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Thin SiO; layers prepared by oxidizing an organo-silane inan Ar/ Oz rfplasma discharge produce
parallel alignment for nematic liquid crystals with essentially zero tilt. In addition, if the r/plasma
system is arranged to produce an Ar/O; beam, uniform parallel alignment can now be obtained
with the director in the substrate plane at an angle perpendicular to the plane of incidence of the rf’
plasma beam. We have studied the aligning properties of such films using the evanescent wave
generated by attenuated total reflection (ATR) on a thin gold film when a surface electromagnetic
wave isexcited. Liquid crystal cells were constructed on a high index glass prism with a 500 A gold
film and a 200A aligning layer. By following the ATR minimum as a function of applied electric
field, the tilt at the interface of the liquid crystal and the aligning layer was calculated.

INTRODUCTION

In a previous paper’ it was shown that surface plasmon resonance techniques
can be used to study the interface of a liquid crystal and the aligning layer. ATR
spectra were obtained for homeotropic aligned cells using a polyfluorocarbon
aligning layer as well as for homogeneous aligned cells using an SiO; aligning
film. The two indices n. and no were calculated for one compound, n-pentyl-
cyanobiphenyl and good agreement was found for both orientations with pub-
lished data. In this paper we present our results on the tilt angle at the interface
of the undisturbed cell and the change in the tilt when the cell is biased by a
square wave voltage. The probe is the evanescent wave emanating from a thin
gold film evaporated onto one side of a glass prism. These evanescent waves
decay in a fraction of their wavelength, about 3000 A. Thus the surface layer
studied by this method is in this range of thickness.

E. Kretschmann?® has analyzed the excitation of surface plasmon waves for
a glass/ metal/vacuum system. If the incident beam is p-polarized (TM) the

t Presented at the Eighth International Liquid Crystal Conference, Kyoto, July 1980.
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reflected intensity is sharply reduced when the parallel component of the wave
vector of light, determined by the angle of incidence, matches the conditions
to excite the surface plasmon wave. For details the reader is referred to sum-
mary papers by H. Raether’ and A. Otto.* Kretschmann’s method for a single
film is readily extended to the case where the metal is covered with a thin oxide
or polymer film and this has been used to study the optical properties of thin
organic layers, down to monolayers.”” In this paper the calculation is ex-
tended further to include the case of layers of birefringent material. Tractable
solutions can be obtained if the optic axis is in the plane of polarization.

The preparation of uniformly parallel aligned liquid crystal cells using very
thin SiO; aligning layers deposited by the rf plasma beam technique has been
described elsewhere.®’ The aligning layer is only about 1/40 of the vacuum
wavelength but this produces an ATR shift of about 2° and thus the aligning
layer must be included in the calculation. To a crude approximation one could
regard the evanescent wave as being generated by the glass/ Au/SiO; system,
while information is obtained pertaining to the SiO,/liquid crystal interface.
This is a departure from previous papers in which the metal/ organic layer in-
terface is studied directly.

THE ATR METHOD

Figure 1 shows the complete cell in cross section and the light path. The plane
of polarization (p-polarized) is the plane of the paper and the director is also

R~ _ Schott Glass
gt _ X 60°Prism
0 P
Eo
' 500A Au
200A Sio,
10 uM L.C.
&l Mylar Spacers
Sio
N a2
Glass Substrate
FIGURE 1 An ATR experiment with an operational liquid crystal cell. Cross section through
plane of polarization. The “externalangle” ¢ is used for reference in the following figures. ¢ is the
angle of incidence. The geometric relation between ¢ and ¢ is accounted for in the computer
program: ¢ = /3 — sin”’ (1/n sin (¢g — m/6)).
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in this plane. Regarded as an optical system, the cell consists of a glass 60°
prism cut from a high index glass (Schott LASF5, n4 = 1.87625), a thinevap-
orated gold film nominally 500 A, a thin SiO; aligning layer deposited by oxi-
dizing a silane in an Ar/O; plasma, nominally 200A thick and the liquid crys-
tal material. For the unbiased cell, the liquid crystal layer is homogeneous and
infinitely thick. The optic axis is in the plane of polarization and parallel to the
surface. When a bias voltage is applied the optic axis tilts but remains in the
plane of polarization. For numerical calculation it is convenient to consider
the liquid crystal as a succession of thin homogeneous layers, their optical
constants being determined by the local tilt angle. In our computer program
the layer thickness was taken arbitrarily to be 100A and it was shown that
using thinner layers or more steps does not change the results significantly.
Thus the cell is regarded as a stratified multilayer structure. The reflectivity of
such structures is discussed in textbooks'®'' and review papers.'>'* The case
of one birefringent layer was considered for an anisotropic organic crystal'*
but the case of many birefringent layers has not to our knowledge been
treated. Our calculations were extended to include both isotropic and aniso-
tropic layers. The method is outlined below in general terms and the deriva-
tion is given in an accompanying paper as the algebra is rather extensive.'’
From the standard boundary conditions, viz. the tangential components of
Eand H must be continuous across each interface, two linear equations result
for the parallel components of E, respectively, H on bothsides of the interface.
For each medium a relation between H and E follows from the Maxwell equa-
tions. Eliminating H, one equation results relating the parallel components of
Efortheincident and reflected waves on one side of the boundary to those on
the other side. The equation is linear and conveniently written asa 2 X 2 ma-
trix. Combining the two boundaries of one layer then yields a matrix describ-
ing the layer. Repeating the process for all layers results in a product of ma-
trices. The final equation relating the parallel components on one side of the
multilayer structure to those on the other side can be written as:

= .+
EE,, "I‘IN M E;/u,x exp —ikn+1, 22841
Eox] = w0 [Mad X\ Erverx exp ke, szwn

where M,, the characteristic matrix, is given by

Un + Un+1 . Un — Un+t ,
————exp ikn.dn ————exp ikn.dn
Un 2u,
M, =
Un — Un+ - Un + une -
———exp —ikn,:dn ———exp —ikn .dn
2u, 2un
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Here, d, is the thickness of the n' film, dp+1 = za+1 — 2, and do = 0. Super-
script + indicates the direction of the incident wave. Superscript — indicates
the direction of the reflected wave. k. is the normal component of the wave
vector in the n™ layer. For isotropic layers:

2
- / {w »
k;,z = kn.z =+ €n (_) - ko,x.
NARY:
For anisotropic layers:
€ wY
_ X, Z 2

k:,,z = -ko,x + €E,z:\ )] — kO,x

€z,2 €,z c

, 2

~ €x,z €1€2 w 2

nz = kox T €2,z (_) — Kko,x
€z,z €,z c

\/ €1€2

kO,x = 2 no sin R
c

The sign depends on the convention adopted for the wavefunctions, it must be
such that the amplitude of the evanescent wave decays with z. For wavefunc-
tions of the form exp i(wr — k *r) the —sign is the appropriate choice for the
incident wave.

The functions u are the generalized relations between H, and E; in each
layer. For isotropic layers:

For anisotropic layers:

with the same sign convention as used for the k.’s. The abbreviations ¢.,: and
€z,. contain the tilt angle of that layer:

€,: = (€1 — €) sin ax cos an

— 2
€,: = € sin’ a, + € cos’ an

€1 is the component of the permittivity tensor parallel with the optic axis. e; is
the perpendicular component.

In these experiments there is no wave incident on the last surface and the
second term of the En+; vector is zero. It is then any easy matter to write a



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:11 23 February 2013

DETERMINATION OF SURFACE TILT ANGLE [981] 33

general expression for the reflectivity. Let a matrix Mj; represent the result of
all matrix products, then

E(-) — E(_),x — MZI
Es Eb, My

R=

Notice that common terms in each of the layer matrices drop out which re-
duces computer time significantly. In particular the terms ko, «(ey,;/ €;,2) in the
expressions for k; are common and can be disregarded in the calculation of the
exponential terms. Finally, as will be clear, for comparison with experimental
data the calculated R must be corrected for the reflectivity and transmission of
the glass prism. These corrections were included in the computer program.

RESULTS

Eachlayer is determined by its values for e and d. For the complete system this
forms a large set of parameters. However ¢ and d can be determined for each
layer in succession. Figure 2 is a summary of the reflectivity data. The ATR
curves were measured in succession for (1) the glass/gold/air system, (2) the
glass/gold/SiO,/air system and (3) the glass/gold/Si0/liquid crystal sys-
tem. To avoid overlap only some of the data for the cell under bias voltage are
shown. However, Figures 3-9 show the calculated and experimental data for
the complete cell for each applied bias voltage.

The ATR curve for the gold film represents only two matrices. The expres-

1.0

0.9

08f

Glass-Au-Air
0.71

o8r Glase-Au-Si0,-Air

051
Glass-Au-8i0,-Liquid Crystal

Reflectivity

0.4}
v 5V 2V
ov
0.3}
0.2f

0.1

o L l 1 1 1 9> L L i i L "

16 20 24 76 80 84 88
External Angle
FIGURE 2 Thesignificant part of the ATR curvesfor Au, Au/SiO;,and Au/SiO;/liquid crys-

tal. Plotted is the observed reflectivity vs. the external angle. To avoid overlap only the curves for
0, 2, 5 and 9 volts are shown. For the complete set see Figures 3-9.
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FIGURE 3 Experimental data (O) and cal-
culated ATR curve (@) for the system/glass/
Au/Si0y/LC. The liquid crystal is homogene-
ous aligned with the directorin the plane of po-

FIGURE 4 Experimental data (O) and cal-
culated ATR curve (@) for the system/glass/
Au/SiO/LC with 1 volt applied to the cell.
The cell is now considered as a stratified me-

larization. The data was calculated for the  dium. The tilt angle changes linearly with the
experimental values of ¢ usingn, = 1.745and  distance to the surface. For the values of the
no = 1.517. slope see Figure 10.

sion for the reflectivity can be minimized analytically as Kretschmann has
shown, For multiple layers this is no longer feasible although Wolter has de-
rived expressions for up to three films. It was decided to use the same numeri-
cal approach for all calculations and an APL program was written to evaluate
the matrix product for any number of matrices. For the Au film there are still
three numerical values to be determined as ¢ is complex. It turned out that ez is
largely determined by the value of ¢z minimum, dis largely determined by Rmia
and the width of the curve largely determines ¢;. Thus starting values were
found rapidly. After the Au curve was determined, the SiQ; layer was depos-
ited and the new ATR curve was measured. ¢; and d» were calculated from the
product of three matrices using ¢; and d, previously calculated. It is often pos-
sible at this stage to make small changes in €, or d; to obtain a better fit for
both curves. For the cell used in this example the numerical values found were:

er=—11.7 e = —0.80 d = 420A
n; = 1.457 d, =210A
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FIGURE 5 As Figure 4 but 2 volt bias ap- FIGURE 6 As Figure 4 but 3 volt bias ap-
plied to the cell. plied to the cell.

The cell was then completed and filled. Mylar spacers were used to obtain a
cell thickness of about 10 um and the cell was filled with n-pentylcyanobi-
phenyl (K15 from B.D.H. as received). From the ATR curve for the cell as
filled (Figure 3) the two indices were calculated using the product of 4 matrices
since for this case d; is infinite. The numerical values at 6328A are:

n.= 1.745 ne = 1.517 An=10.22

The value for n, agrees closely with that found by us for teflon aligned cells:'
n. = 1.742. Data for the refractive indices of this compound have been pub-
lished and the interpolated values from the B.D.H. catalog are:

n.= 1719 no = 1.528 An=10.19

Anfromourdata is slightly larger. Presumably alignment by rubbing as used
to obtain this published data causes a slight tilt.

At this stage all optical parameters are now known. The tilt angle as a func-
tion of distance to the surface can be calculated from the continuum theory
and therefore the ATR curve can be calculated for any chosen bias voltage.
These calculations were made and it was found that the calculated shift in the
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FIGURE 7 As Figure 4 but 4 volt bias ap- FIGURE 8 As Figure 4 but 5 volt bias ap-
plied to the cell. plied to the cell.

ATR minimum is much smaller than the shift observed experimentally.
Therefore, the process was reversed and the tilt at the surface was determined
as a function of the applied bias from the observed ATR curves. It was as-
sumed that the angle at the interface remains zero which is identical to the
boundary condition commonly used in obtaining the solution of the Frank
Oseen equation. It was further assumed that the tilt changes linearly with dis-
tance near the surface for the first 3000A. Typical Frank Oseen curves are ap-
proximately linear over a much larger distance. The computer program now
determines a slope, i.e., the derivative of tilt angle with distance such that the
calculated ATR curve coincides with the observed curve. All calculations were
based on 30 steps of 100A each. At each 100A layer the angle defines the ten-
sorial components and therefore there are no other adjustable parameters.
These curves are plotted in Figures 3-9 for the bias voltages indicated. It is
seen that agreement was obtained. The calculated slopes are plotted versus the
bias in Figure 10. For comparison the slope calculated from continuum theory
is also shown. The general features of the curves are similar. There is a thresh-
old, below which the tilt remains zero. At the threshold there is a steep change
in the tilt followed by a more gradual increase. It is seen that the slope beyond
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4 16 18 20 FIGURE 10 The slope of the tilt angle at the
Ext. Angle surface as determined by Figures 3-9. There

FIGURE 9 As Figure 4 but 9 volt bias ap-  €Xist a threshold value between 1 and 2 volt.
plied to the cell. Also plotted is the tilt angle calculated from

Frank Oseen Theory for equal &’s.
threshold increases much faster than that predicted by the continuum theory.
The bias voltage was chosen arbitrarily, at present, we have no data to estab-
lish the threshold better. From the cell transmission for this material, it is
about 1.4V,

DISCUSSION

The discrepancy between the tilt at the surface calculated from observed opti-
cal data and that calculated from theory merits further clarification. A quali-
tative comparison has already been made between the ATR minimum for a
homeotropic cell (teflon alignment) and that of a homogeneous aligned cell
under large voltage. The homogeneous cell appears to change near the surface
much more than expected from theory.' The general model used in continuum
theory, viz. tilt angle constant at the surface and determined by elasticity
within the cell does not differ essentially from the one adopted here. Any other
model would depart more from the accepted concepts. Further, the matrix
method used to calculate the ATR minimum is also well established. Jacobson'’
has discussed the method in detail including its convergence if the layer thick-
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ness is very small compared to the wavelength and the effect of small transi-
tion regions at each boundary. Pockrand e al.® found that for more than six
monolayers the effect of the transition region has largely disappeared. Each
layer considered in our calculation contains about 20 monolayers. The overall
agreement for the refractive indices for cells with either teflon or SiQ; aligning
layers also seems to justify neglecting such transition layers. But there is the
possibility of electrolytic reactions at the electrodes which could cause
changes in the refractive indices near the surface by establishing a “thick” in-
termediate layer. Indeed the ATR minimum for the unbiased cell changes by
about 0.6° if the cell is subjected to 15 volts for sometime. But this is 10X thresh-
old and near electric breakdown. One cell mistreated in this way, however, still
showed about the same shift in the ATR minimum as bias was applied. In
normal operation there is no observed shift in the ATR curve at 0 volt bias in
cycling to a voltage below breakdown and returning. Hence we feel these ef-
fects have a negligible influence on our results.

In conclusion, we feel that the ATR method is a good technique for study-
ing the aligning properties of molecules at a metal interface, and in particular
the aligning properties of liquid crystals. Our results also show convincingly,
that the molecules rotate faster than calculated by Frank Oseen Theory.
Hopefully this will stimulate further theoretical work to understand this
discrepancy.
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