
Please cite this article in press as: J.N. Hilfiker, et al., Spectroscopic ellipsometry characterization of coatings on biaxially anisotropic
polymeric substrates, Appl. Surf. Sci. (2016), http://dx.doi.org/10.1016/j.apsusc.2016.09.154

ARTICLE IN PRESSG Model
APSUSC-34083; No. of Pages 8

Applied Surface Science xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Applied  Surface  Science

jou rn al h om ep age: www.elsev ier .com/ locate /apsusc

Full  Length  Article

Spectroscopic  ellipsometry  characterization  of  coatings  on  biaxially
anisotropic  polymeric  substrates

James  N.  Hilfiker a,∗,  Brandon  Pietz b,  Bill  Dodge b, Jianing  Sun a, Nina  Hong a,
Stefan  Schoeche a

a J.A. Woollam Co., Inc., 645M Street, Suite 102, Lincoln, NE 68508, USA
b 3M Company, 3M Center, St. Paul, MN 55144, USA

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 5 August 2016
Received in revised form 26 August 2016
Accepted 29 September 2016
Available online xxx

Keywords:
Spectroscopic ellipsometry
Mueller matrix
Polymer substrate
PET
Al2O3
Anisotropy

a  b  s  t  r  a  c  t

Spectroscopic  ellipsometry  characterization  of  coatings  on  polymeric  substrates  can  be challenging  due
to the  substrate  optical  anisotropy.  We  compare  four  characterization  strategies  for  thin  coating  layers
on anisotropic  polymeric  substrates  with  regard  to  accuracy  of  the  resulting  layer  thickness  and  coating
optical  constants.  Each  strategy  differs  in  measured  data  type,  model  construction,  implementation  com-
plexity,  and  inherent  capabilities  and sensitivity  to the coating  properties.  Best  practices  and  limitations
are  discussed  for each  strategy.

©  2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Polymer substrates are important for many modern applica-
tions such as flexible electronics and displays, photovoltaics, food
packaging, and medical devices. These substrates typically exhibit
anisotropic behaviour, with directional-dependent optical con-
stants. Such properties significantly increase the complexity of
optical characterization.

Traditional spectroscopic ellipsometry (SE) measurements pro-
vide two parameters (�, �)  related to the polarization change
occurring when light interacts with the sample. This basic mea-
surement assumes no cross-polarization between electric fields
oriented parallel to the plane of incidence (Ep) and those oriented
perpendicular to the plane of incidence (Es) and can be written in
terms of the reflection (or transmission) coefficients for the corre-
sponding orientations as [1]:

tan (� ) ei� = r̃p
r̃s

= Ep,outEs,in
Ep,inEs,out

(1)

Thus, SE is limited to isotropic materials and anisotropic samples
specifically aligned such that their optical axes coincide parallel or
perpendicular to the ellipsometer plane of incidence [2].
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For anisotropic samples, generalized SE (g-SE) and Mueller
matrix SE (MM-SE) measurements can account for the cross-
polarization between p- and s-orientations [2–4]. If the detected
light beam also witnesses a reduction of polarization, termed depo-
larization, then only MM-SE measurements can fully describe the
sample optical response. MM-SE data are reported as the normal-
ized elements of a 4 × 4 sample matrix, given as:

Msample =

⎡
⎢⎢⎢⎢⎣

1 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

⎤
⎥⎥⎥⎥⎦

(2)

When light enters an anisotropic substrate, cross-polarization
may  occur as the p- and s-waves are no longer independent. The
light traveling through the substrate is split into the ordinary and
extraordinary beams with different phase velocities as shown as
beams “2” and “3” for the first transmitted beam in Fig. 1. This
leads to a substantial retardance effect in the ellipsometric data
when they are collected together. Similar retardance effects are
measured in the reflected data when the ordinary and extraordi-
nary rays reflect from the back-surface and are detected during
measurement, as shown for beams “4” and “5”. This retardance
effect becomes stronger as the path length increases and results
in high-frequency interference oscillations for polymer substrates

http://dx.doi.org/10.1016/j.apsusc.2016.09.154
0169-4332/© 2016 Elsevier B.V. All rights reserved.

dx.doi.org/10.1016/j.apsusc.2016.09.154
dx.doi.org/10.1016/j.apsusc.2016.09.154
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:jhilfiker@jawoollam.com
dx.doi.org/10.1016/j.apsusc.2016.09.154


Please cite this article in press as: J.N. Hilfiker, et al., Spectroscopic ellipsometry characterization of coatings on biaxially anisotropic
polymeric substrates, Appl. Surf. Sci. (2016), http://dx.doi.org/10.1016/j.apsusc.2016.09.154

ARTICLE IN PRESSG Model
APSUSC-34083; No. of Pages 8

2  J.N. Hilfiker et al. / Applied Surface Science xxx (2016) xxx–xxx

Fig. 1. Light interaction with a coated anisotropic substrate.

measured in transmission or in reflection when backside reflections
are present.

However, anisotropic substrates can be approximated by simple
isotropic optical constants when the anisotropic effects are mini-
mized. This can be accomplished by detecting only the first surface
reflection from the anisotropic substrate, which consists of beam
“1” in Fig. 1. Methods to eliminate additional reflections from light
that has travelled through the substrate include spatial separa-
tion of the beams, index-matching the back surface to suppress
the reflection from the back surface, and scattering the light from
the back surface by abrading the surface [5]. In the ultraviolet, the
polymer substrates become absorbing and the backside reflections
are naturally suppressed. This offers special measurement bene-
fits, which are the topic of significant research [6–10]. While only a
single reflection is detected, the anisotropic optical properties play
a large role in the measured response due to differences between
in-plane absorptions in the anisotropic substrates [6,7].

Anisotropic polymer substrates have also been characterized
with g-SE and MM-SE where multiple reflections within the
anisotropic substrate no longer need to be suppressed [11,12].
These measurements are inherently sensitive to the optical dif-
ferences between the various orientations and the measured
optical response is dominated by the long path-length through the
anisotropic substrate.

Our interest in this paper is with regard to coatings on the
anisotropic substrate and not the substrate properties themselves.
With this in mind, we consider strategies to determine thin film
thickness and optical constants on anisotropic polymer substrates
giving merit to simplified measurements and modelling, provided
the accuracy is not significantly affected.

2. Experimental

A series of Al2O3 coatings were prepared on both silicon and
50 �m thick polyethylene terephthalate (PET) substrates using
atomic layer deposition (ALD). A primer layer (∼80 nm)  was  present
on a single side of the PET substrate, so the Al2O3 coatings were
deposited on the non-primed surface. The PET was  fully character-
ized using MM-SE methods from a reference sheet [11,12], with the
resulting anisotropic optical constants shown in Fig. 2.

SE and MM-SE measurements were acquired from Al2O3
coatings with nominal thicknesses of 25, 50, 100, and 150 nm.
Measurements were collected with a dual-rotating compensator
instrument (Woollam RC2®) at 1000 wavelengths between 192 nm
and 1690 nm.  Two array-based detectors are used to cover this
spectral range, with a Si CCD for wavelengths from 192 nm to

Fig. 2. Anisotropic optical constants determined from reference PET substrate.

Fig. 3. Optical constants of Al2O3 determined from multi-sample analysis of four
coatings on silicon.

1000 nm and an InGaAs detector array for wavelengths from
1000 nm to 1690 nm.

Measurements were acquired in transmission at angles from
0◦ to 75◦ and in reflection at angles from 20◦ to 75◦. As the sub-
strate exhibits biaxial anisotropy, it is important to consider the
orientation of the optical axes relative to the ellipsometer frame of
reference, which is given by the sample surface, the surface nor-
mal, and the plane of incidence. Throughout this study, a sample
azimuthal orientation of 0◦ refers to the situation where sample
and ellipsometer reference coordinate system coincide, with the
x-direction of the PET within the sample surface plane and ellip-
someter plane of incidence. Here, the y-direction is also in the
sample surface plane and perpendicular to the plane of incidence,
while the z-direction is along the negative sample surface normal.
Positive rotations of the sample azimuth coincide with a clock-wise
rotation of the sample on the stage, with respect to the positive
sample surface normal.

The reference refractive index of Al2O3 on Si was  modelled using
Sellmeier dispersion [13] for transparent wavelengths with Tauc-
Lorentz absorption [14] at wavelengths below 215 nm,  resulting in
optical constants shown in Fig. 3. The index of refraction at wave-
length of 633 nm is 1.606 and serves as our reference when studying
the films on PET. The Al2O3 film thickness on PET substrates differs
from those on Si substrates, with values slightly higher on PET. We
speculate this is due to faster initial growth on the porous PET sur-
face compared to the smooth Si surface. Thus, the coatings on Si are
only used for comparison of refractive index.

Spatially isolating the reflections from front and back surfaces
of the polymer substrate significantly simplifies the SE analysis.
When only the front reflection is collected, there is minimal cross-
polarization between p- and s- field directions and standard SE
measurements contain the primary sample information. Both Strat-
egy #1 and #2 measure data reflected solely from the front-surface.
To achieve this, the reverse side of the substrate was  abraded with
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