech. This deVries FLC is a 1:1 mixture of MDW1228 and be 530us. The cell's actual, was checked by driving the
MDW1248 (referred to as material€4 and C6 in Ref.  cell with a =20-mV square wave and observing the settling
[18]). The cell was temperature stabilized in tBe phase at  time of the optical responsdt)=1(0)+Al(1—e Y7, this
65°C. Ps was determined by driving the cell with a was found to be about 50@s. Given the imperfections of
=10 V-square wave and then integrating the cell's polarizathe test cell(discussed belowand the simplicity of the
tion reversal current during one FLC SWitChing event. Themode| this level of agreement is quite good. The Computed
polarization was computed usirigs=Q/2A, whereQ s the  yajue of v for this cell is 0.94 V. Only the ratio of surface
integrated current andl is the cell area. Viscosity was deter- gnergy to bulk electrostatic energy remains undetermined,
mined by measuring the peak value of polarization reversgje haye no independent measurement or calculatiahf
current | may that occurs during  switching[19]: ~ 7 The cell was driven by a 60-Hz triangle wave having an
=PsVlimate (for ta<<tg) where ima=Imad/A and V- gnniitude of 5 V. The cell was placed between crossed po-
=10 V. Values determined for MX10142 at 65°C Weé?§  |51izers and the transmitted light intensifyom a laser diode
=110 nCfenf and 77:,1'6. P, - . operating at =1.55 um) was measured as a function\af

Values for the FLC's tilt angley a_md m_dlces _Of refraction Both the polar anchoring and pinned polar anchoring models
n, andn, are needed for the optical simulation. The mea- oo tried in numerical simulations which used F26) to
sured value of is 30°. No measurement aof is available at . . .

compute the time evolution of. The ratio Ws/W, was

A =1.55 um (the wavelength used for this tgst1X10142 is . : . :
expected to have optical properties typical of many FLCs, S(yaned to obtain the best match between simulation and mea-

we assumeny,=1.5. The cell's maximum retardatiofat surement. . :
=+ m/2) wagl“280° implying n,=1.6 dat ¢ Using the pinned polar anchoring model, the best match
+ =80°, =1.6.

Assuming the FLC to have a typical elastic constant of?€tWeen numerical simulation and measurement was ob-
B=10" 1N and estimatinger=>5e, we compute &p tained for a WS/WO _ratlo corresponding to y _
=19 nm. The ratioL/¢ép~180 suggests that polarization =0-08 erg/cr. This value Is more than an order of magni-
stiffening should dominate in this cell allowing us to obtain tude smaller than the elastic energyyof 1.3 erg/c com-
analog VFLC behavior. The bulk electrostatic eneWjy is  Pputed from Eq(17), suggesting tha# cannot be pinned at
calculated to be 0.5 erg/énwhich is not high enough to be the surface. The discrepancy between these two valueg for
certain of overwhelming surface interactions that may be a#dicates that the director structure is probably unifdon
large as 1 erg/ch In the case of pinned surfaces, the elasticnearly so all the way to the surface and that the polar an-
energyy [Eq. (17)] was calculated to be 1.3 erg/émagain  choring model should be used instead. The polar anchoring
indicating that surface forces are probably important in thismodel produced a good match fop=0.15 erg/cr with a
cell. pretilt angle ofa=5° (A=10°). Any other combination of
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been observed. Nevertheless, the degree to which the model
1.0 \ [ and actual cell behavior match suggest that the model cap-
gﬁ: 1 Hz tures much of the essential physics at work in the cell.
0.41
2 02] Vs +Vs
SN VII. DISCUSSION
e 00
g 1.0 The electrostatic model of higRg smectic€* FLCs ap-
= 081 \ plies to the extreme case in which surface forces can be
f,, 0.6 10 Hz neglected. The analysis and tests reported here highlight the
= 041 importance of taking surface forces into consideration in
-§ 0.2] cells of practical interest, i.e., in FLC cells whepg is large
= 090 enough to fully(or near fully stiffen the director structure
g 10 yet not large enough to totally overwhelm surface forces.
2 081 [\ The analysis also explains amplitude-dependent vFLC
06 100 H switching speeds and how this relates to the generally faster
0.41 z switching of binary FLCs.
gﬁ Among uncertainties of the model are surface interaction

5 4321012 3 4 5 strengths and _the form _of anchoring_en_erg_y functions. Al-
drive (volts) though anchormg energies of nematic I|qU|d_ crysfcals .have
been extensively studied and measured, relatively little infor-

mation is available for ferroelectric liquid crystals. A better
FIG. 14. Numerical simulations at three drive frequendies  quantitative and qualitative understanding of FLC surface
angle wave form, polar anchoring anchoring energies is needed both to interpret vVFLC experi-
ments and to engineer better performing vFLC cells. Impor-

ve and A satisfying ypsinA=0.026 is equivalentno mea- tant quantities such as the FLC’s elastic constatre also

surement ofA is available. Figure 13 shows both the mea- not accurately known. . . . .

. . ) : Because the steady-state dipole orientation will be some
su_red cell response and_the polgr_ anchoring num_erlcal SMYnction of the voltagd/r across the FLC layer, it may seem
Ia.lt|0n.. Thelr agreement is surpnsmgly gpod cgnS|dgr|ng thecounterintuitive that the cell’'s response could be altered sim-
S|mp1|(7:|ty of the model. A numerical simulation withe by by varying the alignment layer thickness. To better un-
=10"" erg/cnt and 5° pretilt is shown for comparison, this gerstand this we can look at a simple equivalent circuit
is nearly equivalent to the pure electrostatic model whichy,qe| of the FLC cell. Suppose that that the director struc-
neglects surface interactions. Numerical simulations fog e is fully stiffened(or nearly s¢ and that the dipole ori-
_smaller values ofyp (_e.g., 0 converge _to steady_-state behav- gniation is governed byp=f(ELPg). HereEr=V,/tr, and
ior very slowly making these cases inconvenient to use fof,nction f represents the effect of elastic forces within the
illustration. o _ , FLC layer (including surface forcés The FLC responds to

Figure 14 shows numerical simulations at three-drive freyp,q electrically applied torque so we have u$éB Py in-

quencies. At the low frequency of 1 Hz, the FLC dipole gieqq off(v). When voltageV is applied to the cell the
accurately follows the applied voltage, thus showing thevoltage across the FLC layer will be
characteristic “V” of V-shaped switching. At 10 Hz, the slow

time constant occurring at large modulation amplitude is
causing the vFLCs response to lag the drive wave form, Ca Psing
causing the “V” to become distorted. At 100 Hz, the large Ve= V+ ,
amplitude time constant has caused the vFLC to lag so much CrtCa Ck+Ca
that the “V” has become a “W.”

Although the FLC cell studied here shows a good ap- . .
proximation to V-shaped switching, it suffers from some"WN€réce andc, are the capacitances per unit area of the
nonidealities. Alignment uniformity is poor due to the gen- FLC and of the alignment layers. Using-=tgf~*(4)/Ps
eral difficulty of achieving good results withA-C* mate- and rearranging terms we find
rials lacking a nematic phase. Current flowing through the
cell shows evidence of an ionic charge contribution that must
have some effect on the cell's operation. Some cells exhib- v_ sin¢+8—';

(32

ited more complex thresholdlike behaviors even though their Vg
construction was similar. These observations indicate that

more complex mechanisms are at work in the cell than are

accounted for in the model. Another concern is that x-rayWe see that thicker alignment layeismallerc, reduce the
data shows sufficient shrinkage of the smectic layer spacinmfluence of f “1(¢), and that its influence vanishes alto-
upon cooling to cause the bookshelf layers to become degether ad g increases. In this limit the expression reduces to
formed, although zigzagsindicating chevrons have not V/Vg= —sing, in agreement with the simple electrostatic

1+%)f1(¢). (33
S Cr
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model. Even if¢p has a more complex dependence \dn  important ions are. That ratio is estimated to be around 10 for

(e.g., hysteresis, history dependence, or bistabilitg influ-  the cell studied here, suggesting that ions might have had

ence of FLC elastic forces are still suppressed in the limit ofonly a small effect. However, a better analysis is needed.

high Pg and thick alignment layers. Note that with a thin

alignment layer the voltag¥ is nearly equal to/, and the

cell may be said to be voltage controlled. With a thick align- ACKNOWLEDGMENTS

ment layer, however, the dominant effect of a change in ap- ) o

plied voltagedV is to change the amount of charge on the  1his work was funded by the DARPA Liquid Crystal Ag-

FLC layer:dq=c,dV. Thus the cell transitions from being € Béam Steering program under Contract No. DAAH01-97-

voltage controlled to being charge controlled as the alignC-0139 with the Rockwell Scientific Company. The author

ment layer thickness increases. This transition is accompah@nks Noel Clark, Mark Handschy, Michael Meadows, and

nied by the growing dominance of the electrostatic potentialichael Wand for helpful discussions. Figure 1 is based on

energyW, over the elastic energWs() [Eq. (24)]. an_lllustratlo_n provided by Noel Clark. The FLC cells were
Blinov et al. [5] have recently carried out experiments, Puilt by Chris Walker who also measured alignment layer

analysis, and detailed numerical calculations of thresholdles@icknesses. The FLC was supplied by Michael Wand.

switching in SmE* FLCs, in which they do not assume

polarization stiffening. They include a simplified treatment

of ionic effects, which are accounted for by a uniform con- APPENDIX A: DIELECTRIC ANISOTROPY

ductivity throughout the FLC, and they focus especially on With the inclusion of dielectric anisotropy the torque

dynamics at combinations of drive frequency and ionic Con'equation[Eq (3)] becomeg19]

ductivity where ions are important. This offers an interesting '

complement to a previous treatment, in which more realistic

ion dynamics are includede.g., spatially varying, time-

dependent densities of positive and negative )idng the

FLC is assumed to be polarization stiffenjed. The results

of Blinov et al. seem consistent with results from the simpler

model presented here within their range of mutual applica- AsE

bility, i.e., low ionic conductivity andPg not too small. a= F

These results also highlight that it is not fundamentally nec- Ps

essary to have largeg in order to obtain analog switching,

it's only necessary that the cell’s response to an electric field

be elastic and that there cannot be multiple energy minimdhis is the same as E(B) except for the term proportional

which would give rise to hysteresis. The analysis presentetP Ae. Next substitute Eq(2) for E into the expression for

here shows that larges and thick alignment layers help to &:

create this situation by overwhelming competing mecha-

nisms such as multiple-minima surface anchoring potentials.

d¢ .
nE=EFPScos¢(l—asm¢), (A1)

Sha2

Ae  VIVgtsing

It is useful to note that adding an external series capacitor a=— Sin2g. (A2)
is equivalent to increasing the alignment layer thickness. Key er( o) =7 t_F
parameters can be conveniently restated in terms of the ca- ep(P) 2tp

pacitances per unit area of the FLC lager, and of the total
external capacitanag:,, which includes the alignment layer

plus any capacitance placed in series with the cell: In general,§<45° (sirf6<1/2), V/Vgis on the order of 1 or
less, Aelep<l, gplep<l, and tg/2t,>1, therefore «
<1. In most cases of interest, the alignment layers are much
5 thinner than the FLC layert£/2t,>10) so we haver<<1.
Ps _TerF Cex 1 Ps Therefore, the term proportional foe in the torque equation
P2 2 CgytCr can be omitted.
(34)

. . . . . APPENDIX B: SMALL SIGNAL RESPONSE
An important topic not discussed here is the influence of

ions on the VFLC polarization stiffening mechanism. lons The general form of the dynamical equation is
can be expected to weaken the stiffening mechanism and
thus increas&€p. No calculations are available to quantita-
tively assess the severity of this effect, although it seems
reasonable that it would be important only at low drive fre-
guencies(ions would be too slow to follow the changing
electric field at high frequencigsThe ratio of Debye screen-
ing length toép might be at least a crude measure of howwhere from Eq.(26), we have

do
7o gp = (V.9), B1)
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Voo dWs(¢) dé  cosey v(t) -
f =—|— —— . (B2 L= —
(Va d)) VS +sin ¢) COSQ’) 2W0 d d) ( ) dt To VS 7_( ¢)V) ¢T( d)V)
The first-order series expansion 6fabout the point = 7o .
V@)= (V.oy) is 1 dWs( ) d“Ws( )
v cos ¢y + W, tangy o ¢V+ a7 )
of of v
f(V,0)=f(V,dy)+ Tplv-v dy+ G| V-V d¢. (B3) (B4)
¢:¢V ¢:¢V

We have made the substitutiod¥=uv(t), whereuv(t) is a

small time-dependent voltage, ade=¢ is a small devia-

We choose Y, ¢y) to be a steady-state solution of E81),  tion around the equilibrium positions,. The fact that

whered¢/dt=0 [thusf(V, ¢y)=0], since we are interested f(V,¢,) is zero was used to simplify the result of evaluating

in small perturbations about equilibrium. af1dV, an expression containing bothand ¢y was simpli-
After evaluating the derivatives, we obtain fied to contain onlygy, .
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