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Spectroscopic Ellipsometry Focus Topic
Room: 304 - Session EL+AS+EM+EN+SS-ThM

Spectroscopic Ellipsometry for Photovoltaics and
Instrument Development

Moderator: Mariadriana Creatore, Eindhoven University of
Technology, Netherlands, Tino Hofmann, University of
Nebraska-Lincoln

8:00am  EL+AS+EM+EN+SS-ThM1  Spectroscopic Ellipsometry
Characterization in the Photovoltaic Device Configuration, Nikolas
Podraza, University of Toledo INVITED
Thin film large area photovoltaics (PV) are a maturing field, yet challenges
remain in manufacturing and fundamental research. Even the simplest thin
film PV devices consist of multiple layers of doped or undoped
semiconductors, transparent conducting front contacts, and metal back
contacts. Characteristics of each layer, along with the interfaces between
layers, all have an impact upon device performance. Within each layer, the
material may evolve with thickness or exhibit spatial non-uniformity.
Furthermore, studies of each thin film material can be difficult, as
fundamental property measurements on special substrates may not
accurately represent the characteristics of the material in the final device
configuration. Spectroscopic ellipsometry (SE) data, collected over the
infrared to ultraviolet, is sensitive to layer thicknesses, interface formation,
and surface roughness as well as the optical response of each component in
the form of the complex dielectric function spectra (¢ = g + ig,) for samples
deposited on arbitrary reflective substrates. Variations in € for a given layer
can be linked to order (amorphous vs. crystalline, grain size, crystal phase),
composition, and characteristics of opto-electronic response (band gap, dc
electrical properties). In situ real time SE (RTSE) is now often applied to
study the growth evolution of component materials within device
configurations for hydrogenated silicon (Si:H), cadmium telluride (CdTe),
and copper indium gallium diselenide (CIGS) PV. This utilization of RTSE
provides a means of monitoring layer characteristics as materials are being
processed in the device structure and generates appropriate structural
models for analysis of similar samples when only ex situ SE measurements
are available. Appropriate structural models derived from RTSE have been
applied to analyze ellipsometric spectra collected over 6 inch x 6 inch rigid
substrates and assess the spatial uniformity in characteristics of each layer
in the sample. These maps of optically derived material properties can be
compared to electrical device performance (efficiency, open circuit voltage,
short circuit current, fill factor) and used to guide PV optimization
principles. The optical (¢) and structural (layer thickness) information
gained from SE is input into quantum efficiency simulations for comparison
with experimental PV device measurements. These comparisons are used to
assess both opto-electronic performance of devices and validity of models
used in SE data analysis as well as further guide device development by
identifying sources of optical and electrical losses.

8:40am EL+AS+EM+EN+SS-ThM3  Application of Pseudo-Bulk
Approach in Ellipsometric Studies of Polycrystalline Photovoltaic Thin
Films, Sukgeun Choi, National Renewable Energy Laboratory, J. Li,
University of Toledo, I. Repins, National Renewable Energy Laboratory
Fundamental band gap is one of the key properties of semiconducting
materials, which directly influences the functionality and performance of
many photonic and photovoltaic (PV) devices. Photoluminescence (PL) and
optical absorption spectroscopies are widely used to determine the band-gap
energy E,. For polycrystalline thin-film PV materials, however, it is often
challenging to unambiguously interpret PL data owing to the presence of
multiple peaks associated with various types of defect structures. To
estimate E, from optical absorption spectrum, on the other hand, a straight
segment of the absorption coefficient curve needs to be chosen. But this
selecting procedure is somewhat arbitrary, which leads to an inaccurate E,
value.

Spectroscopic ellipsometry (SE) accurately determines material’s optical
function spectra over a wide spectral range. For semiconductor thin-film
structures, a multilayer analysis is generally used to extract the optical
information from SE data. Although mainly surface overlayer artifacts need
to be corrected for SE data well-above the band gap in the analysis, several
contributions should be considered for those near (and below) the band gap,
such as the optical characteristic of substrate, presence of interfacial layers,
and finite thickness of film in addition to the artifacts from surface
overlayers. As a result, the obtained optical function spectrum and E, value
become somewhat model dependent with an increased uncertainty.

To reduce complications in mathematical modeling of SE data and improve
the accuracy of resulting near-band-gap optical function spectrum, we
introduce the pseudo-bulk approach, where SE measurements are performed
on thin films grown on macroscopically roughened substrate surface. The
essence of this approach is in suppressing the reflection of probing light
from the film/substrate interface and below. Thus, no thickness fringes
appear in the SE data, despite the thin-film nature of sample, and the band-
gap onset can be clearly observed with a post-growth chemo-mechanical
polishing of the film surface. We apply the pseudo-bulk approach to study
near-band-gap optical properties of Cu,ZnSnSe, and related PV absorber
materials. We present a non-monotonic temperature-dependence of E, for
Cu,ZnSnSey and the clear band-gap onset of Cu,SnSe; at around 0.45 eV
for the first time. SE results are explained by the results from the electronic
structure calculations. The applicability and limit of this approach are also
discussed.

9:00am EL+AS+EM+EN+SS-ThM4 Real-Time and Through-the-
Glass Mapping Spectroscopic Ellipsometry for Analysis and
Optimization of CdS:O Window Layers of CdTe Superstrate Solar
Cells, Xinxuan Tan, R.W. Collins, P. Koirala, J. Li, N.J. Podraza,
University of Toledo

In-situ real-time spectroscopic ellipsometry (RT-SE) has been applied for
the analysis of CdS:O films sputter deposited on c-Si substrates from a CdS
target using different flow ratios of O,/(Ar+O,) from 0 to 0.05. RT-SE
studies of the CdS:O layers from the film side provide the complex
dielectric function spectra of each the layers over a spectral range of 0.75 to
6.5 eV and its dependence on oxygen content in the material as deduced by
energy dispersive X-ray spectroscopy (EDS). Ex-situ infrared ellipsometry
of these samples enables extension of the dielectric function data to ~ 0.04
eV and provides information on free carrier conduction and chemical
bonding in the material. In similar RT-SE studies, data acquired during the
growth of CdS:0/CdTe layers on transparent conducting oxide (TCO)
coated glass superstrates have been analyzed to determine the structural
evolution of the layers in the configuration used for CdTe solar cells, with
the CdS:O serving as an n-type window layer for the p-type CdTe absorber.
The results of this analysis assist in the development of a realistic optical
model for the multilayer structure of the solar cell. Using this optical model
ex-situ through-the-glass spectroscopic ellipsometry (TG-SE) has been
implemented toward the analysis of glass/(TCO-stack)/CdS:0/CdTe solar
cells in the superstrate configuration.

For the solar cells, CdS:O layers with different oxygen contents were
deposited on 15 cm x 15 cm TCO coated glass superstrates . A 16 x 16
array of dot cells each with an area of 0.125 cm’® was fabricated on the
superstrate in order to optimize efficiency improvements through
combinatorial methods. Because the as-deposited superstrate/film-structure
undergoes additional processing steps during device fabrication, three sets
of TG-SE mapping data were acquired on (i) as-deposited, (i) CdCl,-
treated (an activation step), and (iii) back-contact coated device structures.
With an optical database that has been established for both as-deposited and
CdCl, treated CdS:O, CdTe, and back contact materials, each of the TG-SE
mapping data sets were analyzed based on an optical model deduced from
RT-SE studies of the CdS:O and CdS:0/CdTe depositions. Thickness and
compositional non-uniformity observed over the area by mapped by TG-SE
enables correlations between solar cell performance and basic property
parameters of the component layers including layer thicknesses and
compositions. The resulting correlations provide a pathway to expedite
solar cell optimization.

9:20am  EL+AS+EM+EN+SS-ThM5 Combined Optical Emission
Spectroscopy and Spectroscopic Ellipsometry Collected During Thin
Film Deposition, Anna Barnes, M.M. Junda, N.J. Podraza, University of
Toledo

Plasma processes are commonly used to deposit thin film layers for a
variety of optical, electronic, and coating applications. Two common
processes widely used in the fabrication of thin films are physical vapor
deposition (sputtering) and plasma enhanced chemical vapor deposition
(PECVD). Non-contacting optical probes, such as spectroscopic
ellipsometry (SE) and optical emission spectroscopy (OES), are particularly
attractive techniques to study these deposition processes in situ during film
growth. Connecting studies involving SE and OES offers the ability to
observe and interpret the growth of thin films from plasma over time using
variant parameters, though in different ways. Real time SE (RTSE) provides
a means of monitoring the deposited material itself, while OES can be used
to track variations in the plasma employed for the deposition. Tracking the
time dependence of both film and plasma properties is desirable as
variations in material properties resulting from changes in plasma
conditions may impact the final device performance. In this particular
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study, we look at the growth evolution of semiconductor, transparent
conducting oxide (TCO), and metal contact layers commonly used in thin
film photovoltaic devices. Case studies involve undoped, n-type, and p-type
hydrogenated amorphous silicon prepared by PECVD, as well as zinc
oxide, indium tin oxide, and silver prepared by magnetron sputtering on
either smooth test substrates (glass, crystal silicon wafers) or in the full
device configuration. Variations in thin film structure (bulk layer thickness,
surface roughness) and optical properties in the form of the complex
dielectric function spectra (¢ = g, + ig,) are obtained as a function of time by
RTSE. Results from RTSE (g, structure) are interpreted to determine order
(grain size, amorphous vs. nanocrystalline), electronic transitions (band gap,
free carrier absorption characteristics), and morphology evolution as
appropriate for the given material layer. OES indicates the presence and
relative strength of plasma emission peaks, which correspond to the species
present in the plasma and their relative concentrations. Analysis of RTSE
and OES data collected simultaneously is sought to identify links present
between these plasma and film characteristics.

9:40am EL+AS+EM+EN+SS-ThM6 Optical Insights into Graphene
Functionalized by Atoms, Biomolecules and Metal Nanoparticles,
Maria Losurdo, M. Giangregorio, G.V. Bianco, P. Capezzuto, G. Bruno,
CNR-IMIP, Italy

New opportunities for energy production and storage, catalysis, biosensing,
drug delivering and plasmonics are offered by graphene-based materials. In
order to make all those applications viable technologies, it is mandatory to
functionalize graphene for modulating reproducibly its properties and for
better understanding the surface and interfacial electronic phenomena in
graphene hybrids.

To this aim, this contribution discusses the optical properties measured by
spectroscopic ellipsometry in the 0.6-6.5 eV of graphene functionalized by:

(1) the covalent attachment of hydrogen, nitrogen, oxygen, and fluorine
atoms, which strongly affect the optical properties of graphene through a
partial sp2-to-sp3 conversion of carbon.

(2) the non-covalent interaction with organic molecules such as porphyrins
that interact with graphene through p-systems.

(3) a variety of metals nanoparticles, like Au, Ag, Ga, to create a versatile
graphene-based platform for plasmonics in frequency range from the
terahertz to the visible .

(4) plasmonic nanoparticles and subsequent proteins to create an electro-
optical sensing graphene platform.

The graphene is grown by chemical vapor deposition (CVD) and transferred
to glass substrates with coverage higher than 98%. This assures large area
graphene samples that can easily accommodate the ellipsometric probing
light spot avoiding uncontrolled effects due to undefined substrate/graphene
boundaries. With the availability of high quality samples, effect of thickness
and anisotropy, which have been debated for a while, are clarified.

Data on the real time monitoring of graphene optical properties by
spectroscopic ellipsometry that allows for an unprecedented control over the
degree of functionalization will also be presented.

The perspective of this work is twofold. From the fundamental point of
view, in the investigated spectral range, the band structure of graphene has
saddle van Hove-like singularities at the M points of the Brillouin zone,
with possible excitonic effects. Focusing on the analysis of these
singularities, many-body effects for all the graphene-derivates mentioned
above are described.

From the technological point of view, it will be shown how the optical
measurements can serves to clarify and explain the occurrence and stability
of the doping of graphene by the various heteroatoms and molecules, the
electron transfer between graphene and metals and molecules, and finally
the sensitivity of the-graphene-platform in sensing gases and biomolecules.

Spectroscopic ellipsometry data of functionalized graphene are corroborated
by Raman spectroscopy, microscopies and electrical characterizations.

11:00am  EL+AS+EM+EN+SS-ThM10  Enhanced Sensitivity to
Surface-Normal Dielectric Function of Uniaxial-Anisotropic Materials
via Attenuated Total Reflection Ellipsometry, Thomas Tiwald, J.A.
Woollam Co., Inc., J. VanDerslice, Z. Xiao, J.S. Huang, University of
Nebraska Lincoln

It is often difficult to determine the surface-normal dielectric functions of
anisotropic materials, because to lack of sensitivity to optical properties out
of the surface plane[1][2]. The primary cause is the large angle of refraction
that occurs as the light enters from low index medium like air. In these
circumstances, the penetrating light beam bends strongly towards surface
normal, resulting in electric fields that are oriented primarily in the surface
plane. This is a particular problem for absorbing films, since most of the
light collected by the detector is reflected from the ambient/film interface.
We use a total internal reflection method to enhance -ellipsometric
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sensitivity to optical properties of uniaxial absorbing materials in the out-of-
plane direction. This non-destructive technique is illustrated using a P3HT
poly(3-hexylthiophene) film on fused silica, and the results are compared to
the standard air/film/substrate method.

[1] D.E. Aspnes. J. Opt. Soc. Am., 70, 10, 1275 (1980).
[2] G. E. Jellison Jr. and J. S. Baba, J. Opt. Soc. Am. A23, 2 468 (2006).

11:20am EL+AS+EM+EN+SS-ThM11 Infrared to Ultraviolet Optical
Properties of Gadolinium Gallium Garnet (GdsGasO;,) and Bismuth
Germanate (Bi,Ge;0;,) Single Crystals, Kiran Ghimire, H. Haneef, N.J.
Podraza, University of Toledo

The optical properties of commercially available oxide single crystals
gadolinium gallium garnet (Gd;GasO;,) and bismuth germanate (BisGe;01,)
have been studied over a maximum spectral range of 0.034 to 6.5 eV by
multiple spectroscopic ellipsometry and transmittance measurements, via a
multichannel ellipsometer from the near infrared to ultraviolet, a Fourier
transform infrared (FTIR) ellipsometer, and a spectrophotometer.
Spectroscopic measurements from each instrument and over the respective
spectral ranges have been analyzed differently yet yield optical properties
over the full measured range. Near infrared to ultraviolet ellipsometric
spectra are analyzed using a divided spectral range procedure whereby
information below and above the band gap are fit to models with separate
physically realistic parameterizations of the complex dielectric function
spectra (¢ = g + ig,) that share the same structural parameters—surface
roughness thickness in these cases. The surface roughness thicknesses are
then fixed and direct numerical inversion is used to determine € over the
continuous spectral range. Analysis of transmittance and FTIR ellipsometric
spectra also relies upon fixing surface roughness from near infrared to
ultraviolet spectroscopic ellipsometry analysis and either direct numerical
inversion or parametric models to determine €. In the vicinity of the band
gap, the absorption coefficient (o) obtained from ¢ is then combined with
low values of & obtained from transmittance below the absorption edge,
where ellipsometry lacks sensitivity. The combined o from transmission and
ellipsometry is used to determine the band gap of the materials. Unlike
Gd;Gas0y,, the band gap of the BiyGe;O;, is sufficiently within the
measured spectral range so critical point analysis has been performed on
BisGe;0,, by extending the measured spectral range up to 6.5 eV, where the
material was found to have additional critical points. FTIR ellipsometric
spectra are analyzed with a parametric model combining Gaussian and
Lorentzian broadened resonance features to represent modes attributed to
chemical bonding and lattice vibrations. The results of these analysis
procedures yield e from the infrared to ultraviolet, from which information
on the band gap, electronic transitions, and vibrational modes are obtained.

11:40am  EL+AS+EM+EN+SS-ThM12  Cu surface reactions in
hydrochloric solution probed on the atomic scale by polarization
optical methods and STM, Christoph Cobet, Gh. Barati, V. Solokha, K.
Hingerl, Johannes Kepler University, Austria

Electrochemical reactions on metal electrodes have been in the focus of
many scientific studies and Cu is probably the most investigated example.
Mainly, the interest on Cu is motivated by by questions concerning e.g. the
corrosion behavior or the optimization of electro-polishing procedures.
Classical electrochemical approaches contain usually a description of the
occurring reaction products and concentrations. However, it is evident that a
fundamental understanding also requires knowledge about the microscopic
occurrence of the metal-electrolyte interface. Desirable is a fundamental
knowledge as it is obtained already for surfaces in UHV. But unfortunately,
most of the classical surface sensitive techniques cannot be applied in liquid
environments. Thus it is not surprising that many fundamental issues in
electrochemical reactions are still unsolved.

In our work we combine reflection anisotropy spectroscopy, spectroscopic
ellipsometry, and a homemade electrochemical scanning tunneling
microscope to study Cu single crystals in hydrochloric solutions. With these
methods we enabled monitoring of the local appearance as well as the
dynamics of interface transformations/reactions on the atomic scale. In
particular it was possible to explain for the (110) surface in more detail the
correlation of Faraday-current and structural transformation. Here, the Cl
adsorption minimizes the surface energy by a formation of monoatomic
steps parallel to the [001] direction which finally ends in a faceting of the
surface. It turns out that characteristic redox peaks in cyclic voltammograms
correlate with the stabilization of certain arrangements of these steps. The
structures are formed first by Cu dissolution and at higher anodic potentials
by rearrangement of Cu atoms in the surface. It is remarkable that the latter
process compares nicely with oxide/chloride induced surface
transformations which are observed in UHV. The comparison with the
UHV results in turn is used to achieve a more comprehensive model for the
processes in electrochemical environment.
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Spectroscopic Ellipsometry Focus Topic
Room: 304 - Session EL+AS+EM+MC+SS-ThA

Optical Characterization of Nanostructures and
Metamaterials

Moderator: David Aspnes, North Carolina State University,
Mathias Schubert, University of Nebraska-Lincoln

2:20pm  EL+AS+EM+MC+SS-ThA1  The Optical Properties of
Metallic Nanostructures, Bruno Gompf, Universitét Stuttgart, Germany

INVITED
The entire optical response of a homogenous reciprocal sample can be
characterized by eight basic physical properties: mean absorption, mean
refraction, circular Dbirefringence and circular dichroism, linear
birefringence and linear dichroism (0°, 90°), linear birefringence and linear
dichroism (-+45°). Always two out of the three main birefringence-
dichroism pairs (basic anisotropies) are sufficient to jump from any point of
the Poincare-sphere to any other. A common example is the Soleil-Babinet
compensator. This implies that always two of the basic anisotropies
generate artificial signals of the third [1]. Therefore even for perfect crystals
it is hard to judge, what optical property lead to an observed polarization
change.

In the case of inhomogeneous materials the permittivity additionally
becomes k-dependent g;(w, k); it exhibits spatial dispersion. For most
artificial nanostructures, dubbed metamaterials, the building blocks are in
the range 1/10 < P < 1/2. During the last couple of years it has become clear
that in general it is not possible for these kinds of materials to define
effective optical parameters, which are independent of the angle of
incidence of the probing light. There optical response is intrinsically k-
dependent.

With Mueller-matrix spectroscopic ellipsometry the entire optical response
of artificial nanostructures can be characterized. For this the Mueller-matrix
elements m;(8, o, ©), which depends on the angle of incidence , the
azimuth orientation a and the energy, had to be measured over the complete
angular and a wide frequency range. Visualizing the results in polar contour
plots enables a detailed analysis of how nanostructures influence the
polarization state of light [2-4]. Most importantly, immediate experimental
evidence is obtained for deviations from pure dielectric behaviour; i.e. the
optical response cannot be explained by an effective &(w) alone but
requires spatial dispersion.

In the talk the entire optical response of a some artificial nanostructures will
be presented and some generalizations will be discussed, when spatial
dispersion becomes important and how it can be distinguished from other
optical properties leading to a mixing of polarization states, like
birefringence and optical activity.

[1] J.Schellman and H.P.Jensen, Chem. Rev., 87, 1359 (1987.))

[2] B. Gompf, J. Braun, T. Weiss, H. Giessen, M. Dressel, U. Huebner,
Phys.Rev.Lett. 106,

185501 (2011).

[3] B.Gompf, B. Krausz, B. Frank, M. Dressel, Phys.Rev.B. 86, 075462
(2012).

[4] A. Berrier, B. Gompf, Liwei Fu, T. Weiss, H. Schweizer, Phys.Rev.B. in
print

3:00pm EL+AS+EM+MC+SS-ThA3 Mueller Matrix Ellipsometry As
a Powerful Tool for Nanoimprinted Grating Structure Metrology,
Xiuguo Chen, C.W. Zhang, S.Y. Liu, Huazhong University of Science and
Technology, China

Compared with conventional ellipsometric scatterometry, which only
obtains two ellipsometric angles, Mueller matrix ellipsometry (MME,
sometimes also referred to as Mueller matrix polarimetry) based
scatterometry can provide up to 16 quantities of a 4 by 4 Mueller matrix in
each measurement. Consequently, MME can acquire much more useful
information about the sample and thereby can achieve better measurement
sensitivity and accuracy. In this talk, we will demonstrate MME as a
powerful tool for nanoimprinted grating structure metrology. We will show
that MME-based scatterometry at least has the following three aspects of
advantages over conventional ellispometric scatterometry.

(1) More accurate characterization of line width, line height, sidewall angle,
and residual layer thickness of nanoimprinted grating structures can be
achieved by performing MME measurements in the optimal configuration.
In contrast, conventional ellipsometric scatterometry can only be conducted

3

in the planar diffraction configuration, i.e., with the plane of incidence
perpendicular to grating lines, which is not necessarily the optimal
measurement configuration for nanostructures in general.

(2) Not only further improvement in the measurement accuracy and fitting
performance can be achieved, but also the residual layer thickness variation
over the illumination spot can be directly determined by incorporating
depolarization effects into the interpretation of measured data. The
depolarization effects, which are demonstrated to be mainly induced by the
finite bandwidth and numerical aperture (NA) of the instrument, as well as
the residual layer thickness variation of the nanoimprinted grating
structures, can be only handled by MME.

(3) Conventional ellipsometric scatterometry has difficulties measuring
asymmetric grating structure due to the lack of capability of distinguishing
the direction of profile asymmetry. In contrast, MME not only has good
sensitivity to both the magnitude and direction of profile asymmetry, but
also can be applied to accurately characterize asymmetric nanoimprinted
gratings by fully exploiting the rich information hidden in the measured
Mueller matrices.

3:20pm EL+AS+EM+MC+SS-ThA4 Vector Magneto-Optical
Generalized Ellipsometry on Sculptured Thin Films with Forward
Calculated Uniaxial Response Simulation, Chad Briley, T. Hofmann,
University of Nebraska-Lincoln, D. Schmidt, National University of
Singapore, E. Schubert, M. Schubert, University of Nebraska-Lincoln

We present the vector magneto-optical generalized ellipsometric (VMOGE)
response and forward calculated simulations of ferromagnetic slanted
columnar thin films. Directional hysteresis magnetization scans were
performed with an octu-pole vector magnet at room temperature on slanted
columnar thin film samples of permalloy grown by glancing angle
deposition passivated by an atomic layer deposited Al203 conformal
coating. Model analyses of the measured Mueller matrix ellipsometric data
through a point-by-point best match model process determines the magneto-
optical (MO) dielectric tensor. Three dimensional rendering of the anti-
symmetric off-diagonal elements of the MO dielectric tensor reveal a
uniaxial magnetic response of the thin film along the long axis of the
columns. The magnetic response was subsequently modelled by a best
match model process with uniaxial hysteretic response governed by the
shape induced anisotropy from the physical geometry and orientation of the
nano-columns. By using model parameters for normalized saturation
IMs||=1, coercivity ||Hc||=50 mT, and remenance |Mr|[=0.9999%||Ms|| the
forward calculated magnetic simulations described the observed magneto-
optical response for all measured orientations of the nano-columns with
respect to all magnetizing field directions generated by the vector magnet.

1) D. Schmidt, C. Briley, E. Schubert, and M. Schubert Appl. Phys. Lett.
102, 123109 (2013)

4:00pm EL+AS+EM+MC+SS-ThA6 In Situ Generalized Ellipsometry
Characterization of Silicon Nanostructures during Lithium-ion
Intercalation, Derek Sekora, R.Y. Lai, T. Hofmann, M. Schubert, E.
Schubert, University of Nebraska-Lincoln

Nanostructured silicon has emerged as a leading candidate for improved
lithium-ion battery electrode design. The combined highly accessible
surface area and nanoscale spacing for volumetric lattice expansion of
nanostructured thin films have shown improved cycle lifetime over bulk-
like silicon films. Additionally, ultra-thin passivation layers have been
reported to increase the longevity and stability of silicon thin film
electrodes. Very little in-situ information has been reported on silicon films
during the complicated lithiation process. Furthermore, what information
available has been limited to the study of bulk-like thin films. The
advantageous geometry of glancing angle deposited (GLAD) thin films
allows for the strain from lithiation to affect individual nanostructures in
comparison to the bulk response. For this reason, alumina passivated GLAD
silicon films were grown for use as working electrodes in half cell
electrochemical experiments.

The spatially coherent silicon GLAD nanostructures have intrinsic biaxial
optical properties. Therefore, generalized ellipsometry was employed to
investigate the silicon film's physical response to lithium intercalation
during an electrochemical cyclic voltammagram cycled against pure lithium
metal in a conductive anhydrous electrolyte solution. In-situ ellipsometric
monitoring of directional optical constant changes determined by the
homogeneous biaxial layer approach are presented. The optical response
expresses a morphologic conversion from a highly anisotropic film to a
pseudo-isotropic lithium concentrated form and subsequently, its return to
the original anisotropic state. The ability to nondestructively monitor
complex nanostructured thin films during lithium-ion processes provides
new avenues for high storage battery electrode design.
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4:20pm EL+AS+EM+MC+SS-ThA7 Characterization of SiO,
Nanoparticle Layers on a Glass Substrate by Spectroscopic Imaging
Ellipsometry and AFM, Peter H. Thiesen, Accurion GmbH, Germany, G.
Hearn, Accurion Inc., C. Réling, Accurion GmbH, Germany

The well-directed organization of nanoparticles is of increasing technical
and scientific interest. One approach is the organization of nanoparticles at
the air/water interface for applications, like producing 2D colloidal crystals
or nanowires. For example, Gil et al. (2007) monitored the formation of 2D
colloidal crystals by Langmuir-Blodgett technique. They used Brewster
angle microscopy to observe the film quality. Zang et al. (2009) have also
studied silica nanoparticle layers at the air/water interface by multiple angle
of incidence ellipsometry. For data interpretation, a two-layer model was
introduced. With this model, the radius of interfacial aggregates and the
contact angle of the nanoparticle surface at the air/water interface were
obtained.

In this paper d ifferent line shaped pattern of SiO, nanoparticles were
characterized by spectroscopic imaging ellipsometry in the wavelength
range between 360 and 1000 nm and by AFM. The samples were provided
by the research group of Professor Y. Mori, Doshisha University, Japan.

The work shows the unique capability of imaging ellipsometry in
characterizing patterned surfaces. We started with a pre inspection of the
surface by imaging ellipsometric contrast microscopy. Tiny regions of
interest (ROIs) were placed on interesting areas like on different steps of the
stripes and Delta and Psi spectra were recorded. The next step in
characterization was the mapping of Delta and Psi with pixel resolution of
the detector. The same samples were also characterized with an AFM. The
results optical modelling are in good agreement with the results of the
scanning method.

A. Gil, M. Vaupel, F. Guitiana, D. Mébius (2007) Journal of Materials
Chemistry 17: 2434-2439.

D. Zang, A. Stocco, D. Langevin, B. Weib, B.P. Brinks (2009) Phys. Chem.
Chem. Phys.11: 9522-9529.

5:00pm EL+AS+EM+MC+SS-ThA9 Dielectric Tensor Model for Inter
Landau-level Transitions in Highly Oriented Pyrolytic Graphite and
Epitaxial Graphene — Symmetry Properties, Energy Conservation and
Plasma Coupling, Philipp Kihne, Linkoping University, Sweden, T.
Hofmann, M. Schubert, University of Nebraska-Lincoln, C.M. Herzinger,
J.A. Woollam Co., Inc., V. Darakchieva, Linkdping University, Sweden

We report on polarization sensitive, magneto-optic, reflection-type Landau
level (LL) spectroscopy at low temperatures by using the integrated optical
Hall effect instrument' in the mid-infrared spectral range (600 — 4000 cm™")
on highly oriented pyrolytic graphite (HOPG) and epitaxial graphene grown
on C-face silicon carbide by thermal decomposition. In both sample systems
we observe a multitude of inter-LL transitions. Inter-LL transitions in
HOPG possess polarization mode mixing polarization selection rules
characteristics, while polarization mode conserving and polarization mode
mixing inter-LL transitions are observed in epitaxial graphene which can be
assigned to single- and Bernal stacked (ABA) multi-layer graphene,
respectively.” We present a new dielectric tensor model for inter-LL
transitions which explains all experimentally observed line-shapes. For
inter-LL transitions in multi-layer graphene and HOPG we employ this new
model together with energy conservation considerations, to show that these
polarization mode mixing inter-LL transitions couple with a free charge
carrier plasma. Finally, inter-LL transition energy parameters are
determined and discussed.

") P. Kiihne, et. al., Rev. Sci. Instrum., accepted (2014)
%) P. Kiihne, et. al., Phys. Rev. Lett. 111, 077402 (2013)

5:20pm EL+AS+EM+MC+SS-ThA10 Characterization of Exfoliated
2D Nano Materials with Imaging Spectroscopic Ellipsometry, P.H.
Thiesen, Accurion GmbH, Germany, Greg Hearn, Accurion Inc., B. Miller,
Technische Universitdt Miinchen, Germany, C. Réling, Accurion GmbH,
Germany, U. Wurstbauer, Columbia University, E. Parzinger, A.W.
Holleitner, U. Wurstbauer, Technische Universitit Miinchen, Germany

In the initial period of graphene research, the issue was to identify and
characterize crystallites of microscopic scale. Imaging ellipsometry is a
nondestructive optical method in thin film metrology with a lateral
resolution down to 1 pm. In a number of papers, Imaging ellipsometry has
been applied to characterize graphene flakes of few micrometer size.
Ellipsometric contrast micrographs, delta and Psi maps as well as
wavelength spectra [1],[2] and single layer steps in multilayer
graphene/graphite stacks [3] have been reported.

Molybdenum disulfide is a layered transition metal dichalcogenide. From
the point of current research, 2D-nano materials based on MoS, are very
promising because of the special semiconducting properties. The bulk
material has an indirect 1.2 eV electronic bandgap, but single layer MoS,
has a direct 1.8 eV bandgap. The monolayer can be used in prospective
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electronic devices like transistors (MOSFETSs) or photo detectors. Delta and
Psi Spectra of MoS, monolayers as well as maps of the ellipsometric angles
will be presented. The practical aspect of single layer identification will be
addressed and the capability of ellipsometric contrast micrographs as a fast
tool for single layer identification will be demonstrated.

An additional focus will be on the modelling of the optical properties of 2D
nanomaterials.

[1] Wurstbauer et al., Appl. Phys. Lett. 97, 231901 (2010)
[2] Matkovic et al. J. Appl. Phys. 112, 123523 (2012)
[3] Albrektsen O. J. OF Appl. Phys. 111, 064305 (2012)
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EL-ThP3 Indium Doped Zinc Oxide as a Transparent Conductor
Oxide Replacement for Thin Film Solar Cells Applications, Neville Sun,
R. Sun, Angstrom Sun Technologies Inc., N.J. Alexander, H. Efstathiadis,
SUNY College of Nanoscale Science and Engineering

Indium doped Zinc Oxide as a transparent conductor oxide
replacement for thin film solar cells applications

Neville Sun® and Richard Sun®
*Angstrom Sun Technologies Inc., 31 Nagog Park, Acton, MA 01720
J. Nicholas Alexander® and Harry Efstathiadis®

"SUNY - College of Nanoscale Science and Engineering, 257 Fuller Road,
Albany, NY 12203

Transparent conductors (TCs) are currently used in many applications, such
as solar cells, displays, and electrochromic windows. TCs transparency is
reduced in the infrared region due to their metallic property. Indium doped
zinc oxide (InZnO) has been considered to be a substitute for the traditional
indium tin oxide (ITO) to reduce indium consumption. In this work InZnO
was deposited from a metallic indium target and a ceramic zinc oxide target
via magnetron co-sputtering in a confocal configuration deposition tool.
The films were deposited on soda-lime glass and silicon substrates and had
their physical and optical properties measured. The mobility and carrier
concentration was characterized by hall measurements, optical properties
characterized through ultraviolet-visible-Near Infrared spectroscopy (UV-
VIS-NIR), composition characterized by x-ray photoelectron spectroscopy
(XPS) and band-gap characterized by spectroscopic ellipsometry.

EL-ThP4 An Innovative High-speed Spectroscopic Ellipsometry and
its Novel Applications, Gai Chin, ULVAC Inc., Japan

We developed an innovative high-speed spectroscopic ellipsometer. It
analyzes the spectrums obtained from the polarization interference
occurring between two multiple-order retarders which snapshot the
wavelength distribution of the sample’s spectroscopic polarization
parameters. This novel spectroscopic ellipsometer can measure the
thickness and optical constants of thin films at a dramatically fast speed. Its
acquisition time is as short as 10 ms. It does not require the conventional
complex mechanical or active components for polarization-control, such as
a rotating compensator and an electro-optical modulator. It can open great
opportunities for new applications of the spectroscopic ellipsometry in
which the compactness, the simplicity and the rapid response are extremely
important. For example, it was integrated into the deposition tool and
successfully measured thin films in the vacuum chamber.

This paper describes the principle, system configuration and our innovative
efforts on developing the compact high-speed spectroscopic ellipsometer.
Some of the novel applications will be also introduced, such as the ALD,
EUV, OLED and other measurement data for the semiconductor, flat panel
display and semiconductor industries.

EL-ThP5 Spectroscopic Ellipsometry Studies of Amorphous Silicon
Based Photovoltaic Devices, Maxwell Junda, L. Karki Gautam, R.W.
Collins, N.J. Podraza, University of Toledo

Strategies for improving thin film photovoltaics (PV) are largely dependent
on the ability to effectively characterize the opto-electronic and structural
properties of each layer and correlate these properties with electrical
performance. The common approach of growing and characterizing each
layer individually, outside of a complete device, is hindered by the fact that
individually grown layers are often not representative of the same layer in a
complete device due to substrate dependent growth processes. We have
applied spectroscopic ellipsometry (SE) to extract layer thicknesses,
interface composition, and optical response in the form of complex
dielectric spectra (¢ = & + igy) for all hydrogenated amorphous silicon (a-
Si:H) layers grown via plasma enhanced chemical vapor deposition onto
rough transparent conducting oxide (TCO) coated glass. These samples are
processed into single junction p-i-n PV devices and electrically
characterized. Real time SE (RTSE) is used in situ, during deposition to
monitor the growth evolution of each a-Si:H layer. To accurately model the
initial TCO/p-layer interface, a parameterized description of the TCO
structure, morphology, and ¢ was developed. From RTSE collected in the
early stages of a-Si:H growth, changes in structural and optical properties of
the TCO due to plasma exposure are tracked. Characterizing these changes
to the substrate material has proved essential to accurately modeling the

overlying a-Si:H layers. Leveraging previous studies that determined
functional relationships for ¢ of a-Si:H in terms of only the band gap,
physically realistic optical and structural properties for each layer are
determined by allowing a minimal number of free parameters to fit models
to RTSE data. This technique is effective in providing sensitivity to
otherwise inaccessible material properties such as ¢ of the thin p-layer and
subtle band gap gradients within the i-layer. Models generated from RTSE
have been applied to ex situ SE collected over a spectral range of 0.04 —
5.88 eV. This combination of RTSE and infrared extended SE utilized on
PV devices enables study of free carrier absorption in the TCO layers,
silicon-hydrogen vibrational modes, higher energy electronic transitions in
each material, and identification of spectral ranges with enhanced sensitivity
to different layers and interfaces.

EL-ThP6 High Speed Spectroscopic Ellipsometry Technique for On-
line Monitoring in 600x1200mm Standard Sized Solar Panel
Production, C. Major, G. Juhasz, P. Petrik, Mta Ttk Mfa, Hungary, ZG.
Horvath, MTA Wigner, Hungary, Miklos Fried, Hungarian Academy of
Science, Hungary

A macro imaging spectroscopic ellipsometer has been developed for high
speed mapping of large area multilayer coated substrates. Non-contact or
touchless characterization techniques based on spectroscopic ellipsometry
(SE) are widely used by the photovoltaic industry for process or quality
control in production. The commercialization of thin film photovoltaic (PV)
technologies and the related increasing surfaces lead to many key problems
such as reduced efficiency caused by multiple non-uniformities of the layers
properties over the entire panel resulting from the technological steps of
individual layer components. Scanning methods, based on the conventional
narrow beam spectroscopic ellipsometry measurements provides high
accuracy but suffer from long mapping times as the polarization state of the
reflected beam must be detected. Our new instrument provides a line image
of SE (wl=350-1000 nm) data with a lateral resolution of ~20 mm, thus SE
information of 1800 points can be collected less than 600 sec over a 600 x
1200 mm PV material and it could be several 10 times faster than a
conventional scanning method. In this paper the calibration were carried out
on Si02/c-Si structures and test measurements on a-Si films grown on soda
lime glass (transparent samples) are presented.
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8:20am EL+AS+BI+EM+SS-FrM1 Multimodal Optical and Mass
Spectrometric Imaging of Cells and Tissues, DaeWon Moon, DGIST,
Republic of Korea INVITED
Understanding interfacial phenomena has been one of the main research
issues not only in semiconductors but only in life sciences. I have been
trying to meet the atomic scale surface and interface analysis challenges
from semiconductor industries and furthermore to extend the application
scope to biomedical areas. Optical imaing has been most widely and
successfully used for biomedical imaging but complementary mass
spectrometric imaging can provide more detailed molecular specific
information

In this presentation, I report our recent activities of multimodal nanobio
imaging of cardiovascular cells and tissues. Firstly, in atherosclerotic plaque
imaging using coherent anti-stokes raman scattering (CARS) and time-of-
flight secondary ion mass spectrometry (TOF-SIMS), multimodal CARS &
SIMS analysis showed that increased cholesterol palmitate may contribute
to the formation of a necrotic core by increasing cell death. Secondly,
surface plasmon resonance imaging ellipsometry (SPRIE) was developed
for cell biointerface imaging of cell adhesion, migration, and infiltration
dynamics for HUVEC, CASMC, and T cells. SPRIE images were validated
with confocal fluorescence microscopy. Collagen fibrils are widely used as
cell adhesion substrates. Changes of surface composition and elastic
modulus of collagen fibrils after thermal and acidic treatment were
investigated by TOF-SIMS and non-contact force microscopy. Multimodal
SPRIE & TOF-SIMS imaging would be a useful methodology for
understanding cell-substrate interactions in tissue engineering.

In conclusions, multimodal optical and mass spectrometric imaging privides
overall structural and morphological information with complementary
molecular specific information, which can be a useful methodology for
biomedical studies. Future challenges in optical and mass spectrometric
imaging for new biomedical applications will be discussed regarding to in-
vivo imaging.

9:00am EL+AS+BI+EM+SS-FrM3 Sum Decomposition of Mueller
Matrices from Beetle Cuticles, Hans Arwin, R. Magnusson, Linkoping
University, Sweden, E. Garcia-Caurel, A. de Martino, LPICM-CNRS,
Ecole Polytechnique, France, K. Jarrendahl, Link6ping University,
Sweden, R. Ossikovski, LPICM-CNRS, Ecole Polytechnique, France

Spectral Mueller matrices are very rich in information about physical
properties of a sample. We have recently shown that polarizing properties
like ellipticity and degree of polarization, can be extracted from a Mueller
matrix measured on a beetle cuticle (exoskeleton). Mueller matrices can
also be used in regression analysis to model nanostructures in cuticles. Here
we present the use of sum decomposition of Mueller matrices from these
depolarizing biological reflectors to explore the fundamental character of
these reflectors. The objective is to decompose a Mueller matrix into well-
defined ideal non-depolarizing matrices corresponding to mirrors, circular
polarizers, halfwave retarders etc. Generally it is possible to decompose a
measured depolarizing Mueller matrix M into four (or fewer) non-
depolarizing matrices according to M=aM;+BM,+yM;+3M,, where a, B, v
and § are eigenvalues of the covariance matrix of M. Two strategies for
decomposition will be discussed. A Cloude decomposition will provide the
eigenvalues and also the M;’s although the latter will contain severe noise in
some spectral regions. However, a major advantage with the Cloude
decomposition is that the number of nonzero eigenvalues is directly
obtained, i.e. the number of contributing M; matrices. In an alternative
decomposition, the M;’s are assumed and the eigenvalues are found by
regression analysis based on M. In the case with two non-zero eigenvalues
we define a model Mueller matrix Mp=0xM,+BrM, with ax+pr=1. With ag
as adjustable parameter, the Frobenius norm ||[M-Mp|| is minimized for each
wavelength in the spectral range of M. For more complex structures, the
regression can be extended by adding more matrices up to a total of four.
Advantages with a regression approach are its simplicity and stability
compared to a Cloude decomposition. The Mueller-matrix spectra of beetle
cuticles are recorded with a dual rotating compensator ellipsometer in the
spectral range 400 — 900 nm at angles of incidence in the range 20 - 75°.
The application of decomposition on biological reflectors is demonstrated
on M measured on the beetle Cetonia aurata, which represents a narrow-
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band chiral Bragg reflector with two non-zero eigenvalues. A
decomposition in an ideal mirror and a circular polarizer is feasible. In
another example, the broad-band and gold-colored beetle Chrysina
argenteola, we show that more than two eigenvalues can be nonzero,
especially at oblique incidence, and additional matrices are involved.

9:20am EL+AS+BI+EM+SS-FrM4 Polymer- and Ceramic-Supported
Hybrid Gas Separation Membranes Characterized by Ellipsometry,
loannis A. Mergos, H. Verweij, The Ohio State University

Membrane structures consist of thin continuous layers deposited on porous
ceramic or polymer supports. We have been developing inorganic and
hybrid membranes for various applications that include gas separation (e.g.
post-combustion CO, capture), water purification, Solid Oxide Fuel Cells
(SOFC) and sensors. Spectroscopic Ellipsometry (SE) is a major non-
destructive characterization tool, which can be used to obtain the thickness
(typical range 50 nm...2 um) and complex refractive index (n,k) of the
supported membrane layers. This information, in turn, is used to obtain
information about membrane composition, porosity and gas or water
sorption. The characterization of fully-ceramic structures on optically
smooth porous a-alumina surfaces (roughness ~25 nm, higher than most
typical SE applications) has been employed by our group for several years.
Recently we have expanded the use of SE to characterization of multi-
layered membranes, and of inorganic or polymer layers on polymer
supports, on coarser o alumina surfaces, and on ceramic tubes. Examples
are y- and a-alumina on polyethersulfone (PES) and poly-sulfone (PES),
Ce.9Gdp 90195 on tubular a-alumina, and successive layers of amorphous
microporous silica and polydimethylsiloxane (PDMS) on mesoporous
intermediate layers. We have achieved signal detection and interpretation to
acquire meaningful results, even in multi-layered structures and in cases
with substantial interfacial of surface roughness, or curvature. Overall, the
application of SE, including non-destructive characterization at intermediate
stages between deposition and processing steps, can significantly facilitate
the design of gas separation membrane structures that combine organic and
polymer layers.

9:40am EL+AS+BI+EM+SS-FrM5 Spectroscopic  Ellipsometry
Methodology for Analysis of Thin Films with Significant Surface Non-
idealities:  Combining  Through-the-Substrate and  Film-Side
Measurements, Jian Li, University of Toledo, L. Mansfield, National
Renewable Energy Laboratory, P. Pradhan, University of Toledo, H. Du, S.
Glenn, J. Mann, A. Norman, K. Ramanathan, National Renewable Energy
Laboratory, R.W. Collins, University of Toledo, G. Teeter, D. Levi, National
Renewable Energy Laboratory

Spectroscopic ellipsometry (SE) is a powerful tool for studying thin films,
including the thickness and dielectric function, the latter being closely
related to important properties such as composition, phase, grain size,
porosity, and stress. The sub-nanometer sensitivity of SE is best exploited if
all interfaces between layers, at substrate/layer and layer/ambient are abrupt
and smooth. Even for the simple structure of substrate/film/ambient,
however, whereby the film is fabricated in a uniform process, surface non-
idealities including roughness, oxides, compositional variations, or a
combination of these, are inevitable. If an accurate film dielectric function
is of interest, then the widely-used effective medium approximation (EMA)
treatment of the surface roughness can distort the result, especially in
photon energy range of strong absorption.

In this work, an improved SE methodology has been developed, tested, and
applied to study thin films with significant surface non-idealities. The
investigated materials include Cu(InGa)Se,, Zn(O,S), Cu,ZnSnSs, and
Cu,SnS; deposited on transparent substrates by co-evaporation, sputtering,
or chemical bath deposition. The film thicknesses in this study range from ~
20 to 4000 nm, with potential applicability of the methodology over an even
wider range. The key component of the SE methodology is integration of
through-the-substrate (TS) SE with standard film-side (FS) SE. The
following successes have been demonstrated.

(1) When the surface non-ideality is predominantly roughness within the
EMA applicability, two-side (FS+TS) SE can minimize dielectric function
distortion caused by the EMA assumptions.

(2) When the surface non-ideality is outside the EMA applicability and
traditional SE methodology becomes unreliable, accurate results can be
obtained using the FS+TS SE methodology, in which the dielectric
functions of the surface and bulk layers can be allowed to vary wavelength
by wavelength independently. Most thin films of this study fall into this
category.

(3) When the surface is macroscopically rough and scatters light, films can
be grown intentionally thick and hence rough enough to suppress specular



reflection from the surface. In this case, through-the-substrate SE alone can
be used to extract the bulk film dielectric function.

An important criterion for evaluating SE analysis on semiconductor films is
that the &, spectrum should be flat and essentially zero below the band gap.
It is demonstrated that the dielectric functions obtained through the above
SE methodology either satisfy or better satisfy this criterion compared to
previous studies. The limitations of the SE methodology will also be
discussed.

10:00am EL+AS+BI+EM+SS-FrMé A Classical Model for
Depolarization through Incoherent Superposition of Dipoles Driven by
Evanescent Fields, Kurt Hingerl, University Linz, Austria

A finite spectral resolution and/or an imperfectly collimated beam /and or
an (areal) extended light source / and or an (areal) extended detector and/ or
a sample with a varying thickness can produce depolarization effects.
However, despite these experimental findings, there are to our knowledge
no physical models published which trace the origin of depolarization back
to the atomic properties. Therefore, we explain depolarization by the
following steps:

1) A mathematical model for cross- polarization: In structured samples the
Fresnel reflectances are not correct any more, they rely on homogheneity
(i.e. an arbitrary shift of the sample along any surface direction).
Mathematicians are aware of this and the numerical tools developed by
them, e.g. finite element methods (FEM) or rigorous coupled wave analysis
(RCWA), take these effects into account, when matching boundary
conditions. Mathematically the Jones matrix then possesses nondiagonal
elements. This cross polarization signifies the presence of a totally polarized
photon state, but takes into account that p- polarized incoming light creates
s- polarized outgoing and vice versa.

2) Cross- polarization then has to take into account radiating dipoles, whose
radiation create the scattered cross (and later, after incoherent superposition,
partially de-) polarized field. In any structured sample there are inner
boundaries present and it is straightforward to show that the usual boundary
conditions on the continuity of the tangential electric field and the normal of
the displacement field yield inherent contradictions at these inner
boundaries. In order to fulfill the boundary conditions, close to the inner
boundaries evanescent fields must be present, which drive the atomic
dipoles in other spatial directions than the incoming field.

3) Depolarization: The end point of the field of unpolarized light may be
assumed to move quite irregularly, and the light shows no preferential
directional properties when resolved in arbitrary orthogonal directions
normal to the direction of propagation. Depolarization is mathematically
described by the correlation which exists between these two orthogonal
directions. Furthermore the extension of the light source, the extension of
the detector and the extension of the illuminated sample area (especially its
depth!) are reducing the value above. The measured intensity at the detector
is obtained by the incoherent superposition of the single waves. The
mathematical formulation is given by the Cittert- Zernike theorem (M. Born
& E. Wolf, Principles of Optics, chapter X.9).

10:40am EL+AS+BI+EM+SS-FrM8 The Development Of Highly-
Oriented 3D Nanostructures For Use With Ultra-Thin Layer
Chromatography And Ellipsometry, Erika Pfaunmiller, University of
Nebraska Lincoln, D. Peev, D. Sekora, University of Nebraska-Lincoln, S.
Beeram, University of Nebraska Lincoln, C. Rice, M. Schubert, T.
Hofmann, D. Hage, University of Nebraska-Lincoln

Slanted columnar thin films based upon SiO, were deposited on glass
substrates through the use of glancing angle deposition (GLAD). The
typical length of these structures was between 500 nm and 2.5 um. These
thin films were then evaluated for use in ultra-thin layer chromatography
(UTLC), which is a special type of thin layer chromatography (TLC) that
uses supports that incorporate nanomaterials. In this work, a series of
lipophilic dyes were analyzed through the use of both TLC and UTLC
followed by detection through imaging ellipsometry. It has previously been
demonstrated that changes in birefringence is seen as small organic
molecules attach to some of the types of nanostructures that were used in
this study. The principle behind the detection of organic chemicals that
attach/adsorb onto such nanostructures is based on the variation of the
optical anisotropy of highly-ordered 3D nanostructures with attached or
adsorbed molecules. This causes screening of the dielectric displacement
charges that are produced by the incident electromagnetic fields within the
nanostructures, which can be measured as a variation of the effective
birefringence of the highly-ordered 3D nanostructures. Measurement of this
birefringence was done through generalized imaging ellipsometry. This
combined imaging and separation approach should be useful for label-free
detection in UTLC and for the chromatographic analysis of a various target
compounds.
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