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New method for measuring polar anchoring energy of nematic liquid crystals
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A new method for measuring a polar anchoring energy of nematic liquid crystals (LCs) is proposed. A variation of
LC tilt angle on the surface with an applied electrical field was determined by a reflective method. The twisted LC
cell configuration was selected to compensate a contribution of the induced birefringence in the reflective spectra.
The electrical field controlled reflectance was used to analyse the potential form of the polar anchoring energy and
to define the anchoring strength. The proposed method is applicable for 2-5 wm thick LC cells.
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1. Introduction

Liquid crystal (LC) anchoring energy is an important
parameter of LC cells which defines the basic charac-
teristics of LC electro-optic response, such as control-
ling voltage and response time (/). The dependence of
an anchoring energy from the deviation of LC pretilt
angle from an equilibrium state has been widely dis-
cussed in the literature (2—4). The Rapini-Papoular
relation for anchoring energy was usually used for
the purpose (3). However, some authors claim that
Rapini-Papoular approximation is not a universal
approach and there exist several cases where the
approach is not correct (5, 6). At the same time, we
should note that most of the LC anchoring energy
measurements methods are based on the Rapini—
Papoular formula (3).

Usually LC anchoring energy is found from the
dependence of the LC bulk parameters such as a retar-
dation or capacity versus applied electric or magnetic
field for LC cells with a large cell gap (7—16). The most
effective method is a high voltage technique proposed
by Yokoyama and van Sprang (/0). A modification of
this method is the RV technique developed by Kent
University (/1, 12). The polar anchoring energy can
also be found from electrical measurement by a capa-
citance method (/3-15). The method to evaluate a polar
(or zenithal) LC anchoring energy proposed by Vilfan
et al. uses the measurements of relaxation time of LC
director fluctuations in a homogeneously aligned cell as
a function of LC cell thickness (16, 17).

The disadvantage of the ‘bulk’ methods is a small
contribution of the LC anchoring effect, so the mea-
surements of the LC anchoring energy become ineffi-
cient. To minimise the volume effects when measuring
the anchoring energy we explored the compensation
principle. The principle states that all the effects not

related to the interaction of LC with the surface are
automatically excluded and do not influence the mea-
surements data. The technique was successfully rea-
lised in two channel capacity methods (/4). In this case
the vertical aligned (VA) LC cell was used as a refer-
ence channel in a measurement set up to increase a
precision of the electrical method (/4). We propose
another compensation method for optical measure-
ments, shown in this paper. We used a high voltage
deformed twist LC cell, where the volume birefrin-
gence is totally compensated, as the cell can be
presented by two birefringence plates with mutually
orthogonal directions of their optical axes. We mea-
sured the anisotropy of reflectivity on the boundary
isotropic—anisotropic materials (liquid crystal-align-
ment material). The compensation of LC birefrin-
gence in the 90° twisted cell strongly minimises the
effect of LC birefringence in volume. The reflective
coefficient at the isotropic—anisotropic boundary in
LC cell is determined by the LC tilt angle nearest to
the surface. The LC amplitude reflections can be pre-
cisely measured for any applied voltage. This depen-
dence can be used for the evaluation of a LC polar
anchoring energy.

2. Theoretical background

The distribution of a LC director inside the cell is
determined by LC elastic and dielectric constants and
by the value of the electrical field applied to the LC
cell. This distribution can be calculated for any pretilt
angle on the boundary in the case of strong anchoring
interaction between LC and the alignment surface. In
the case of semi-infinite configuration for LC and
infinite anchoring energy we can write simple analyti-
cal expressions for the LC director distribution. Such
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Figure 1. Polar 6 and azimuthal ¢ angles of LC director. XY
is the substrate plane.

conditions are realised when a high electrical field is
applied to the LC cell and the tilt angle of LC
molecules at the centre of the LC cell is equal to 90°.
Figure 1 shows the corresponding LC director orien-
tation angles § and ¢ with respect to the substrate
plane XY. The LC optical properties can be easily
calculated if the director distribution is known.

For sufficiently high voltage (V' > 6V,,) the
director angle at the centre of the LC cell becomes
almost equal to 6,, = /2. Thus the LC cell can be
considered to consist of two independent parts:
two highly distorted regions with fast transition
from the tilt angle on the boundary to vertical
alignment in the centre of the cell. The distribution
of the LC polar angle 6(z) for the applied voltage
V can be written as (/1)

dV,;,/\/ + ysin® x l—acoszx)dx )

1 —sin’x

wherey = (K33—Ki1)/Ki1, a = Ae/e)), Ae = (g—¢L),
Vth :W\/K]l/é‘()AE.

If the liquid crystal is not chiral then the variation of
the LC azimuthal angle ¢ will concentrate at the centre
of the cell and will not change in each highly distorted
region of the LC cell. In a 90° twisted LC cell the
boundary parts with highly distorted orientation are
orientated orthogonal to each other. The distribution
inside every part is the same as in a non-twisted
(splay-bend) LC cell (/). This property produces
unique optical qualities of LC twist cell: the phase
difference between two independent polarisations of
the transmitted light is zero. This unique property of a
90° twisted LC cell enables the realisation of a
compensation principle and the avoidance of the
bulk birefringence effect in this cell. This means that
for sufficiently large voltage (V > 6V,,) the bulk bire-
fringence of the LC twist cell will disappear (Figure 2).

E (E, E)

| ®evin),
E,exp(f/2))

(E, exp((f+£,)/2),
E, exp (f+)/2))

Figure 2. LC director configuration in 90° twist cell, when
high voltage is applied to the twisted LC cell (V' > 6V,).

Consequently, the reflection of a 90° twisted LC cell
will be defined by the interference of two light waves
reflected from two boundaries of LC with the
substrates.

2.1 Reflection coefficient for boundary isotropic—
isotropic medium

Let us consider the reflection from the isotropic—
isotropic medium boundary in an LC cell. A linearly
polarised light is incident normally to an LC cell,
and the angle between the polarisation direction
and extraordinary axis of the LC layer is 7. Let us
consider first only one boundary which reflects
light. This boundary is the interface between two
media with refractive indexes n; and n,. Let the
amplitude of the input polarised light be 4,, and
the amplitude of the output reflected light after the
analyser 4,,,. Let the angle between the polariser
and analyser be ¢. Figure 3 shows the optical
scheme.

The two waves propagate in an anisotropic LC
medium: ordinary E, (refractive index n,) and extra-
ordinary E, (refractive index n,),

E, = A4, 005(77) ei27r%” (2)
E, = A;,sin(n) 25"
The reflection coefficient for the boundary isotropic—

isotropic medium for both waves E, and E, is the same
and the amplitudes of the reflected waves F, and F,:
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Figure 3. Reflection of the polarized light from the isotropic—
isotropic boundary.

n, e d
P27

F, =ri- Ay cos(n)e™™x,
i2rted
b

. (3)
Fo =TFis Ain 51n(n) e

where r;; = 2= p, and n, are refractive indexes of the
ny+n

two isotropic media.

The light goes back through an anisotropic LC layer,
which doubles the phase retardation for every wave, and
finally passes through the analyser (Figure 3). In this
case we have

A _ned
Apus = 1isAin (cos(n) cos(n + ¢) ™5

+ sin(n) sin(n + ¢) ei4"%l> .

If the analyser is crossed with the polariser we can get
from Equation (4)

. . And Yy
A = 1isAin sin(2n) sin <27T%> ~i~e’2“( a (5)

Equation (5) states that, in the case of crossed analyser
and polariser, the amplitude of the output light is zero if
the overall birefringence An of all the isotropic layers
between the polariser and analyser from one side and
reflective boundary from the other side is zero.

2.2 Reflection coefficient for the boundary liquid
crystal-isotropic medium

The light propagation in the LC layer can be described
using two orthogonal waves: an ordinary and an extra-
ordinary. The reflection from the LC boundary for an
ordinary wave r9, = R, is a simple Fresnel reflection
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from the boundary between two isotropic media but
for the extraordinary wave r¢, it is roughly a sum of
the two reflective waves (18). One wave is the reflection
from the boundary (Fresnel reflection R,) and the other
is the reflection from the LC layer R; . The latter coeffi-
cient R; ¢ can be considerably different from R, in the
case of LC director deformation in the electrical field.

- Ro _ n(ll,C — Nal

n .+ ny and  rg, = Re+ Rpc, (6)
Lc 1 1a

a

—Nal +

where R, n + 1is the reflection which does not
depend on the bulk LC orientation and defines by
LC extraordinary refractive index nj . at the surface
and R;¢ is the part of the reflection coefficient which
depends on the LC director distribution near the sur-
face. An extraordinary refractive index n, exhibits a
non-zero gradient variation near the boundary related
to the LC director deformation. The amplitude of the
reflected wave can be found as a sum of all the waves
reflected from the boundaries between the small sub-
layers with the thickness dz in the following form:

a2 /2
1 dn 1 dn do
Rie— [ Lo / /)
Le / 2n, dz dz = 2n, do dz @,
0 0
(7)
where
m o] dn [ d
™ vis » Az
f(Z) = T 2/7’1 dz = 7 n, Edﬁ
0 0,

is the phase retardation of the extraordinary wave
propagated in the LC layer, where 6 (z = 0) = 6,,
and the integration is limited by the centre of the LC
layer z =
sufficiently h1gh electrical field apphed to the LC layer.
In this case LC orientation at the centre of the layer

= 7/2, and we get from Equation (1)

do~ v

dz  dVy, \/(l+’ysin26)(l—acos29)
1 —sin®0

The effective extraordinary refractive index
n,()depends on the LC polar angle 6 as

Nelly ne

\/ng sin®  + n2 cos? 0 V1+ B sin” 0

n,(0) =

and the value of the extraordinary refractive index on
the boundary can be written as
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n?

}’l2 —

, where 3* = —¢ 2.
2
n{)

s e
n =
K1+ Fsin® e,

Equation (7) can be rewritten as

/2
1 2 —n2)igh 4
RLCZE/ (e =, )1g0 o (e Vo
n: +n;tg*0 AV
" (8)

X/e (1 +sin® x)(1 —acoszx)d 40
X Y
(1 —sin*x) (1 4 #*sin’ x)

Os

where 0, is the angle of the LC director on the surface.

Equation (8) provides the amplitude of the reflec-
tion from the deformed LC layer for the extraordinary
component of the incident light. Using the same pro-
cedure as in Section 2.1 and Equation (6) we can define
the amplitude of the reflective light from the boundary
LC-isotropic alignment layer as

Aour = Ain (15, c08(n) cos(n + ¢) + r4, sin(n) sin(n + ¢) ).

If the analyser is crossed with the polariser (¢ = 7/2)
and the retardation of the anisotropic layer is zero
(Figure 3), the amplitude of the output light 4, can
be written as (/8)

1 .
Apur = 5 Ain (r9, — r%,) sin2n

— %Am(Re — R, + RLC) sin 2n. (9)
The Fresnel’s reflection contribution depends on the
effective value of the LC refractive index on the
boundary nj. defined by the LC tilt angle on the
boundary. The difference between the refractive
index of the isotropic alignment material and LC
ordinary refractive index provides a constant contri-
bution to the reflective light, which is not dependent
on the LC tilt angle on the surface. Thus, if the refrac-
tive index of the alignment material n,, is close to the
ordinary refractive index of LC n{ . we have

S

S 0 0
R _R —"cTMa Mpc=Nat Tic~Mic (10)
¢ T +n 0o +ng  m . +nl.
LC al LC al LC LC

In this case the amplitude of the reflective light 4,
(Equation (9)) is

A

A L4 st(@C%C+R ) (11)
t = —~Ain W~ LC |-
ou 2 m nLC + nLC

The refractive index nj . depends on the LC tilt angle
on the boundary only, while the amplitude R;c
depends on the LC tilt angle on the boundary and on
the voltage applied to LC layer.

The formula (Equation (11)) provides the ampli-
tude for the reflection from one boundary of an LC
cell. As an LC cell has two boundaries, the reflective
light will be defined by the interference of the waves
reflective from both boundaries of the LC layer. In the
case of equal boundary conditions for an LC cell the
simple formula can be obtained. A more interesting
result comes for a 90° twist cell when a high voltage is
applied. If the applied voltage is larger than 6V7,, LC
molecules at the centre of the cell are orientated ver-
tical and the LC cell becomes separated into two parts
with a symmetrical distribution of the LC director
from the boundary to the cell centre. Both parts of
the LC cell are not twisted but rotated on 90° with
respect to each other. If the phase retardation of the
light wave reflected from the top substrate is zero, then
the phase retardation of the light reflected from the
bottom boundary will be equal to fy+f,, where
= W is the phase retardation for the ordinary
wave passed twice through the LC cell and f, can be
calculated similarly to Equation (7) and

)

2T ,
foe=fd/2)=—"-2 [ n,dz
>\ /

The intensity of the reflected light /r can be calcu-
lated as a result of the interference of the light waves
reflected from the top and bottom LC cell boundary as

2

:Potge

—_ i
Ir = Aout _Aoute 2

Using Equation (11) we receive the intensity of the
reflected light Ir for a 90° twist cell between crossed
polarisers:

Ir = 2(A0u,)zsin2 (fo :ﬂ

1, (ne—ng (e
=§Am '(M—RLC> sin (5>» (12)

S 0
et nc

where we assume f, ~ f,, = 4wn,d/) and n = 7/4.
Equation (12) is valid only when the input and
output polarisers are crossed and a 90° twisted LC cell
is orientated at n = 45° to the polarisation of the input
light. These special conditions exclude the contribu-
tions of all the reflection from the boundaries between
isotropic mediums in an LC cell. Equation (12) can be
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presented in a normalised form, which does not
include the amplitude of the input light A;,. The nor-
malised value of the intensity becomes a function of
the two parameters: one is LC tilt angle 6, on the
surface and the other is the reduced value of applied
voltage U' = ﬁ, while the other parameters of the
LC cell remain the same:

Ir(@s, U’)
1r(0,0)

n —ng .
L "ic
RLC

_ npethyc ( 1 3)

S _ 0 9
(”LC nLC)

e

Mretiice) 9g.—0

Irnorm (esa U,) =
2

where n§. = nj.(6;) and Ric = Ric (65, U').

The dependence of the normalised amplitude
reflection from the reduced voltage for different values
of the LC director tilt angle on boundary liquid
crystal-alignment layer is shown in Figure 4.

If an anchoring energy is finite, the tilt angle on the
surface varies with the applied voltage. The depen-
dence of the amplitude reflection is shown in Figure 4
by a dashed curve which crosses the reflectance curves
calculated for a fixed tilt boundary angle, which
corresponds to an infinite anchoring energy. If the
dependence of the reflection amplitude is taken from
experiment the point of intersection of the experimen-
tal curve with the lines calculated for infinite anchor-
ing energy will correspond to the tilt angle on the
boundary. This comes from the suggestion that if the
boundary angles of the LC director are fixed, we may
have only one possible distribution of the LC director

12 1

Reflection amplitude
o
o
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in the bulk (/). By this way we can receive the depen-
dence of the LC tilt angle on the surface.

The variation of the tilt angle on the surface is
defined by the LC polar anchoring energy.

For a symmetrical LC cell with the thickness d the
tilt angles on the boundary are

0, = 6(0) = 0(d).

The voltage dependent torque-balance relation at
the boundary condition is (/1)

dF(0))
do,

z

z=0

For voltage V' > 61V,, Equation (14) can be written as

. 9
dFy(6) 7TK11 e (V) vy T 4ysin®0; cosfy, (15)

do, d g VMW
where y=(K33—K11)/Ki1,a=Ae /e ,Vi=m/K11 /e0Ae

is the threshold voltage, Ac = (g—¢.), and (V) =

g (1 — a?—‘f%) is the average dielectric constant for the

LC layer (6), a ~ 1. For a sufficiently high voltage the
LC director in a central part of the cell is orientated along
the electrical field and can be estimated as

The dependence of an LC tilt angle on the bound-
ary is completely determined by the anchoring

Tilt angle

10 100

VNth/d, um'1

Figure 4. Calculated voltage dependence of the normalized reflection amplitude for various LC surface tilt angles and infinite
LC polar anchoring energy. The experimental data are shown by black circles. The data for LC BN-104 were used in the

calculations.
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interaction between the LC and the alignment mate-
rial. The simplest expression for the anchoring energy
can be written in the form F,(6;) = %W(Gs - 90)2 for a
small deviation, or Rapini-Papoular form (4)
Fy(6y) = %Wsinz(éx —6p) for larger deviations from
the preferred LC director orientation on the bound-
ary. For the small values of the LC tilt angle 6, it is a
linear function of the applied voltage:

ol (16)

For a sufficiently large pretilt angle, the anchoring
coefficient W is not constant and varies with the LC
tilt angle (/0) as

W(0,) = Wy + (Wo — W) sin® (6, — 6p),

where the coefficient W, — W, characterises the second
term in a power series of sin” (6, — ).

Figure 5 presents the dependence of the LC tilt
angle at the boundary on voltage for the three above-
mentioned LC anchoring potentials. All three poten-
tials produce the same LC tilt angle dependence (tilt
angle less than 20°) for a sufficiently small voltage. If
we like to consider the effect of the anchoring voltage
potential, we should allow for considerably larger LC
tilt angles of up to 60° (Figure 5).

3. Experimental

The set-up for reflective measurements is shown in
Figure 6. We used the polarised reflective microscope

90
80
70
60
50
40
30

Tilt angle, deg

o +r—mrm—t——tr—tr Tttt
0 5 10 15 20 25 30

VNthld, I.Lm_1

Figure 5. Dependence of the LC tilt angle at the boundary on
applied voltage for various polar anchoring energy potential
forms. (Square F,(6;) =1W(0 — 6y)* (a); Rapini-Papoular
Fy(0,) =3W sin®(0 — ) "(b); anisotropic Rapini-Papoular
W(@) =W, + (W, — Wy)sin“(6 — 0y) (W, — W; <0 (c) and
W, — Wi >0 (d)).

I___l Spectrometer

A
<—|—» QOutput
' polarizer
Input
polarizer
LCcell

Figure 6. Optical scheme of the experimental set-up.

Olympus BX40. The high resolution spectrometer
HD2000 from Ocean Optics was used for spectral
measurements with a spectral resolution of 1.5 nm.

Several LC TN 90° cells with a cell gap of 2 um were
used in measurements. The glass substrates had pat-
terned ITO electrodes with the LC cell overlapping an
area of 5 x 5 mm? The alignment material was depos-
ited on top of the ITO layer by a spin coating method.
The thickness of the alignment layer was around 30 nm.
We used three different alignment materials: (i) PIA-
3744 from Chisso with a strong LC anchoring; (ii)
photo aligned material SD-1 from DIC with medium
values of polar anchoring energy (/4); (iii) material B-
15 with low polar anchoring energy (/9). All the cells
were filled with LC mixture BN-104 with a low thresh-
old voltage and the following parameters at 25°C: elas-
ticconstants K1 = 7.5 pN, Ky, = 5.6 pN, K33 = 12.2 pN,
dielectric anisotropy Ae = 26.6, anisotropy of refrac-
tive index An = 0.163 for the wavelength A = 650 nm.
All the cells had a uniform 90° twist alignment without
defects and disclination lines, which separates areas of
LC with twist angle +90° and —90°.

The LC cell was placed under the polarised micro-
scope and orientated at an angle of 45° with respect to
the polarisation of the input light. The polarisation
beam splitter transmitted to the spectrometer only
one orthogonal component of the reflected light
(the output polariser being orthogonal to the input
polariser). When the applied voltage exceeds V >
4V, = 2.5V the form of the reflection signal remains
the same and only the amplitude of the signal is
varied (Figure 7). The maximum reflectance ampli-
tude dependence on voltage was measured at a wave-
length close to 550 nm.

4. Results and discussion

We measured the dependence of the reflective signal
amplitude versus applied voltage for all LC cells with
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Reflectance, %

550 600 650 700 750

Figure 7. Reflection signal versus applied voltage. The LC
cell thickness was 2 pm. LC mixture BN-104 and alignment
material PIA-3744 were used.

o P13744
¢ SD-1
mB-15

Tilt angle, deg

VIVg/d, pm-1

Figure 8. LC surface tilt angle versus applied voltage. The
straight lines are linear approximations of the experimental
data. The LC cell gap was 1.95 pm; LC material BN-104 was
used.

different alignment films. We received the spectral
dependence shown in Figure 8 for every LC cell.

We used the dependence of amplitude reflection
maximum at a wavelength of 550 nm (about 18,000
ecm™) to calculate the dependence of LC tilt angle on
the applied voltage. The maximum voltage was limited
by the parameter ¥ <20-um~". The amplitude of LC
reflection in this case is small for any LC surface tilt angle
thus significantly increasing the error in LC tilt angle
determination. We used formula (12) for the calculations
of the reflectance intensity and the procedure showed in
Figure 4 to define LC pretilt angle on the surface. Figure
8 presents the results of our measurements.

We can see only small deviation from the equili-
brium state for alignment materials with a strong LC
anchoring energy when the tilt angle is less than 20°. In

Liquid Crystals 785

case of a high voltage (V/V,,d > 30 yum™' for LC BN-
104) the reflection for any values of the anchoring
coefficient is small and cannot be measured suffi-
ciently accurately. The polar anchoring energy found
from Figure 8is (i) W= 1.4x 107> T m™ for PI 3744, (ii)
W =0.7% 107 J m™> for SD-1 ; (iii) W = 2.6 x 107*
J m™ for B-15.

We can observe a large variation of LC tilt angle
up to 60° for B-15 alignment material. Figure 9 shows
the experimental data and the calculated dependence
of the LC surface tilt angle on the applied voltage. The
best fit for anisotropic coefficients of polar anchoring
energy for alignment material B-15 provides the
following values: Wy =2.6x 1074 m~=2, (W, — W;)/
W, = —0.12 (Figure 9).

5. Conclusion

A novel method for LC polar anchoring energy
measurements based on the measured reflection
from an LC cell versus applied voltage is proposed.
The ‘bulk’ electro-optical response of the LC cell
was excluded from consideration by a special con-
struction of the LC cell and the geometry of the
measurement set-up using 90° twisted LC cell con-
figuration. The high sensitivity of our method
guaranties the accurate measurement of the tilt
angle on the surface and the LC polar anchoring
energy. The results of the polar anchoring energy
measurements by the new method are in good
agreement with those obtained by a high voltage
technique (/0-12).

70

[=2]
o

Tilt angle, deg
N w B (3,
o o o o

-
o

-1
0 5 10 15

VNth/d, um“

Figure 9. Dependence of the LC surface tilt angle versus
voltage for various golar anchoring energy coefficients:
Wi=2.6x10* Tem™; (a) AW = Wy— W, = 0; (b) AW =
-0.12- W, AW = 0.12-Wy; (d) experimental points for the
alignment material B-15.
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