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Abstract

Generalized spectroscopic ellipsomefgrSE) has been applied to many anisotropic materials. This measurement is based on
the 2x2 Jones matrix sample representation, which is often sufficient. However, when the reflected or transmitted light becomes
sufficiently depolarized, the Mueller-matri®M ) representation may be required for anisotropic materials characterization. We
report measurements of a 33.85n thick liquid crystal layer sandwiched between two glass substrates. In addition to the sample
anisotropy, the measurement is significantly depolarized. Mueller-matrix measurements are acquired in transmission as a function
of wavelength, angle of incidence, and sample orientation to characterize the liquid crystal layer. Experimental measurements
allow characterization of the liquid crystal anisotropy and orientation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction For certain classes of samples this matrix contains
symmetries, so it is not necessary to independently
Anisotropic liquid crystal layers have been studied measure all 16 parameters for most materials character-
with generalized ellipsometrjl—3]. This measurement jzation. For example, the MM of an isotropic sample
is based on the 22 Jones matrix including both  remains block diagonal and is given b4l:
diagonal and off-diagonal elements. This representation

is often sufficient for characterizing anisotropic [ -N 0 0
materials.
However, the Jones matrix assumes the measurement ™V 1 0 0 2)
light remains polarized. When the reflected or transmit- |( 0 C S
ted light becomes partially polarized, it may be neces-
sary to incorporate the MM representation. 0 0 —S c

The MM maps changes in Stokes parameters for the

measurement beam, &&: where N=co92¥), C=sin(2¥)coqdA), and S=sin

(2¥)sin(A). The MM also remains block diagonal for
anisotropic materials when the optical axes are oriented

So My Mi Mas Mag|So parallel or perpendicular to the plane of incidence. For
S, My, Mo, Mo Mo |S example, the MM of an ideal retarder with phase shift,

= ’ 1 4, is [5]:
s, My My My Mal|s,| @ 151
Sz lour Ma1r Muaz Mz M ag|S 3] N 1 0 0 0

0 1 0 0
: 3
T— 0 0 c0gd) —sin(d)
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However, the block off-diagonal MM elements will
not remain zero for other anisotropy orientations. For 10y P h R — —Tdeal Model
example, the MM for a retarder that is rotated By e Experimants Dats
from the ellipsometer coordinate system, is given by 0.5 Ay
[5]: i

1%\ '

10 0 0
0  cog(20)+cogd)sin?20)  (1—cogd))sin20)cog20)  sind)sin26)

0 (1-cogd)sin20)cog26)  sirf(26)+cogd)cosi20)  —sind)cog26)

0 —sin®)sin20) sin)cog20) cogd) Wavelength (nm)

€)

The MM remains valid when the measurement Fig. 1. Experimental,; data graphed along with curves from an
becomes partially polarized. For this reason MM meas- ideal model and a model incorporating 6% thickness non-uniformity.
urements can be applied to samples that are bOthThe non-qnifqrm thickness produces the depolarjzation needed to sup-
anisotropic and depolarizing. press oscillation amplitudes to match the experimental curve.

In this study, we use MM transmission measurements )
to characterize a thick liquid crystal layer. The LC film  The eleven MM elements are measured as a function
(Merck ZLI 3700 is sandwiched between glass sub- qf wavelength, gngle of_ |n_C|dence, and sample orienta-
strates with 30pm spacers. Each substrate is coated fion to characterize the liquid crystal layer. '_I'hls provides
with a thin polyimide alignment layer that was spin- @ large amount of data that can be simultaneously
coated, cured at 300C for 2 h, and then rubbed to analyzed to determine the liquid crystal anisotropy and
orient the surface. The LC layer is estimated to be 33.85 Oriéntation.
pm thick, which corresponds to spectrophotometer
measurements of the empty cell gap prior to filling with 3. Results and discussion
LC material.

Measurements assuming a Jones matrix form for the
2. Measurement sample were unsuccessful because the Jones matrix does
not adequately represent the sample. Instead, MM meas-
To characterize liquid crystals, it is beneficial to urements were used to characterize this sample. The
measure the transmitted light as a function of wavelength data analysis show significant influence due to depolar-
and angle of incidence. Transmission measurementsization on each of the oscillating MM elements. Fig. 1
reduce the amount of unwanted incoherent light reachingillustrates the effects of depolarization from measure-
the detector as a result of interference within the thick ments with a 2 mm beam diameter and 2 nm wavelength
substrate layer§g]. bandwidth on the measurelif;; element at normal
Reported measurements were taken with a rotatingincidence in transmission. The data oscillations are due
analyzer ellipsometelRAE) that incorporates an adjust- to interference between the ordinary and extraordinary
able compensator prior to the sampré. With aretarder  rays. The predicted/;; result for polarized light has
before the sample, all four Stokes parameters can bethe same oscillating frequendylue to anisotropy, but
controlled (INPUT light in Eq.(1)). However, only the  without damping. To predict the amplitude suppression
So. 81, and S, parameters can be detected at the OUT- toward shorter wavelengths requires inclusion of a depo-
PUT because there is no retarder in the RAE detectionlarizing effect in the model. Depolarization can come
configuration. Thus, measurements are sensitive to thefrom incoherent multiple reflections within thick sub-
first three rows of the MM and completely insensitive strates, lateral non-uniform film properties, angular
to the bottom row. Each of the measured values is spread, patterned surfaces, and finite wavelength band-
normalized to thé\/,, element. width. The measurement shown in Fig. 1 may include
For the first three rows, the MM for a sample multiple depolarizing effects. The model used in Fig. 1
described by a non-depolarizing Jones matrix can beto match the experimental curve considers only 6%
extracted[8]. Furthermore, for certain standard sources thickness non-uniformity, demonstrating the high sensi-
of depolarization (thickness non-uniformity, angle tivity of data to lateral film uniformity.
spread, finite optical bandwidththe resulting MM is Further measurements demonstrate the true sources of
due to a smearing of polarization state over a range ofdepolarization. These experiments provide more accurate
similar Jones matrices, which still allow the sample to modeling and suggest methods to eliminate the depolar-
be characterized by a physical model using only the ization. Without significant depolarization, Jones meas-
first three rows of MM elements. urements may again be adequate to characterize this
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dense set of sample rotations is not necessary but this
[ i ] helps demonstrate the correct model is used. Fig. 4
0.8l = =4nm bandwidth shows how the MM changes from the form of E®)
to that of Eq.(4) as the sample orientation is rotated to
move the optical axis away from the p-plane. Although
all eleven measured MM elements are included in data
analysis. Fig. 5 presents the non-zero MM curves. In
each figure, the MM measurements are graphed along
with corresponding model for multiple sample orienta-
tions. The good agreement of this model for both
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200 500 600 700 80'0 7900 1000 incident angle and sample rotation insures the correct
Wavelength (nm) sample description.
The spectroscopic MM measurements at normal inci-
Fig. 2. Comparison of two experimentas; curves with constant  dence are included in a simultaneous fit to angle
measurement conditions except instrument bandwidth, which was dependent measurements. The Mueller-matrix measure-

0 0 " ] N 1 " 1

fixed to 1 and 4 nm for consecutive measurements. ments as a function of incident angle are shown in Fig.

_ S 6. It is evident that the liquid crystal orientation is tilted
material. The two measurements compared in Fig. 2 due to the symmetry shift away from normal incidence
were taken with measurement optical bandwidth of 1 (0°) for the MM elements. The eleven measured MM
and 4 nm while all other measurement conditions elements are graphed in Fig. 6 for photon energy of 1.5
remained constant. The similarity of the two data sets eV, The model fit curves in this figure determine a°16
suggests the optical bandwidth is not contributing sig- ;-axis tilt into the plane of incidence.
nificantly to depolarization. _ The final model describes the liquid crystal layer as

Fig. 3 compares measurements with 1 and 4 mm spota piaxial anisotropic layefn,#n,#n.). Strong aniso-
size, while all other conditions are fixed. The data tropy exists between the- and y- orientations(which
oscillations are significantly suppressed for the 4 mm correspond tg- ands-ellipsometer directions as illus-

beam diameter, as compared to the data from the 1 mmrated in Fig. 6. This anisotropy was described using a
beam diameter. This suggests an increase in film depo-5-term polynomial, as:

larization as the spot size increases, and concludes that

this is the major source of depolarization. The sample B C D

dimensions were smalll by 1 cm and the film was A8=A+)T2+)T2+)T2+E>\2 €
more uniform in the center. As the beam size gets larger,
it collects data from the non-uniform outer regions.
While depolarization effects are not eliminated with the
smaller beam diameter, they are reduced. To further
minimize depolarization with the goal of characterizing -
this sample with g-SE, the measurement could be taken
at longer wavelengthgwhere non-uniform thickness
produces a lower percentage of depolarization with

a smaller spot size. However, if the beam is focused,
angular spread can introduce another possible source of
depolarization. Thus, we chose to characterize the sam- 1.0
ple with MM transmission measurements using a colli-
mated light beam irised to 2 mm diameter. The sample 08
was aligned such that the LC process direction was in I
the ellipsometer plane of incidence. The MM is block-
diagonal and takes the form of E() when the optical 2”0
axis is aligned with the ellipsometer. As the sample is
rotated, the MM takes the form of Eq4) with infor- 0.2
mation in the off-block diagonal elementd/,; M., I
and M,,). At normal incidence, theM,, and M, 0oob——1 1.
elements will be zero becaude=45. Measurements of
the transmitted MM at normal incidence measurements
were acquired as a function of sample rotatiémwhich Fig. 3. Comparison of two experimentd,; curves with constant

moves thex- and_ }"Or_ientations away from the- and measurement conditions except spot size, which was fixed at 1 and 4
s-ellipsometer directions, respectively. In general, a mm for consecutive measurements.

where all five polynomial parametefs, B, C, D, and

E) were allowed to vary.

Liquid crystal materials are often uniaxial, but the
perimental features required a biaxial description of
the layer. Thez-axis for this model is tilted 16in the
plane of incidence. Anisotropy between theand x-
orientation is shown in Fig. 7. The index difference

M 1 T 1
=== 1mm spot

||

0.6

" 1 n "
400 500 600 700 800 900 1000
Wavelength (nm)




594

J.N. Hilfiker et al. / Thin Solid Films 455—456 (2004) 591-595

T
odel Fit ——p=10°

=12

-£["— Model Fit —0=10"

-6=0 -g=12

1 1
700 800

Wavelength (nm) ~

700

1 L
700 800 900
Wavelength (nm)

Model Fit ——@=10°

. a1

Wavelength (nm)

Wavelength (nm)

1 1
700 800 900
Wavelength (nm)

Fig. 4. Spectroscopic MM measurements taken in transmission at normal incidence over a series of sample orientations, along with the corre
sponding model fit. Although eleven normalized elements were measured and analyzed, the prominent data features are witnelsed in the

Moz, Mou M 33 M 53 and M g,elements shown.
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Fig. 5. Experimental MM measuremerfisleven normalized elementat 1.5 eV over a range of incident angles, along with the corresponding
fit with a model that tilts the-axis 16 in the plane of incidence. The shifted symmetry away from normal incidence indicates this tilted orientation.
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Fig. 6. Anisotropy between the andy- liquid crystal orientation.
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Fig. 7. Anisotropy between the- and z- liquid crystal orientation.
The orientation of thez-axis is tilted by 16 into the plane of

incidence.
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(anisotropy was described using a 2-term polynomial 4. Conclusion
with only theA and B parameters of Eq(5).

Additional features were investigated which allow the  The anisotropy(An) and orientation angle of a thick
liquid crystal orientation to vary with film depth, as is liquid crystal layer were characterized with Mueller-
common in commercial displays. However, this model matrix measurements. Mueller-matrix measurements
did not improve the fit quality. Accurate index values were required for this sample because of the strong
require information from oblique angles of incidence depolarization and anisotropy of the liquid crystal layer.
near to the Brewster condition, which contain a larger Investigations show the depolarization to be primarily
Fresnel contribution. The near-normal measurementsfrom non-uniformity of the liquid crystal thickness. This
used for this characterization are very sensitive to is taken into consideration during modeling to get
anisotropy and orientation, but largely insensitive to the agreement with experimental data. The measurements
absolute index. The final fit index for the-orientation include angle-dependent Mueller-matrix to determine the
was 1.43 with a fixed Sellmeier-dispersion shape, liquid crystal orientation, which was found to tilt 16
although the accuracy of this measurement is in questionfrom the sample normal. With the determined orienta-
without more oblique angle measurements. By avoiding tion, Mueller-matrix measurements at normal incidence
oblique angles, the isotropic films coated on each glasswere fit to determine the anisotropy in the film. These
substrate could also be ignored. More complete charac-measurements were also taken at different sample rota-
terization of the liquid crystal sample would require a tion angles to insure the correct model interpretation.
better understanding of the complete sample structureGood internal agreement was found with in the experi-
and measurements at oblique angles, as performed in anental data sets; as a function of wavelength, incident
companion papei8]. angle, and sample rotation angle. Final results show the

The anisotropy measurement provides high sensitivity liquid crystal layer is biaxially anisotropic with its most
due to the large path length through the fik83.85 significant anisotropy between in-plane orientations.
microns. Our model assumes the nominal thickness
value as measured via spectrophotometry of the unfilled References
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