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 10.40am  Coffee break / Exhibition 

 11.00am  Panel and award 

 12.30pm  Closing remarks 

   1.00pm  Lunch 

   2.00pm ï 4.00pm  Member meeting of the AKE Paul Drude e.V. 

   

 

 Thursday, 24.02.2011 
  

Add-on synchrotron ellipsometry workshop 
BESSY II, Albert-Einstein-Str. 15, 12489 Berlin 

  9.00am ï 9.10am Welcome address ï Anke Kaysser-Pyzalla 

 1st oral session 

   9.10am  Norbert Esser 
   VUV-Ellipsometry 

   9.30am  Ovidiu D. Gordan 
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 10.00am  Peter Baumgärtl 
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_new instruments and accessories  
 

imaging ellipsometry and moreé 
 
 

 
 

 

 
 

Imaging ellipsometry allows investigation of 
ultra thin films with lateral structures 
between 1  micron and 0,5 mm independent of the 
laser spot size.  
 
Here, we would like to focus on our new 
developments:  
 
New instruments  
Á nanofilm_ultrabam  
Á nanofilm_refspec_vario  
Á halcyonics_i4  

 
New technical integration  
Á mecanical integration of the Q - sense E1 

into na nofilm_ep3  
Á teraherz spectrometer into nanofilm_ep3  

 
New accessories  
Á nanofilm_microlab ð an new modular cell 

concept  
Á halcyonics_bam/ie_support frame  
Á Clean - room Cabinet  

 
Please visit our homepage www.accurion.com  for  
more detailed information.  

 

  

ACCUION GmbH, Stresemannstr. 30, D - 37139 Göttingen, Tel. +49(0)551/999600, Fax +49(0)551/9996010  
E- Mail: info@accurion.com , www.accurion.com  
 

http://www.accurion.com/
mailto:info@accurion.com
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1.1 

Index matching in BaTiO3/SrTiO3 heterostructures 

Tammo Böntgen, Jan Zippel, Rüdiger Schmidt-Grund, Michael Lorenz, Marius 
Grundmann 

Universität Leipzig, Leipzig, Germany 

We have investigated the optical properties of BaTiO3 (BTO)/SrTiO3 (STO) heterostructures for 
different growth conditions. A matching of the refractive indices was achieved by altering the 
STO growth parameters. 

The optical constants spectra for BTO and STO are very similar in the visible spectral range. 
This is owed to their shared crystal structure. Using spectroscopic ellipsometry we show that by 
altering the growth parameters for the STO layer its optical constants can be tuned such that 
the refractive index crosses that of BTO. In the vicinity of the crossing the difference in the 
refractive index for the two layers is almost zero leading to a vanishing reflectivity of the 
interface. 

Various BTO/STO heterostructures were grown by means of pulsed laser deposition with 
different growth parameters and investigated using SE. The obtained pseudo dielectric function 
was than modelled using a layer-stack model containing a substrate layer, a separate layer for 
BTO and for STO and a surface roughness layer. The dielectric function models for all 
constituting layers have previously been determined. The resulting optical constants for STO 
were found to depend on the oxygen partial pressure used for the growth process. Changing 
this parameter allowed shifting the crossing point of the BTO and STO refractive indices by 
choosing appropriate growth conditions. Structural investigation of the heterostructures using X-
Ray diffraction reveal that the c-axis lattice constant of the STO layer is shifted to higher values, 
with respect to the single crystal value, when the oxygen partial pressure is altered. Thus a 
change of the crystal lattice comes along with the change in its optical properties. 

We have also investigated the growth process of the heterostructures using in-situ SE. This 
allows a quick determination of the optical properties of the layers without having to break the 
vacuum. It also gives the possibility to probe the heterostructure layer by layer right after their 
respective deposition. Additionally the in-situ SE can be used to monitor the layer during growth. 
In the case of epitaxial growth of BTO on atomically flat STO substrates we have combined the 
in-situ SE with a RHEED system. The BTO layer shows a smooth 2D growth within the first few 
nanometers. In this range oscillations of the RHEED intensity are observed accounting for a 
monolayer of BTO being deposited per period. This proofs the 2D growth mode. When the layer 
growths thicker however the intensity oscillations vanish and the RHEED pattern shows clear 
indication of a 3D diffraction. This points to a change in the growth mode from pure 2D to 
2D+3D. A control of the growth rate via RHEED is not possible any more at this point. However 
the combination with in-situ SE allows further observation of the layer thickness. 

Moreover in-situ SE provides the possibility to access the high temperature dielectric function 
and to extract its temperature dependence giving additional inside into the thin film optical 
properties. 

This work was supported by Deutsche Forschungsgemeinschaft in the framework of 
Sonderforschungsbereich 762 "Functionality of Oxidic Interfaces". 
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1.2 

Characterization of 1D and 2D photonic crystal slabs using spectroscopic 
polarimetry in the visible range 

E. Garcia-Caurel
1
, L. Escubas

2
, J. J Simon

2
, D. Duche

2
 

1
LPICM, CNRS-Ecole Polytechnique, Palaiseau, France, 

2
TOTAL S.A., Gas & Power ï R&D 

DivisioInstitut FRESNEL, UMR-CNRS 6133, Domaine Universitaire de St-Jérôme, Marseille, 
France 

Coupling photonic crystal slabs to solar cells is an interesting strategy to increase the trapping 
of light inside the cells in order to increase their performance. The efficiency of this coupling 
depends on the refractive index of the materials used to create the photonic structures as well 
as the physical dimensions (size, shape, period, thickness) of their patters. Spectroscopic 
polarimetry may be useful to characterize the optical response as well as the physical 
dimensions of these photonic structures. We present a method to characterize thin photonic 
crystal slabs using spectroscopic polarimetry in the visible range. We illustrate the method with 
two samples consisting of a thin film made of a blend of two conducting polymers, P3HT and 
PCBM, deposited on silicon by spin-coating. The first film was etched with a 1D periodic pattern 
consisting of straight lines. The second film was etched with a 2D hexagonal periodic pattern of 
cylindrical holes. The samples were measured with a spectroscopic polarimeter working in the 
visible range, at different angles of incidence, and different orientations (azimuths) respect to 
the plane of incidence. The optical constants as well as the thickness of the films were obtained 
using both, a point-bypoint fit and a parametric fit procedure of the polarimetry spectra taken at 
two places of the samples where the polymer film was not etched. The polarimetric spectra of 
the etched films showed different sharp spectral features that were identified as resonance 
anomalies of two types. The first type of resonances was Rayleigh anomalies and second type 
was created by couplings of diffracted modes to guided modes inside the thin film. From the 
spectral position of the Rayleigh anomalies it was possible to obtain an accurate value of the 
period of the structures. The Mueller matrix of the samples was calculated with two different 
models based on the RCWA method. The fit of the simulated to the experimental polarimetric 
data permitted to estimate the dimensions of the straight lines of the first sample and the holes 
of the second one. The values obtained from the fits were in accordance with AFM and SEM 
images of the samples. Finally, the optical models were used to interpret the spectral features of 
the reflectivity of the two samples and to judge of the adequacy of the etched structures to be 
employed as light traps for solar cells. 



1st session ï Electronic properties  Monday, 21.02.2011, 2.30pm ï 2.55pm 

  

19 

1.3 

Generalized Magneto-Optical Ellipsometry (SGME®) on ferromagnetic 
metals with competing phase transitions and new technological 
improvements 

Frank Wendt
1
, Andrivo Rusydi

2
, Michael Rübhausen

1
, Helge Ketelsen

3
, Uwe Richter

3
, 

Bernd Gruska
3
 

1
Institut für Angewandte Physik, Universität Hamburg, Hamburg, Germany, 

2
Nanocore, National 

University of Singapore, Singapore, Singapore, 
3
SENTECH Instruments, Berlin, Germany 

We present a newly developed SE-850 SGME
® 

ellipsometer for the measurement of spin-
polarized optical transitions covering a wavelength range from 190 nm to 2000 nm. Together 
with the also newly developed SGME

®
-controller, this allows to determine the degree of spin-

polarization of the majority states of the spin-polarized Drude response of a ferromagnetic 
metal. Furthermore, we can determine the spectroscopic shifts of the spin-polarized minority 
states.  We will present several measurements on different correlated materials at their phase 
transitions. If time permits we will also present some most recent results on the combination of 
VUV-reflectance measurements and SGME

®
-ellipsometry results to elucidate the mechanism 

leading to the formation of a ferromagnetic metal in a correlated material. 
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1.4 

Novel Concept of Parametrization of Joint Density of States of Disordered 
Solids: Application of Thomas-Reiche-Kuhn Sum Rule 

Daniel Franta, David Neļas, Lenka Zaj²ļkov§ 

Masaryk University, Brno, Czech Republic 

The dielectric response of materials reflects transitions in their electronic structure. It turns out 
that the optical measurements on disordered materials can, beside the optical constants of 
these materials, provide also information about the density od states (DOS) supposed the 
dielectric function is parametrized by a suitable model. Recently, there have been published 
several models based on the parametrization of either DOS or joint DOS (JDOS) [1-4]. This 
contribution will give an overview of various parametrizations of JDOS (PJDOS models) 
including Tauc-Lorentz (TL) model [5] that can be understood as one of the four-parametric 
PJDOS models. It will be shown that the application of Thomas-Reiche-Kuhn (TRK) sum rule to 
any of the PJDOS models including TL gives a novel concept of parametrization which 
parameters are directly the densities of electrons in valence states. Using this concept, three 
new parametrizations of JDOS for particular transitions will be introduced, six-parametric model 
for interband transitions (from valence to conduction bands), two-parametric model for 
transitions from valence to higher excitation states and four-parametric model for transitions 
between localised and extended states (so called Urbach tail). It is necessary to understand that 
various transitions contribute to the total dielectric function and the density of electrons of one 
individual valence band may be a sum of more density parameters because all possible 
transitions have to be taken into account when applying TRK sum rule. Therefore, the correct 
evaluation of electron densities requires the optical measurements extended to VUV region, i.e. 
further development of VUV table-top and synchrotron ellipsometry. 

References: 
[1] D. Franta, D. Neļas, L. Zaj²ļkov§, Opt. Express 15 (2007) 16230 
[2] D. Franta, D. Neļas, M. Frumar, Phys. Status Solidi C 6 (2009) S59 
[3] D. Franta, I. Ohl²dal, V. Burġ²kov§, L. Zaj²ļkov§, Diam. Relat. Mat. 12 (2003) 1532 
[4] D. Franta, D. Neļas, L. Zaj²ļkov§, V. Burġ²kov§, C. Cobet, Diam. Relat. Mat. 19 (2010) 114 
[5] G. E. Jellison, F. A. Modine, Appl. Phys. Lett. 69 (1996) 371
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2.1 

Roughness beyond Bruggeman's Effective Medium Approximation 

Herbert Wormeester, Maarten Maathuis, Frank Everts, Bene Poelsema 

Physics of Interfaces and Nanomaterials, MESA+ Institute for Nanotechnology, University of 
Twente, Enschede, Netherlands 

Interface roughness is a phenomenon regularly used for the interpretation of ellipsometric 
spectra. The roughness is modelled by a layer with an effective dielectric function determined 
from Bruggemanôs Effective Medium Approximation (BEMA). The BEMA layer thickness 
determined is often successfully related to the root mean square (rms) roughness from 
microscopy. A breakdown of this correspondence between AFM and optical characterization 
was recently shown [1]. This breakdown was attributed to the non-negligible influence of the 
characteristic length scale L of the roughness. Such experiments on surface roughness raise 
the question what a modelled effective thickness stands for and to what extent BEMA can be 
used to characterize roughness. 

The optical study of shallow nanoripples with various length scales created by oblique incidence 
ion sputtering on Ag(001) provides a situation that cannot be analyzed by a BEMA approach [2]. 
The observed plasmon resonances can be modelled quantitatively with the Rayleigh-Rice (RR) 
perturbation approach. The ability to successfully model the optical response of these nano-
structured surfaces implies that RR also provides a valuable tool for the characterization of 
interface roughness. Furthermore it shows that local field effects are of minor importance. The 
RR approach can thus be used to test the validity of the BEMA model for interface roughness. 

A comparison of RR and BEMA for roughness on a Si surface was already presented by Franta 
and Ohlidahl [2]. We extended this study to roughness on both Au and Ag surfaces. We find 
that for roughness with a small length scale, the effective thickness equals 3 rms

2
/L for all three 

materials. For a lateral length scale beyond 25 nm, the effective thickness obtained from BEMA 
grossly underestimates the actual roughness on the surface. 

References: 
[1] B.A. Sperling and J.R. Abelson, J. Appl. Phys. 101 024915 (2007). 
[2] F. Everts, H. Wormeester and B. Poelsema, Phys. Rev. B 78 155419 (2008). 
[3] D. Franta and I. Ohlidahl, Opt. Commun. 248 459 (2005). 
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2.2 

Spectral ellipsometry of thermal oxide layer on single crystal silicon 
spheres 

Ingo Busch, Levent Cibik, Michael Krumrey 

Physikalisch-Technische Bundesanstalt, Braunschweig and Berlin, Germany 

For the ultra precise determination of the Avogadro constant NA, silicon spheres of highly 
enriched 

28
Si have been manufactured. To determine NA, the mass and the volume 

measurements of the Si spheres have to be corrected for the always present oxide layer of the 
spheres. The required precision for the surface characterization is right at the edge of actually 
available technology. Only with a combination of X-ray reflectometry and spectral ellipsometry it 

is possible to stay within the given uncertainty limit of 2 Ö 10
-8

. 

The development of the used technology used for the characterization, including thermal 
oxidation of the spheres, will be explained in detail at the workshop. The results of the 
measurements of the 

28
Si spheres will be presented and discussed. It will be shown, that on the 

basis of this results, it is possible to make a contribution to the new definition of the kilogram, 
based on atomic mass units. 
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2.3 

Optical models for the characterization of silica nanosphere monolayers 
investigated by spectroscopic ellipsometry 

Balint Fodor
1,2

, Peter Kozma
1,3

, Andras Deak
1
, Zolnai Zsolt

1
, Peter Petrik

1
, Fried Miklos

1
 

1
Research Institute for Technical Physics and Materials Science of Hungarian Academy of 

Sciences (MTA-MFA), Budapest, Hungary, 
2
Eötvös Loránd University, Budapest, Hungary, 

3
Department of Nanotechnology, Faculty of Information Technology, University of Pannonia, 

Veszprém, Hungary 

We investigated different optical models (one-layer, multi-layer, parametric multi-layer and 
statistical parametric) for the ellipsometric characterization of thin films made of silica spheres in 
the diameter (D) range of 90-450 nm prepared by the Langmuir-Blodgett (LB) technique. As a 
continuation of a previous work [1] in terms of threshold wavelength determination and optical 
models, we investigated the wavelength range of the quasistatic limit (requirement for the 
effective medium approximation) depending on D. We compared the above models in the 
aspect of fit quality, stability, uncertainty of parameters, and the amount of information that can 
be obtained from the evaluation. Besides fundamental properties like diameter, coverage, or 
packing density, using sophisticated models we can also determine the size distribution of the 
particles [2]. The ellipsometric results were compared to the ones of dynamic light scattering 
and of scanning electron microscopy. Furthermore, the shape of the nanospheres can be 
modified in a controlled way using ion implantation [3]. The parametrization of the vertical 
density profile allows us to determine the shape of nanospheres (as a function of ion 
implantation parameters), cross-checked by 3D-RBS [3]. 

References: 
[1] N. Nagy et al., Langmuir 22, 8416 (2006) 
[2] P. Kozma et al., Langmuir 26, 16122 (2010) 
[3] Z. Zolnai et al., Nucl. Instr. and Methods B 268, 79 (2010) 
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2.4 

Application of Mueller Polarimetry in the Fourier Space to semiconductor 
metrology 

Clément Fallet
1
, Sandeep Manhas

1
, Bicher Haj Ibrahim

1
, Tatiana Novikova

1
, Antonello De 

Martino
1
, Cyril Vannuffel

2
, Christophe Constancias

2
 

1
LPICM CNRS UMR 7647, Ecole polytechnique, Palaiseau 91128, France, 

2
CEA LETI 

MINATEC, 17 rue des Martyrs, Grenoble 38054, France 

Optical metrology techniques for process control in microelectronics are now widespread. Being 
fast and non-destructive, these techniques allow higher throughputs than non optical techniques 
like electron microscopy or AFM. 

We present here the application of Mueller polarimetry in the back focal plane of a microscope 
objective to characterize various dimensional parameters of typical 1D periodic structures used 
for process control in microelectronics. These parameters include 

¶ the dimensional parameters defining the shape of the grating lines (height, width, also 
called Critical Dimension or CD, sidewall angles) 

¶ the overlay between superimposed structures at different levels. 

The shape parameters are retrieved by fitting the measured data with a suitable model (typically 
a trapezoid). On the other hand, based on fundamental symmetries in the physics of periodic 
structures and polarized light and redundancies in the angle-resolved Mueller images we define 
estimators which vary linearly with the overlay. As a result, overlay measurement does not 
require any detailed modelling of the structures, provided two independent targets with known 
overlay values are available in the vicinity of the site to be characterized  Realistic simulations 
on optimizes structures suggest that an accuracy in the order of 1 or 2 nm should be 
achievable. Moreover, the proposed technique is sensitive to both the direction and sign of the 
overlay shift. 

Experimental results of both line shape and overlay determination will be presented. The 
samples, elaborated at LETI, have been accurately characterized by state-of-the-art AFM or 
optical imaging ñbox-in-boxò techniques. 

The advantages, possibilities and limitations of this new metrology technique will be discussed. 
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3.1 

Generalized Ellipsometry on Sculptured Thin Films made by Glancing 
Angle Deposition 

Daniel Schmidt, Eva Schubert, Mathias Schubert 

University of Nebraska-Lincoln, Lincoln, United States 

Three-dimensional metal nanostructures are of particular research interest in modern material 
science and engineering due to their intriguing size- and structure-driven properties. Such 
anisotropic nanostructures are potential candidates for applications in various fields such as 
optics, magneto-optics, as well as chemical and biological sensing and detection. We utilize 
glancing angle electron-beam deposition, which exploits physical atomic-scale shadowing and 
dynamically varying particle flux azimuth for fabrication of three-dimensional highly spatially 
coherent sculptured thin films with different morphologies. We will present the anisotropic 
(structure-related) optical and magneto-optical properties of highly anisotropic metal sculptured 
thin films. 

Generalized ellipsometry is employed to determine geometrical structure properties and the 
anisotropic optical constants of sculptured thin films in the spectral range from 400 to 1700 nm. 
The analysis of metallic slanted columnar thin films deposited at glancing angle (ɗi = 85°) 
revealed that such nanostructures possess monoclinic optical properties, and the optical 
response may be modeled with a single homogeneous biaxial layer. 

More complex sculptured thin films, which can be engineered by a dynamic in-situ substrate 
rotation, may be considered as cascaded slanted columnar thin films. A modularity concept will 
be discussed which allows for determination of principal optical constants of chiral multi-fold and 
helical sculptured thin films by mimicking the geometry upon assembly of basic building blocks. 
The necessary piecewise homogeneous biaxial layer approach will be reviewed and optical 
properties presented (Fig.1). 

Magneto-optical generalized ellipsometry in the polar and longitudinal Kerr geometry is utilized 
to determine the spectral magneto-optical response of Co sculptured thin films and estimate the 
sample magnetization direction. Kerr effect measurements and calculations reveal a strong 
azimuthal dependence with giant peak Kerr rotations. The concept of generalized ellipsometry 
in conjunction with a three-dimensional vector magnet is introduced and first measurement 
results presented. 

 

 

Fig. 1: Optical layer model for (a) chevron-like and (b) helical sculptured thin films. 
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3.2 

Infrared ellipsometry of graphene and optical metamaterials 

Thomas Oates
1
, Babak Dastmalchi

2
, Jan-Wilem Weber

3
, Iris Bergmair

4
, Maria Losurdo

5
, 

Giovanni Bruno
5
, Michael Gensch

6
, M.C.M. van de Sanden

3
, Kurt Hingerl

2
, Karsten 

Hinrichs
1
 

1
Forschungsbereich Material- und Grenzflächenanalytik, Leibniz-Institut für Analytische 

Wissenschaften ï ISAS ï e.V., Berlin, Germany, 
2
Zentrum für Oberflächen- und Nanoanalytik, 

Johannes Kepler University, Linz, Austria, 
3
Department of Applied Physics, Eindhoven 

University of Technology, Eindhoven, Netherlands, 
4
Functional Surfaces and Nanostructures, 

PROFACTOR GmbH A-4407, Steyr-Gleink, Austria, 
5
Institute of Inorganic Methodologies and of 

Plasmas, IMIP-CNR, University of Bari, Bari, Italy, 
6
BESSY, Helmholtz Zentrum Berlin, Berlin, 

Germany 

Currently of great topical interest for photonics applications, both graphene and optical 
metamaterials have particularly interesting infrared characteristics. 

In the case of graphene, the change in the electronic properties by the application of a gate bias 
results in pronounced changes in the mid-infrared region. Accurate ellipsometric measurements 
of the complex optical conductivity are therefore highly desirable in the IR region to assess the 
wealth of recent theoretical predictions and proposed devices. We will present results of 
Synchrotron IR-ellipsometry measurements of exfoliated graphene and few-layer graphene and 
relate the results to theory. Lab-based IR-ellipsometry measurements of CVD-prepared 
graphene on copper substrates will also be presented. 

In the case of optical metamaterials, the resistive properties of the noble metals used to 
construct the "artificial atoms" fundamentally limits the magnetic dipole resonance frequencies 
to the NIR. Thus applications of negative-refractive index materials relying on these resonances 
have the most potential in the MIR-NIR region. We will present IR ellipsometric measurements 
of split-ring resonators and fishnet structures and the retrieval of effective permittivity and 
permeability from those measurements. 

Finally, we will discuss the limitations and challenges of applying traditional concepts of bulk 
susceptibilities to 2-dimensional and mesoscopically structured materials. 
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Periodic Nanostructures: Spatial dispersion mimics chirality 
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Periodic metal-dielectric nanostructures will play a major role in future optics and photonics. The 
reason is that there is steady progress towards the ability to fabricate periodic dielectric and/or 
metallic nanostructures. Furthermore, starting with the seminal publication of Veselago, a 
number of new and revolutionary theoretical concepts have arisen. The underlying idea 
suggests that it should be possible to construct artificial materials, so-called metamaterials, with 
totally new effective dielectric properties from nanometer-sized ñphotonic atomsò'. One of these 
new fascinating properties is, for example, the recently achieved optical activity in photonic 
metamaterials. 

In our work we demonstrate that even a simple isotropic metal-dielectric nanostructure, i.e., a 
sub-wavelength hole array on a square lattice in a semitransparent Au film, rotates the 
polarization state, but this behaviour cannot be explained by effective optical parameters. 

We prepared a 5x5mm
2
 square hole array with a periodicity of 400nm and a hole diameter of 

225nm in a 20nm gold layer on glass, fabricated by electron beam lithography. This structure 
was characterized by Mueller matrix (MM) spectroscopic ellipsometry at various angles of 
incidence and azimuthal orientations in the energy range of 0.73 to 4.6eV. For the additional 
theoretical simulations, we employed a Fourier modal approach, using an S-matrix technique 
with adaptive spatial resolution to accommodate for the sharp index contrast between metal and 
dielectrics. The S-parameters were calculated for the different angles of incidence and 
polarizations and subsequently transformed into Mueller matrix elements. To visualize the 
theoretical and experimental results, we plot the MM elements in polar coordinates, where the 
radial component is the projection of the incident photon wave vector onto the plane of the 
sample and the polar coordinate corresponds to the azimuth. 

Already from a brief look at the off-diagonal elements, it becomes obvious that the hole array 
mixes different incoming polarization states upon reflection in a complex way, which can not be 
explained by purely dielectric optical constants. In isotropic samples the rotation of polarization, 
even at oblige incidence, is associated with optical activity. Optical activity goes beyond a purely 
dielectric behavior and is directly connected with chiral structures. For its description also 
magnetic interactions have to be taken into account. In the most general case bi-anisotropic 
constitutive relations are chosen. As long as only a linear k-dependence is considered, bi-
anisotropy and spatial dispersion are equivalent descriptions. It can be shown, that for our 
square array the linear term vanishes, and therefore the polarization rotation cannot be 
explained in the framework of bi-anisotropy, but spatial dispersion had to be taken into account. 

If a strong k-dependence emerges as a general property of metal-dielectric nanostructures, it 
will have far-reaching consequences: for example, perfect lenses made from meta-materials will 
exhibit a new class of aberrations: spatial dispersion. 
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Mueller Matrix Ellipsometry Studies of Chiral Nanorod Al1-xInxN Films 
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Optical and structural analyses of scarab beetles suggest that their exoskeletons contain a 
chiral structure with chitin as primary building material. When unpolarized light is incident on 
these scarab beetles, the reflected light can be almost perfectly circularly polarized in some 
parts of the spectrum. The aim of this work is to increase the understanding of this effect by 
studying artificial tailored anisotropic layered materials mimicking nature. 

Using UHV magnetron sputtering, 1 ɛm thick films of helical Al1-xInxN nanorods were grown on a 
sapphire substrate with a vanadium nitride seed layer. Due to an internal composition gradient 
(of maximum 10 at%) in the crystalline structure across the nanorods, they will be tilted away 
from the substrate normal [1]. By rotating the substrate around its normal during deposition a 
helical structure was obtained. Multiple samples with different pitch and layer thickness and with 
right-handed as well as left-handed chirality were grown. 

Measurements were performed using a dual rotating compensator ellipsometer providing the full 
Mueller matrix in the spectral range 245-1700 nm, as well as Mueller matrix imaging polarimetry 
at 450, 532 and 633 nm. The relationship between the nanorod helicity and the optical response 
were studied. The Mueller-matrix element M41, related to the degree of circular polarization in 
the reflected light, together with the degree of polarization gives a complete description of the 
circular polarization state of the reflected light. At certain wavelengths and incidence angles, the 
reflected light is almost completely circularly polarized. 

Spectral descriptions of the polarization states will be presented in the Cartesian complex-plane 
as well as in the Poincaré sphere representations. An analysis of the chiral structure, based on 
the Mueller matrix data, will also be presented. 

 

Fig. 1: Circular Polarization state of reflected light from right-handed chiral sample presented in the Poincaré sphere. 

References: 
[1] G. Z. Radnoczi, T. Seppanen, B. Pecz, L. Hultman, J. Birch, phys. stat. sol. (a) 202, No. 7, R76ïR78 (2005) 
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4.1 

Vector-Magneto-Optical Generalized Ellipsometry applied to magnetically 
anisotropic multilayer and metamaterial samples 

Kahming Mok, Nan Du, Heidemarie Schmidt 

Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany 

Magneto-optical generalized ellipsometry is the most general approach to characterize the 
magneto-optical response of magnetically anisotropic materials [1]. We extended this 
experimental approach to Vector-Magneto-Optical Generalized Ellipsometry (VMOGE) in the IR-
UV spectral range, by combining a generalized spectroscopic ellipsometer with a 3D vector 
magnet [2]. VMOGE measures the upper 3 x 4 submatrix of the 4 x 4 Mueller matrix in a 
magnetic field of arbitrary orientation and magnitude up to 0.4 T at room temperature. 
Searching the best match model between experimental and calculated VMOGE data, the 

complex-valued magneto-optical dielectric tensor eMO is determined. Comparison with vector 
magnetometry measurements can provide the complex and anisotropic magneto-optical 
coupling constant Qx, Qy, Qz. We have determined the wavelength dependence of the isotropic 
Qx and Qy of ferromagnetic Co, Fe, and Ni films. Besides, VMOGE is also employed to study Co 
nanowires [3] with very strong anisotropic optical response. Having knowledge of the magneto-

optical coupling constant Q(l), one can design magneto-optical devices, e.g., ferromagnetic thin 
film and nanowire structures, with a strong magneto-optical response for a selected wavelength. 

References: 
[1] D. Schmidt, T. Hofmann, C.M. Herzinger, E. Schubert, and M. Schubert, Appl. Phys. Lett. 96 (2010) 

091906. 
[2] K. Mok et al. óVector-Magneto-Optical Generalized Ellipsometryô, Rev. Sci. Instrum.,  submitted 
[3] M. Ranjan et al. óOptical properties of silver nanowire arrays with 35 nm periodicityô Optics Letters 35 

(2010) 2576. 
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4.2 

Resonance phenomena in IR spectroellipsometry of layered and 
anisotropic samples 

Josef Humlicek 

Masaryk University, Brno, Czech Republic 

The oblique incidence of polarized light can reveal sharp spectral resonances. Besides 
"reststrahlen bands" of polar lattice vibrations, the resonances might occur in layered structures 
and suitably oriented anisotropic materials, essentially due to strongly variable magnitudes and 
phases of local fields. We identify the conditions for the resonance behaviour of amplitude and 
power reflectivities, and the ellipsometric amplitude ratio. We discuss in detail the spectra of 
high-temperature superconducting cuprates and highly oriented pyrolytic graphite. 
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Physical properties of nanostructured Si within a SiNx matrix by 
spectroscopic ellipsometry 
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Silicon-rich silicon nitride (SRSN) layers can be of great interest for 3
rd

 generation solar cells. 
Indeed such materials can be used as photon converters or for constructing Si tandem cells. 
We use spectroscopic ellipsometry in order to get  physical properties (dielectric functions; gap 
energies; volume fraction) of interest about Si nanoscale inclusions (Si-ni) embedded in such 
SRSN films. This communication is divided into three parts. 

First, we investigate on the influence of deposition conditions (variation of the gas flows ratio R 
= QNH3/QSiH4) and annealing parameters (change of annealing atmosphere and temperature) on 
the dielectric functions (DFs) of Si-ni within a silicon nitride matrix [1]. From the modeling of SE 
data, band gap energies of about 1.9ï2 eV, that are significantly higher than what is generally 
obtained in the case of Si nanocrystals within SiO2, are deduced. It is reported that, in the nitride 
the dielectric functions of silicon nanoscale inclusions of up to 5 nm in size seem rather to be 
structureless ï with transition energies located between 3.5 and 4.0 eV ï whatever the 
experimental condition employed to elaborate the Si-ni. Moreover, it is shown, through 
ellipsometry measurements and modeling, that attempt to reduce the size of the inclusions by 
adding oxygen into the annealing ambient revealed a negligible modification of their optical 
properties. The effect of annealing temperature upon the optical properties of the Si nanoscale 
inclusions becomes appreciable only above 1000 °C. A small increase of R ratio affects in a 

more noticeable way the volume fraction and dielectric functions of the Si nanoscale inclusions. 

In a second part of the communication, we present simulations that include modified versions of 
Maxwell-Garnett and Bruggeman effective medium approximations (EMA) which enable the 
computation of the dielectric function of Si nanoparticles by taking into account their size 
distribution. We show comparisons with the DFs of the Si inclusions obtained by point-by-point 
numerical inversion using the former classical EMA. 

Finally, we discuss the temperature dependence of the optical properties of the Si inclusions in 
such systems. We show that the value of the R ratio and annealing temperature have an 

appreciable influence on the DF behavior, particularly the gap energies, with temperature. 

References: 
[1] to be published in Thin Solid Films (Proceedings of the 5

th
 ICSE, Albany (NY, USA), May 2010). 
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Localization and characterization of graphene crystallites using spectro-
scopic imaging ellipsometry 
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Introduction: 
Graphene consists of sp²-hybridized atomic carbon crystal. Graphene samples are usually 
fabricated by micro-mechanical cleavage of graphite following the work of Novoselov et al[1]. 
Graphene has become of increasing interest because of depicted unique physical properties 
and promising applications. Although graphene is produced nearly every time a pencil is used, it 
is extremely difficult to find small graphene crystallites among millions of thicker graphitic flakes. 
One method to make graphene visible in optical microscopy is based on using a SiO2|Si 
substrate with an optimized layer thickness [2]. For other substrates, the localization is still an 
issue, requiring time consuming scanning techniques like RAMAN spectroscopy. The general 
optical characterization of graphene is limited by the current size of graphene flakes in the 10 
micron range. Imaging ellipsometry overcomes this limitation. For example, the characterization 
of graphene oxide layers with imaging ellipsometry has been reported [3]. The characterization 
of graphene with micro spot option [4] was performed on extraordinary large flakes. 
 
Methods and Materials: 
A graphene monolayer flake on a SiO2 (300 nm)|Si substrate was characterized. The sample 
was previously imaged by optical and atomic force microscopy and identified as a graphene 
monolayer by RAMAN spectroscopy. Ellipsometric contrast micrographs were recorded. 
Wavelength spectra of Delta and Psi at different angles of incidence were measured, as well as 
creation of Delta and Psi-maps. As described in literature [4], the determination of the 
dispersion function of graphene is done under the assumption of a layer thickness of 0.35 nm 
[4] but using a Drude oscillator model. 
 
Results: 
The spectra of Delta and Psi of the Graphene crystallites are significantly different from the 
substrate and the surrounding graphite flakes. The Dispersion function is in good agreement 
with literature values when using the same layer thicknesses. 
 
Conclusion: 
Imaging ellipsometry offers the opportunity to measure the optical properties of graphene flakes 
at sizes typical for micro-mechanical cleavage. Ellipsometric contrast micrographs, in combi-
nation with Psi-maps, are promising tools for locating and identifing graphene crystallites. This 
was shown for the classic SiO2|Si substrate as well as for GaAs [5]. 
 
References: 
[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, and A. A. Firsov. 

Science 306: 666-669 (2004). 
[2] Blake, P.; Novoselov, K. S.; Neto, A. H. Castro; Jiang, D.; Yang, R.; Booth, T. J.; Geim, A. K.; Hill, and E. W. Appl. 

Phys. Lett. 91, 063124 (2007) 
[3] I. Jung, M. Vaupel, M. Pelton, R Piner, D.A. Dikin, S. Stankovich, J. An, R. Ruoff Journal of Physical Chemistry 112: 

8499-8506 (2008). 
[4] Kravets, V.G., Grigorenko, A.N., Nair, R.R., Blake, P., Anissimova, K.S., Geim, A.K. Physical Review B 81, 155413 

(2010) 
[5] Wurstbauer U. Röling C., Wurstbauer U., Wegschneider W., Vaupel M., Thiesen PH. Weiss D. submitted to 

cond.mat.matrl sci 
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Mueller Matrix Studies of Circularly Polarizing Scarab Beetles of the 
Cetoniinae and Rutelinae subfamilies 

Kenneth Järrendahl, Torun Berlind, Jan Landin, Johan L.I. Gustafson, Roger Magnusson, 
Jens Birch, Hans Arwin 

Dept of Physics, Chemistry and Biology at Linköping University, Linköping, Sweden 

One hundred years ago Michelson published a paper on optical properties of birds and insects 
including the polarization properties of the Central American scarab beetle Plusiotis 
resplendens (Chrysina resplendens) [1]. Depending on the wavelength of the incident light this 
beetle was shown to reflect both left and right circularly polarized light making Michelson draw 
the conclusion that this effect must be due to a ñscrew structureò in the beetles. A number of 
works has, since then, reported on the polarization properties of scarab beetles, sometimes 
questioning Michelsonôs report of right-polarized reflections. Today, circular polarization effects 
have been observed in several species mainly in nine subfamilies of the families Scarabaeidae 
and Hybosoridae [2]. 

We have studied several beetles in two of these subfamilies, Cetoniinae and Rutelinae, using 
Mueller-matrix spectroscopic ellipsometry in the NIR-VIS-NUV spectral range. From the 
obtained Mueller matrix data we can present a good picture of the polarization state and degree 
of polarization, as a function of wavelength and incidence angle, using parametric trace 
representations in the Cartesian complex-plane as well as in the Poincaré sphere. In the visible 
spectral range the investigated species in the Cetoniinae subfamily are shown to reflect left-
polarized light whereas some of the investigated species in the Rutelinae subfamily also reflects 
right-polarized light confirming Michelsonôs observation. 

Optical model fitting of the Mueller matrix data combined with observations from cross-sectional 

scanning electron microscopy and imaging Mueller matrix polarimetry makes it possible to also 

describe the underlying helicoidal chitin-based cuticle structure causing this polarization. 

    

Left figure: A specimen of one of the examined species, Chrysina argentiola. 

Right figure: The polarization from the beetle is represented as a trace-curve in the Cartesian complex plane. At the 
wavelength 629 nm and incident angle 65º the light is right polarized and near-circular. 

 
References: 
[1] A.A. Michelson ñOn Metallic Colouring in Birds and Insectsò, Philosophical Magazine 21 (1911) 554 ï 567. 
[2] J.D. Pye ñThe distribution of circularly polarized light reflection in the Scarabaeoidea (Coleoptera)ò, Biological 

Journal of the Linnean Society, 100 (2010) 585ï596. 
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Adsorption of Yeast Cytochrome C on gold: a Spectroscopic Ellipsometry 
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Yeast Cytochrome C (YCC) is a relatively small protein belonging to the class of Heme-proteins 
which plays a key role in electron transfer between  two membrane-bound enzyme complexes, 

through  a reversible  Fe (III) ª Fe (II) process. Adsorption of YCC on well defined, flat gold 
substrates has been studied by Spectroscopic Ellipsometry (SE) in the 245-1700 nm range. We 
applied methods successfully tested to study the growth of alkanethiols and other thiolate 
SAMS on the same type of substrates. In practice we have considered differences between 
spectra taken after and before the molecular layer formation (ŭɊ and ŭȹ patterns) in order to 
put spectral features related to the protein SAM in the greatest evidence. The SE investigation 
was carried out in situ in buffer solution, at room temperature during protein deposition. SE data 
have been obtained at submonolayer and monolayer coverage. Ex situ measurements on dried 
samples are also presented.  The SE analysis has been backed by ex-situ AFM measurements. 
Difference spectra (both ex-situ and  in situ) showed well defined, sharp features at about 410 
nm,  related to an  intense YCC-related absorption (the so-called Soret or B band typical of 
HEME group). The position of these features didnôt change with coverage. Experimental ŭɊ and 
ŭȹ spectra have been quantitatively reproduced by combining a suitable number of Lorenz 
oscillators, accounting for molecular absorptions,  and a contribution from the transparent part 
of the molecule (Cauchy-type layer model). These simulations allowed to determine with great 
accuracy  the  position of the Soret absorption peak of adsorbed molecules. The Soret peak  
occurred at the same position found in transmission measurements for the molecule in its 
buffer, suggesting that the  molecules have preserved their native structure upon adsorption.  
SE features possibly related to the molecule-surface bond are finally discussed with the aid of 
results obtained by synchrotron-based Hugh resolution XPS. 
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Comparative study of filamental protein adsorption using in situ 
spectroscopic ellipsometry, atomic force microscopy and computer 
simulation 

Andrea Nemeth
1,2

, Peter Kozma
1,3

, Peter Petrik
1
, Sandor Kurunczi

1
, Hajnalka Jankovics

3
, 

Ferenc Vonderviszt
1,3

, Istvan Barsony
1
 

1
Research Institute for Technical Physics and Materials Science, Budapest, Hungary, 

2
Eötvös 

Loránd University, Faculty of Science, Budapest, Hungary, 
3
University of Pannonia, Research 

Institute of Chemical and Process Engineering, Veszprém, Hungary 

Adsorption of flagellar filaments (FF) onto silicon substrates was analyzed using two different 
measurement techniques, such like spectroscopic ellipsometry (SE) and atomic force 
microscopy (AFM). Our primary aim was to support a computer simulation with the results of 
these methods in order to reveal the 3D morphology of the adsorbed FFs. 

In order to study the adsorption kinetics and to determine the density-depth profile in situ SE 
was used. The in situ measurements were performed in a liquid cell with an extremely low 
capacity (200 ɛl). The vertical inhomogeneity of the adsorbed FF layer was described by 
applying a multilayer effective medium approximation (EMA) model. The result of applying 
different numbers of an EMA model shows that better fit quality (lower mean square error) is 
caused when the adsorbed FF layer is associated to several EMA sublayers in the optical 
model. The fitted FF volume fractions in the sublayers determine the density-depth profile. In 
this way, the adsorption kinetics could be examined separately in each EMA sublayer. The 
evaluations show that the adsorbed FF film can be separated into two characteristic sublayers: 
1.) Closer to the surface (~100 nm), there is a thinner and denser sublayer, while 2.) above this 
region (~100 ï 1500 nm), there is a thicker and looser one. 

In order to give a countenance to the previous results, AFM measurements were performed. 
Applying lower protein concentrations (0.1 mg/ml) and deposition time in the experiments, lower 
surface coverage can be obtained on the surfaces. Since only a few overlaps of the filaments 
can be observed in this case on the AFM images, it was possible to determine the length 
distribution of the adsorbed FFs. By the evaluation of the AFM images the FF length distribution 
was described as a log-normal distribution. 

The adsorption process of filaments was simulated numerically and the results were compared 
with that of SE measurements in order to reveal the 3D structure of the adsorbed FF layer in 
their native environment (in buffer solution), furthermore to investigate the mechanism of the 
adsorption. We compared the adsorption process using different parameterizations of the 
numerical simulation (varying the orientation: e.g. every particle is perpendicular to the surface 
or applying different length distributions: e.g. normal distribution). The consistency between 
experimental and numerical results implies that the applied numerical simulation can well 
describe the mechanisms of the adsorbed FF layer formation. 
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Molecular Orientational Order in Organic Heterojunctions 
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A wide class of innovative organic devices, both in electronics and in photonics, can be realized 
by the use of efficient combination between hole and electron transporting organic layers. 
Heterojunction Organic Field Effect Transistors (OFET), fabricated by depositing subsequently a 
hole and an electron transporting organic layers, have recently attracted much interest [1, 2]. 
However, the electrical characteristics of ambipolar devices are still poorer than those of the 
single-layer ones. One of the reasons is a molecular disorder in the upper organic layer caused 
by the interaction of molecules at the layer interface [1]. Therefore, the study of molecular 
orientation in the organic bi-layer structure in comparison with that in the single layers becomes 
crucial for efficient design of heterostructure ambipolar OFETs. 

The molecular orientation is closely related to the optical anisotropy of the organic film and thus 
can be investigated by variable angle spectroscopic ellipsometry (VASE). We present the 
results of ellipsometric studies of thin organic semiconductor layers and bi-layers formed by 
N,Nô-bis (n octyl)-dicyanoperylenediimide (PDI-8CN2) and Sexithiophene (T6) deposited on 200 
nm thick SiO2, thermally grown on highly doped silicon wafer. 

The ordinary (in-plane) and extraordinary (out-of-plane) extinction coefficients were determined 
in the visible-near infrared range for 24 nm PDI-8CN2 films deposited on top of T6 layers with 
thickness ranging between 1 and 15 nm. Using the extinction quantities, the molecular order 
parameter S was then calculated for the PDI-8CN2 film. 

To explain the obtained S behaviour versus T6 thickness, we performed a morphological AFM 
characterization of the bi-layer surface. In particular, both the height-height correlation length ɝ, 
which is typically proportional to the effective radius of the surface domains, and the root mean 
square roughness ů were extracted from the AFM images, through the analysis of the 
topographical power spectrum density. 

Good agreement was obtained between the order parameter and the correlation length curves 
versus T6 thickness varying in the range from 0 to 3 monolayers (in particular, both parameters 
reach the maximum at T6 thickness of one monolayer). The agreement between these two 
quantities is explained in terms of grain boundaries, which represent the discontinuity surface 
between two crystalline grains of PDI-8CN2. An increase in ɝ indicates larger grains dimension, 
which in turn implicates less grain boundary density. Since molecular orientation in grain 
boundaries is random, this reflects in the increase of S. The observed S decrease, for T6 
thickness larger than 3 monolayers, can be caused by a dramatic growth of ů, beyond that 

thickness. 

References: 
[1] C. Rost, D. J. Gundlach, S. Karg, and W. Ries, ñAmbipolar organic field-effect transistor based on an organic 
heterostructureò, JAP, Vol. 95, 5782-5787 (2004). 

[2] K. Yamane, H. Yanagi, S. Hotta, ñAmbipolar field effect transistors with heterojunction of organic semiconductorsò, 
Thin Solid Films, Vol. 516, 3157-3161 (2008). 
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Gas sensing and monitoring with ellipsometry on protected gold layers 
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A gas sensor based on the surface plasmon resonance (SPR) effect was studied by single-
wavelength ellipsometry at 632 nm in a Kretschmann configuration (Fig. 1). For thin gold films 
on BK7 glass it has been already shown that the ellipsometric angle ȹ in SPR condition 

(Y minimum at appropriate angle of incidence) can be used as measuring signal of the 
refractive index of a gas and the gas concentration. Problems associated with this sensor 
configuration are the fast contamination/degradation of the 43 nm thin gold film with/by 
sulphides and the insufficient sensitivity for low gas concentrations [1]. 

These problems had been overcome by additional films on the SPR gold layer. Several 
candidate film materials such as a-C:H, TiO2, ZrO2 and MgF2 were investigated. All materials 
showed the desired effects, less pronounced for a-C:H and most pronounced for TiO2 and a 
layer thickness of 5 to 6 nm. As a result, contamination-related degradation was reduced and 
long-term stability was improved. The detection limits for distinct gases were decreased by one 
order of magnitude in case of a-C:H and two orders of magnitude in case of oxides and 
fluorides. A dynamic measurement of hydrogen is shown in Fig. 2. In this case, a detection limit 
of 5 ppm hydrogen in nitrogen was reached using a BK7/gold/TiO2 sensor configuration. 

With regard to industrial applications and long-term stability tests, the Kretschmann prism was 
adapted to a gas pipe (inner diameter 9 mm) as already demonstrated in Fig. 1. 

 

Fig. 1: Sensor system adapted to a gas pipe 
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Fig. 2: Dynamic measurement of hydrogen pulses of 5 ppm and 10 ppm in 

comparison to 100 % (v/v) nitrogen (volume flow rate  1000 ml/min). 
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6.2 

Characterization of ruthenium ALD and PVD thin films for in-situ process 
control by spectroscopic ellipsometry 
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Ru (ruthenium) is a silver white noble metal that might find application in future microelectronic 
devices, for example as metal gate in p-MOS (metal oxide semiconductor) transistors, as metal 
electrode in MIM (metal insulator metal) capacitors, or as diffusion barrier in copper 
interconnects. 

ALD (atomic layer deposition) grows material layers with less than a tenth of a nanometer 
thickness, pulsing gaseous precursors alternately into the reaction chamber, separated by 
purging pulses. Hence, every cyclic recurrence of ideally self-limiting gas-solid reactions 
deposits a fixed material amount, until the desired film thickness is achieved.

[1,2]
 So, the 

surfaceôs chemical composition changes through material deposition during ALD, observable by 
in-situ SE (spectroscopic ellipsometry).

[3]
 

PVD (physical vapour deposition) grows highly pure films, condensing the desired material onto 
a substrate surface after its release from a very clean target, for example by the bombardment 
with inert argon ions or by local heating with electrons inside a vacuum environment. 

This work characterizes three types of Ru thin films, deposited by th (thermal activated)- as well 
as PE (plasma enhanced)-ALD and PVD. Th-ALD used the precursor ECPR, [(ethylcyclopenta-
dienyl)(pyrrolyl)ruthenium(II)], and molecular oxygen within a top injection ALD reactor.

[4]
 For in-

situ access to the th-ALD process, we utilised a J. A. Woollam M-2000
®
 mounted on top of the 

reaction chamber. Reference measurements without vacuum break, like XPS (x-ray 
photoelectron spectroscopy) and AFM (atomic force microscopy) were used for the evaluation 
of chemical composition and surface roughness, respectively. PE-ALD and PVD were 
performed as recently published.

[5]
 

Required Ru material parameters were extracted at different substrate temperatures including 
room temperature by optical modelling, performing a Drude-Lorentz-parameterisation. For this, 
layer thicknesses and surface roughness were determined by HR-TEM (high resolution 
transmission electron microscopy) as well as HR-SEM (scanning electron microscopy) and 
AFM, respectively. Sheet resistances were measured by FPP (four point probe) and compared 
to the fitted specific resistivity values within the Drude term at room temperature. Preferred 
orientations and sizes of crystallites were revealed by GI-XRD (grazing incidence x-ray 
diffraction). 

The obtained Ru material models enabled us to perform fast process development and control, 
investigating the th-ALD process in-situ for various process parameters. The combination with 
quasi in-situ surface analytics, performed in a clustered UHV (ultra high vacuum) system, 

deepened the insight into rutheniumôs th-ALD process and film properties. 

References: 
[1] M. Ritala, M. Leskelä, in Deposition and Processing of Thin Films, H. S. Nalwa, Ed. (Academic Press, San Diego, 

2002), pp. 103-159. 
[2] R. L. Puurunen, J. Appl. Phys. 97, 121301 (2005) ï DOI:10.1063/1.1940727. 
[3] E. Langereis et al., J. Phys. D: Appl. Phys. 42, 073001 (2009) ï DOI:10.1088/0022-3727/42/7/073001. 
[4] D. Schmidt, S. Strehle, M. Albert, W. Hentsch, J. W. Bartha, Microelectron. Eng. 85, 527 (2008) ï 

DOI:10.1016/j.mee.2007.09.006. 
[5] H. Wojcik et al., Microelectron. Eng., (2010) ï DOI:10.1016/j.mee.2010.06.034. 
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6.3 

In-situ infrared spectroscopic ellipsometry study of the Si surface during 
grafting of nitrobenzene 
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The grafting of nitrobenzene (NB) molecules on Si(111)-H surfaces was investigated during and 
after the electrochemical processing in a solution of 4-nitrobenzene diazonium tetrafluoroborate 
(4-NBDT) in diluted sulphuric acid by means of infrared spectroscopic ellipsometry (IR-SE). 
Electrochemically induced deposition of organic molecules from diazonium salt solutions is 
initiated by electron transfer from the semiconductor to the diazonium group [1] of the benzene 
molecule. During this process, highly reactive organic radicals appear which bind to the 
semiconductor surface (i.e. the Si-H surface bond is replaced by a Si-C bond). Fig. 1 shows 

tanY and D spectra of a thin NB layer on Si(111) surface after preparation in a 5 mM 

4-NBDT / 0.01M H2SO4 / 0.05%HF solution at a potential of -1.4 V [2]. The peaks in the tanY 

spectra and the related D structures are due to the symmetric ant anti-symmetric stretching 
modes of the NO2 group, and C=C bonds from the aryl ring at about 1600 cm

-1
. 

 

 

 

 

 

 

 

 
 
 

 
 
 

Fig. 2 shows the in-situ (top) and ex-situ measured tanY spectra (bottom) normalized to the 

tanY spectrum of the Si-H surface in the same environment (diluted sulfuric acid or air). The 
dashed and dotted lines represents the calculated spectra (the procedure used is described in 
[2]). The best fit has been obtained for a 2.5 nm thick NB-layer and nÐ=1.41 [2]. The opposite 
sign of the band amplitudes is simply a consequence of the different optical pathways (through 
the Si substrate and from the front side for the in-situ and ex-situ measurements, respectively 

[2]). For an isotropic film, the bands in the in-situ tanY spectrum of a thin film on Si point 
upwards [4] and downwards for ex-situ experiments [5]. 

References: 
 [1] C. Henry de Villeneuve, J. Pinson, F. Ozanam, J.N. Chazalviel, and P.Allongue, Mat. Res. Soc. Symp. Proc. Vol. 

451 (1997) 185; 
 P. Allongue, M. Delamar, B. Desbat, O. Fagebaume, R. Hitmi, J. Pinson and J.-M. Saveant, J. Am. Chem. Soc., 

1997, 119, 201-207. 
[2] J. Rappich, K. Hinrichs, Electrochem. Comm. 11 (12) (2009) 2316-2319. 
[3]  K. Hinrichs, A. Röseler, K. Roodenko, J. Rappich, Applied Spectroscopy 62 (1) (2008) 121-124 
[4] Y. Mikhaylova, L. Ionov, J. Rappich, M. Gensch, N. Esser, S. Minko, K.-J. Eichhorn, M. Stamm and K. Hinrichs, 

Anal. Chem., 79 (2007) 7676. 
[5] K. Roodenko, J. Rappich, M. Gensch, N. Esser and K. Hinrichs, Appl. Phys. A - Material Science and Processing, 

90 (2008) 175. 

Fig. 2: In-situ (top) and ex-situ (bottom) measured 

tanY spectra normalized to tanY spectrum of the Si-H 
sur face in the same environment (sulfuric acid or air); 
dashed and dotted lines are calculated spectra [2]. 
 
 

 

Fig. 1: TanY and D spectra of a thin NB layer on Si(111), 
prepared from 5 mM 4-NBDT/0.01M H2SO4 / 0.05% HF 
solution, U= -1.4 V. Characteristic bands are marked [3]. 
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7.1 

Effect of thermal annealing on the blend morphology of bulk hetero-
junction organic solar cells 

Argiris Laskarakis, Despoina Georgiou, Panagiotis Karagiannidis, Stergios Logothetidis 

Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece 

The optimization of the power conversion efficiency of flexible organic solar cells requires the 
control of the blend morphology at the nanometer scale of the bulk heterojuctions consisting of 
conjugated polymer with fullerene derivatives. The blend morphology and the final performance 
of the organic solar cells is determined by several experimental conditions & treatments, such 
as the post-deposition thermal annealing, the choice of solvent, the drying rates, etc. 

In this work, we investigate the effect of the post-deposition thermal annealing on the blend 
morphology, the optical and structural properties of bulk heterojuctions that consist of poly(3-
hexylthiophene) (P3HT) and a methanofullerene derivative (PCBM). The post-deposition 
thermal annealing changes the distribution of the P3HT and the PCBM in the blend films, as it 
has been found by Spectroscopic Ellipsometry studies in the visible to far-ultraviolet spectral 
range, whereas the increase of the annealing time results to the increase of the P3HT 
crystallinity at the surface regions of the blend films. 
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7.2 

The Application Of Different Vis-Ellipsometric Techniques For The 
Investigation Of Thin Organic Layers 

Michael Erber, Klaus-Jochen Eichhorn 

Leibniz-Institut für Polymerforschung Dresden e.V., Dresden, Germany 

In this contribution some latest examples of applications using different spectroscopic vis-
ellipsometric techniques are reviewed. Firstly, the glass transition temperature (Tg) of different 
nanoscopic polymer films (down to about 10 nm) was determined as a function of film thickness 
using temperature dependent spectroscopic ellipsometry. Depending on strong (attractive, 
repulsive) interfacial interactions, experimental and preparative conditions the glass transition 
can be altered from the well known bulk Tg.

[1-5]
 Recent results obtained on well-known linear 

(PMMA, PS) but also on hyperbranched (hb) polymers (e.g. hb PS, hb polyester) are thoroughly 
discussed in terms of the large amount of controversial results in the literature.

[6]
 

The molecular orientation in organic amorphous thin films with a smooth surface can be 
compared using the optical anisotropy of the corresponding organic samples determined by 
variable angle spectroscopic ellipsometry (VASE).

[7, 8]
 In this regard, different organic small 

molecules, which can be applied in electronic devices (e.g. solar cells) are characterized. Due 
to the large disparity amongst results reported in the literature

[9]
 attention is paid to experimental 

accuracy, optical modelling, parameter correlation and fit procedure. 

Finally, an example of application of the total internal reflection ellipsometry (TIRE) under 
surface plasmon resonance (SPR) conditions for the continuously in-situ monitoring of the 
growth of covalently tethered poly(N-isopropylacrylamide) (PNIPAAm) brushes is demonstrated. 
This method represents a powerful surface characterization technique combining the 
conveniences of spectroscopic ellipsometry with SPR spectroscopy.

[10]
 Beside the very high 

sensitivity to small changes in the optical constants and thickness (up to 10 times more 
sensitive than conventional ellipsometry

[11]
), the possibility to investigate media of different 

optical densities or even opaque media makes this unique technique convenient for different 
chemical sensing applications. 
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7.3 

Characterization of Organic Solar Cells Materials and Structures by 
Spectroscopic Ellipsometry 
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Polymer-based organic photovoltaic systems benefit from a simple solution to process active 
layers. They are inexpensive to produce, lightweight and could be deposited on flexible 
substrate. The principle is based on photo induced electron transfer from a donor to an 
acceptor.  The most effective Organic Solar Cells (OPV) has been made from heterojunctions 
and achieves an efficiency of about 5%. 

Spectroscopic Ellipsometry (S.E) is a well adapted optical technique widely used for the 
characterisation of all types of thin films for thickness and optical indices on glass or plastic 
substrates and in particularly organic light-emitting diodes (OLEDs) or Organic Solar Cells. 

This paper will present the determination of the refractive indices of organic Solar Cells 
materials like P3HT, PCBM, Pentacene, Perylene, their blends and the well known fullerene 
C60 material. Complex organic materials can be characterized accurately from their absorption 
bands in the visible and UV range. 

Transmission and absorption can be also measured at the same time and be used to determine 
the material optical properties. Using these refractive indices, measurements of real multi-layer 
stacks can be done. The refractive indices can be used afterwards to automatically optimise 
and balance the energy flow dissipation Q inside the organic solar cell composed of a thin film 
stack. An example performed on a single cell and a tandem bi-layer cell structure will be 
presented. 

Since these materials are sensitive to moisture and pollution, it can be necessary to measure 
the optical properties and thickness values of the material through an encapsulated media. 
Measurements on encapsulated sample of single layer and multi-layer stacks, from the back 
side of the substrate will be presented. This technique can be applied to test structures or real 
Organic Solar Cell monitoring. Backside measurement combined with a water vapour cell used 
for ellipsometry porosimetry  is used to test the efficiency of the encapsulation. 

S.E. characterization of transparent conductive Oxides (TCO) like ITO and ZnO will be also 
presented, and how near infra-red ellipsometry is used to determine on encapsulated samples, 
without contact, the ITO sheet resistance, by using a Drude model to fit the extinction coefficient 
behaviour versus the wavelengths. 




