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Abstract We present an extension of phase modulation ellipsometry to
measure refractive indices in the visible and near infrared spectrum of
multilayer and anisotropic structures, in particular liquid crystal cells,
with arbitrary orientation of optical axis. An original software code was
derived to process ellipsometer measurements, based on Jones formalism
to express sinusoidal components of detected optical intensity reflected
by a sample for different angles of the polariser and analyser respect to
the sample orientation. In this way it is possible to obtain independent
equations whose unknowns are the reflection matrix coefficients. Since it
is possible only to obtain values of detected intensity and reflection
coefficients given the refractive indices of the sample by using Berreman
formalism, an algorithm has been developed to search best refractive
index values which fit intensity measurements at each wavelength.
Dispersion curves of refractive indices of 5CB have been obtained with
accuracy of about 1%.

Keywords refractive indices; nematic liquid crystals; ellipsometry.
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INTRODUCTION

Interest in liquid crystals as promising materials to fabricate photonic
devices for telecommunications has been greatly increasing lately.
Design and realisation of liquid crystal based photonic devices require
accurate information about values of refractive indices, not only
birefringence as for flat panel display applications, in the spectral
region of 1.3 pm and 1.55 pwm, corresponding to optical fibre minimum
transmission losses. Measurement of refractive indices of liquid crystals
is more difficult than measurements of refractive index of inorganic
crystals because it is necessary to confine them in thin cells, where
other films, such as alignment layers and electrodes, are present. Since
the early works up of M. Brunet [1] most of the index measurements
have been performed using refractometry [2], diffractometry [3] or half
leaky modes analysis [4]. In some cases these methods allow to obtain
some information on the cell structure as well [5][6]. Ellipsometry has
been used mainly to determine cells structures [7].

Ellipsometry is a simple, accurate and fast technique to obtain
both real and imaginary part of refractive indices through
measurements of complex reflection coefficients. Ellipsometry fully
automated and allowing a comprehensive set of measurements in
polarimetry (Stokes parameters) are commercially available. In
particular rotating analyzer ellipsometry (RAE) has been successfully
employed to measure indices of anisotropic samples and also refractive
indices of liquid crystals [8][9][10]. Moreover phase modulated
ellipsometry (PME) is a recently developed technique, based on light
modulation by a photo-elastic modulator, which improves RAE
performance in terms of mecasurcment speed and accuracy by reducing
mechanical vibrations.

In this paper we present a new method of processing
measurements provided by a phase modulated ellipsometer for
multilayered anisotropic structures embedded between two isotropic
semi-infinite media called ambient and substrate respectively. Our
method, based on a fitting algorithm, allows to evaluate the optical
main tensor € and its spatial orientation in a wide spectrum of

wavelengths, in particular visible and near infrared spectrum. The
possibility to include optical axis orientation of each layer as a possible
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fitting parameter makes this technique capable to give information also
on director profile of liquid crystals through cell thickness.

The method was first tested on known structures: an isotropic
semi-infinite sample, simply a glass prism, and an isotropic layered
structure, which was the same prism covered by an ITO layer. Then the
method was finally used to characterise an anisotropic multilayered
structure consisting of a SCB liquid crystal cell.

In the isotropic case we got results in good agreement both with
values computed by a commercial software and values of refractive
indices reported in the prism glass data sheet. Birefringence dependence
versus wavelength measured for the SCB cell showed an accuracy
within 1% when compared with data reported in the literature.

EXPERIMENTAL SETUP

A Phasc Modulated Ellipsometer by ISA Jobin-Yvon used in our
experiments is schematically sketched in Figure 1, as reported in the
instrument handbook. An argon lamp, used as light source, feeds an
optical fiber then light goes through a polarizer. After a collimation
optical system the light beam impinges on the sample surface, being
then reflected towards a modulator and an analyser. Hence the optical
signal goes through an optical fiber connected to a monochromator,
which has two outputs: a photomultiplier for visible light spectrum and
a CCD for near infrared spectrum.

Detected electric field, as a function of all optical and geometrical
paramecters of the system, can be carricd out by using Jones calculus
[11] as follows:

E, =T[A-RB-u)-M-R(@)-S-R(-0) P|E, (1)

out
where P and A are the Jones matrices of the polarizer and analyzer
respectively, R( ) are the rotation matrices, o, B, W are the rotating
angles of polarizer, analyzer and modulator, respectively in the lab
reference system . E=R(0)E, , where E,_ is the input electric field. T is a
normalization factor.
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s
= * | is the sample reflection matrix, which is diagonal for

an isotropic sample and non-diagonal for an anisotropic sample, where

s stands for the s-polarized (TE) radiation, along the y axis, and p
jd

stands for the p-polarized (TM), in the xz plane; M = ¢ 0 is the
0 1

modulator Jones matrix where §(t)= 8 + Asin ot

A

Analyzer

Polarizer

Modulator

v Goniometer
# Monochromator
Photomultiplier
Light
CcCD Source

FIGURE 1. Schematic of the Jobin-Yvon UVISEL 460 phase
modulated ellipsometer.
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The intensities of the detected signal contain the continuous,
sinusoidal and cosinusoidal components of the modulated signal:

1(t) o< BBy = 1[I + I sin 8(t)+ I cos 8(t)] )

It is possible to get the three components of the right-hand side of (2) as
a function of Jones matrix elements by using (1) in the left-hand side of
(2).

A set of independent equations in terms of amplitude and phase of
reflection coefficients, s; =p; exp(j(pij) is obtained by calculating
intensity expressions for a few couples of angles for the analyzer and
the polarizer, setting a fixed difference between analyzer and modulator
orientation equal to 45°.

For polarizer orientation equal to 0° and modulator axis equal to
-45° we obtain:

T .
IO :%(pip +p:p)

T 2
I = |2(p§p —p2) 3)
I, ={T’p,p,, sinle,, -9,

For polarizer at 90° and modulator at 45°:

2

L

I, =7(p[2m +pfs)

T2
I =7|(pi —p2) 4)

IS = |T‘2psspps Sin((ps.s _(pps)

For polarizer at 45° and modulator at 0°:
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T [,
I, = %[p;p L P+ PL +2p 0y cos(0, — 0, )+

+2p,p,. cos(o, — o, )]

T 2
le =~ PP c05(05, =0y )+ PP cOsl0,, — @, )+ (s)

ppppss COS( o (pss )+ psspps COS( ps (Pss )]

__m

I P sp Sin((ppp @y )+ PpP s Sin(q)ps Py )+

PoPu S0, — 0, )+p.p,, sinle, — o, )
Equations (3)-(5) were employed to extract information about oft-

diagonal elements of the refraction matrix S, tied to the anisotropic
properties of the material sample.

APPLICATION OF PME TO ANISOTROPIC LAYERED
STRUCTURE

The direct inversion of ellipsometric measurements can be obtained
only in some special cases of single interface: either between semi-
infinite isotropic materials or between isotropic-anisotropic with
specific orientation of the optical axes.

Our purpose is to characterise an anisotropic multilayered
structure schematically drawn in Figure 2, where several anisotropic
layers, with any optical axis orientation, are sandwiched between
isotropic semi-infinite ambient and substrate, like in a liquid crystal cell
whose thickness has been divided into several layers. For such a
structure it is impossible to derive optical properties of each layer
simply starting from ellipsometer measurements or from reflection
matrix. On the contrary it is always possible to calculate the reflection
coefficients, starting from the knowledge of the structure and its optical
properties by using Berreman’s formalism [12]. According to it, each
layer is then represented by a 6x6 matrix B, whose clements consist of
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the dielectric tensor £, the magnetic tensor |1 and two optical activity

’
tensors p and p .

Do

z=0 W OLX

é

m+1

'e'k

m+1

----

FIGURE 2. Sketch of a multilayered structure with definition of
incidence angles at each layer interface. The layer m+1 is the
substrate.

Considering planar monochromatic waves travelling along z
direction, the four Maxwell’s equations can be written in a compact
form as:

d i®
—¥=—AY (6)
Jz c



Downloaded by [University of Haifa Library] at 20:40 13 August 2012

282 E. BATELLA et al.

where:
Ex Aip A Az Ay
H A A A A
wo | By | g | B2 A2 Az Ay 7
Ey Azp Az Axy Ay
Hy Agp Agp Agz Ay

with A directly lied with matrix B,

Considcring light propagation through a layer between z and z, | =
7, + h, h, being the thickness of the i" layer and integrating Maxwell’s
equation (6) we obtain:

Wiz 4 )=Lh W(z) )

where:

2
L(h-)exp(imhiA]I+imhiA—(m—hi] %A-A+... &)

1 C C C

Now solving (6) from z = 0 to z = d with boundary conditions for
which there is an incident and a reflected wave at z = 0 and only a
transmitted wave at z = d:

B r, =ng/cos
= X% | with 0/e05 % (10)
E, Iy =g cosQy

¥o=| (1)
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TX
—r; T Iy =Npp41/COSOm 4
wo=| 2% with " feosom (12)
Ty Iy =041 COSPrmyg
’
ryTy

where R and T, are the amplitude of reflected and transmitted fields,
N, and n . are ambient and substrate refractive indices respectively;
@ is the incident ray angle measured respect to the normal to the
surface (z axis) and @, is the angle of the transmitted ray in the
substrate (see Fig. 2).

g

Nl

From the Snell’s law: ¢, = sin _1|: sin (p0:|. For the whole

n

structure: W(z +d) = Ly (d)¥(z) , where L, (d)= [TL(h)) . In this
i=1

way the reflection coefficients of Jones’ matrix can be obtained for the

whole structure, as:

RX y X y
Spp = 3 Sps = Sgp = =53 Sy = — 13
=g o = ¢ Sss (13

Berreman’s formalism gives the possibility to calculate directly
the reflection coefficients also for a multilayered complex structure. Six
independent parameters, real and imaginary part of s;; normalised

respect to s are then used in Eq. (3)-(5) to calculate normalised

pPp°
intensities 1/I, and I/I) providing six independent equations from the
three ellipsometric configurations.

A fitting algorithm was developed based on the minimization of
an error function Xz between calculated normalized intensities and
those ones measured by the ellipsometer:



Downloaded by [University of Haifa Library] at 20:40 13 August 2012

284 E. BATELLA et al.

) N Igis I%al 2 Irsnis Igal 2
X :Z [mis_H] +[ mis_a] (14)
i=1 IO IO IO IO i
where N = 3 is the maximum number of independent configurations of
the ellipsometer.

In general each layer is characterised by:

— complex dielectric constants €, €, and €5 in the principal
reference system;

— Euler’s angles ¢, y, and 8 which define the orientation of
principal reference system respect to the laboratory reference
system;

— layer thickness d.

The number of unknowns for each layer are as follows: three
unknowns, real and imaginary part of €] =€, = €4 and d if the layer is
isotropic; seven unknowns, real and imaginary part of € =¢&, #¢3,d

and two Euler’s angles if the unknown layer is uniaxial; ten unknowns
real and imaginary part of € # €, #¢&3, d and all of three Euler’s

angles, if the layer is biaxial.

MEASUREMENTS AND CONCLUSIONS

Refractive indices of few samples were measured by using the proposed
extension of PME technique for a wavelength spectrum ranging from
300 nm to 1600 nm.

Figure 3 shows the plot of refractive index dispersion curve of a
Corning FBS E78-38 glass prism. Triangle dots refer to values
computed by using our software code, square dots represent values
obtained by using the version 4.3 of the ellipsometer commercial
software “Elli43” and finally continuous line is the dispersion curve
according to Sellmeier equation as reported by the prism glass data
sheet. The plot shows that our software and the commercial one give
the same values and accuracy respect to Sellmeier’s equation.
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A
= —Sellmeier equation
195 1 —o-E11i43
” Lo
g —s—our fitting
£ 1,9 |
o
>
=
g
¢1,85 T
@
=
1,8
1,75 t t t t f f f
300 420 540 660 780 900 1020 1140 1260 1380 1500

A (nm)

FIGURE 3. Refractive index dispersion of Corning FBS E78-38
glass prism: comparison among values obtained by PME
extension based fitting code (triangles), ellipsometer software
(squares) and Sellmeier equation (solid line).

The same prism with an ITO layer of known thickness was also
characterised. Plots of ITO real and imaginary part of the refractive
index obtained by both “Elli43” and our fitting code are reported in
Figure 4.

There is good agreement between the two plots of the real part of
the ITO refractive index over the visible range of the spectrum. A
decrease of the solid line plot starting at the wavelength about 900 nm
is due to a decrease of light intensity.

The difference between solid and dotted lines in Figure 4 increases
with wavelength because Elli43 software fits the parameter of a given
dispersion law over the entire spectrum. Moreover values given by
ellipsometer software are locally independent by detected light. On the
contrary our fitting is performed at each wavelength and is directly
dependent on signal to noise value of detected light.

Finally a cell filled with liquid crystal SCB with known thickness,
about 10 um and director orientation known was characterised by using
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the phase modulated ellipsometer. In these calculations liquid crystal
thickness and director orientation are considered as fixed parameters.

Figure 5 shows the dispersion curves of both extraordinary and
ordinary refractive index computed by using our data fitting analysis. It
also includes dispersion curves obtained by using refractometric
technique reported in [13] for a similar liquid crystal cell.

rrrrrr n El1i43

n our fitting

o --o--k Elli43
A
0,5 _k —o—k our fitting

refractive index

300 420 550 670 790 910 1030 1150 1270 1390 1510
A (nm)

FIGURE 4. Dispersion of real part (n) and imaginary part (k) of
refractive index ITO deposited on Corning FBS E78-38 glass
prism: comparison among values obtained by ellipsometer software
and PME extension based fitting code.

The plots obtained with the two techniques show very similar
behaviour with difference in the worst case of about 4%, due to the
different temperature at which the measurements were performed.

Our measurements were performed at about 22°C, while in
reference [13] measurements were performed at 25.1°C. As expected
the values of indices and birefringence decrease as temperature
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increases. In addition, it is possible to check that for a specific
wavelength (He-Ne, 0.6328 um) our measurement at 22 °C is
consistent with the one obtained in ref. [2] at 21 °C using TIR.

These preliminary measurements have not been optimised in
terms of substrate and ambient dielectric function, explaining partly the
discrepancy between the values shown in Figure 5. Furthermore plots
from PME measurements also show a decrease of birefringence as
wavelength increases, as expected.

2
KX
X
X ¥ X
L84 Foxx X gy X ¥ xx¥gyx x
x . KERXHHHAKA A g 5 Ky KA HKKKH Ky KKy Kok
' Y,
é R mmmomoooooooooooooo o
£
g 167
2 . ++ 4+
£ +++++++++++++++++++++++++++++++++
E ll\ll\lllllllll ooo
< N
2 O n Ref[13]
1.4 1 °
n, Ref [13]
X -
n, our fitting
+ -
n_ our fitting
12 ; : I ‘ ‘ : :
300 380 460 540 620 700 780 860 940
A (nm)

FIGURE 5. Dispersion of ordinary, n, and extraordinary, n
refractive index of liquid crystal 5CB: comparison between
values obtained by extension PME code and values obtained in
ref. [13].

&3

In conclusions we derived a software code to process
measurements performed by PME on anisotropic layered samples. In
particular each anisotropic layer can have any arbitrary optical axis
orientation, hence in principle the technique can be also used to study
liquid crystal director profile by considering the cell thickness divided
into several layers and by supposing a particular director profile law.
We carried out some test measurements which proof that our software
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code can be used to measure refractive index of liquid crystals confined
in planar cells. The accuracy of this measurement technique is about
1% basically due to the mechanical parts, especially the sample holder
and the goniometer of the ellipsometer. Nevertheless it is a fast
technique to obtain readily dispersion of refractive indices over a broad
spectrum from visible to near-infrared of paramount interest for most
photonic applications.
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